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Abstract 

The neuregulins are a family of epidermal growth factors necessary for nervous system 

development.  Neuregulins signal via the epidermal growth factor family of tyrosine kinase 

receptors (ErbB1, ErbB2, ErbB3, and ErbB4).  ErbB3 and ErbB4 bind neuregulins with high 

affinity, although to transduce an effective signal ErbB3 and ErbB4 must heterodimerize with 

ErbB1 or ErbB2 after ligand binding.  Both ErbB3 and ErbB4 heterodimerize primarily with 

ErbB2.  Using the Theiler’s murine encephalomyelitis virus (TMEV) model of demyelinating 

disease, we infected FVB/nJ mice and we assessed the kinetics and expression of ErbB2 in the 

spinal cord of TMEV-infected mice early and late in the course of the development of 

demyelinating lesions.  The data demonstrate that ErbB2, but not ErbB1, is upregulated in the 

spinal cord of TMEV-infected FVB/nJ mice in the early phase of demyelinating disease.  

Interestingly, cells of the immune system (T cells, B cells, and macrophages) express ErbB2, and 

immunoreactivity to ErbB2 increases upon stimulation of the cells with Concanavalin A.  

Together, these data suggest that neuregulins may interact with infiltrating immune cells, which 

are well-described participants in the pathology observed in TMEV-induced demyelination. 
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1.1  Multiple Sclerosis: 

Multiple sclerosis (MS) is the most common demyelinating disease of the central nervous 

system (CNS) in humans (4).  Neurons communicate with one another through axonal impulse 

conduction (5).  Axons are ensheathed by a fatty-protein substance known as myelin which 

allows axons to transmit rapid and direct signals that stimulate motor, sensory, and cognitive 

functions (6).  In MS, myelin and axons are lost which impedes nerve impulse conduction, 

producing an array of symptoms dependent on the area of the CNS that is affected (7).  MS is a 

common disease in most of Europe (8-11), the United States (12), Canada (13, 14), New Zealand 

(15), and southern Australia (16), and affects over 2.5 million individuals (4). 

Individuals are typically diagnosed with MS between 20 - 40 years of age.  In recent 

years there has been an increased frequency of MS diagnosed in children (17-19) and individuals 

in their 50’s (20).  While this can be partially attributed to enhanced diagnostic abilities, the 

reason for the increased age span of newly affected individuals is unknown.  Like many other 

autoimmune diseases (21), MS is more prevalent in females than in males (22).  Females have 

stronger cellular immune responses than males due to the presence of estrogen-responsive 

elements in the interferon-γ promoter (23) and the lack of androgens, which are 

immunosuppressive (24, 25). 

1.1.1  Subtypes of MS:   

The most common form of MS is relapsing remitting MS which accounts for 85% - 90% 

of all cases of the disease (4).  Patients diagnosed with relapsing remitting MS experience 

relapses (attacks) where MS symptoms worsen (4).  The relapse is followed by a period of 

remission where the symptoms either stabilize or improve (4).  The severity and manifestation of 
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symptoms varies between individuals diagnosed with relapsing remitting MS (4).  A significant 

proportion of patients (60% - 75%) (26) diagnosed with relapsing remitting MS later progress to 

secondary progressive MS.  Secondary progressive MS is characterized by progressive loss of 

sensory, motor and/or cognitive function without discrete periods of remission (26).  Primary 

progressive MS accounts for approximately 10% - 15% of all diagnosed cases of MS and is 

characterized by progressive loss of clinical function (27).  Progressive relapsing MS is the 

fourth and rarest type of MS, accounting for ~5% of patients diagnosed with MS (4).  It is 

characterized by clear progression in loss of function, but it is accompanied by acute relapses 

with or without recovery (4). 

1.1.2  MS Diagnosis: 

Diagnosis of MS is based on patient history, neurological exams, magnetic resonance 

imaging (MRI), evoked potential testing, and cerebrospinal fluid (CSF) analysis.  Patient history 

includes past surgeries, illnesses, family neurological diseases, and the geographical locations 

lived in.  The neurological exam tests reflexes, balance, gait, and optical adequacy.  Further 

testing can identify white matter lesions in the brain and the spinal cord utilizing magnetic 

resonance imaging (28, 29).  Other diagnostic tests include, evoked potential testing which 

measures the electrical activity of the brain in response to simulation of specific sensory nerve 

pathways (29, 30) and CSF electrophoretic analysis which detects unique oligoclonal 

immunoglobulin banding in the CSF of 85% - 90% of all MS patients (29, 31).  A diagnosis must 

also exclude a wide range of other neurological illnesses including, but not limited to, vitamin 

deficiencies, structural abnormalities, tumors, Lyme disease, neurosyphilis, sarcoidosis, genetic 

diseases, and microvascular diseases.  Patients diagnosed with MS present with varying clinical 

symptoms including: loss of balance, loss of coordination, problems walking, difficulty 
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urinating, eye discomfort, double vision, vision loss, short attention span, poor judgment, and 

difficulty reasoning and solving problems (32).  The disease course is highly unpredictable and 

the manifestation of various symptoms is dependent on the location of the demyelinating 

lesion(s) in the CNS (32). 

1.1.3 Genetic and Environmental Factors Associated with MS Onset: 

 It is hypothesized that both genetic and environmental factors contribute to the onset of 

MS (33-38).  Casper Jersild discovered an increased frequency of particular human leukocyte 

antigen (HLA) genes in MS patients in the early 1970s (39, 40).  His studies proposed that HLA 

genes are associated with a predisposition towards developing MS (39-41).  There is also an 

increased risk of the development of MS in individuals with first degree relatives who have been 

diagnosed with MS (42).  Studies on identical twins have shown variable concordance rates for 

MS, but are estimated to be 25% - 30% (43-47).  This risk rate is similar to that observed 

between first degree relatives with MS (44), supporting a role for genetics in MS development.   

Over the past few decades, there has been debate as to whether or not specific HLA 

haplotypes actually predispose individuals to developing MS (48, 49), or if MS susceptibility is 

polygenic (50, 51).  More recently, genetic studies have compiled approximately 60 genomic 

regions that are potentially involved with MS susceptibility, which is consistent with one 

hypothesis that MS is a polygenic disorder (52-54).  However, these studies had many 

inconsistencies including: incomplete genomic maps, inaccurate genotyping, and low statistical 

significance (52-54).  Meta-analysis of raw data compiled from 700 multicase MS families 

refined the genetic linkage, but statistical significance was only seen for the major 

histocompatibility complex (MHC) class II region, specifically the HLA-DR2 haplotype (55).  
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The HLA-DR2 haplotype and its association with MS has been extensively studied, but no 

primary susceptibility gene within the HLA region has been implicated (48-51).  More current 

studies have broadened their search from a primary predisposing gene to multiple predisposing 

genes that are inherited through linkage disequilibrium with the HLA haplotypes (48, 56).  

Several other genes that are not associated with the HLA complex have been implicated in MS 

and among the most promising are NOS2A (57), IL4R (58), and CD24 (59).    

 While studies in monozygotic twins and families demonstrate an increased risk rate of 

developing MS when the disease is present in a first degree relative, it is clear that non-genetic 

factors also influence MS development.  Epidemiological studies suggest that British Soldiers 

introduced MS into the Faroe Islands during World War II (60, 61).  Prior to World War II, there 

were no reported cases of MS among the native population of the Faroe Islands before the 1940s 

(60, 61).  From 1943 – 1973, 32 cases were recorded among the indigenous persons, contributing 

to the hypothesis that MS is the result of a transmissible disease (60, 61).  More current 

migration studies indicate that adolescents migrating after the age of 15 from high- to low-risk 

MS areas retain their risk of developing MS from their birthplace (62, 63).  High-risk areas are 

defined as regions at latitudes greater than or equal to 45° (62, 63).  Other studies indicate that 

migrants traveling from low- to high-risk areas increase their risk of developing MS (63-66).  

Migration studies and relatively low concordance rates between monozygotic twins and families 

with affected first degree relatives, suggest there are environmental factors contributing to the 

development of MS.  Viral (67-77) and bacterial (78) infections are proposed environmental 

triggers of MS pathogenesis (Table 1).  Viral infections are attractive infectious candidates 

because MS-like diseases with viral etiologies exist in other species (Table 2) (79-87).   

 



6 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Proposed  Infectious Triggers References 

Rabies virus  (72) 

Herpes simplex virus  (73) 

Scrapie agent  (74) 

MS-associated agent  (88) 

Parainfluenza virus 1, 2, 3  (89) 

Measles virus  (75) 

Simian virus 5  (90) 

Chimpanzee cytomegalovirus (91) 

Coronavirus  (92) 

Epstein-Barr virus  (69) 

SMON-like virus (93) 

Tick-borne encephalitis virus (94) 

Human T-lymphotrophic virus 1, 2 (95) 

LM7 Retrovirus (96) 

Varicella Zoster virus  (67) 

Human herpes virus-6  (68) 

Influenza A, B  (76) 

Rubella virus  (97) 

Mumps virus  (98) 

Respiratory syncytial virus (77) 

Human endogenous retrovirus (77) 

Torque Teno virus  (71) 

Chlamydia pneumonia  (78) 

Table 1: Proposed viral infections associated with MS 

onset and pathogenesis (modified from Johnson 1994 (1).   
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Animal Affected Virus References 

Monkeys Simian virus 40  (79) 

Canines Canine distemper virus (80) 

Mice Mouse hepatitis virus  (82) 

Mice Theiler’s murine encephalomyelitis virus (87) 

Mice Encephalomyocarditis virus (82) 

Mice Semliki Forest virus (83) 

Sheep Ross River virus (84) 

Goats Caprine arthritis-encephalitis virus (86) 

Table 2: Viruses inducing MS-like diseases in non-humans (modified from Johnson 1994 (1)).   
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1.1.4  Immunopathogenesis of MS: 

Multiple mechanisms have been proposed to explain how infectious agents could induce 

MS (3, 99, 100).  These mechanisms include molecular mimicry, bystander activation, and direct 

infection.  Molecular mimicry involves cross-reactivity between self-antigens and foreign 

antigens derived from infectious agents (99).  Myasthenia gravis is an autoimmune disease that 

occurs due to antibody production against the acetylcholine receptor (101).  Antibodies formed 

against an immunodominant epitope of the herpes simplex virus can cross react with the α-

subunit of the acetylcholine receptor due to similar amino acid sequence identity (101).  

