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Abstract           

Experimental Autoimmune Encephalomyelitis (EAE) is an animal model of multiple 

sclerosis (MS), causing a demyelinating central nervous system (CNS) inflammation 

which resembles the main pathological features of MS.  Mitogen-activated protein 

kinases (MAPKs), which are key components in the molecular response leading to 

MS/EAE pathogenesis, are regulated by MAPK phosphatases (MKPs), enzymes 

which dephosphorylate phosphotyrosine and phosphothreonine residues.  It has 

previously been shown that MKP-2 modulates the inflammatory response during both 

acute lung injury and sepsis.  Therefore in the present study we investigated the role 

of MKP-2 in the development of the neurological autoimmune disease, MS, using a 

murine EAE model.   

We first observed significantly increased expression of MKP-2 mRNA in the spinal 

cord of EAE mice compared with PBS controls.  Subsequently, to understand the 

function of MKP-2 in vivo, we utilised MKP-2 deficient mice, inducing EAE in MKP-

2 KO and WT littermates.  Our data show that MKP-2 KO mice displayed significantly 

reduced EAE susceptibility, associated with diminished CNS inflammation and 

cellular infiltration, decreased expression of key cytokines and chemokines (IL-17, 

IFNγ, IL-6, IL-2 and CCL2), reduced frequency of CD4+ T cells, CD8+ T cells and B 

cells in spleen and dLN tissue as well as downregulated nitric oxide (NO) production 

in MKP-2 KO EAE mice.  We further analysed the role of MKP-2 in two key immune 

cells involved in EAE pathogenesis. Upon LPS stimulation, MKP-2 deficient bone 

marrow-derived dendritic cells expressed less MHC-II while producing more IL-6, 

TNF-α and IL-10, whereas MKP-2 KO bone marrow-derived  macrophages displayed 

a unique M1 and M2 mixed phenotype, with reduced NO production (M1) and 

increased CD206 expression (M2) but increased IL-6 and TNF-α, which are more 

associated with M1 responses. 

Therefore this report suggests that MKP-2 is essential to the pathogenic response of 

EAE, and that inhibition of MKP-2 expression or function may be a viable strategy in 

the treatment of autoimmune inflammatory diseases such as MS. 
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1 General Introduction 

1.1 Multiple Sclerosis 

Multiple sclerosis (MS) is an autoimmune, inflammatory disease of the central nervous 

system (CNS).  It was originally described by Jean-Martin Charcot in 1866 when, 

during autopsy, he observed disseminated plaques in the brain and spinal cord of three 

patients who had suffered progressive disability which he originally believed was the 

result of neurosyphilis [1], [2].  By 1868, he and his colleague Edme Vulpain had 

elucidated important aspects of disease pathology such as myelin loss, axonal damage, 

and macrophage involvement.  In addition, they were also able to identify clinical 

manifestations of the condition.  This included visual problems caused by plaques on 

the optic nerve, tremors, speech difficulty, cognitive impairment and the fluctuating 

nature of symptom intensity. 

Following on from Charcot, further research has continued over the years to elucidate 

the pathological and immunological aspects of MS – the disease was officially named 

as such in 1955 having been primarily known as disseminated sclerosis prior to the 

publication of Douglas McAlpine’s seminal book, Multiple Sclerosis [2].   

It is now known that MS is caused by autoreactive immune cells which target myelin 

and axonal proteins within the CNS.  Myelin is a fatty material composed of lipids and 

proteins that surrounds the axon of each neuron, creating an electrically insulating 

layer known as the myelin sheath.  Myelin is produced by schwann cells in the 

peripheral nervous system (PNS) and by oligodendrocytes in the CNS.  The main 

function of the myelin sheath is to enable faster propagation of action potentials along 

axons [3].  In MS demyelination occurs, in which the myelin sheath is damaged by an 

autoimmune inflammatory response.  This results in axonal damage which impairs the 

conduction of nerve impulses, causing a variety of physical and mental problems. 

Approximately 2.5 million people worldwide are thought to suffer from the disorder 

[4].  In the UK it is estimated that around 125,000 people have MS, with 6,000 newly 

diagnosed each year [5].  In particular, Scotland has one of the highest incidence rates 

of MS in the world, with a prevalence of around 190 cases per 100,000 compared to a 
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UK average of just 164 according to the 2013 Atlas of MS produced by the Multiple 

Sclerosis International Federation (MSIF).  Women are 2-3 times more likely to 

develop MS than men [4]–[6].  Onset usually occurs in early adulthood, with the 

majority of individuals diagnosed between the ages of 20-40, although it can affect 

people of any age.  Prevalence is variable, but tends to increase the greater the distance 

from the equator [7], [8], although there are exceptions to this, with lower prevalence 

in certain populations such as the Inuit, Norwegian Lapps, and the Maori of New 

Zealand [9], [10].  Therefore ethnic background is clearly another factor to consider, 

with MS most common in Caucasians of northern European ancestry [11]. 

 

1.1.1 Diagnosis of MS 

There is no single test currently available to enable positive diagnosis of MS, making 

it difficult to diagnose.  Instead, a number of criteria to diagnose MS have been 

established based on patient clinical symptoms and various neurological tests 

including neuroimaging and cerebrospinal fluid (CSF) analysis.  These current criteria 

for correct diagnosis of MS have been developed from the McDonald criteria 

originally published in 2001, and subsequently revised in 2005 and again in 2010, as 

well as by the International Panel on Diagnosis of MS [12].  It must be demonstrated 

that there is a minimum of two unique T2 lesions in at least two out of four areas of 

the CNS (perivascular, juxtacortical, infratentorial and spinal cord) as analysed by 

Magnetic Resonance Imaging (MRI), unless the patient has previously suffered more 

than one clinical attack, in which case evidence of one lesion would suffice.   

In addition the physician must obtain evidence for dissemination of lesions in time, 

and will therefore perform a follow up MRI, typically at least one month after the 

baseline test to look for new T2 lesions.  Cerebrospinal fluid (CSF) analysis can also 

aid in MS diagnosis.  CSF is obtained by lumbar puncture and examined for the 

presence of two or more oligoclonal bands, which is seen in at least 80 – 95 % of MS 

patients [13], [14]. 
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1.1.2 MS Aetiology 

The initiating factor(s) of MS remains unknown.  However, like many autoimmune 

disorders, it is likely that both genetic and environmental factors are involved.  Several 

genes have been associated with MS susceptibility in previous studies, which suggests 

potential genetic predisposition to development of the condition.  This includes HLA-

DRB1, IL-2Rα, IL-7R and tyrosine kinase 2 (TYK2) [15], [16].  Although these are 

not specific to MS, with variations in HLA-DRB1 in particular linked to increased risk 

of developing other autoimmune conditions including rheumatoid arthritis and type 1 

diabetes [17], [18].  More recently, genome-wide association studies have identified 

novel loci with links to disease susceptibility [19], [20], including classes of genes 

which function as part of the immune system, in particular those associated with T cell 

activation and proliferation [21].  Nevertheless these risk factors are not sufficient to 

cause MS on their own; merely convey susceptibility to the disease which can be 

triggered by an environmental factor or viral infection [22], [23], [24].  However any 

links between MS and viral or environmental factors remain inconclusive.   

Vitamin D deficiency was originally linked to MS in 1974 as an explanation for the 

geographical distribution of disease, with a general increase in incidence correlating 

with increased latitude [25].  Therefore it was proposed that the higher prevalence of 

MS in those individuals further from the equator was due to reduced exposure to UVB 

radiation, the primary source of vitamin D.  Previous studies have shown that people 

with a high intake or high serum levels of vitamin D are at lower risk of developing 

MS [26], [27].  Serum samples from MS patients contain lower levels of vitamin D 

than healthy individuals [28], [29].  

Unhealthy lifestyles confer an increased risk of developing chronic diseases.  Strong 

evidence has been obtained from previous studies which have associated cigarette 

smoking with development of MS [30], [31].  A recent meta-analysis of 14 previous 

studies that had investigated cigarette smoking as a potential risk factor for MS found 

that smoking increased MS susceptibility, with a risk ratio of 1.48 [32].  In addition, a 

large cohort study of 1465 MS patients carried out by researchers at Harvard 

University observed increased MS severity and disability status in smokers relative to 

non-smokers [33].  They also found that the rate of disease progression and T2 lesion 
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volume increased significantly faster compared to non-smokers, suggesting smoking 

not only increases MS susceptibility but also worsens disease progression if continued. 

Of the potential viral infections thought to be risk factors for MS, Epstein-Barr virus 

(EBV) has been the most extensively studied, however its association with MS 

development remains inconclusive [22].  In support of EBV as a causative agent for 

MS, previous reports have observed an increased risk of MS in individuals with a 

history of glandular fever, an infection caused by EBV, with one meta-analysis of 14 

studies concluding a risk factor or 2.3 [34].  High serum EBV-specific antibody titers 

have also been associated with increased MS susceptibility, and have been shown to 

precede disease onset by several years [35], [36].  Similarly, the risk of developing MS 

is reduced in EBV seronegative individuals relative to seropositive [37], [38].   

Serum samples from many MS patients also contain increased prevalence and titers of 

antibodies against human herpes virus 6 (HHV-6) compared to healthy individuals 

[39], [40] , suggesting that HHV-6 may be implicated in MS aetiology.  In addition to 

a potential role in MS onset, HHV-6 infection might also increase the risk of relapses, 

with HHV-6 antibody titer positively associated with periods of relapse [41].  

However, as with EBV, the link between MS susceptibility and HHV-6 infection 

remains as yet unconfirmed.  This lack of conclusive disease initiating factor makes 

MS so difficult to prevent. 

 

1.1.3 MS Symptoms 

There are a wide variety of symptoms associated with MS.  However, as the symptoms 

are caused by axonal damage resulting in impaired action potentials, the location of 

the lesions within the CNS determines the nature of the symptoms.  Therefore each 

patient will exhibit a unique repertoire of MS signs/symptoms, making the nature and 

severity of disease that each individual will suffer extremely unpredictable.  

Amongst the most common issues that affect MS patients is fatigue, which is thought 

to occur in 80 % of cases.  Other common symptoms include bladder dysfunction, with 

increased frequency of urination and incontinence.  Numbness/tingling of the face and 
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body, particularly in the extremities, is often one of the first symptoms of MS.  Visual 

problems can also occur first in many patients.  It is caused by inflammation and 

lesions of the optic nerve which leads to blurred/double vision, nystagmus (involuntary 

eye movement) and potentially vision loss.  Individuals with MS may also suffer 

speech problems such as slurring of words and a disjointed speech pattern, which can 

range from mild to severe. 

Spasticity, increased muscle stiffness and spasms, occurs in around 60 % of patients 

with progressive disease, particularly in the legs.  It is caused by excessive muscle 

contraction resulting from the loss of inhibition of motor neurons.  Muscles can also 

become weak as a result of deconditioning and demyelination of nerve fibres.  