Molecular mimicry and its contributions to MS has been associated with human herpes virus-6 

which encodes a viral protein that shares amino acid sequence homology with myelin basic 

protein (MBP) (68).  Bystander activation hypothesizes that a nonspecific immune response 

triggered by the infectious agent can lead to the breakdown of the immune privileged CNS and 

allow autoreactive cells to become primed against CNS-specific proteins (100).  Direct viral 

infection of CNS resident cells, particularly oligodendrocytes, has also been proposed as a 

contributor to MS pathogenesis based on the location and heterogeneity of demyelinating lesions 

(3). 

The CNS is an immune privileged site due to its minimal lymphatic drainage, minimal 

constitutive expression of MHC class I and class II, and minimal lymphocyte trafficking due to 

the tight junctions of the blood brain barrier (BBB) (102, 103).  Naïve T cells cannot enter the 

parenchyma of the brain under normal conditions (104).  Primed T cells, due to their altered 

expression of surface molecules, can enter the brain parenchyma (104).  Proteins within the CNS 

can be highly immunogenic and in instances when the BBB breaks down, autoreactive immune 

cells can prime against CNS-specific proteins.  Studies also suggest that autoreactive T cells can 
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prime against myelin components within the periphery (105).  These studies have demonstrated 

increased immunoreactivity to various myelin components such as myelin basic protein (MBP) 

(106), proteolipid protein (PLP) (107), myelin oligodendroctye glycoprotein (MOG) (108), 

myelin associated glycoprotein (MAG) (109), 2’,3’- cyclic nucleotide 3’- phosphodiesterase 

(CNPase) (110), and small heat-shock protein αβ-crystallin in MS patients (111).  Many of these 

studies also discovered that myelin immunoreactivity exists in healthy controls (105-108, 110, 

111), suggesting that merely priming T cells to myelin components is not sufficient to induce 

MS.  

1.1.5 Heterogeneity of MS Demyelinating Lesions: 

While ongoing debate continues over the autoimmune nature of MS, it is well established 

that the immune system directly contributes to MS pathogenesis (105-116).  Luchinetti et al. 

discovered four unique patterns of demyelination in MS patients and proposed immunological 

mechanisms of pathogenesis for each pattern (3).  In these studies, MS lesions were categorized 

based on the distribution of myelin protein loss, lesion location, oligodendrocyte destruction, and 

immunopathological evidence of immunoglobulin and complement deposits.  All lesions contain 

T cells and macrophages.  Pattern I and pattern II lesions share several similar features (3, 117, 

118).  Active demyelination is associated with T lymphocyte and macrophage-mediated 

inflammation (3, 117, 118).  The major feature distinguishing the two patterns is the prominent 

deposition of immunoglobulins and complement proteins in areas of active demyelination in 

pattern II (3).  Pattern I and pattern II lesions are typically centered around small veins and 

venules and show defined edges with perivenous extensions (3).  When pattern I and pattern II 

active lesions are compared to respective inactive lesions, a variable loss of oligodendrocytes is 

seen in active lesions with marked increase in appearance of oligodendrocytes in inactive lesions 
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which is associated with shadow plaque formation (3).  Shadow plaques are areas of lesions that 

have undergone remyelination as evidenced by thin layers of myelin around the axons (117).  

Pattern III lesions also contain T lymphocytes, macrophages, and microglia (3).  These lesions 

are devoid of immunoglobulin and complement deposition (3).  Pattern III lesions are not 

centered around veins and venules and the borders of active lesions are not well defined showing 

diffuse spread into the surrounding white matter (3).  Pattern III lesions exhibit preferential loss 

of MAG, while other myelin proteins (PLP, MBP, and CNPase) are still present within damaged 

myelin sheaths (3).  This pattern demonstrates pronounced loss of oligodendrocytes in active and 

inactive lesions and complete absence of shadow plaque formation (3) due to extensive 

oligodendrocyte loss.  The preferential loss of MAG supports the hypothesis that MAG is an 

early target of MS, while the location of the plaques away from vessels suggests a non-immune 

mediated mechanism early in pathology.  Pattern IV lesions are dominated by T lymphocyte and 

macrophage infiltration (3).  Like patterns I and III, immunoglobulin and complement deposition 

is absent (3).  Demyelination is a result of oligodendrocyte death not associated with apoptosis 

(3).  Lesions are sharply defined and there was no preferential loss of any specific myelin 

component (3).  Significant oligodendrocyte death in active and inactive plaques is associated 

with the lack of shadow plaque formation (3). 

Pattern I and pattern II lesions are similar to lesions in autoimmune encephalomyelitis- 

mediated MS pathogenesis, whereas pattern III and pattern IV lesion formation is more often 

associated with oligodendrocyte dystrophy (Table 3).  Pattern I and pattern II lesions show a 

perivenous distribution in plaque formation which is a hallmark previously described for MS 

lesions (119), however, pattern II lesion formation is suggestive of antibody mediated myelin  
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Pattern  Association; subtype of MS 

Pattern I Autoimmune; relapsing remitting MS, 

secondary progressive MS, and primary 

progressive MS (3, 117, 118). 

Pattern II Autoimmune; relapsing remitting MS, 

secondary progressive MS, and primary 

progressive MS (3, 117, 118). 

Pattern III Toxin or viral; relapsing remitting MS and 

secondary progressive MS (3, 117, 118). 

Pattern IV Toxin or viral; primary progressive (3, 117, 

118). 

Table 3: Heterogeneity of MS lesion formation and proposed mechanisms of demyelination (3). 
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destruction (120).  Pattern III plaque geography and diffuse lesion formation is suggestive of 

toxin- or viral-induced demyelination which have been previously described experimentally (87, 

121, 122).  Pattern IV lesions were exclusively present in a subgroup of patients with primary 

progressive MS and show similarities in plaque growth to pattern I and pattern II.  However, 

extensive oligodendrocyte loss is seen in pattern IV lesions possibly indicative of a toxin- or 

viral-induced phenotype. 

1.1.6 Axonal Injury Hypothesis: 

Although, MS is categorized as a primary demyelinating disease and it has been reported 

that axons are spared from the destructive demyelinating process, more recent studies indicate 

that axonal injury in MS patients occurs early and is largely responsible for permanent 

neurologic dysfunction (123-126).  One study demonstrated that axonal damage occurs during 

active demyelination in fresh lesions (124).  Other studies confirmed that acute axonal injury 

correlates with the degree of macrophage infiltration in lesions and that macrophages are directly 

attached to axons (123-125), suggesting that axons are a direct target of the immune response in 

MS pathogenesis.  A more recent study suggested that massive acute axonal injury occurs 

relatively early in disease both in active and inactive lesions (125).  The study also indicated that 

axonal dropout occurs in normal appearing white matter at a significant rate prior to the 

development of demyelination (127). 

1.1.7 MS Therapies:          

 Therapies for MS are largely immunomodulatory in nature.  Disease modifying 

treatments are the foundation for MS treatment and are designed to reduce disease exacerbations 

(relapses) and slow disease progression (128-132).  The drugs listed in Table 4 are all FDA  
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Treatment Proposed Mechanism 

Interferon-α and Interferon-β Not fully elucidated.  Interacts with various 

immune receptors and has anti-inflammatory 

properties (128). 

Glatiramer acetate Synthetic analog of MBP.  Proposed to shift 

cytokine production toward secretion of anti-

inflammatory cytokines (129). 

Anti-human α4 integrin Proposed to block immune cell extravasation 

through the BBB (130). 

Anthracenedione Reduces lymphocyte proliferation (131). 

Sphingosine 1-phosphate receptor modulator Sequesters lymphocytes in lymph nodes (132). 

Table 4: MS therapies and associated mechanisms of actions 
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approved, but have varying degrees of efficacy and toxicity.  Interferon-α and interferon-β (type 

I interferons) products are administered through a subcutaneous or intramuscular injection (128).  

Their proposed mechanism of action is that the interferons reduce the level of CNS inflammation 

which results in BBB repair (128).   Type I interferons decrease relapse rates, increase the time 

between attacks, decrease the severity of attacks, and decrease the number of lesions seen in 

magnetic resonance images (128).  Interferons are the most commonly prescribed treatments for 

relapsing remitting MS patients and secondary progressive MS patients (128).  Possible side-

effects of interferons include: flu-like symptoms, which tend to disappear after the first few 

weeks of treatment, and depression (128).  Type I interferons ultimately fail in most individuals 

after approximately 10 years due to the development of neutralizing antibodies to the interferons 

(128).   

Glatiramer acetate is administered by a subcutaneous injection (129) and consists of a 

group of amino acids that resemble MBP which acts to suppress the immune response against 

myelin through unknown mechanisms (129), although there is some evidence that the T helper 1 

(Th1)-response is downregulated (129).  This drug decreases the frequency and severity of the 

attacks as effectively as interferons, but is less effective in reducing lesion formation as seen in 

magnetic resonance images (129).  Possible side-effects from glatiramer acetate include severe 

injection-site reactions, runny nose, tremors, fatigue, and weight gain (129).  Approximately 

13% of individuals using glatiramir acetate experience a temporary reaction that takes place only 

once and includes flushing or chest tightness with heart palpitations, anxiety, and difficulty 

breathing (129).  Glatiramir acetate is approved for patients diagnosed with relapsing remitting 

MS (129).   
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Anti-human α4 integrin is administered intravenously (130), and was initially heralded as 

a breakthrough in MS treatment.  This drug is a monoclonal antibody designed to decrease 

immune cell extravasation across the BBB (130).  Individuals taking anti-human α4 integrin had 

slowed progression of disability and a reduced number of relapses (130).  Anti-human α4 

integrin treatment increases the risk of developing progressive multifocal leukoencephalopathy 

(PML) due to CNS infection with John Cunningham virus (JCV) (130).  As there is no treatment 

for PML (which is fatal), anti-human α4 integrin was pulled from the market.  The only MS 

patients this drug can be used on are those who were on the drug prior to its removal from the 

market. Additional, less severe side-effects of anti-human α4 integrin are: headaches, pain in 

arms and legs, fatigue, joint pain, depression, diarrhea, and increased risk of developing unusual 

or serious infections (130).   