Spasticity and muscle weakness contribute to walking difficulties.  Uncontrollable 

shaking of limbs, known as a tremor, is present in up to 50 % of MS patients.  In 

addition, patients may also struggle with balance and coordination, with dizziness a 

common issue.  Cognitive dysfunction affects approximately 50 % of MS patients, and 

can include problems with memory, concentration, information processing and 

reasoning.  Patients can also suffer from emotional changes, including depression, 

stress, anxiety and mood swings.  Previous studies have suggested that the incidence 

of depression is higher in individuals suffering from MS than in the general population 

[42], [43].  

 

1.1.4 MS Subtypes 

MS has been categorised into four different subtypes based on the course of disease 

progression.  The most common is relapsing remitting MS (RRMS) which affects 

around 80-85 % of all MS patients.  This subtype involves periods of relative disease 

latency which can last months or years interspersed with unpredictable bouts of 

symptoms which dissipate partially or completely.  Relapse severity is variable, 

ranging from mild to severe, and usually continue for around 4-6 weeks although this 

is also variable between individuals.  It is unclear what causes periods of relapse; 

however certain factors have been associated such as stress or infection.   
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Secondary progressive MS (SPMS) describes those patients whose condition 

deteriorates from RRMS such that there is no longer any periods of disease quiescence.  

Around 50-60 % of individuals with RRMS go on to develop SPMS after 10-15 years.  

If a patient never has any periods of disease inactivity following the initial onset of 

MS but instead suffers a steady decline in cognitive function and increase in symptom 

severity, they are described as having primary progressive MS (PPMS).  In PPMS, 

patients usually initially present with mild symptoms which gradually worsen over 

time.  It is typically diagnosed in older individuals (age 40-60) and, unlike the other 

forms of MS, it is equally as common between men and women.  The final, and least 

common, subtype of MS is progressive relapsing (PRMS) in which the patient 

undergoes a continual decline in neurologic function but also suffers distinct spells of 

more severe attacks.  Around 5 % of patients develop PRMS.  Often they are initially 

diagnosed as having PPMS until they suffer an exacerbatory attack/relapse.  The 

disease continues to gradually worsen between relapses. 

 

1.1.5 MS Treatments and Drugs 

At present there is no cure for MS.  Current FDA-approved treatments are aimed at 

managing the condition by relieving symptoms and reducing the frequency/severity of 

relapses, allowing the patient to continue functioning and improving their quality of 

life.  To date there are four beta-interferon (IFN-β) drugs used in MS.  Two are type 

1a interferons (IFN-β1a), Avonex and Rebif, and two are type 1b interferons (IFN-

β1b), Betaseron and Extavia [44], [45].  The precise mechanism of action of these 

drugs in MS is not fully understood, but they are thought to work by reducing the 

inflammatory response and increasing regulatory effects.  Known functions of IFN-β 

include decreasing antigen presentation, inhibiting Th1 cell proliferation and 

increasing IL-10 production [46]–[48] .  These drugs reduce the rate of relapse by 

approximately one third in patients with RRMS.  They also reduce the severity of 

relapses.  Inflammatory lesions have been shown to be reduced by 50-80 % in MS 

patients treated with beta-interferons [49], [50], with improved quality of life and 

cognitive function also observed [51], [52]. 
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Glatiramer acetate is a synthetic copolymer polypeptide mix consisting of random 

sequences of L-glutamic acid, L-lysine, L-alanine and L-tyrosine.  It is prescribed as 

first-line treatment against RRMS in patients intolerable to the beta-interferons [44], 

reducing the frequency of relapses by between 30 – 75 % in different clinical trials 

[45], [53], as well as decreasing the onset of disability, progression from RRMS to 

SPMS, and development of new lesions[53]–[55].  Similar to the beta-interferons, the 

exact mechanism of action remains unknown.  It is believed to compete with myelin 

basic protein (MBP) by binding MHC-II molecules, reducing the amount of myelin-

specific T cells by downregulating autoantigen presentation [56]. 

Mitoxantrone is a synthetic anthracenedione antineoplastic agent originally used in the 

treatment of certain types of cancer, but is also used to treat RRMS and SPMS [44].  It 

is a type II topoisomerase inhibitor, disrupting DNA synthesis and repair [57], [58].  

Mitoxantrone suppresses the activity and proliferation of T cells, B cells and 

macrophages, downregulates IFNγ, TNF-α and IL-2 secretion and induces apoptosis 

of B cells and monocytes/macrophages [57], [59], therefore substantially decreasing 

the immune response and thus reducing inflammation, demyelination and axonal 

damage.  Clinical trials have shown that treatment with this drug can decrease the 

frequency of relapses and slow the onset of disability [60], [61].  

Natalizumab, a second line MS treatment, is a recombinant humanized monoclonal 

antibody recommended for patients with RRMS.  It binds the α4-chain of α4β1 

integrin, also known as VLA-4, preventing binding of VLA-4 to the cell adhesion 

molecule VCAM-1 expressed on endothelial cells [62], [63].  Therefore Natalizumab 

decreases leukocyte transendothelial migration into the CNS.  Patients who receive 

this treatment display reductions in rate of relapse, disability progression and lesion 

accumulation [64], [65].  However there have been reported cases of patients 

developing progressive multifocal leukoencephalopathy following treatment with this 

drug [66], highlighting the need for better, safer therapies to treat MS.  

Fingolimod is another second line therapy for the treatment of RRMS.  Unlike other 

MS drugs it is administered orally and functions as a sphingosine-1-phosphate (S1P) 

receptor modulator [44], [45].  T and B cell migration from lymph nodes and thymus 

is dependent on the S1P receptor [67]; therefore fingolimod prevents lymphocytes 
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egress from these tissues, reducing the amount of cells reaching the CNS.  It 

significantly reduces the relapse rate of MS patients [68]. 

However, as mentioned above, none of the currently available treatments cure MS but 

are used to try and control the symptoms and episodes of relapse.  In addition, many 

patients do not respond to these therapies and thus there is an essential requirement for 

further research into MS onset and pathogenesis in order to enable the development of 

more effective therapeutic strategies and, perhaps, a cure.   

 

1.2 Experimental Autoimmune Encephalomyelitis 

Experimental autoimmune encephalomyelitis (EAE) is the most commonly used 

animal model for studying MS, causing a demyelinating CNS inflammation similar to 

that seen in MS [69], [70].  This model was first used in 1933 by researchers at the 

Rockefeller Institute for Medical research - now The Rockefeller University [71].  

Rivers et al originally sought to investigate a potential link between viral infections 

such as smallpox and measles, as well as vaccines for diseases like rabies, and 

subsequent paralysis in some patients.  They had observed that the paralysis was 

caused by acute disseminated encephalomyelitis (ADEM) and perivascular 

demyelination, and thus EAE was not first established to examine MS, but instead to 

investigate ADEM.   

Since then the model has been developed to include pathological and clinical features 

of MS including demyelination and axonal damage as well as relapsing and remitting 

episodes of paralysis, allowing researchers to study specific aspects of MS within 

individual models [72], [73].  It has also been induced in several different animal 

species and therefore EAE is considered a collection of animal models rather than 

simply one model.  
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1.2.1 Induction of EAE 

Autoantigenic peptides derived from myelin, such as MBP or myelin oligodendrocyte 

glycoprotein (MOG) are commonly used as immunization agents to initiate EAE.  

Complete freunds adjuvant (CFA) is often included in the immunization to potentiate 

the immune response and induce a faster onset of disease.  CFA is a solution of 

inactivated and dried Mycobacterium tuberculosis emulsified in mineral oil which was 

developed by Jules Freund.  When used together with an initiating antigen only one 

injection is required to induce disease, compared to the multiple injections required by 

Rivers group in 1933 (as many as three injections a week per monkey for 7 months).   

As well as this, Pertussis toxin (PTX) is often added to enhance EAE development.  

This toxin is believed to increase  blood brain barrier (BBB) permeability, enabling 

immune cells to reach the CNS more readily [74], [75].  In addition, PTX may 

upregulate adhesion molecule expression to enhance CNS infiltration  [76].  Studies 

have shown it can also increase expansion of antigen specific CD4+ T cells (Th1 and 

Th2) via CNS and lymphoid-resident antigen presenting cells (APCs) [77].  EAE can 

be induced with distinct disease activity, and immunology and pathology 

characteristics depending on the antigen and animal being used.  As mentioned above, 

EAE can be induced in a number of species including mice, rats, guinea pigs, rabbits 

and primates when immunised with different myelin proteins or peptides of these 

proteins.   

The most commonly used animal species for EAE models is the mouse, with the first 

induction of EAE in mice reported in 1949 via immunization with brain homogenates 

emulsified in CFA [78].  This report also observed the differences in EAE 

susceptibility between different strains of mice, an important finding which would 

influence the subsequent development of different EAE models in different mouse 

strains with different initiating agents.  For example, active EAE induction in SJL mice 

by immunization with myelin proteins or protein peptides (e.g. MBP or MOG) 

emulsified in CFA is characterized by a relapsing-remitting disease course, enabling 

the study of these stages of relapse which are indicative of RRMS, the most common 

form of the human disease.  Researchers continue to develop unique variations of 
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mouse strain and immunizing agent combinations to elicit particular responses which 

represent different aspects of MS presentation and pathogenesis. 

EAE can also be induced via adoptive transfer of autoreactive CD4+ T cells as well as 

CD8+ T cells specific to myelin protein [79], [80].  These cells are isolated from EAE 

mice immunized with myelin protein or peptide, stimulated in vitro with an 

encephalitogenic peptide and injected into naïve recipient mice.  Adoptive transfer 

experiments allow for improved analysis of myelin-specific T cell function in EAE. 

More recently, spontaneous EAE models have been developed in transgenic C57BL/6 

mice and SJL/J mice [81], [82].  These mice contain T cells expressing receptors 

specific for peptides MOG35-55 or MOG92-106 respectively, and will spontaneously 

develop EAE with either a chronic progressive (C57BL/6) or relapsing-remitting 

(SJL/J) disease course without the need for immunization or adoptive transfer which 

more closely represents MS onset.   

This project will use C57BL/6 mice and transgenic MKP-2 KO mice which, upon 

induction of EAE with subcutaneous injection of MOG35-55 peptide emulsified in CFA 

together with intraperitoneal  injection of PTX, typically suffer a monophasic disease 

course [83].   

 

1.2.2 EAE as an Appropriate Model of MS 

In the mouse model of EAE, there is a general progression of weakness and paralysis 

starting from the tail and working its way up to the hind-limbs, spine and fore-limbs.  

In terms of pathology, there are several aspects within EAE that make it a viable model 

of MS.  This includes destruction of the myelin sheath; numerous disseminated CNS 

lesions, particularly in the brain stem and spinal cord; and the presence of 

immunoglobulin in the CNS and cerebrospinal fluid.   

However EAE is not a perfect representation of MS.  Firstly, the majority of EAE 

models are not spontaneous diseases; instead they require induction by myelin antigens 

or transfer of autoreactive T cells, whereas no definitive initiating autoantigen has been 

identified in MS.  Furthermore, as mentioned earlier, immunisations often include 
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reagents to further enhance immune responses such as CFA, containing 

mycobacterium tuberculosis which initiates immune responses via several classes of 

pattern recognition receptors (PRRs) including Toll-like receptors (TLRs) 2, 4 and 9.  

Therefore immunisation with CFA, as well as PTX, may give a false or over-

exaggerated example of the immune situation in MS.  In spite of this, EAE provides a 

valuable research tool in CNS autoimmune diseases including MS.  It has contributed 

to our knowledge and understanding of MS pathogenesis and has also led to the 

development of some of the clinically approved therapies mentioned earlier, such as 

Glatiramer and mitoxantrone [69]. 

 

1.2.3 MS and EAE Pathophysiology 

The main pathophysiological aspects of MS are increased BBB permeability, the 

development of inflammatory and demyelinating lesions in the brain and spinal cord 

and oligodendrocyte loss (Fig 1.1).  Many MS lesions are found in white matter close 

to ventricles of the cerebellum, brain stem, spinal cord and optic nerve [84]–[86].  

However they can also develop in other areas of white matter as well as grey matter 

but to a lesser extent [86], [87].  At the early stages of disease a process known as 

remyelination can occur in which oligodendrocytes generate new myelin sheaths on 

demyelinated axons, allowing the axon to continue functioning.  However as disease 

pathogenesis progresses, remyelination begins to fail as the extent of myelin damage 

becomes too severe, and oligodendrocyte numbers dwindle as a result of immune-

mediated apoptosis. 

The mechanisms which lead to increased BBB permeability are still not fully 

understood but this process is known to be a crucial step in disease development as it 

allows autoreactive myelin-specific T cells to enter the CNS via upregulation of 

adhesion molecules on the BBB vasculature and the relevant ligands (e.g. α4-integrin) 

on the cell surface.  EAE pathophysiology is similar to that of MS, save for the 

initiating antigen.  Myelin-specific T cells are primed in spleen and lymph nodes (the 

afferent compartment) by professional APCs which present antigen loaded onto an 

MHC molecule.  These are recognized by T cell receptors (TCRs) on the surface of 
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the lymphocyte, along with costimulatory signals (CD80 and CD86 on APCs; CD28 

on T cells).  T cells then proliferate and differentiate into myelin antigen-specific CD4+ 

and CD8+ T cells. 

These cells migrate from the afferent compartments and across the tight endothelial 

junctions of the BBB to the CNS.  Here they are reactivated by local and infiltrating 

antigen presenting cells (APCs) presenting myelin fragments loaded onto MHC 

molecules.  Activated autoreactive CD4+ T cells release proinflammatory and 

cytotoxic mediators (e.g. IFNγ, TNF-α).  This can induce further CNS infiltration by 

other immune cells and/or initiate inflammatory responses in both CNS resident cells 

and infiltrating phagocytes. 

Inflammation leads to lesion development.  These lesions contain activated CD4+ and 

CD8+ T cells, B cells, microglia/macrophages, dendritic cells (DCs) and astrocytes, 

which all contribute to demyelination and oligodendrocyte destruction, either via 

direct damage or production of inflammatory and cytotoxic mediators (e.g., IFNγ, 

TNF-α, and nitric oxide).  However the exact role each cell plays in disease 

pathogenesis varies, with particular cell types capable of contrasting functions. 
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Figure 1.1:  Schematic diagram displaying the key pathological features of MS/EAE pathogenesis.  

Autoreactive CD4+ T helper cells are activated in peripheral lymphoid organs by APCs following 

immunisation with myelin proteins (EAE) or by a currently unknown mechanism such as a viral or 

bacterial trigger (MS).  Activated CD4+ T cells adhere to and then cross the damaged BBB endothelium 

via adhesion molecules.  Following entry into the CNS, CD4+ T cells are reactivated by local or 

infiltrating APC. Following reactivation, CD4+ T cells release proinflammatory mediators which 

amplify local inflammation by activating resident microglia and astrocytes as well as other immune 

cells such as B cells, DCs, and macrophages.  These cells produce cytokines which upregulate T cell 

differentiation.  Demyelination, axonal damage and oligodendrocyte loss occur due to direct damage or 

production of inflammatory and cytotoxic mediators by activated immune cells.  Red bolts indicate 

primary targets of immune damage.  
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1.2.3.1 CD4+ T cells 

MS/EAE is a complex autoimmune condition characterised by a multitude of effector 

functions exerted by numerous different cell types, however CD4+ T cells are the key 

immune cells involved in disease initiation and progression.  T cells are lymphocytes 

which are an essential part of the adaptive immune response.  Lymphoid progenitor 

cells arise in the bone marrow and migrate to the thymus.  The earliest thymocytes do 

not express CD4 or CD8 and are therefore classed as double-negative (CD4-CD8-) 

cells.  As cells progress through their development, they become double-positive 

thymocytes (CD4+CD8+) before undergoing positive and negative selection and finally 

mature to single-positive (CD4+CD8- or CD4-CD8+) thymocytes.   

Thymocytes that interact with MHC molecules on cortical epithelial cells receive a 

survival signal.  Those expressing TCRs specific for MHC-class-I differentiate into 

CD8+ T cells, whereas those expressing TCRs specific for MHC-class-II ligands 

mature into CD4+ T cells.  Thymocytes that bind too strongly to self antigen presented 

on MHC complexes of medullary thymic epithelial cells are removed via apoptosis to 

prevent them exiting the thymus and entering general circulation.   Remaining cells 

are then released from the thymus to peripheral tissues.  Several different subsets exist 

based on their molecular phenotype and effector function.   

CD4+ T helper cells (Th cells) are activated following presentation of peptide antigen 

loaded onto MHC-II molecules on the surface of APCs, along with costimulatory 

signals via CD28-CD80/CD86 interactions.  The primary function of these cells is in 

regulation of the immune system via their effects on other immune cells, including 

assisting in B cell maturation and activation of CD8+ cytotoxic T cells and 

macrophages. CD4+ T cells can differentiate into one of several subtypes, including 

Th1 cells, Th2 cells, Th9 cells, Th17 cells, Th22 cells or Tfh cells, which all have 

unique differentiation profiles, phenotypes and effector functions (Fig 1.2). 
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Figure 1.2:  CD4+ helper T cell subsets.  Naïve CD4+ T cells can differentiate into different T helper 

cell subsets depending on the cytokines present within the local environment.  The specific stimulatory 

conditions influence transcription factor expression, which determines the differentiation program that 

the T cell will follow and thus the cytokines that it will subsequently produce.  
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Prior to the definitive identification of Th17 cells as a unique CD4+ T cell subset, 

MS/EAE was considered a Th1-cell mediated disease.  This was confirmed by 

adoptive transfer of myelin-specific CD4+ Th1 cells into naïve mice which were 

sufficient to induce EAE whereas Th2 cells were not [88].  IFNγ is considered the 

archetypal Th1 cytokine and is produced in vast quantities by these cells.  As IFNγ 

was detected in MS/EAE lesions [89], and treatment of MS patients with IFNγ 

enhanced disease severity [90], Th1 cells and IFNγ were considered to be the primary 

mediators of pathogenesis.  However IFNγ and IFNγ receptor deficient mice were 

found to develop more severe EAE [91], [92].  Therefore it became apparent that 

although Th1 cells were essential in EAE, and IFNγ contributed to disease 

pathogenesis, this cytokine was not itself essential and thus other Th1 related cytokines 

were investigated. 

As IL-12 is required for the differentiation of Th1 cells, EAE was induced in p35 and 

p40 deficient mice, the two protein subunits that compose IL-12.  While IL-12p40 

deficient mice were resistant to EAE, IL-12p35-deficient mice remained susceptible 

[93], [94]. The IL-12p40 chain is also a component of IL-23 along with the IL-23p19 

subunit.  IL-12p19 deletion conferred resistance to EAE [95], confirming the 

importance of IL-23 in EAE development.   

IL-23 was subsequently shown to be essential for the development and expansion of a 

novel IL-17-producing CD4+ T cell subset, Th17 cells [96], [97].  Adoptive transfer of 

Th17 cells into naïve mice could induce EAE [97], [98], thus establishing Th17 cells 

as mediators of EAE pathogenesis along with Th1 cells.  The primary pathogenic 

function of CD4+ T cells in MS/EAE is the production of cytokines (Fig 1.1) which 

can activate infiltrating peripheral immune cells as well as CNS resident cells involved 

in disease pathogenesis. 

 

1.2.3.2 Regulatory T cells 

In addition to Th cells, a specialized subset of CD4+ T cells exist which function to 

maintain self-tolerance and immune homeostasis, known as regulatory T cells (Tregs).  

Natural Tregs (nTreg) develop within the thymus and are important in maintaining 
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immune homeostasis.  In addition, inducible Tregs (iTreg) are differentiated from 

naïve conventional T cells (Tconv) in the periphery under certain conditions and play 

key roles in tolerance.  Tregs suppress the effector functions of myelin-specific CD4+ 

and CD8+ T cells and thus are protective in MS/EAE.  This has been confirmed by 

adoptive transfer of either purified Tregs, or Tregs isolated from EAE mice, which can 

reduce EAE severity in recipient animals associated with IL-10 production decreased 

CNS infiltration [99], [100].  A greater number of Tregs isolated from the peripheral 

tissue (spleen, lymph nodes) of EAE mice are required to decrease the severity and 

incidence of EAE compared to those collected from CNS tissue [100], suggesting these 

CNS-infiltrating Tregs have a stronger inhibitory effect.   

Treg cell accumulation and frequency in the CNS positively correlates with EAE 

recovery, constituting as much as one third of the CNS CD4+ T cell population during 

the recovery stage [100].  In addition, depletion of Treg cells using an anti-CD25 

monoclonal antibody results in increased susceptibility to EAE [101], confirming the 

essential role these cells play in ameliorating disease severity and contributing to 

recovery. 

 

1.2.3.3 CD8+ T cells 

The main function of CD8+ cytotoxic T cells is direct killing of infected or cancerous 

cells mediated by secretion of perforin and granzymes which induce apoptosis of target 

cells.  CD8+ T cells are activated following recognition of peptide antigen loaded onto 

MHC-I molecules, which are present on the surface of all nucleated cells, along with 

costimulatory signals via CD28-CD80/CD86 interactions.  CD4+ T cells were initially 

thought to be almost entirely responsible for the pathogenesis of MS and EAE.  

However this disease paradigm was re-assessed following continued recognition of the 

presence of CD8+ T cells within MS/EAE lesions and inflammatory infiltrates, 

particularly in close proximity to demyelinated axons [102], [103].  In fact, CD8+ T 

cells predominate in MS lesions, with as many as 10-fold more CD8+ compared to 

CD4+ T cells [104], [105].  Furthermore, there is an increased frequency of clonally 
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expanded CD8+ T cells in MS CSF samples [106], [107].  Axonal damage is positively 

correlated with the number of CD8+ T cells [108], [109]. 