Anthracenedione is an antineoplastic agent that slows disease progression and reduces 

relapses by suppressing the activity of T cells and B cells (131).  This treatment is cardiotoxic 

and can increase the risk of developing secondary acute myelogenous leukemia (131).  It is 

approved for patients diagnosed with secondary progressive MS, progressive relapsing MS, 

primary progressive MS, and worsening relapsing remitting MS (131).  It is only prescribed for a 

short period of time if other treatments are ineffective (131).  Possible side-effects of 

anthracenedione include: nausea, temporary hair loss, fever or chills, lower back or side pain, 

and painful or difficult urination (131).   

Sphingosine 1-phosphate receptor modulators are proposed to act by retaining white 

blood cells in lymph nodes and thereby reducing immune cell trafficking into the CNS (132).  In 

addition, sphingosine 1-phosphate receptor modulators represent the first orally administered MS 

treatment that reduces relapses, disease progression, and disability manifestation (132).  This 
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treatment is only prescribed to patients diagnosed with relapsing remitting MS (132).  Side-

effects of this drug include: headaches, flu-like symptoms, diarrhea, and back pain (132).         

More than half of MS patients currently taking drugs approved for MS treatment report 

no improvement in mobility (133).  The most recently approved treatment to help MS patients 

improve mobility is 4-aminopyridine which is a potassium channel blocker proposed to 

ameliorate neuronal signaling and improve motor function (134).  Patients typically take 4-

aminopyridine along with another immunomodulatory drug.  Despite the availability of drugs to 

treat MS, patients often experience disease progression because the treatments do not induce 

CNS repair mechanisms.  Treatments aimed at either maintaining or restoring function in MS 

patients are the focus of many researchers in the field (135-137).  As these treatments develop, it 

is anticipated that they will provide better options for those suffering from MS. 

 1.2 Theiler’s murine encephalomyelitis virus (TMEV): 

Theiler’s murine encephalomyelitis virus (TMEV) is an extensively studied virus that 

induces a chronic progressive MS-like disease in susceptible strains of mice (87).  TMEV was 

discovered by Max Theiler in 1937 (138), when he observed mice with flaccid paralysis of the 

hind legs.  He subsequently isolated five different strains of virus from the CNS of these mice 

(138).  Intracerebral inoculation of these viruses reproduced the observed hind limb flaccid 

paralysis.  Histopathological studies demonstrated necrotic motor neurons in both the spinal cord 

and the brain of these mice (138).  Subsequent studies isolated TMEV from intestinal contents of 

normal mice (139, 140) and led to the finding that TMEV causes widespread, asymptomatic 

enteric disease in mice (141).  Spontaneous paralysis occurs relatively rarely and there have been 

several mechanisms proposed to account for this observation.  Early studies suggest that 
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transmission is most likely via intranasal infection (138, 141).  There is also speculation that 

TMEV could infect the CNS by moving from the gastrointestinal tract, through the peripheral 

nervous system (PNS), into the CNS (141).  Later studies determined that TMEV does not 

induce pathology in any species other than mice (141). 

1.2.1 TMEV Genome:   

TMEV is a positive single-stranded RNA virus 8.1 Kb in size (142, 143).  The virus 

belongs to the Cardiovirus genus of the Picornaviridae family (144).  The life cycle of the 

Picornaviridae family is illustrated in Figure 1.  The receptor for TMEV is unknown, however, 

galactose (145, 146), sialic acid moieties on N-linked oligosaccharide structures (145, 146), and 

peripheral nerve protein P0 (147) have been implicated.  TMEV binds to its respective 

receptor(s) and releases its genome into the cytoplasm of the host cell.  The positive single-

stranded RNA genome is translated into a polyprotein which is further cleaved into 12 proteins 

arranged in the order 5’-L, VP4, VP2, VP3, VP1, 2A, 2B, 2C, 3A, 3B, 3C, 3D-3’.  The L protein 

is a zinc-binding metalloprotein associated with viral persistence and demyelination (148, 149).  

L protein is hypothesized to reduce interferon synthesis and RANTES production in TMEV-

infected cells (150, 151).  Mutations in the L protein reduce the neurovirulence of the Daniel’s 

(DA) strain of TMEV (151).  VP4, VP2, VP3, and VP1 are capsid proteins and 2A, 2B, 2C, 3A, 

3B, 3C (protease), and 3D are directly or indirectly involved with viral RNA replication (142, 

143). 
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Fig. 1: Virion binds to respective cell receptor, genome is released into the cytoplasm of the host cell, 

polyprotein is translated from (+) single-stranded RNA, polyprotein P1 is cleaved into capsid protein 

components, polyproteins P2 and P3 are cleaved into proteins that aid in RNA synthesis.  Virions are 

synthesized and released upon host cell lysis (modified from Principles of Virology (2)).  
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1.2.2 Subgroups of TMEV: 

There are two subgroups of TMEV distinguished by their neurovirulence and 

antigenicity.  The GDVII subgroup is comprised of the GDVII and FA strains of TMEV which 

are extremely neurovirulent (152, 153).  Mice intracerebrally inoculated with viruses from the 

GDVII subgroup experience high levels of virus replication in neurons and die from an acute 

encephalitis, usually within 5 days of infection (152, 153).  The second subgroup of TMEV, the 

Theiler’s original (TO) subgroup contains the DA and BeAn strains of TMEV (153).  The DA 

and BeAn strains have 93% amino acid identity but there are differences in pathogenesis 

following intracerebral injection into susceptible strains of mice (153, 154).  The BeAn-infected 

mice experience an attenuated acute disease in comparison to the distinct gray matter disease 

experienced by DA-infected mice (153, 154).  Both DA and BeAn strains of TMEV induce a 

chronic phase resulting in demyelination in susceptible strains of mice (153, 154). 

1.2.3 Strains of Mice Resistant and Susceptible to TMEV Persistence and Demyelination: 

 All inbred mouse strains inoculated intracerebrally with the DA strain of TMEV, present 

with an acute encephalomyelitis (155, 156).  However, resistant mouse strains do not experience 

viral persistence and are capable of clearing the virus from the gray matter of the brain within 

approximately 2 weeks (157).  Susceptible strains of mice are unable to clear the virus and the 

virus persists within the white matter of the spinal cord (157).  C57BL/6 mice contain the 

dominant resistant MHC class I haplotype, H-2D
b
, which presents the immunodominant TMEV 

capsid epitope VP2121-130 (158, 159) and allows these mice to clear the virus from the gray matter 

of the brain (157).  At the height of the immune response, 60% to 70% of all cytotoxic 

lymphocytes entering the CNS are VP2121-130 reactive (158, 159).  C57BL/6 mice express 
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relatively high levels of TGF-β, IL-1, IL-6, TNF-α, IFN-γ, IL10, and IL-12 in serum between 6 – 

12 days post-infection (160).  SJL/J mice and FVB/N mice express susceptible haplotypes H-2D
s
 

and H-2D
q
 which mount cytotoxic lymphocyte immune responses against a different 

immunodominant epitope, VP3159-166 (156, 157, 161, 162).  SJL/J mice and FVB/N mice express 

relatively high levels of IL-1, IL-6, IFN-γ, IL-10, and IL-12 in serum between 8 – 14 days post-

infection (160), suggesting that the immune response is delayed compared to C57BL/6 mice 

which could be one possible reason why SJL/J mice and FVB/N mice experience TMEV 

persistence.   

1.2.4 DA Strain of TMEV (Acute Phase):   

The DA strain of TMEV is an extensively studied viral mouse model of MS (87, 163-

170).  Intracerebral injection of ~2 x 10
5
 PFU of the DA strain in susceptible strains of mice 

induces a biphasic disease consisting of an acute encephalitogenic phase and a demyelinating 

chronic phase (154, 171).  The acute phase occurs within 3-12 days post-infection and is 

characterized by an encephalomyelitis in the gray matter of the brain, rapid virus replication in 

neurons (10
6
 to 10

7 
PFU/g of CNS tissue), and neuronal apoptosis.  Extensive mononuclear 

infiltrates are observed in the brain by days 3 to 5 post-infection (87).  These infiltrates include 

CD4
+
 and CD8

+
 T cells, macrophages, and B cells (87).  Inflammation is concentrated in the 

subcortical gray matter, especially in the regions of the diencephalon (thalamus, hypothalamus, 

and subthalamus), the hippocampus, and the basal ganglia (152, 172).  Inflammation in the spinal 

cord is minimal in the encephalitic phase of disease.  During the early acute phase of TMEV 

infection, the CNS white matter is unaffected in the spinal cord (152).  By day 16 post-infection, 

minimal virus is localized in the gray matter of the brain (87, 151), as demonstrated by Figure 2. 
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 Fig. 2: Approximately 10
5
 PFUs of TMEV is injected intracerebrally into susceptible strains of mice.  

TMEV replicates rapidly in the gray matter of the brain to a peak of approximately 10
7
 PFUs between 5 – 

7 days post-infection.  An immune response (primarily cytotoxic lymphocyte-mediated) is mounted 

against TMEV which clears the virus from the gray matter of the brain by day 16 post-infection.  TMEV 

moves into the white matter of the spinal cord and produces demyelinating lesions by viral-mediated 

oligodendrocyte damage from days 21 – 44 post-infection.  TMEV is no longer detected in the spinal cord 

of susceptible strains of mice on day 45 post-infection (indicated by red dashed line) and from day 45 – 

100, demyelination is primarily due to autoimmune responses.   
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1.2.5 CD8
+
 T cell Response Against TMEV:  

The CD8
+
 T cell response plays a vital role in determining whether virus persists and 

demyelinating disease develops (162, 165, 173-176).  Early studies demonstrated that depletion 

of CD8
+ 

T cells using an anti-CD8
+
 monoclonal antibody reduced myelin destruction in the CNS 

of TMEV-infected SJL/J mice (177).  However, TMEV infection of CD8
-/-

 SJL/J mice 

demonstrated no difference in the level of myelin destruction compared to wild type controls 

(165).  Anti-CD8 treatment was not administered until 10 days post-TMEV infection, indicating 

that an immune response had already been mounted against TMEV.  Depleting CD8
+ 

T cells 

suggests that this subset of cells is necessary to produce a more prominent demyelinating disease 

(165).  Genetic depletion of CD8
+ 

T cells could possibly affect other aspects of the immune 

system and allow for the development of compensatory mechanisms which could account for 

one reason why demyelinating disease did not change.  TMEV infection of CD8
-/-

 C57BL/6 mice 

resulted in viral persistence and demyelinating disease suggesting that CD8
+
 T cells play a key 

role in clearing virus in resistant strains of mice (173).  Two studies identified the first TMEV 

epitope recognized by C57BL/6 CD8
+ 

T cells to be TMEV capsid protein VP2121-130 (158, 159).  

A recent study demonstrated that SJL/J CD8
+ 

T cells are strongly immunoreactive to TMEV 

capsid epitope VP3159-166 (162).  This study also demonstrated that resistant C57BL/6 mice 

mount strong CD8
+
 T cell responses against TMEV capsid epitopes VP2121-130 and VP2165-173.  

The resistant C57BL/6 mice mounted responses against their respective epitopes 4 days post 

infection whereas SJL/J mice did not mount an immune response against VP3159-166 until 7 days 

post infection (162), suggesting that the amount of time to mount an efficient immune response 

can affect viral persistence. 
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1.2.6 Daniel’s Strain of TMEV (Chronic Phase):     

At approximately two to three weeks post-infection, TMEV can be detected in the white 

matter of the spinal cord and brain (87, 172).  By 21 days post-infection demyelinating lesions 

have begun to form in the cervical and thoracic regions in the white matter of the spinal cord as 

well as the brainstem (87, 172).  Demyelinating lesions contain CD4
+
 and CD8

+
 T cells, 

macrophages, and B cells (87).  Initially, lymphocytic infiltrates are observed in the meninges 

and perivascular spaces of the spinal cord white matter (178).  Inflammatory cells then invade 

the spinal cord parenchyma and demyelinating lesions begin to form (179).  Demyelination in 

this model of MS is characterized by vacuolar change of the white matter, overt myelin loss, and 

appearance of myelin-laden phagocytic macrophages within lesions (87, 152, 154, 172).  

Demyelinating lesions are observed in the thoracic segment of the spinal cord, but they do 

present throughout the rostrocaudal lengths (152).  The demyelinating process is multifocal and 

involves anterior, posterior, and lateral columns of the spinal cord (152).  TMEV persists at low 

levels (10
1
 to 10

3
 PFU/g of CNS tissue (Figure 2)) in the spinal cord white matter and primarily 

infects oligodendrocytes, macrophages, and astrocytes (152, 172). 

1.2.7 Immunopathogenesis of TMEV: 

Various studies have examined the immunological mechanisms of demyelination in the 

chronic phase of TMEV infection (180-182).  The demyelinating disease induced by TMEV is 

likely due to multiple mechanisms, including: direct viral cytopathic effects on oligodendrocytes 

(180), autoimmune destruction of oligodendrocytes (181), and epitope spreading (183).  In the 

chronic phase, TMEV infects oligodendrocytes in the white matter of the spinal cord which leads 

to direct killing of oligodendrocytes by viral and cytotoxic lymphocyte-mediated responses 
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(180).  CD4
+ 

T cells further activate immune responses within the lesions by secreting 

proinflammatory mediators that activate macrophages to engulf myelin and produce TNF-α 

(160).  Approximately 45 days post-TMEV infection, autoantibodies (184) and myelin specific 

CD4
+ 

T cells (185) are found within demyelinating lesions as a result of epitope spreading.  Viral 

burdens are relatively low at this point, and disease progression is the result of autoimmune 

processes (184, 185).  SCID mice and RAG-1
-/-

 mice intracerebrally infected with TMEV die 

from overwhelming viral infection, but do not demyelinate (186).  The current hypothesis is that 

these mice do not have proper immune system function to mount an effective immune response 

against specific antigens that can lead to demyelination (186).  These data suggest that the 

immune system is necessary to produce TMEV-induced demyelinating disease by contributing to 

viral persistence and epitope spreading.   

1.2.8 CD4
+ 

T cell Response Against TMEV:    

The initial specificity of infiltrating CD4
+
 T cells in the acute phase of disease is against 

TMEV capsid epitopes VP1232-250, VP274-86, and VP324-37 (187-189).  Several studies demonstrate 

the importance of CD4
+ 

T cells in the development of demyelinating disease.  The treatment of 

TMEV-infected susceptible SJL/J mice with anti-CD4 resulted in decreased demyelinating 

disease (187), whereas CD4
-/- 

SJL/J mice infected with TMEV experienced an increase in disease 

severity (190).  Anti-CD4 treatment was not administered until 10 days post TMEV infection, 

indicating that an immune response had already been mounted against TMEV.  Depleting CD4
+ 

T cells suggests that this subset of cells is necessary to produce a more prominent demyelinating 

disease.  Genetic depletion of CD4
+ 

T cells could possibly affect other aspects of the immune 

system and allow for the development of compensatory mechanisms which could account for 

one reason why demyelinating disease was more severe.  Viral persistence and demyelinating 
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disease was seen in CD4
-/-

 C57BL/6 mice infected with TMEV (191), suggesting that CD4
+ 

T 

cells play a role in viral clearance in resistant strains of mice.  One study demonstrated that 

C57BL/6 mice mounted a stronger and faster immune response to TMEV post-infection 

compared to susceptible SJL/J mice (162), indicating that the amount of time it takes to mount an 

immune response may affect the animal’s ability to clear the virus. 

1.2.9 Macrophage Response Against TMEV:   

Two-color immunofluorescent staining determined that 40% of the cells infected with 

TMEV in demyelinating lesions are activated macrophages (192, 193).  The study also 

determined that virus antigen was present in the cytoplasm of the macrophages, not the 

phagolysosomes, indicating that active viral replication was likely occurring within the 

macrophages (193).  The DA strain of TMEV translates an out of frame zinc-binding 

metalloprotein L (L*) that is associated with viral persistence in macrophages (194).  One in 

vitro study mutated L* by mutating the AUG start codon (AUG  ACG) and determined that 

TMEV replication was minimal, suggesting that L* is required for TMEV persistence within 

macrophages (194).  An in vitro study demonstrated TMEV does not infect a murine M1 

macrophage precursor cell line (195).  Once the M1 cells differentiated into M1-D cells, the M1-

D cells were permissive for TMEV infection.  These data suggest that the receptor(s) necessary 

for TMEV infection are only present on differentiated macrophages (195).   

Several studies have examined the potential role of macrophages in demyelination in the 

TMEV model (196-201).  The depletion of peripheral macrophages by treating SJL/J mice with 

dichloromethylene diphosphate leads to a loss of viral persistence and no demyelination (196).  

Macrophages may also serve as antigen presenting cells and present either TMEV or self-
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peptides, such as PLP, to trigger autoimmune processes (197).  Supernatants isolated from 

TMEV-infected macrophages and microglia from SJL/J mice contained factors that degraded 

MBP in an immortalized oligodendrocyte cell line (198), while supernatants from C57BL/6-

derived macrophages did not degrade MBP in vitro (198).  Activated macrophages produce large 

amounts of TNF-α, a potent pro-inflammatory cytokine.  SJL/J mice in the chronic phase of 

TMEV-induced demyelination produced increased levels of TNF-α (199, 200).  Studies have 

suggested that TNF-α can permeabilize the BBB as well as directly damage myelin (201).  

Together, these data support the role of macrophages in TMEV-induced demyelination. 

1.2.10 B cell Response Against TMEV 

The B cell responses against TMEV-infection have not been extensively studied.  Studies 

examining the role of B cell-mediated responses in the early phases of infection demonstrate a 

role for B cells in protection of the CNS gray matter from virus-induced pathology (202).  Serum 

anti-TMEV neutralizing antibody responses are detectable approximately 1 week post infection 

(202-206), but it is debatable as to whether or not anti-TMEV antibody aids in viral clearance.  

One study showed that adoptive transfer of anti-TMEV neutralizing antibody into TMEV-

infected nude mice completely cleared virus from the CNS (207).  Antibodies against MBP have 

been identified in TMEV-infected mice, but anti-MBP antibodies did not directly induce 

demyelination or protect against demyelination ex vivo in organotypic cultures (208).  

1.2.11 Experimental Autoimmune Encephalomyelitis (EAE) and Toxin-Induced 

Demyelination: 

The TMEV model of MS represents one of several animal models of demyelination.  

EAE is the most extensively studied animal model of MS (209-211), although an important 
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consideration when analyzing data from EAE studies is that there are several methods of 

inducing the disease in mice, rats, or non-human primates (209-213).  In addition, the disease 

serves as models of distinct clinical subtypes of MS and cannot be considered as representative 

across all forms of MS (209-213).  EAE is induced via a subcutaneous injection of an emulsion 

of an adjuvant containing myelin-specific peptides derived from either MBP, PLP, or MOG 

(209, 210, 212, 213).  In most models of EAE, an injection of purified protein derivatives must 

also be given to open the BBB (209, 210).  The immunization activates peripheral antigen-

specific T cells that further expand and enter the CNS through the BBB (209-213).   