Depletion of CD4+ T cells using a monoclonal anti-CD4 antibody in an MS clinical 

trial failed to reduce MS activity, with no changes in relapse rate or lesion development 

as assessed by monthly MRI [102].  In contrast, using anti-CD52 monoclonal antibody 

to deplete both CD4+ and CD8+ T cells reduced relapses and new lesion development 

[110], thus confirming the importance of CD8+ T cells in MS/EAE pathogenesis.  CNS 

resident cells, including astrocytes and microglia can express MHC-I molecules, 

particularly under inflammatory conditions, including within MS lesions [111] and 

thus can provide the means for CD8+ T cell expansion and activation, along with 

peripheral APCs which have migrated into the CNS.  The exact pathogenic 

mechanisms of CD8+ T cells in MS/EAE have not yet been fully confirmed.  Once 

activated, CD8+ T cells can produce inflammatory mediators such as IFNγ, IL-17 and 

TNF-α which would contribute to the inflammatory response.  Several studies have 

also highlighted the potential for CD8+ T cells to further contribute to tissue damage 

by directly targeting oligodendrocytes, astrocytes and axons/neurons [112]–[114].   

 

1.2.3.4 NK/NKT cells 

Protective roles have been attributed to both Natural Killer (NK) cells and Natural 

Killer T (NKT) cells in EAE.  NK cells are innate lymphoid cells essential in the innate 

immune response.  Their main functions include perforin and granzyme-mediated 

apoptosis of infected cells and cytokine production (e.g. IFNγ, IL-17, and TNF-α).  

NKT cells are a small subset of T cells that, unlike conventional T cells, recognize 

antigen presented via CD1d on the surface of APCs.  Once activated, these cells can 

produce cytokines (e.g. IFNγ, IL-2, IL-4 and IL-17) and directly kill infected cells.  

The addition of anti-NK cell antibodies worsens disease severity [115] while 

enhancing NK cell activity using the drug Linomide restricts EAE development [116], 

both of which strongly suggest NK cells are involved in disease suppression.  The 

addition of spleen-derived NKT cells to C57BL/6 TCR knockout mice by adoptive 
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transfer can induce recovery from passive EAE [117] thus NKT cells may also be 

protective. 

 

1.2.3.5 B cells 

B cells are key lymphocytes involved in the humoral immune aspect of the adaptive 

immune system.  B-cell development occurs within the bone marrow and peripheral 

lymphoid tissues (e.g. spleen). In the bone marrow, development progresses through 

the pro-B-cell, pre-B-cell and immature-B-cell stages.  Each stage represents 

rearrangements at the immunoglobulin locus resulting in the generation and surface 

expression of the pre-B-cell receptor (pre-BCR) and finally a mature BCR which is 

capable of binding antigen. At this stage of development, B cells undergo positive and 

negative selection to prevent the development of self-reactive cells which are removed 

by clonal deletion.  Surviving cells leave the bone marrow as immature B cells, 

eventually maturing into mature naive B cells.  Following an immune response and 

subsequent B cell activation, antigen-specific B cells differentiate into either plasma 

B cells, which secrete large amounts of antibody, or memory B cells which are 

essential in developing a more rapid immune response upon re-infection. 

Contrasting roles have been reported for B cells in EAE/MS pathogenesis.  The 

presence of oligoclonal bands of Immunoglobulin (Ig) in CSF and the deposition of Ig 

and complement activation products in MS lesions clearly indicate the involvement of 

B cells in MS pathology [118]–[121].  In a phase II clinical trial, treating RRMS 

patients with rituximab, a monoclonal antibody which depletes B cells by specifically 

targeting CD20, resulted in reduced lesion development and reduced the rate of relapse 

by 50 % [122].  This suggests B cells are involved in the pathogenic response of MS.  

In EAE studies, B cells are shown to produce antigen-specific autoantibodies which 

contribute to inflammation and demyelination, enhancing the severity of EAE 

pathogenesis [123].  Although some studies have shown that B cells promote the 

induction of EAE via facilitating antigen presentation to myelin-specific T cells [124], 

similar EAE onset and clinical sign development in B cell deficient mice when 
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compared with WT counterparts suggest that B cells are not required for the initial 

activation of autoreactive T cells [125]. 

In contrast, B cells can also be beneficial in EAE recovery as other studies have shown 

that in the absence of B cells, EAE mice do not begin to recover, instead continuing to 

display high clinical severity [126].  This is due to a lack of IL-10 producing B cells 

which are required for EAE remission.  B cell-derived IL-10 contributes to the 

amelioration of EAE pathogenesis by downregulating Th1 responses [127].  Therefore 

current research evidence suggests that B cells are capable of contrasting functions in 

EAE which may be due to the presence of unique B cell subsets or the stage of disease 

pathogenesis. 

 

1.2.3.6 Dendritic Cells 

DCs are innate immune cells derived from hematopoietic bone marrow progenitor 

cells and act as professional APCs.  Their main function is to process antigenic 

material, and present it on the cell surface to T cells.  Therefore they are considered to 

be an essential link between the innate and adaptive immune responses.  Immature 

DCs express a large repertoire of phagocytic receptors with high endocytic activity 

and low T-cell activation potential.  Upon phagocytosis of a foreign pathogen they 

become activated into mature DCs.  The antigen is transported to lysosomes where it 

is degraded into peptide epitopes.  The fragments are then loaded onto MHC molecules 

before translocation to the plasma membrane to be displayed on the cell surface which 

allows presentation to, and activation of, T cells.  Mature DCs also upregulate 

expression of the co-receptors CD80, CD86 and CD40 required for T cell activation.  

DCs are divided into two main groups.  Firstly, the conventional myeloid-derived DCs 

(mDCs) which can be further subdivided into mDC-1 and the extremely rare m-DC2.  

The second group comprises the lymphoid-derived plasmacytoid DCs (pDCs).  This 

report will focus on mDCs unless otherwise stated. 

Adoptive transfer of DCs pulsed with MOG35-55 peptide, with or without 

accompanying PTX and CFA injections, into naïve C57BL/6 mice can induce EAE 

[128], confirming DCs as key antigen presenting cells involved in the initiation of EAE 
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via activation of myelin-specific T cells.  Once the autoreactive T cells have migrated 

into the CNS during EAE/MS, they require reactivation to exert effector functions 

which induce disease pathogenesis.  DCs have been shown to be present in increased 

numbers within regions of CNS inflammation during EAE development, particularly 

in the meninges and perivascular infiltrate, appearing just before disease onset [129].  

Therefore in addition to resident APCs which can present endogenous myelin peptides 

to T cells, DCs are also involved in this [130].  Another important facet of DC 

functioning that contributes to EAE pathogenesis is the production and release of 

inflammatory mediators such as TNF-α, IL-6 and IL-1β which can contribute to 

inflammation and axonal damage, as well as IL-12 and IL-23 which promote Th1 and 

Th17 differentiation respectively [130]. 

In contrast, another subtype of DCs distinct from myeloid DCs, plasmacytoid dendritic 

cells (pDCs), can contribute to resolution of EAE.  Within the CNS these cells are 

inefficient in antigen presentation to T cells [130], yet constitute over 5 % of the total 

mononuclear cell population in EAE and make up over one third of all CNS infiltrating 

DCs [130], [131], suggesting the potential for an important function.  Specific pDC 

depletion at the onset of EAE, as well as during the relapse phase, significantly 

enhances clinical severity [131].  This was associated with enhanced CD4+ T cell 

activation and IL-17 and IFNγ production in the CNS.  In addition, CNS myeloid DC 

production of IL-17, IFNγ and IL-10 is suppressed by CNS pDCs in cocultures with 

CNS-isolated CD4+ T cells [131]. 

 

1.2.3.7 Macrophages/microglia 

Macrophages are key cells involved in the early immune response as well as initiating 

adaptive immune responses.  Most tissues within the body contain tissue-resident 

macrophages which are derived from yolk sac erythro-myeloid progenitors in the 

embryo [132].  Circulating macrophages are derived from bone marrow myeloid 

progenitor cells.  Upon tissue damage or infection, monocytes are rapidly recruited 

from the circulation to the tissue, where they differentiate into macrophages.  The main 
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function of macrophages is phagocytosis of apoptotic cells and pathogens and 

presentation of antigen to T cells via MHC molecules.   

Macrophages are involved in the development of MS and EAE, although both 

detrimental and protective effects have been reported.  Depletion of macrophages by 

injection of dichloromethylene diphosphonate liposomes just prior to onset of clinical 

signs of disease decreases the severity of EAE, confirming a pathogenic role of 

macrophages in EAE [133].  This effect is seen when using liposomes which can cross 

the BBB due to the addition of mannose in the lipid layers but not when liposomes 

cannot enter the CNS, confirming the main pathogenic responses of macrophages are 

exerted within the CNS.  CNI-1493 (now known as semapimod) is an inhibitor of 

inflammatory responses in macrophages, suppressing production of inflammatory 

cytokines (TNF-α, IL-6, IL-1β) and NO.  Administration of this compound 

significantly reduces EAE severity [134], providing further confirmation that 

macrophages contribute to the pathogenic response of EAE. 

Microglia are a type of glial cell, and the resident macrophages of the CNS.  They are 

the primary immune cell of the CNS and, as with macrophages, their main function is 

phagocytosis of cellular debris and pathogenic material and antigen presentation via 

MHC molecules.  Selective paralysis of microglial cells using CD11b-herpes simplex 

virus thymidine kinase (HSVTK) transgenic mice and systemic Ganciclovir treatment 

prevents activation of these cells, resulting in the inability of microglia to produce 

inflammatory mediators include cytokines, chemokines and NO [135].  EAE clinical 

severity and CNS inflammation are substantially reduced in these mice, confirming 

the importance of CNS-resident microglial cells in the pathogenesis of EAE.  

Macrophages and microglia are also important in re-activation of autoreactive T cells 

within the CNS during EAE via antigen presentation, with upregulated MHC-II 

expression observed in EAE [136].  

Similar to B cells, the dual roles of macrophage and microglia cells in MS and EAE 

development may be due to the presence of unique phenotypes.  Classically activated 

macrophages (M1) produce nitric oxide (NO) and inflammatory cytokines such as 

TNF-α, IL-6, IL-1β which can contribute to inflammation and axonal damage.  

Whereas alternatively activated macrophages (M2) produce arginase and IL-10 while 
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downregulating production of NO and M1 macrophages and thus can aid in recovery.  

Therefore it is hypothesised that M1 macrophages are responsible for the deleterious 

functions in MS/EAE while M2 macrophages convey protection.   

In support of this hypothesis, using a rat model of relapsing EAE it has been shown 

that M2 macrophage frequency decreases during relapse whereas the percentage of 

M1 macrophages remains unchanged, suggesting an inhibition of M2 macrophages 

promotes relapse [137].  Administration of M2-polarized macrophages into EAE mice 

after the onset of clinical disease significantly ameliorated disease severity, with 

reduced macrophage/microglia activation within the CNS [137].  In addition, treating 

mice with M2 macrophages before MOG immunization decreases EAE severity and 

increases IL-10 production while treatment with M1 macrophages does not alter EAE 

development [138].   

Microglia/macrophages can also aid in recovery by removing tissue debris via 

phagocytosis of degraded myelin products within active inflammatory lesions [139].  

This is an essential step in EAE recovery as myelin debris can inhibit axonal 

regeneration and oligodendrocyte precursor cell differentiation, preventing 

remyelination [140]. 

 

1.2.3.8 Astrocytes 

As well as microglia, other CNS-resident glial cells are also involved in MS/EAE 

pathogenesis, including astrocytes.  These are the most abundant cells within the 

human brain and perform a variety of functions including the uptake and release of 

neural transmitters, maintenance of the BBB, and nutrient support for neurons as well 

as immune effector functions.  Activated astrocytes are detected in both MS and EAE 

lesions [141], [142] and in EAE have been associated with axonal damage before T 

cell infiltration [143].  In response to CNS injury/disease, astrocytes undergo reactive 

astrogliosis, characterized by a variety of functional, molecular, biochemical and 

morphological changes.  The transcription factor NF-κB regulates many of these 

processes that occur in activated astrocytes.  In a transgenic model in which NF-κB is 

inactivated specifically in astrocytes, EAE severity is markedly reduced with 
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decreased pro-inflammatory gene expression within the CNS and decreased adhesion 

molecule expression [144].  There is also an improvement in clinical recovery when 

astrocyte function is suppressed, associated with reduced immune cell infiltration at 

the later stages of EAE (not associated with increased BBB permeability) as well as 

higher myelin compaction (better quality of myelin) and increased remyelination 

[145].  Furthermore, astrocytes can secrete cytokines such as IL-12 and IL-23 which 

promotes differentiation of Th1 and Th17 cells respectively [146].  In addition, 

astrocytes produce inflammatory mediators such as NO and TNF-α, contributing to 

increased inflammation, demyelination and oligodendrocyte apoptosis [147].  They 

can also function as APCs to reactivate T cells [146].   

Astrocytes also have the potential to contribute to EAE protection and recovery.  

Astrocytic perivascular endfeet are associated with the basal lamina of blood vessels, 

forming part of the BBB and providing a cellular link to neurons.  Damage to these 

perivascular astrocytes, which has been observed in MS/EAE [141], can contribute to 

the increase in BBB permeability and thus increased immune cell infiltration.  They 

produce chemoattractants which induce migration of oligodendrocyte precursor cells 

(OPCs) from the brain parenchyma towards the site of inflammation/demyelination, 

enhancing remyelination [144].  In cocultures with microglia, upon stimulation with 

LPS and/or IFNγ they inhibit the production of IL-12 by microglia which would reduce 

Th1 responses [148].  Astrocytes can also secrete IL-27 [149], an IL-12 family 

cytokine that suppresses Th17 cell development and IL-6-mediated T cell proliferation 

[150], [151].  IL-27 receptor-deficient mice are more susceptible to EAE as a result of 

these functions being inhibited [152]. 

 

1.2.3.9 Oligodendrocytes 

Oligodendrocytes are glial cells which produce the myelin that surrounds and insulates 

axons of the CNS.  The differentiation of oligodendrocyte progenitor cells (OPCs) 

within the CNS gives rise to oligodendrocytes.  The myelin sheath increases 

conduction velocity of axonal action potentials [3].  In MS and EAE lesions, 

oligodendrocyte apoptosis is a key aspect of disease pathogenesis [153].  It is caused 
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by immune and CNS-resident cells, including lymphocytes and microglia, producing 

mediators such as TNF-α, IFNγ, perforin, granzymes and reactive oxygen species 

which can induce apoptosis and necrosis of oligodendrocytes [154]–[156].  In addition, 

direct cell contact via the death receptor Fas can induce oligodendrocyte death 

following stimulation with FasL [154].   

Oligodendrocytes can aid in EAE/MS recovery by providing a new, but thinner, 

myelin sheath to axons which have undergone demyelination, leading to functional 

recovery by allowing the restoration of action potentials.  Therefore oligodendrocyte 

death prevents efficient remyelination of exposed axons during recovery from a 

relapse attack. 

 

1.3 MAP Kinase signalling 

Mitogen-activated protein kinases (MAPKs) are enzymes that have a critical role in 

signal transduction pathways involved in cellular responses initiated by extracellular 

stimuli (such as growth factors or chemical and physical stress).  Therefore MAPKs 

can regulate functions such as cell survival, proliferation, differentiation and gene 

transcription [157], [158].  There are three main groups of MAPKs: the extracellular 

signal-regulated kinases (ERK-1/ERK-2), the c-Jun N-terminal kinases (JNK-1/2/3) 

and the p38 MAPK proteins (p38-α/β/γ/δ).  There are also other, less well-defined 

MAPK pathways such as ERK5 and ERK7/8, however these remain poorly 

characterised.   

MAPK activity is regulated through a signalling cascade (Fig 1.3).  This cascade is 

initiated by small GTP-binding proteins or by adaptor proteins that transmit an 

activatory signal to MAPK kinase kinases (MAPKKK; also known as MEKKs).  These 

subsequently activate the MAPK kinases (MAPKK/MEKs) by phosphorylation which 

in turn phosphorylate, and thus activate, MAPKs.  MAPK phosphorylation is achieved 

through dual phosphorylation of threonine and tyrosine residues.  Once activated, 

MAPKs phosphorylate their respective targets, including transcription factors and 
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effector kinases (e.g. p53, c-myc, NFAT) which result in altered gene expression and 

cell physiology. 

The MAPK pathway is a very intricate signalling cascade, with various stimuli and 

receptors initiating the events which lead to kinase activation.  In addition, some 

MAPKKs which activate the MAPKs are not specific to one substrate:  MEK1 and 

MEK2 activate ERK1/2, MKK3 and MKK6 activate p38 and MKK7 specifically 

activates JNK however MKK4 is associated with JNK-1/2/3 as well as p38.  Activation 

of the MAPKKs by MAPKKKs can also initiate different cascades (e.g. ASK1).  

Therefore, due to the severe complexity of signalling in this pathway, several 

mechanisms exist that regulate specificity in MAPK activation.  Scaffold proteins 

interact with MAPKKs and their relevant MAPKs, organising them into a specific 

signalling module.  JNK-interacting protein 1 (JIP1) brings together MKK7 and 

JNK1/2 as well as the MAPKKK, MLK1 [159].  Another scaffold protein, MEK 

partner 1 (MP1), is involved in ERK1 activation through interactions with MEK1 and 

ERK1 [160].   

An additional mechanism to regulate activity of the MAPKs is in the ability of MAPKs 

to indirectly create both positive and negative feedback loops to control signalling.  

This is achieved by regulating the expression of agonists and antagonists of receptors 

mediating the relevant MAPK signalling pathway. 
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Figure 1.3:  Simplified schematic diagram of the ERK, JNK and p38 MAPK signalling pathways.  

The MAPKs are activated by dual phosphorylation of the threonine and tyrosine residues within a 

conserved 'TXY' motif following a three-tiered kinase cascade consisting of a MAPK kinase kinase 

(e.g. Raf, MEKK1, ASK1), MAPK kinase (e.g. MEK1, MKK3-7) and then the MAPKs (ERK, JNK, 

p38).  Once activated, MAPKs can phosphorylate their transcription factor and effector kinase targets 

(e.g. Elk1, c-Jun, p53) to induce a variety of cellular responses such as cytokine production, apoptosis, 

proliferation and differentiation. 
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1.3.1 Extracellular Signal-Regulated Kinases (ERK) 

The ERK family were the first MAPKs to be discovered [161] and are the best 

characterized to date.  Several isoforms exist [162], however the majority of research 

has focused on ERK1 and ERK2.  Signalling is initiated predominantly by growth 

factors binding cell-surface tyrosine kinase receptors or cytokines/chemokines binding 

G-coupled receptors resulting in activation of the GTPase Ras, via the Grb2/Sos 

complex [158].  Ras, which has three isoforms (H-Ras, N-Ras and K-Ras), specifically 

phosphorylates and activates Raf which itself has three unique isoforms (Raf-A, Raf-

B and Raf-C).  Raf is a MAPKKK which subsequently phosphorylates its MAPKK 

target, either MEK1 or MEK2 [157], [158].  ERK1/ERK2 can then be activated by 

dual phosphorylation of threonine and tyrosine residues within a threonine-glutamic 

acid-tyrosine motif [163].  Once phosphorylated, ERK1/ERK2 can activate several 

downstream targets including transcription factors and protein kinases.  This gives 

ERK the ability to modulate the transcription of genes involved in cellular proliferation 

[164] as well as cell survival by preventing apoptosis [165], [166]. 

 

1.3.2 c-Jun N-terminal Kinases (JNK) 

This particular MAPK signalling cascade is part of the stress-activated MAPKs, as the 

primary initiating factor that stimulates JNK signalling is chemical or mechanical 

stress.  There are three JNK isoforms (JNK1, JNK2 and JNK3) [167], [168] which can 

be further subdivided into 10 different splice variants (four JNK1, four JNK2 and two 

JNK3 variants) [169].  JNK1 and JNK2 are expressed in all cell types and tissue 

whereas JNK3 expression is limited primarily to the brain [169].  As stated above, 

JNK signalling is activated in response to stress stimuli, including inflammatory 

cytokines and ultraviolet radiation.  This leads to activation of JNK-associated 

MAPKKKs (e.g. MEKK1, MEKK4 and ASK1) which phosphorylate and activate 

MKK4 / MKK7 [170], [171].  The now activated MAPKKs are able to phosphorylate 

JNK1 / JNK2 by dual phosphorylation of threonine and tyrosine residues within a 

threonine-proline-tyrosine motif found in kinase domain VIII [172].  Active JNKs 

have a number of downstream substrates which can be specific to different cell types 
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or the stimulus involved.  These include constituents of activator protein 1 (AP-1), 

Elk1, c-myc and Histone H2AX.  Previous studies have shown that JNK can be both 

pro- and anti-apoptotic [173], [174] as well as being involved in cell migration [175], 

differentiation [176], [177] and inflammatory gene production [178], [179]. 

 

1.3.3 p38 MAPK proteins 

Like JNK, the p38 signalling cascade is activated by various stress stimuli and growth 

factors, thus p38 is also known as a stress-activated MAPK.  Four isoforms exist (p38-

α, β, γ and δ) [180]–[182] which are expressed in different regions of the body and at 

different levels depending on the cell type and stimuli involved [183].  Initiation of the 

p38 signalling module by the relevant stimuli activates MAPKKKs involved in this 

pathway (e.g. MLK3, DLK1 and ASK1) which phosphorylate the p38-specific 

MAPKKs MKK3 and MKK6 [184], as well as MKK4 which can interact with both 

JNK and p38 [185], [186].  These MAPKKs can then activate p38 by dual 

phosphorylation of threonine and tyrosine residues within the activation loop sequence 

threonine-glycine-tyrosine [183].  Active p38 MAPK can increase mRNA stability 

[187], induce chemotaxis [188], [189] and, like JNK, regulates cell differentiation 

[190], [191] and inflammatory gene production [192], [193] via downstream targets 

such as p53 and ATF2. 

 

1.4 MAPK Phosphatase Overview 

Mitogen activated protein kinase phosphatases (MKPs) are a subgroup of the larger 

family of dual-specificity protein phosphatases (DUSPs).  Their function is to regulate 

MAPK signalling by dephosphorylation.  MKP’s remove phosphate groups from 

phosphotyrosine and phosphothreonine residues within the T-X-Y activation site of 

MAPKs, thereby deactivating them [194].  All MKPs share a common structure, with 

a C-terminal catalytic domain and an N-terminal domain which is important in MAPK 

substrate recognition and binding as it contains clusters of positively-charged amino–

acid residues [195], [196].  Also, all MKPs comprise two cdc25 homology domains 
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(CH2A and CH2B) within the N-terminus [194] while the catalytic domain (PTP 

domain) can be found on the C-terminus. 