Toxin-induced animal models of demyelination utilize lysolecithin (an activator of 

phospholipase A2) (122) and cuprizone (a copper chelator) (121).  These models of 

demyelination are non-immune mediated.  Lysolecithin is utilized to study focal demyelination 

and remyelination in rats and mice (122).  Lysolecithin is normally administered via intraspinal 

cord injection (122), which is extremely time consuming thus limiting the number of animals 

that can be studied.  Cuprizone is administered orally and induces demyelination in several white 

matter structures in the brain (214).  When cuprizone is removed from the animal’s diet, 

remyelination occurs (214), thereby serving as a model of spontaneous remyelination.  Toxin-

induced demyelination models do not attempt to mimic MS as a disease, but are mainly used to 

study the process of focal demyelination and remyelination.  Toxin-mediated demyelination in 

MS has also been implicated in pattern III and pattern IV demyelinating lesions (3). 

1.2.12 TMEV Model Justification:  

In these studies we utilize the TMEV model of MS for two major reasons: 1) the TMEV 

model induces a demyelinating disease that is similar to the primary progressive form of human 
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MS; 2) the viral etiology of TMEV induced demyelinating disease proposes that MS onset may 

also be associated with a viral etiology (87).  In addition, experimental therapies tested in the 

TMEV model of MS have mimicked what is observed in human MS patients (215, 216).  

Considering the etiology of MS is unknown, it is plausible that a viral infection in the CNS can 

lead to the breakdown of immune privileged sites and allow for autoreactive cells to become 

primed against the breakdown products of CNS-specific proteins.  It should also be noted that the 

most common association with MS onset is a recent virus infection (4).  

1.3 Epidermal Growth Factor Receptor Family (ErbB) and Neuregulin-1 (NRG1): 

The NRG1s signal by binding to their respective epidermal growth factor family of 

tyrosine kinase receptors: ErbB1, ErbB2, ErbB3, and ErbB4 (217-220).  NRG1 isoforms are 

critical mediators of nervous system development and important in maintaining normal function 

in the mature nervous system (217-219, 221).  At least 16 different alternatively-spliced isoforms 

are generated from the NRG1 gene (217-220).  NRG1 isoforms can be either soluble or 

membrane-bound (217-220) and are categorized as Type I, Type II, or Type III NRG1s based on 

the diversity and function of the protein’s NH2-terminal regions (222).  All NRG1 isoforms share 

a unique epidermal growth factor (EGF)-like domain, which is necessary to activate its receptor.  

Type I NRG1 isoforms (heregulin (223), neu differentiation factor (223), and acetylcholine 

receptor inducing activity (224)) contain an extracellular heparin-binding domain.  Type II 

NRG1 isoforms (glial growth factor [GGF] and glial growth factor 2 [GGF2] (221)) also contain 

this heparin-binding domain plus a kringle domain which increases the half-life of the protein by 

protecting the protein from proteolytic cleavage (221).  The type III NRG1 isoform (sensory and 

motor neuron-derived factor [SMDF] (225)) has a cysteine-rich domain on its NH2-terminus.   
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Most Type I and Type II NRG1s are expressed as proNRG1 products that undergo 

cleavage to produce soluble NRG1s (226).  Type III NRG1s are membrane bound and function 

via juxtacrine signaling interactions.  Type I and type II NRG1s are released and localized on the 

extracellular matrix by heparin-sulfate proteoglycans (HSPGs) which interact with NRG1s 

heparin-binding domain (227).  HSPGs localize NRG1s to regions near their respective 

receptors, specifically ErbB3 and ErbB4 (227).  ErbB3 and ErbB4 bind type I and type II NRG1s 

with high affinity (NRG1 isoforms do not bind to ErbB1 or ErbB2) (228).  Once bound, the 

receptors heterodimerize with ErbB1 or ErbB2, or ErbB4 homodimerizes with itself (229).  

Studies show that ErbB2 is the primary receptor ErbB3 and ErbB4 heterodimerize with upon 

NRG1 binding (229).  ErbB3 must heterodimerize because it does not contain proper receptor 

kinase machinery to transduce an effective signal (229).  Tyrosine kinases are phosphorylated 

and major signaling pathways such as MAPK or PI-3K are activated (230, 231). 

1.3.1 NRG1 and Peripheral Nervous System Myelination: 

 NRG1 has been extensively studied in PNS myelination, and several approaches have 

been used to demonstrate the need for NRG1-mediated signaling in myelin development in the 

PNS (226, 232-238).  Mice homozygous for the NRG1 null allele die at embryonic days 10.5 to 

11.5 due to defective cardiac development (233).  Conditional knockout of all NRG1 gene 

isoforms (226, 232), the type III NRG1 isoform (234), or the genes encoding the NRG1 receptors 

ErbB2 and ErbB3, leads to an almost complete loss of Schwann cells (235-237).  One study 

determined transgenic mice that overexpresse type III NRG1 isoforms develop hypermyelinated 

axons (238).  A subsequent study determined that heterozygous type III NRG1 mice develop 

hypomyelinated axons (238).  Together, these data illustrate not only the requirement for NRG1 

in PNS myelination, but also the critical nature of NRG1s in development. 
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1.3.2  NRG1 and Central Nervous System Myelination:  

The functions of NRG1s in the CNS are incompletely understood and not as well-studied 

as NRG1 function in the PNS, although one study determined that NRG1 is required for 

oligodendrocyte differentiation in vitro (239).  ErbB2 conditional knockout mice exhibited 

hypomyelination, a decrease in oligodendrocytes, and an increase in oligodendrocyte progenitor 

cells (240).  ErbB2
-/-

 or ErbB4
-/-

 mice experience midgestational lethality due to cardiac 

malformations (241).  A more recent study demonstrated that conditional knockouts of ErbB3 

and ErbB4 do not regulate myelin production or thickness (242), suggesting that other factors are 

involved in CNS myelination.  These data have generated interest in NRG1 function and how it 

can be exploited to benefit demyelinating diseases such as MS. 
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2. Statement of Objectives: 

Studies from the early 1990s indicated that recombinant human GGF2 (rhGGF2) 

stimulates primary oligodendrocyte myelination and differentiates primary oligodendrocyte 

progenitor cells into mature myelinating oligodendrocytes in vitro (243).  To determine if these 

observations translated to an in vivo situation, a subsequent study demonstrated that when 

rhGGF2 is subcutaneously administered to mice (or rats) post-EAE induction, remyelination is 

enhanced (243).  While the data is not well-discussed by the authors, one alteration observed in 

rhGGF2 treated animals is that the animals had increased levels of interleukin-4 (IL-4) (243).  

This observation suggests the mechanisms of action of rhGGF2 may be via an 

immunomodulatory effect, as increased IL-4 levels are indicative of a shift in the immune 

response towards a T helper-2 (Th2) response, which ameliorates EAE-mediated pathology 

(243).  Immunoreactivity for GGF2 in CNS white matter of healthy individuals has been 

reported (244).  GGF2 expression is localized on oligodendrocytes, microglia, and astrocytes and 

immunostaining for GGF2 is most intense around active demyelinating lesions in MS patients.  

Expression of ErbB2, ErbB3, and ErbB4 is also seen in both the white matter of healthy 

individuals and MS patients (244).  These studies have provided impetus to further elucidate the 

functions GGF2 has on myelin repair and pro-inflammatory mechanisms. 

In the current studies, we are interested in the kinetics of expression of ErbB1 and ErbB2 

over the course of TMEV infection in female FVB/nJ mice.  We hypothesize that ErbB1 and 

ErbB2 are upregulated in the spinal cord of TMEV-infected female FVB/nJ mice during the 

demyelinating stages of disease.  Furthermore, we will identify the cell types that could respond 

to NRG1.  
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Hypothesis: We hypothesize that ErbB1 and ErbB2 are upregulated in the spinal cord of TMEV-

infected FVB/nJ mice over the course of the demyelinating stages of disease. 

Specific Aim 1: Determine the protein and mRNA transcript levels of ErbB1 and ErbB2 in the 

spinal cord from TMEV-infected female FVB/nJ mice compared to HBSS-injected control mice 

during the early and late stages of TMEV-induced demyelinating disease. 

Specific Aim 2: Compare the levels and distribution of ErbB1 and ErbB2 expression in the 

spinal cord from TMEV-infected female FVB/nJ mice to HBSS-injected control mice during the 

early and late stages of TMEV-induced demyelinating disease. 
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3.1 Materials and Methods: 

Theiler’s murine encephalomyelitis virus (TMEV) 

 The Daniel’s strain (DA) of TMEV was used in all experiments.  Monolayers of  baby 

hamster kidney (BHK) (ATCC; Manassas, VA) cells were infected with 2.3 x 10
6
 pfu/mL of 

TMEV in Hanks Balanced Salt Solution (HBSS) (Life Technologies; Carlsbad, CA).  Following 

a 1 hour incubation of the BHK cells with virus (5% CO2 at 37°C), Eagle’s Minimal Essential 

Medium (EMEM) (Life Technologies) with 2% heat inactivated Fetal Bovine Serum (FBS) was 

added to the flasks.  Cells were incubated for 3 days (5% CO2 at 37°C) and then the flasks were 

frozen (-80°) and thawed twice to release the virus.  Following centrifugation, supernatants were 

collected and titers were calculated utilizing a viral plaque assay on L2 cells (ATCC) grown in 

Dulbecco’s Modified Eagle Medium (DMEM) (Life Technologies) with 5% heat inactivated 

FBS, 100 μg/mL L-Glutamine (L-GLU), and 100 U/mL Penicillin/Streptomycin (Pen/Strep), as 

per published methodology (245) .  All experiments described herein were performed with the 

same preparation of virus. 

Mice 

 Female FVB/nJ mice were purchased from Jackson Laboratories (Bar Harbor, ME) at 3-5 

weeks of age.  Mice were housed in sterile polycarbonate Thoren Maxi-Miser System cages 

(Hazelton, PA) in a specific pathogen free colony and fed autoclaved food (Teklad 2018S 18% 

Rodent Pellets; Harlan Laboratories, Indianapolis, IN) and water ad libitum.  A 12 hours on/12 

hours off light/dark cycle was maintained in the animal housing room and room temperature 

maintained at ~21.2°C.  All experiments were performed in accordance with the Creighton 
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University’s Institutional Animal Care and Use Committee (IACUC) and the Association for 

Assessment and Accreditation of Laboratory Animal Care International (AAALAC). 

Intracerebral injection of TMEV 

 One week after receipt, female FVB/nJ mice were intracerebrally (i.c.) injected with 2 x 

10
5
 plaque-forming units (PFUs) of TMEV (DA strain) (169, 246, 247).  The animals were 

anesthetized with Isofluorane (IsoFlo; Abbott Laboratories, North Chicago, IL) and i.c. injected 

with 10μl of TMEV or HBSS (control) using a 27-gauge needle attached to a Hamilton syringe.  

Virus infection occurs over 98% of the time following i.c. injection and fatalities are rare (87).  

No fatalities were observed in our studies. 

Tissue collection 

 Mice were sacrificed with an intraperitoneal (i.p) injection of 200 μl of sodium 

pentobarbital (Sleepaway; Fort Dodge Animal Health, Fort Dodge, IA).  Spinal cords were 

harvested and either snap frozen on dry ice for RNA and protein isolation or placed in OCT 

Frozen Embedding Medium (Miles Inc., IN) for immunostaining.  Tissues were stored at -80°C 

until time of use. 

RNA and Protein Isolation 

Protein was isolated from whole spinal cords using the mirVANA Paris kit (Life 

Technologies).  Spinal cords were homogenized in 400 μl of ice-cold Cell Disruption Buffer 

using a TissueMiser homogenizer (Fisher Scientific; Waltham, MA).  Half of the resulting spinal 

cord homogenate was used for total RNA isolation and the remainder for protein analysis.  

Protein lysates were diluted into 50 μl of Cell Disruption Buffer and 25 μl of each sample was 
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pipetted into a 96-well polystyrene plate.  Protein concentrations were measured using the BCA 

Protein Assay Kit (Fisher Scientific), per the manufacturer’s instructions.  Plates were read on an 

Enspire 2300 Multilabel Reader (Perkin Elmer; Waltham, MA).   

For RNA isolation, the lysate was mixed with 200 μl of 2X Denaturing Solution and 

incubated on ice for 5 minutes.  Following incubation, 200 μl of Acid-Phenol:Chloroform was 

added to the sample lysate, vortexed, and centrifuged for 5 minutes at 5,000 x g at 4°C.  The 

aqueous phase was removed and mixed with 250 μl of 100% ethanol.  The sample was placed 

into a glass-fiber Filter Cartridge (Life Technologies).  Following centrifugation (1 min, 5,000 x 

g at 4°C) the pellet was washed once with 700 μl of Wash Solution 1 (1 min, 5,000 x g at 4°C), 

and then twice with 500 μl of Wash Solution 2/3 (1 min, 5,000 x g at 4°C).  RNA was eluted 

from the Filter Cartridge with 20 μl of 95°C Elution Solution (Life Technologies).  RNA 

concentrations were measured using Nanodrop 2000c technology (Thermo Scientific; Waltham, 

MA).       

Western Blotting 

A total concentration of 25 μg of spinal cord protein lysate was diluted into 2X Laemmli 

Sample Buffer (60mM Tris-HCL [pH6.8], 2% SDS, 10% glycerol, 5% β-ME, 0.01% 

bromophenol blue). The diluted protein lysate (total volume = 20 μl) was loaded on a NuPage 

Novex 4-12% Bis-Tris Gel (Life Technologies).  Following separation by electrophoresis (XCell 

Surelock Mini-Cell Electrophoresis Chamber System; Life Technologies), the proteins were 

transferred to a 0.45 μm polyvinylidine fluoride (PVDF) membrane (Pall Corporation; Port 

Washington, NY) using the Trans-Blot Cell System (Bio-Rad; Hercules, CA).  After blocking in 

PBS/0.05% v/v Tween-20/5% nonfat dry milk, blots were probed overnight with 2 μg/mL of 
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rabbit anti-Neu (C-18) antibody reactive to the C-terminus of human Neu (Santa Cruz 

Biotechnology; Santa Cruz, CA) or 2 μg/mL of rabbit anti-ErbB1 antibody reactive to Tyr1068 

of human ErbB1 receptor (Cell Signaling Technology; Danvers, MA).  For equal loading, blots 

were normalized using 1 μg/mL of mouse anti-β-actin (C4) antibody raised against avian actin 

(Santa Cruz Biotechnology).  All antibodies used cross-react with mouse epitopes according to 

the manufacturer.  Blots were washed in PBS-Tween-20 (v/v 0.05%) prior to incubation with 

either 1 μg of HRP-conjugated donkey anti-rabbit IgG (Santa Cruz Biotechnology, ErbB1 or 

ErbB2) or 0.5 μg of HRP-conjugated rabbit anti-mouse (Cell Signaling Technology, β-Actin) for 

1 hour at room temperature.  Blots were washed and exposed to SuperSignal WestFemto 

Chemiluminescent Substrate (Fisher Scientific) per the manufacturer’s instructions.  Blots were 

imaged and analyzed with the Kodak Image Station 4000R (Carestream; Atlanta, GA).  Data 

were analyzed by two-way ANOVA with a Bonferroni’s test as a post-test.  p values of ≤ 0.05 

were considered statistically significant. 

RT qPCR 

 Following treatment of RNA with RQ1 DNAse per manufacturer’s instructions 

(Promega; Madison, WI), reverse transcription was performed using the ImProm II Reverse 

Transcription System (Promega) in a total volume of 100 μl.  The reaction mixture consisted of 1 

μg RNA, 0.5 μg Oligo-DT, 5X Reaction Buffer, 6.0 mM MgCl2, 0.5 each dNTP, 2.5 units 

RNasin, and 0.5 units ImProm II Reverse Transcriptase.  Reverse transcription was performed at 

42°C for 1 hour followed by a 20 minute incubation at 70°C.  Quantitative PCR analysis was 

performed in 20 μl volumes containing 1 μl of the resultant cDNA (corresponding to 40 ng of 

DNAse-treated RNA), gene specific internal primers (0.5 μM of each primer), and 1X SsoFast 

EvaGreen Supermix (Bio-Rad).  Primers were synthesized by Integrated DNA Technologies 
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(IDT; Coralville, IA) and had 100% sequence homology to the murine genome.  Primer 

sequences are as follows: ErbB2: forward (5’  3’): TGT AAA TCT CGG TGA CCC CAC; 

ErbB2: reverse (5’  3’): GTA CGC TCG TGC AGA AAG AG; ErbB1: forward (5’  3’): 

TTT GGT GCC ACC TGT GTG AA; ErbB1: reverse (5’  3’): ACA CTT GCG GAT GCC 

ATC TT; GAPDH: forward (5’  3’): GTG GCA AAG TGG AGA TTG TTG; GAPDH: 

reverse (5’  3’): CAT TCT CGG CCT TGA CTG TG.  GAPDH was used as a house keeping 

gene to normalize mRNA levels between samples.  The PCR was performed under the following 

conditions: 95°C for 30 sec, and 40 cycles of 95°C for 5 sec and 57°C for 5 sec using a CFX96 

Real Time System (Bio-Rad).  Each biological sample was run in triplicate.  All data were 

reported as fold-increase (or decrease) compared to control (HBSS)-injected samples at 

corresponding time-points.  Data were analyzed using CFX Manager Software (Bio-Rad).  

Expression levels were calculated using the ∆∆Ct method (248).  Data were analyzed by two-

way ANOVA with a Bonferroni’s test as a post-test.  p values of ≤ 0.05 were considered 

statistically significant. 

Concanavalin A stimulation 

 Spleens were removed and dissociated in chilled HBSS.  Splenocytes were washed and 

resuspended in RPMI 1640 media (Life Technologies) containing 5% heat inactivated FBS, 100 

μg/mL streptomycin (Life Technologies), 100 U/mL penicillin (Life Technologies), 5 x 10
-5

M β-

mercaptoethanol, and 2.5 μg of Concanavalin A (Concanavalin A, from Canavalia ensiformis 

(Jack Bean); Sigma; St. Louis, MO).  Control unstimulated splenocytes received media only.  

Both Con A-stimulated and control splenocytes were incubated at 37°C and 5% CO2 for 48 

hours.  Splenocytes were centrifuged at 100 x g at 4°C for 5 minutes then washed with PBS4 

(PBS plus 4% FBS).  Splenocytes were counted using a Coulter Particle Counter (Beckman-
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Coulter; Brea, CA), and 1 x 10
6
 cells were resuspended in PBS4 in a volume of 50 μl.  

Splenocytes were incubated with PE-Texas Red-conjugated rat anti-mouse CD45R (BD 

Biosciences; San Jose, CA), PE-Cy 7-conjugated rat anti-mouse CD4 (BD Biosciences), or 

Alexa Fluor 700-conjugated rat anti-mouse CD8a (BD Biosciences).  Splenocytes were 

additionally stained with either rabbit anti-human Neu (C-18) antibody (Santa Cruz 

Biotechnology) or rabbit anti-human ErbB1 receptor antibody (Cell Signaling Technology).  

Following washes with PBS4, secondary detection was performed using Alexa Fluor 488-

conjugated secondary antibodies.  All incubations were performed on ice for 30 minutes in the 

dark.  After washing with PBS4, cells were fixed in PBS/0.1% formalin.  Stained cells were 

phenotyped by flow cytometry using a FACSAria Flow cytometer (BD Biosciences) and FlowJo 

software (Tree Star Inc.; Ashland, OR).  Data were analyzed by a two-tailed t-test and p values 

of ≤ 0.05 were considered statistically significant. 

Immunofluorescence 

 Six micron thick sections of spinal cord tissue embedded in OCT Frozen Embedding 

Medium (Miles Inc., IN) were cut and fixed in chilled acetone.  Slides were air dried, rehydrated 

in 1X PBS, and blocked using 0.1% normal donkey serum (Jackson Immunoresearch; West 

Grove, PA).  Sections were stained with 0.4 μg/mL of rat anti-mouse F4/80 (AbD Serotec; 

Raleigh, NC), 0.4 μg of rat anti-mouse CD45R (BD Biosciences), 0.4 μg/mL of rat anti-mouse 

CD4 (BD Biosciences), or 0.4 μg/mL of rat anti-mouse CD8a (BD Biosciences) antibodies.  