There are 10 active MKP enzymes and one inactive protein (MK-STYX) which lacks 

the active site cysteine, instead containing a naturally occurring glycine residue [197].  

The 10 active MKP’s can be further subcategorized into three groups according to their 

subcellular location, substrate specificity, gene structure and sequence homology 

[198].  Group one comprises MKP-1/DUSP1, PAC-1/DUSP2, MKP-2/DUSP4 and 

DUSP5/hVH3 which are all inducible and found within the nucleus.  The second group 

is made up of MKP-3/DUSP6, MKP-4/DUSP9 and MKP-X/DUSP7 which are 

constitutively expressed in the cytoplasm because they contain nuclear export 

sequences (NES).  This group is ERK-specific.  The final group of MKPs (MKP-

5/DUSP10, MKP-7/DUSP16 and hVH5/DUSP8) are categorised based on their 

selective targeting of the stress-activated MAPK, JNK and p38, and can be expressed 

in both the nucleus and cytoplasm. 

 

1.4.1 MKP-1 

Mitogen activated protein kinase phosphatase 1 (MKP-1 / DUSP1) was the first of the 

MKP family to be discovered in 1985 [199].  It was originally identified as an 

immediate-early gene, induced by serum growth factors, in a BALB/c cDNA library 

and was termed 3CH134.  The corresponding human cDNA was isolated and 

characterized in 1992 as CL100, a stress-inducible tyrosine phosphatase with sequence 

similarity to the dual specificity phosphatase of vaccinia virus, VH1 [200].   

The name MKP-1 was later proposed for 3CH134/CL100 upon recognition of its dual 

dephosphorylation activity towards phosphotyrosine and phosphothreonine residues 

of ERK [201].  It is located within the nucleus [202] and can be induced as an early 

gene by a variety of stimuli such as growth factors, cytokines, bacterial toxins and 

physical or chemical stress.  MKP-1 is ubiquitously expressed and was originally 

thought to specifically dephosphorylate ERK [201], [203].  However subsequent 

reports successfully demonstrated substrate specificity is varied between different cell 
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types, with dephosphorylation activity towards p38 and/or JNK over ERK observed in 

cells such as macrophages and mouse embryonic fibroblasts (MEFs) [204], [205].   

MKP-1 is important in cell survival as MAPK-mediated apoptosis is decreased in 

MKP-1 KO MEFs [204].  In human breast cancer cells, MKP-1 mediates reductions 

in cell proliferation via ERK phosphorylation [206].  MKP-1 has also been shown to 

be involved in regulating the production of several immune mediators using cell 

stimulation experiments, with MKP-1 either overexpressed or deleted in macrophages 

and DCs.  From these studies, MKP-1 appears to negatively regulate the production of 

the inflammatory cytokines TNF-α, IL-6, IL-1β and the anti-inflammatory IL-10 

[207]–[209].  In addition, chemokine production is also enhanced in MKP-1 deficient 

cells, including CCL2-CCL4 and CXCL2 [210]–[212] as well as other inflammatory 

mediators such as iNOS [213], [214] and COX-2 [215].  Increased immune responses 

are also seen in MKP-1 deficient mice when LPS is administered systemically [210], 

[211].  MKP-1 can be detrimental in disease conditions such as Leishmania major 

(L.major), with inhibition of MKP-1 resulting in reduced parasite load [216].  

Furthermore, MKP-1 is crucial for T cell activation, proliferation and function [217].  

As a result of this, MKP-1 deficient mice are less susceptible to EAE and do not mount 

an effective immune response to influenza viral infection. 

 

1.4.2 MKP-2 

Mitogen activated protein kinase phosphatase 2 (MKP-2 / DUSP4) was first 

characterised in 1995 as an inducible MKP expressed in a wide range of tissues and 

cells [218].  MKP-2 is synthesized as an immediate early gene in response to many of 

the same stimuli that activate the MAPKs.  It is found exclusively within the nucleus 

as a result of two nuclear localisation sequences (NLSs), however only one of these 

NLSs is required for nuclear localisation of MKP-2, therefore if one is damaged it can 

still be targeted to the nucleus [219].  Mutations in both NLSs do not prevent MKP-2 

interacting with and dephosphorylating JNK, suggesting NLS-1 and NLS-2 are not 

involved in these processes in relation to JNK [219].  However it appears that NLS-1 

is required for MKP-2 interactions with the other MAPKs as it is contained within a 
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sequence at the N-terminus of the enzyme, which is responsible for its interactions 

with ERK and p38 [220].   

An alternative splice variant of MKP-2 (known as MKP-2-S) has recently been 

identified with several differences in function, cellular location and substrate 

specificity relative to the previously known form (MKP-2-L).  This variant form arises 

from alternative initiating codons on exons 1 and 3 [221].  It still contains the 

phosphatase catalytic domain but lacks the MAPK binding site.  MKP-2 is 

ubiquitously expressed, and originally displayed dephosphorylation specificity 

towards JNK and ERK in vitro, but was also found to bind p38 without 

dephosphorylating this MAPK [220].  However several functional studies have 

confirmed that, in vivo, substrate specificity varies, with MKP-2 able to regulate ERK, 

JNK and p38 depending on the cell type.   

MKP-2 reduces stress-induced cellular apoptosis in HEK 293 cells by 

dephosphorylating JNK, but not ERK or p38 [222]  In addition, MKP-2 protects 

against apoptosis in human endothelial cells as a result of specific regulation of JNK, 

again with no effect on ERK or p38 activity [223].  Conversely, MKP-2 is a mediator 

of cell death in the E2F-1 pathway via selective regulation of ERK activity [224].  

These results suggest that MKP-2 is involved in cellular apoptosis by means of MAPK 

dephosphorylation; however its exact role appears to be dependent on the cell type 

involved.  This is further confirmed when analysing the role of MKP-2 in the 

regulation of cellular proliferation.  MKP-2 deficient mouse fibroblasts and 

macrophages show a significant reduction in proliferation relative to WT counterparts 

due to a greater amount of cells accumulating in the G2/M phase [225].  This was 

attributed to an increase in cyclin B1 expression and cdc2 phosphorylation.  In contrast 

to this, a previous study which used MKP-2 knockdown mouse tumour cells 

demonstrated that the arrest of cells in G2/M phase was mediated by an abrogation in 

cyclin B1 expression and cdc2 kinase activity [226].  MKP-2 has previously been 

linked to colorectal cancer, in which MKP-2 may potentially function as a tumour 

suppressor.  MKP-2 expression is negatively correlated with T classification (the size 

of the primary tumour), lymphatic and vascular invasion, increasing stages of cancer 

(I-IV) and liver and lung metastases [227]. 
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Further studies utilising KO mice have demonstrated that MKP-2 has the ability to 

modulate immune responses in a variety of conditions.  MKP-2 deficient mice display 

a greater susceptibility to Leishmania Mexicana (L.mexicana) infection with increased 

lesion size and parasite burden [228].  This is due to significantly upregulated Th2 

responses in MKP-2 deficient mice when the parasite is injected into the rump, 

including increased antigen specific serum IgG1 levels and splenocyte IL-4 and IL-13 

production, without affecting Th1 responses.  In contrast, when L.mexicana is 

administered into the footpad, the increased severity is the result of significantly 

downregulated Th1 responses (specific IgG2a and IFNγ production) with no alteration 

in Th2 responses.  This is in part due to the differences in immune control of 

L.mexicana infection at different injection sites.  In the footpad, the non-healing 

response to L.mexicana is primarily associated with deficient IFNγ production, 

whereas in the rump the response is Th2 dependent [229]. 

Furthermore, MKP-2 deficient mice are more susceptible to Toxoplasma gondii 

(T.gondii) infection, with increased mortality rates and parasite burden [230].  

However, unlike with L.mexicana infection, T cell responses were unchanged in the 

absence of MKP-2.  Instead, following T.gondii infection, MKP-2 deficient mice have 

reduced NO levels but increased splenic arginase-1 expression.  MKP-2 KO 

macrophages are also more susceptible to L.major infection [231]; however the course 

of infection in the mice is not altered by MKP-2 deletion, with comparable lesion sizes 

and parasite burdens between WT and KO.   

Cornell et al have further shown, using KO models, that MKP-2 regulates the 

inflammatory response in acute lung injury (ALI) [232] and sepsis [233].  In a model 

of ALI, MKP-2 deficient mice develop an attenuated early inflammatory response, 

with reduced production of inflammatory mediators in BAL fluid (TNFα, MIP-1α) and 

decreased lung neutrophil infiltration.  MKP-2 deficient mice also mount a decreased 

inflammatory response to endotoxin challenge as a model of sepsis, with decreased 

serum TNF-α, IL-6 and IL-1β and display improved survival rates. 
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1.4.3 MKP-3 

Mitogen activated protein kinase phosphatase 3 (MKP-3 / DUSP6) is constitutively 

expressed within the cytoplasm and preferentially targets ERK [234].  It is highly 

expressed in various tissues, with highest levels in heart, brain, spleen, liver and 

kidney.  MKP-3 has mostly been studied in the context of cancer and whether it could 

have a protective role.  It has been shown to be inactivated in various types of cancers.  

A recent study demonstrated that MKP-3 can regulate ERK in adenocarcinoma 

progression via negative feedback, and thus may be able to suppress tumour 

development [235].  In addition, MKP-3 has similar anti-tumour effects in non-small-

cell lung cancers, again by negative regulation of ERK [236].  MKP-3 is also involved 

in regulating cell proliferation via its control of ERK activity as shown in corneal 

epithelial cells [237] and epididymal cells [238].  In an immune context, MKP-3 can 

protect against L.major infection [216].  The addition of a lentiviral vector that 

overexpresses MKP-3 to L.major infected mice increases parasite clearance and 

reduces parasite load.  MKP-3 is a negative regulator of platelet-derived growth factor-

induced chemotaxis in the fibroblast cell line NIH3T3 [239]. 

By blocking MKP-3 expression in oligodendrocytes, alpha-amino-3-hydroxy-5-

methylisoxazole-4-propionic acid (AMPA) receptor-induced cell death is significantly 

reduced [240].  This suggests MKP-3 may be involved in oligodendrocyte death via 

regulation of ERK activity, and could therefore play a role in MS / EAE pathogenesis 

by reducing the amount of oligodendrocytes available for remyelination.  MKP-3 is 

also important in regulating ERK and p38 activity in spinal cord microglia and 

neurons, aiding in the resolution of mechanical allodynia following mouse paw 

incision which was used as an animal model for the persistent postoperative pain 

experienced by many patients after surgery [241]. 