Sections were also stained with either 1 μg/mL of ErbB2 goat anti-human Neu (C-18) antibody 

(Santa Cruz Biotechnology) or 1 μg/mL of goat anti-human ErbB1 receptor antibody (Cell 

Signaling Technology) for double-staining experiments.  Visualization was performed using 0.2 

μg/mL of Alexa Fluor-conjugated secondary antibodies (Life Technologies) which were excited 
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at wavelengths of either 488 (green) or 568 (red).  Coverslips were applied using Vectashield 

Mounting Media with DAPI (Vector Labs; Burlingame, CA).  Images were captured using a 

Nikon Eclipse 80i microscope (Boyce Scientific Inc.; Gray Hawk, MO) and a Digifire camera 

and analySIS Digital Imaging Software (Olympus Soft Imaging Solutions GmbH; Münster, 

GER). 

Statistical Analysis: 

 Statistical analysis (Two-way ANOVA and t-test) was performed using GraphPad Prism 

4 Software (San Diego, CA). 
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3.2 Results: 

ErbB2 protein levels increase in the spinal cords of TMEV-infected female FVB/nJ mice 

 To test whether expression of ErbB2 and/or ErbB1 levels are altered in the spinal cords 

of TMEV-infected FVB/nJ mice over the course of infection, we performed Western blotting 

studies using spinal cord homogenates prepared from mice at days 21, 35, and 60 post-TMEV 

infection.  The time-points were chosen for the following reasons: day 21 post-infection is an 

early time-point after infection when virus has been cleared from the gray matter of the brain and 

there are small amounts of TMEV in the spinal cord (87).  By day 35 post-infection 

demyelinating lesions begin to form as a result of virus-mediated damage to the 

oligodendrocytes (87, 151).  At day 60 post-infection, the progressive phase of disease, 

characterized by autoimmune-mediated responses against myelin components, is well established 

(184, 185).  Spinal cords from HBSS-injected mice were used as control samples at each of the 

time-points studied.  At days 21, 35, and 60 post-infection, significantly increased levels of 

ErbB2 were detected in TMEV-infected mice as compared to HBSS-injected mice.  At day 21 

post-infection, ErbB2 protein levels were 1.59 ± 0.05-fold higher (p ≤ 0.05) in spinal cords from 

TMEV-infected mice compared to day 21 control mice.  By days 35 and 60 post-infection, the 

levels of ErbB2 further increased (1.92 ± 0.05-fold and 1.68 ± 0.09-fold, respectively; p ≤ 0.01) 

over control-injected spinal cords (Fig. 1A).  The Bonferonni post-test indicated that the increase 

in ErbB2 protein levels is significant between days 21, 35, and 60 post-infection (p < 0.001).  

ErbB1 levels in the spinal cords of TMEV-infected mice were extremely low as assessed by 

Western blotting and were not altered over the course of infection (Fig. 1B). 
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Fig. 1: (A) ErbB2 protein levels are increased in the spinal cord from TMEV-infected female 

FVB/nJ mice.  (B) ErbB1 protein levels are unaltered in the spinal cord from TMEV-infected 

female FVB/nJ mice.  Western blotting was performed on spinal cord lysates from TMEV-

infected (i.c.) mice.  Control mice were injected (i.c.) with HBSS (virus diluent).  Signal 

intensity was quantitated using a Kodak Imaging Station 4000R and normalized for equal 

loading using β-actin.  Data are representative of 3 experiments.  Statistical analysis was 

performed using a two-way ANOVA with HBSS-injected female FVB/nJ mice as the control 

(n=3).  * ≤ 0.05; ** ≤ 0.01. 
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Because the level of a particular protein does not always correlate with mRNA transcript 

levels (249, 250), we performed RT qPCR to determine if ErbB2 and ErbB1 transcript levels 

were altered in TMEV-infected spinal cords 21, 35, and 60 days post-infection.  ErbB2 transcript 

levels increased 1.36-fold ± 0.09 on day 21 post-infection compared to HBSS controls (Fig. 2A).  

However, ErbB2 transcript levels were not significantly altered compared to HBSS controls on 

days 35 and 60 post-infection.  ErbB1 transcript levels remained unchanged over the course of 

the study (Fig. 2B). 

ErbB2 expression is localized within demyelinating lesions 

 To determine the cell types expressing ErbB2 within the spinal cords of TMEV-infected 

mice, we performed immunfluorescent staining on spinal cords from TMEV-infected and HBSS-

injected mice using an antibody to ErbB2.  Strong positive immunoreactivity to ErbB2 was 

localized to discrete areas of the spinal cord white matter in TMEV-infected (Fig. 3B), but not 

uninfected mice (Fig. 3A).  The DAPI image (Fig. 3D) demonstrates that the region of the spinal 

cord where positive staining was localized was hypercellular, suggestive of an influx of 

infiltrating cells.  Using a polyclonal antisera to TMEV, immunofluorescent TMEV-stained cells 

(Fig. 4A) are in close proximity to the ErbB2 stained cells (Fig. 4C), thereby providing further 

support to the localization of these cells within demyelinating lesions. 

Concanavilin A stimulation increased ErbB2 expression on splenocytes 

 The strong positive immunoreactivity for ErbB2 localized within demyelinating lesions 

suggested that immune cell infiltrates may comprise a population of cells expressing ErbB2.  To 

test the hypothesis that activated immune cells express ErbB2, we isolated murine splenocytes  
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Fig. 2: (A) ErbB2 transcript levels in the spinal cord isolated from TMEV-infected female 

FVB/nJ mice are altered early in the demyelinating disease.  (B) ErbB1 transcript levels in the 

spinal cord isolated from TMEV-infected female FVB/nJ mice are unaltered in the early and 

late stages of demyelinating disease.  ErbB2 and ErbB1 mRNA levels were measured by RT 

qPCR.  Values represent the mean relative transcript level ± SEM, relative to GAPDH 

transcript levels.  Data are representative of 3 experiments.  Statistical analysis was performed 

using a two-way ANOVA, with HBSS-injected female FVB/nJ mice as a control (n=3).  * ≤ 

0.05. 
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Fig. 3: Increased ErbB2 expression in spinal cord sections from TMEV-infected 

female FVB/nJ mice.  (A) No positive immunoreactivity is observed in the spinal cord 

from HBSS-injected mice.  (B) ErbB2 staining (red) is localized to discrete areas of 

the spinal cord in TMEV-infected mice.  (C) Secondary only control shows no 

positive immunoreactivity in the spinal cord from TMEV-infected mice.  (D) DAPI 

image of (B) demonstrates hypercellularity in the spinal cord of TMEV-infected mice 

in areas of positive ErbB2 staining.  (E) DAPI image of HBSS-injected control shows 

no hypercelluarity in the white matter of the spinal cord.  Data are representative of 3 

experiments (n=3). 
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Fig. 4: TMEV-positive cells are localized to the area of ErbB2-positive cells.  

Immunofluorescent staining for TMEV (green) (A) and ErbB2 (red) (C) was 

performed to co-localize virus with the ErbB2-immunoreactive cells.  Arrows indicate 

cells that are positive for both TMEV and ErbB2.  (B) Secondary only control (green) 

shows no positive immunoreactivity in the spinal cord from TMEV-infected mice.  (D) 

Secondary only control (red) shows no positive immunoreactivity in the spinal cord 

from TMEV-infected mice.  Data are representative of 3 experiments (n=3). 
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and activated them for 48 hours in vitro with Con A.  Control cells were cultured with media 

alone.  Surface staining was performed using an antibody to ErbB2 in combination with an 

antibody to either B220, a marker of B cells; CD8, a marker of cytotoxic T cells; or CD4, a 

marker of T helper cells.  Cells positive for ErbB2 and/or the cell-type specific markers were 

quantitated by flow cytometry (Fig. 5A).  ErbB2 staining on T helper cells (CD4
+
 T cells) and B 

cells (B220
+
 cells) was significantly increased following Con A-stimulation (p ≤ 0.001; Fig. 5B).  

The percentage of ErbB2
+
B220

+
 cells increased from 4.0% to 7.7% following Con A-

stimulation, while the percentage of ErbB2
+
CD4

+
 cells increased from 2.4% to 5.2% under the 

same conditions.  The percentage of ErbB2
+
CD8

+
 cells remained unchanged following exposure 

to Con A.  Together, these data suggest that some ErbB2
+
 cells in the spinal cords of TMEV-

infected mice are infiltrating immune cells.   

ErbB2 is expressed on immune cells within demyelinating lesions 

 Flow cytometry results indicated that ErbB2 is expressed on B cells, cytotoxic T cells, 

and T helper cells and that activated B and T helper cells express higher levels of ErbB2.  

Because the immune cells infiltrating the CNS of TMEV-infected mice are activated, we 

postulated that similar co-expression of ErbB2 and immune cells would be observed in vivo.  To 

test this hypothesis, we performed immunofluorescent staining on spinal cord sections obtained 

from TMEV-infected mice to determine the phenotype of the cells in the lesions that expressed 

ErbB2.  In addition to B220, CD4, and CD8, we also stained sections with an antibody to F4/80, 

a marker of both macrophages and microglia.  All HBSS-injected mice were negative for B220 

(Fig. 6A), CD4 (Fig. 7A), CD8 (Fig. 8A), and F4/80 (Fig 9A) which is consistent with previous 

studies (87, 163-170).  By 21 days after intracerebral injection with TMEV, cells co-expressing 

B220 (Fig. 6B, D, and F), CD4 (Fig. 7B, D, and F), CD8 (Fig. 8B, D, and F), and F4/80 (Fig. 