 

1.4.4 MKP-5 

Mitogen Activated Protein Kinase Phosphatase 5 (MKP-5 / DUSP10) is widely 

expressed throughout the body, particularly in the heart, liver, kidney and skeletal 

muscle and can be found in both the nucleus and cytoplasm of the cell [242].  It is 
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induced by various stress stimuli and preferentially targets p38 and JNK, but not ERK 

[242].  Mice deficient in this phosphatase have an increased CD4+ and CD8+ T cell 

response and cytokine production (TNF-α, IFNγ) following secondary lymphocytic 

choriomeningitis virus infection (LCMV) [243].  MKP-5 deficient mice also mount an 

increased inflammatory response against LPS-induced vascular injury involving 

enhanced TNF-α and IL-6 production in addition to increased neutrophil infiltration 

and superoxide production [244].   

Furthermore, MKP-5 may play a role in regulating the immune response to malaria, 

with the severity of Plasmodium yoelii infection (a mouse model of malaria) reduced 

in MKP-5 KO mice, associated with decreased parasite burdens, increased survival 

rates and upregulated IFNγ [245].  In addition, MKP-5 overexpression decreases p38-

mediated production of the inflammatory mediators (IL-6, IL-8 and COX-2) in 

prostatic epithelial cells following TNF-α and IL-1β stimulation [246].  These reports 

clearly demonstrate that MKP-5 is involved in the regulation of immune responses.  

MKP-5 has previously been studied in the context of an EAE model, with MKP-5 

deficient mice less susceptible to disease due to decreased CD4+ T cell responses 

[243]. 

 

1.4.5 MKP-7 

Mitogen Activated Protein Kinase Phosphatase 7 (MKP-7 / DUSP16) is found 

exclusively in the cytoplasm and is highly expressed in mouse brain and kidney [247].  

MKP-7 preferentially dephosphorylates JNK and p38 [247].  In T cells, MKP-7 is 

involved in regulating the balance between Th1 and Th2 responses [248], [249], as 

well as CD8+ T cell proliferation and effector functions such as cytokine production 

(IL-2, IL-4, IL-5, IL-13 and IFNγ) by regulating JNK activity [249].  LPS-stimulated 

MKP-7 deficient macrophages produce significantly less IL-12, IL23 and TNF-α, with 

reduced myeloid cell differentiation also observed in the absence of MKP-7, 

suggesting a role in cytokine production and differentiation of myeloid cells [250].   

Previous research has highlighted other potential functions for MKP-7, including 

regulation of adhesion molecule expression [251].  siRNA knockdown of MKP-7 in 
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HUVECs decreases expression of VCAM-1 by downregulation of the transcription 

factor IRF-1 via increased JNK activity in the absence of MKP-7.  Endothelial cell 

migration induced by the proangiogenic chemokine CXCL12 (stromal cell-derived 

factor-1-α) is, in-part, regulated by MKP-7 and its effect on JNK3 activity [252].   

 

1.4.6 MKP-x 

Mitogen Activated Protein Kinase Phosphatase x (MKP-x / DUSP22) is an atypical 

DUSP which is expressed in various tissues, with highest expression in the brain, heart, 

liver and kidney [253].  Atypical DUSPs share a degree of similarity with MKPs; 

however they do not contain a common regulatory site, the cdc25 homology domain 

[254], [255].  Different reports have suggested DUSP22 can dephosphorylate JNK and 

p38 [253], [255], but can also target non-MAPK substrates.  These include STAT3; 

with DUSP22 overexpression in HEK293T cells reducing IL-6 mediated 

phosphorylation and activation of STAT3 [256].  This was further confirmed with 

siRNA transfection of HeLa cells to knockdown DUSP22 expression, resulting in 

upregulated STAT3 activity.  Another report found that overexpression of DUSP22 

decreases β-estradiol-induced phosphorylation of estrogen receptor-α (ERα), while 

knockdown of DUSP22 by siRNA increases ERα-mediated transcriptional activation 

in breast cancer cells [257] suggesting another potential target for regulation by 

DUSP22.  Focal adhesion kinase (FAK) has also been identified as a novel target for 

DUSP2 as overexpression downregulates FAK phosphorylation and decreases cell 

motility in H1299 cells (human non-small cell lung carcinoma cell line) [258].  

Furthermore, DUSP22 knockdown enhances FAK phosphorylation and cell migration.  

TCR signalling and T cell activation is enhanced in DUSP22 deficient mice, with 

increased proliferation, activation and IFNγ and IL-2 production [259].   

DUSP22 deficient mice also develop more severe EAE [259].  These effects were 

attributed to a reduction in dephosphorylation of Lck, allowing continued activation 

of this tyrosine kinase which is integral to TCR signalling.  Therefore DUSP22 

functions to dephosphorylate Lck, decreasing TCR signalling and T cell responses.  

This would make DUSP22 a potentially important regulator of MS/EAE pathogenesis 
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by reducing autoreactive T cell effector function.  In addition to these functions, 

DUSP22 can also selectively activate JNK [253]. 

 

1.4.7 DUSP5 

Similarly to MKP-1 and MKP-2, dual-specificity phosphatase 5 (DUSP5) is an 

inducible MKP localised within the nucleus and is expressed in a variety of tissues, 

particularly in the brain and pancreas.  However, unlike MKP-1 and MKP-2, DUSP5 

selectively dephosphorylates ERK1 and ERK2, with no activity towards JNK or p38 

[260].  DUSP5 overexpression decreases T cell development in the thymus, reducing 

the number of CD4+ and CD8+ single positive cells by blocking progression at the 

double positive stage [261].  IL-2-mediated T cell proliferation and gene induction was 

also decreased in transgenic DUSP5 mice, suggesting an important role for DUSP5 in 

normal thymocyte development and T cell-mediated immune responses.  DUSP5 

overexpression attenuates the incidence and severity of collagen-induced arthritis 

(CIA), suggesting a protective role in rheumatoid arthritis [262].  This was associated 

with reduced Th17 cell frequency, reduced inflammatory cytokine production (IL-6, 

TNFα and IL-1β) and reduced antigen-specific antibody levels while regulatory T cell 

frequency was increased.   

DUSP5 is also involved in regulation of cell survival and permeability [263].  

HUVECs were transfected with siRNA oligonucleotides to knockdown DUSP5 

expression, resulting in increased baseline and serum-induced cytotoxicity and caspase 

3/7 activity while also preventing the attenuation of vascular permeability by 

angiopoietin-1.  Overexpression of DUSP5 upregulates proliferation of FDCP1 

progenitor cells induced by M-CSF and also alters the pattern of differentiation of the 

multipotent hematopoietic cell line, EGER-Fms, with reduced macrophage but 

increased granulocyte differentiation, suggesting a role for DUSP5 in myeloid cell 

lineage commitment [264].  DUSP5 has also been implicated in cardiovascular 

diseases, with roles in cardiac hypertrophy [265] and myogenic responses in rat 

cerebral arteries [266], [267]. 
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1.5 How might MKPs be involved in MS 

As MAPKs are involved in control of cellular proliferation and survival, these 

enzymes need to be tightly regulated to help maintain cell function and tissue 

homeostasis within the human body.  In autoimmune conditions such as MS, where 

cells of the immune system are activated and damage self-tissue, this is even more 

important.  MKPs can downregulate MAPK signalling by dephosphorylating, and thus 

deactivating, MAPKs.  Therefore in a biological context such as a patient suffering 

from MS, regulating the expression of transcription factors, proliferation of immune 

cells and production of cytokines could play a vital role in determining the severity of 

disease.  Also, as MS has been associated with predominantly Th1 and Th17 responses 

and MAPKs have been shown to play an important role in the activation and 

polarization of T cell subsets and macrophages, regulation of MAPK activity by MKPs 

could be important in disease pathophysiology.  However, one important consideration 

is that MKPs have pleiotropic functions in different cell types, thus their potential role 

in disease conditions could be very complicated depending on which cells are involved 

and the stage of disease. 

Three previous studies have been carried out to understand the roles of MKPs in MS 

development utilising MKP deficient mice in EAE, with disease severity ameliorated 

in the absence of MKP-1/DUPS1 and MKP-5/DUSP10 whereas MKP-x/DUSP22 

deficient mice are more susceptible to EAE.  These reports clearly demonstrate the 

integral role MKPs play in conditions such as MS, however they also suggest that 

different MKPs have the potential to be either deleterious or protective in EAE/MS 

and thus must be analysed individually to fully understand the MKP network in MS. 
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1.6 Research aims 

This thesis aimed to understand the function of MKP-2 during the development of 

EAE, an animal model of MS, in order to determine whether this may provide a novel 

therapeutic target in the treatment of neurological inflammatory disorders.   

Recently MKPs, which negatively regulate MAPK activity, have emerged as critical 

players in immune responses and thus are now known to be important in immune 

mediated diseases.  While MKP-1 and MKP5 deficient mice were shown to develop 

less severe EAE with decreased immune cell activation, MKP-2 deficient mice 

developed an attenuated inflammatory response in animal models of ALI and sepsis.  

I therefore hypothesise that MKP-2 deficient mice will develop less severe EAE due 

to diminished inflammatory responses in the absence of MKP-2 

The primary aims of this report are as follows: 

o Establish a working model of EAE and characterise the immunological 

changes associated with disease onset and progression.   

o Analyse the expression and activation of the main MAPKs, ERK, JNK and 

p38, in EAE tissue as well as the expression of selected MKPs within CNS and 

lymphoid tissue of EAE mice. 

o Investigate the potential role of MKP-2 in the pathogenesis of EAE using 

MKP-2 deficient mice. 

o Determine which aspects of the immune response and MAPK signalling are 

regulated by MKP-2 during EAE development, progression and recovery. 

o Determine the role of MKP-2 in regulating the phenotype and function of two 

key cells involved in EAE pathogenesis, DCs and macrophages.  
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2 Materials and Methods 

2.1 Materials         

All chemicals and reagents obtained from Sigma-Aldrich or Thermo Fisher Scientific 

unless otherwise stated. 