47 
 

 
 

9B, D, and F) and ErbB2 were indentified within the infiltrate.  The phenotypes of double-

positive cells were consistent throughout the study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5: Activated splenocytes upregulate expression of ErbB2 on their surface.  Splenocytes were treated with 

Concanavalin A (Con A) for 48 hours, and then analyzed by flow cytometry (FACSAria) for ErbB2 

expression.  (A) FACS analysis of the percentage of ErbB2
+
B220

+
, ErbB2

+
CD8

+
, and ErbB2

+
CD4

+
 cells in 

unstimulated (middle panels) vs. Con A-stimulated (lower panels) splenocytes.  Secondary only controls 

demonstrate minimal positive immunoreactivity (top panels).  (B) Values represent the mean percentage of 

positively stained cells ± SEM (splenocytes were analyzed individually).  Statistical analysis was performed 

using a two-tailed t-test, with unstimulated splenocytes as a control (n=5/group).   *** ≤ 0.001. 
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Fig. 6: ErbB2 (red) (D) is expressed on B cells (green) (B) within inflammatory lesions 

in the spinal cord isolated from TMEV-infected female FVB/nJ mice.  (F)  Merge image 

demonstrates colocalization of ErbB2 with B220.  Arrows indicate double positive cells.  

HBSS-injected control mice did not experience infiltration of their spinal cord (A).  

Secondary only controls (red and green) show no positive immunoreactivity in the 

spinal cord from TMEV-infected mice (C, E, G).  Data are representative of 3 

experiments (n=3).   
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Fig. 7: ErbB2 (red) (D) is expressed on CD4

+
 T cells (green) (B) within inflammatory 

lesions in the spinal cord isolated from TMEV-infected female FVB/nJ mice.  (F)  

Merge image demonstrates colocalization of ErbB2 with CD4.  Arrows indicate double 

positive cells.  HBSS-injected control mice did not experience infiltration of their spinal 

cord (A).  Secondary only controls (red and green) show no positive immunoreactivity 

in the spinal cord from TMEV-infected mice (C, E, G).  Data are representative of 3 

experiments (n=3).    



50 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: ErbB2 (red) (D) is expressed on CD8
+
 T cells (green) (B) within inflammatory 

lesions in the spinal cord isolated from TMEV-infected female FVB/nJ mice.  (F)  

Merge image demonstrates colocalization of ErbB2 with CD8.  Arrows indicate double 

positive cells.  HBSS-injected control mice did not experience infiltration of their spinal 

cord (A).  Secondary only controls (red and green) show no positive immunoreactivity 

in the spinal cord from TMEV-infected mice (C, E, G).  Data are representative of 3 

experiments (n=3).    
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Fig. 9: ErbB2 (red) (D) is expressed on macrophages (green) (B) within inflammatory 

lesions in the spinal cord isolated from TMEV-infected female FVB/nJ mice.  (F)  

Merge image demonstrates colocalization of ErbB2 with F4/80.  Arrows indicate double 

positive cells.  HBSS-injected control mice did not experience infiltration of their spinal 

cord (A).  Secondary only controls (red and green) show no positive immunoreactivity 

in the spinal cord from TMEV-infected mice (C, E, G).  Data are representative of 3 

experiments (n=3).    
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3.3 Discussion: 

Soluble mediator release in the CNS that occurs post-injury can induce inflammatory 

processes that irrevocably damage neuronal survival and/or myelin repair mechanisms.  

Although much is unknown regarding these interactions, it is generally accepted that functional 

preservation at the site of injury requires that multiple soluble mediators are simultaneously 

available for target cells.  Failure of the host to achieve an optimal environment between the 

axon and the oligodendrocyte compromises the integrity of the nervous system and is illustrated 

by the human disease—MS.  This microenvironment can be influenced by many factors, some of 

which are well-described cytokines produced by both resident CNS cells and infiltrating immune 

cells (251-265). 

In this study we demonstrate that T cells, B cells, and macrophages may have the 

required machinery to respond to neuregulin release by CNS cells, thereby providing another 

mechanism by which TMEV-induced disease could be modulated.  The small number of double 

positive cells in the lesions indicate that the majority of ErbB2 expressing cells are CNS-resident 

cells.  The phenotype of CNS-resident cells expressing ErbB2 include: oligodendrocytes, 

astrocytes, and microglia (244).  Our data, demonstrating that lymphocytes are positive for 

ErbB2, are consistent with Cannella et al. who noted that cells in lymphoid tissues expressed 

ErbB2 (244).   

The critical nature of neuregulins in nervous system development has been illustrated 

utilizing neuregulin-deficient mice (233).  Mice homozygous for the NRG1 null allele die at 

embryonic days 10.5 to 11.5 due to defective cardiac development; heterozygotes have normal 

myelination and survival.  Oligodendrocyte development was absent in spinal cord explant 
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cultures from neuregulin null mice, but mature oligodendrocytes were evident after addition of 

recombinant neuregulin (233).  Oligodendrocyte development could be prevented in cultures of 

normal wild-type mice after treatment of the culture with the neuregulin inhibitor, IgB4, a 

chimeric protein consisting of the ligand-binding domain of ErbB4 and the Fc region of human 

IgG1 (233).  Neuregulins utilize the ErbB family of receptor tyrosine kinases as receptors.  

ErbBs form either homo- or heterodimers with other family members; both ErbB3 and ErbB4 

can bind NRG1 (266, 267).  ErbB3 is kinase-deficient and thus it must form a heterodimer to 

transduce a signal (268).  The preferred partner for NRG1 signaling appears to be the 

ErbB2/ErbB3 heterodimer (269, 270).  Despite the ability of ErbB2 to transduce a signal, ErbB2 

homodimers are ineffectual as ErbB2 does not recognize a ligand (271).  ErbB2 may also 

heterodimerize with the epidermal growth factor receptor (ErbB1; also known as EGFR) or 

ErbB4, forming receptors for ligands other than NRG1 (272, 273).  Mice with ErbB2 or ErbB4 

knocked out experience midgestational lethality due to cardiac malformations (241).  Addition of 

soluble ErbB3, an inhibitor of NRG1 bioactivity, to multipotential neural precursor cell cultures 

increases cell death and decreases mitosis, indicating both cell survival and proliferation are 

mediated by these interactions (274). 

 We have found that ErbB2 levels in the spinal cords of TMEV-infected mice are 

increased at both the protein and mRNA levels within 21 days after intracerebral inoculation 

with TMEV.  The lack of alterations in the mRNA level of ErbB2 at later time points (days 35 

and 60 post-infection) suggests that post-transcriptional modification mechanisms may be 

degrading or modifying ErbB2 mRNA transcripts.  Also, the half-life of the ErbB2 protein may 

be relativity stable in vivo, although additional studies are required to demonstrate this.  While 

most studies on neuregulins have focused on the PNS and CNS, the studies described herein 
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outline a role for the neuregulins as potential mediators of immune function.  Immune cells, 

including T and B cells as well as macrophages (Fig. 6B, D and F; 7B, D, and F; 8B, D, and F; 

and 9B, D, and F), express ErbB2 on their surface, suggesting that these cells may be responsive 

to axonally-derived neuregulins.  While this is not a concept that has been well-described in the 

literature, there is some support for our conclusion that immune response can be affected by 

neuregulins.  Using the experimental autoimmune encephalomyelitis (EAE) model of MS in 

mice (243), Canella et al. reported that mice treated with GGF2 prior to the onset of clinical 

symptoms or during the chronic disease experienced reduced disease severity and relapse rate 

compared to controls.  GGF2 treated mice also had enhanced CNS remyelination.  Treatment 

altered a number of immune function parameters, particularly interleukin-4 (IL-4) and 

interleukin-10 (IL-10) levels (243).  In EAE, damage can be reduced by pushing the immune 

response towards a T helper 2 (IL-4 dominated) response (275-278).  Reduced numbers of 

microglia were also found in treated mice, as well as decreased levels of tumor necrosis factor 

(TNF-α), both of which could disrupt myelin sheaths either indirectly, via the production of 

myelin-damaging mediators or directly (261-265).  The observed protection could be the result 

of a shift away from a destructive immune response, in particular, modulating the harmful T cell 

responses (i.e., a T helper 1 response) toward a T helper 2 response.   

While increased neuregulin-ErbB signaling may have some beneficial effects, it is 

important to note that it is likely there is an optimal balance that must be achieved in order to 

optimize host health.  Transgenic mice which expressed high or moderate levels of NRG1, 

ErbB2, and ErbB3 were used to study their contribution to myelin sheath thickness.  NRG1, not 

ErbB2 or ErbB3, was identified as a key determinant of myelin thickness in the PNS (279).  

Mice with reduced levels of type III NRG1 (SMDF) experience hypomyelination; neuronal 
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overexpression of SMDF resulted in hypermyelination (279), indicating that optimal myelination 

required precisely controlled amounts of neuregulin be available to the myelinating Schwann 

cells.  Cultures from embryonic rats demonstrated that GGF inhibited myelination in a dose-

dependent manner and induced demyelination in myelinated cultures (280).  The potentially 

toxic nature of neuregulins was further described utilizing a transgenic mouse model which 

overexpressed an isofrom of NRG1 (GGFβ3) in Schwann cells (281).  GGFβ3 overexpression 

increased proliferation of Schwann cells, peripheral nerve tumors, and neuropathies.  These data 

are reminiscent of the demyelinating properties of immune system mediators such as TNF-α 

(201, 264, 265, 282), clearly indicating the duality of neuregulins in the nervous system. 

In conclusion, ErbB2 expression is increased in the CNS white matter of mice following 

TMEV-infection, and immune cells (T cells, B cells, and macrophages) express ErbB2 on their 

surface, suggesting that immune cells have the capacity to respond to neuregulin isoforms.  

Future studies will focus on the effects of neuregulins on cytokine production and cell function.  
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3.4 Conclusion: 

 Based on our findings, we conclude that immune cells express ErbB2 but not ErbB1.  

Immune cells comprise the majority of ErbB2 positive cells infiltrating the CNS of mice 

following TMEV-infection.  This thesis research identified novel expression of ErbB2 on 

immune cell infiltrates within TMEV-induced demyelinating lesions which suggests that 

neuregulins can interact with immune cells.  The effects neuregulins have on immune cell 

infiltrates are unknown and future studies will be designed to identify these interactions and their 

effector responses. 
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