2.1.1 Phosphate buffered saline (PBS) 

1 L of 20 x PBS: 160 g Sodium chloride (NaCl), 4 g Potassium chloride, 28.8 g Sodium 

phosphate dibasic and 4.8 g Potassium phosphate monobasic; pH 7.4 in 1 L dH2O   

For 1 L of 1x PBS (working conc): 50 mL of 20 x PBS in 950 mL dH2O 

2.1.2 Tris buffered saline (TBS) 

1 L of 10 x TBS: 24 g Tris base, 88g NaCl; pH 7.5 in 1 L dH2O   

For 1 L of 1x TBS (working conc): 100 mL of 10 x TBS in 900 mL dH2O 

2.1.3 Genotyping lysis buffer 

100 mM Tris base, 5 mM Ethylenediaminetetraacetic acid (EDTA), 200 mM NaCl, 

0.2 % Sodium dodecyl sulfate (SDS) and 200 µg/ml Proteinase K 

2.1.4 Immunohistochemistry (IHC) fixative solution 

1 L ice cold solution: 750 mL Acetone and 250 mL Ethanol absolute 

2.1.5 IHC blocking buffer 

10 mL TBS with 0.1 g Bovine serum albumin (BSA; 1 %), 10 µL Triton X-100 (0.1 

%) and 5 µL Tween-20 (0.05 %) 

2.1.6 IHC wash buffer (TBST-0.05 %) 

1 L of TBS with 0.5 mL of Tween-20 (0.05 %) 
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2.1.7 Scotts tap water substitute (STWS) 

10 g Magnesium sulphate, 0.67 g Sodium bicarbonate in 1 L H2O  

2.1.8 ELISA wash buffer 

1 L of PBS with 0.5 mL of Tween-20 (0.05 %) 

2.1.9 ELISA blocking buffer  

900 mL of PBS with 100 mL Foetal calf serum (FCS; 10 %) 

2.1.10 ELISA stop solution 

1M Sulphuric acid 

2.1.11 FACS Buffer 

1 L of PBS with 10 g of BSA (1 %) 

2.1.12 Laemmli sample buffer 

63mM Tris-HCL, (pH6.8), 2mM Sodium pyrophosphate, 5mM EDTA, 10% (v/v) 

glycerol, 2% (w/v) SDS, 50mM Dithiothreitol (DTT), 0.007% (w/v) bromophenol 

blue 

2.1.13 Western blot electrophoresis buffer 

1 L of dH2O with 2.7 g Tris base, 12.96 g Glycine and 0.9 g (SDS) 

2.1.14 Western blot transfer buffer 

800 mL of dH2O with 2.7 g Tris base, 12.96 g Glycine and 200 mL Methanol 

2.1.15 Western blot wash buffer (TBST-0.1 %) 

1 L of TBS with 1 mL of Tween-20 (0.1 %) 

2.1.16 Western blot blocking buffer 

100 mL of TBST-0.1 % with 5 g BSA (5 %) 
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2.1.17 Western blot antibody diluent 

100 mL of TBST-0.1 % with 0.5 g BSA (0.5 %) 

2.1.18 Western blot gel buffers 

Buffer 1:  90.75 g Tris base 1.5M, 2 g SDS 0.4% w/v; pH 8.8 in 500 mL dH2O 

Buffer 2:  30.25 g Tris base 0.5M, 2 g SDS 0.4% w/v; pH 6.8 in 500 mL dH2O 

2.1.19 Western blot 10 % Resolving gel 

For 1 thick (1.5 mm) gel:  3.6 mL dH2O, 2.25 mL Gel buffer 1, 3 mL Acrylamide (Carl 

Roth GmbH and Co.), 7.5 µL  Tetramethylethylenediamine (TEMED) and 75 µL 10 

% Ammonium persulfate (APS; 0.1 g in 1 mL PBS) 

2.1.20 Western blot stacking gel 

For 1 thick (1.5 mm) gel:  3.65 mL dH2O, 1.4 mL Gel buffer 2, 0.6 mL Acrylamide, 

7.5 µL TEMED and 56.2 µL 10 % APS 

2.1.21 Western blot stripping buffer 

100 mM β-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl, pH 6.7 

2.1.22 Complete RPMI medium (c-RPMI) 

RPMI-1640 (Lonza) supplemented with 10 % heat inactivated FCS (Biosera Gold), 

100 mg/mL streptomycin, 100 U / mL penicillin and 2mM L-glutamine 

2.1.23 Complete Dulbeccos Modified Eagle Medium (c-DMEM) 

DMEM (GIBCO, Life Technologies) supplemented with 10 % heat inactivated FCS 

(Biosera Gold), 100 mg/mL streptomycin, 100 U / mL penicillin and 2mM L-

glutamine  
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2.2 Methods          

2.2.1 Animals 

Female MKP-2 -/- mice and MKP-2 +/+ littermate controls on a C57BL/6 background 

were obtained from Professor Robin Plevin (University of Strathclyde).  Knockout 

(KO) mice were generated as previously described (Al-Mutairi et al., 2010).  In this 

thesis 5th, 6th and 7th generation backcross mice were used.  These mice, as well as 

naive C57BL/6 mice used throughout this study, were bred and maintained within the 

Strathclyde Institute of Pharmacy and Biomedical Science animal unit.  Animals were 

used at 6–8 weeks of age and were age and sex matched within each experiment.  All 

animal experiments adhered to the UK Animals (Scientific Procedures) Act 1986 and 

were conducted under a Project License to Dr Hui-Rong Jiang (PPL60/4136 

‘‘Pathophysiology of autoimmune diseases’’) granted by the UK Home Office and 

with local ethical approval. 

 

2.2.2 Genotyping 

Genotyping was carried out to confirm MKP-2 gene deficiency.  To do this, tail biopsy 

was performed and 0.5 mL of lysis buffer added to each tail sample in a 1.5 mL 

microcentrifuge tube.  This was incubated overnight at 65 °C on an orbital shaker 

before centrifugation at 14,000 x g for 20 minutes.  Supernatant was transferred to a 

new 1.5 mL microcentrifuge tube and 50 µL sodium acetate (NaAc, pH 5.5; 3M) and 

250 µL isopropanol added.  Samples were centrifuged at 14,000 x g for 5 minutes to 

pellet DNA.  The pellet was then washed in 0.5 mL of ice cold 70 % ethanol.  After 

removing the ethanol, the DNA pellet was allowed to air dry and then resuspended in 

50 µL of dH2O and heated at 65 °C for 30 minutes.  Polymerase chain reaction (PCR) 

was performed using the GoTaq Polymerase kit and nucleotide mix (both Promega).  

Initial denaturing of the DNA template was performed at 95 °C for 2 minutes.  This 

was followed by 35 cycles of denaturing (95 °C, 30s), annealing (58 °C, 30s) and 

extension (72 °C, 5 minutes) before a final extension step at 72 °C for 5 minutes.  
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Samples were cooled to 4 °C and then separated on a 1 % agarose gel by 

electrophoresis (120V for 45 minutes).   

Primers used were as follows (5’-3’): WT forward primer, CCTCAGACT 

GTCCCAATCAC; WT reverse primer, GACTCTGGATTTGGGGTCC.  KO forward 

primer, TGACTAGGGGAGGAGTAGAAGGTGGC; KO reverse primer, 

ATAGTGACGCAATGGCATCTCCAGG. 

 

2.2.3 EAE Induction and assessment  

Female, 8-week old C57BL/6 mice or MKP-2 KO (-/-) and wild-type littermates (WT; 

+/+) were immunized subcutaneously on day 0 with 100 µg MOG35-55 (ChinaPeptides 

Co Ltd) emulsified in complete freunds adjuvant (CFA; Sigma) supplemented with 

2.75 mg or 3.65 mg Mycobacterium tuberculosis (BD Biosciences).  Every mouse 

received 100 µL of this MOG and CFA mixture, 50 µL on each side of the lower back 

which was shaved and sprayed with 70 % ethanol prior to injection.  In addition, each 

mouse received 100 ng pertussis toxin (PTX; Tocris Bioscience) in 100 µL PBS 

injected intraperitoneally (i.p.) on day 0 and again on day 2.   

Mice were weighed and monitored daily for signs of disease development and given a 

clinical score based on the following evaluation system :  0 = no clinical sign; 0.5 = 

partial loss of tail tone; 1.0 = Complete loss of tail tone; 1.5 = Altered gait; 2.0 = Hind 

limb weakness; 2.5 = Paralysis of one leg; 3.0 = Hind limb paralysis; 3.5 = Hind limb 

paralysis with significantly reduced mobility; 4.0 = Forelimb involvement; 5.0 = 

Moribund.  To control for subjective bias, mice were scored blind as recommended in 

the ARRIVE guidelines [268] 

 

2.2.4 Tissue preparation for staining 

Naïve or PBS/MOG35-55 immunised mice were sacrificed at days 9, 17 or 28 and, 

following PBS perfusion, intact spinal cords were flushed out with PBS by hydrostatic 

pressure using a sterile 19G needle and 2.5 mL syringe (both BD Medical).  Tissue 
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was submerged in OCT mounting medium (VWR International) and rapidly frozen on 

dry ice before being cut into 7 µM thick sections on a Shandon cryotome (Thermo 

Scientific).   

 

2.2.5 Haematoxylin and Eosin staining 

Tissue sections were stained with haematoxylin and eosin (H&E).  Briefly, slides were 

fixed using fixative solution for 10 minutes before staining in Gill 2 haematoxylin 

(Thermo Scientific) for 6 minutes.  Slides were then washed in running water for 5 

minutes.  This was followed by blueing in STWS for 3 minutes, another 5 minute wash 

and then counterstaining in eosin Y solution (Thermo Scientific) for 5 minutes.  Slides 

were then washed for a final time until the desired colour intensity of eosin was 

achieved (by periodically checking slides under microscope) before dehydration 

through 70 % ethanol (1 dip), 95 % ethanol (1 dip) and 100 % ethanol (5 minutes).  

Finally, slides were cleared in histoclear II (National Diagnostics) for 5 minutes and 

mounted with DPX (Fisher Scientific). 

 

2.2.6 Immunohistochemical staining 

Sections were stained with different cell-surface marker antibodies as listed in Table 

2.1.  Firstly, slides were fixed using fixative solution for 10 minutes before blocking 

non-specific binding sites by incubating with blocking buffer for 1 hour at room 

temperature (RT).  This was then replaced with the relevant primary antibody diluted 

in IHC blocking buffer and slides incubated overnight at 4 °C.  The following day 

slides were washed (3 x 5 minutes) in IHC wash buffer before adding a biotin-

conjugated secondary antibody diluted in blocking buffer for 1 hour at RT.  After 

another wash step, sections were incubated for 30 minutes at RT with streptavidin-

HRP (eBioscience) diluted in TBS before one more wash.  Tissue was then incubated 

at RT with ImmPACT AMEC red peroxidase substrate (Vector Laboratories) until 

optimal colour development achieved before a brief rinse in dH2O then counterstaining 

with haematoxylin for 1 minute.  Slides were then mounted with hydromount 
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mounting medium (National diagnostics).  Images were obtained using the Nikon 

Eclipse 50i microscope, the Nikon Digital Sight DS-U3 microscope camera controller 

and Nikon NIS Elements microscope imaging software. 

 

2.2.7 Immunofluorescent staining 

Sections were stained with different cell-surface marker antibodies (Table 2.1).  

Firstly, slides were fixed using fixative solution for 10 minutes before blocking non-

specific binding sites by incubating with blocking buffer for 1 hour at RT.  This was 

then replaced with the relevant primary antibody diluted in blocking buffer and slides 

incubated overnight at 4 °C.  The following day slides were washed (3 x 5 minutes) in 

wash buffer before adding a biotin-conjugated secondary antibody diluted in blocking 

buffer for 1 hour at RT.  After another wash step, sections were incubated for 1 hour 

at RT in the dark with fluorochrome-conjugated streptavidin (Vector Laboratories) 

diluted in TBS before one more wash.  Slides were then mounted with Vectashield 

mounting medium containing DAPI (Vector Labotatories).  Images were obtained 

using the Nikon Eclipse TE2000 inverted microscope and IPLab imaging software. 

Table 2.1:  List of Immunohistochemical antibodies used 

Antibody Species Manufacturer Cat No. 

MKP2 Rabbit Santa Cruz Biotechnology sc-1200 

IL-22 Rat R&D Systems MAB582 

CD4 Rat eBioscience 14-0193-85 

CD45 Rat eBioscience 14-0451-85 

F480 Rat eBioscience 14-4801-85 

Rabbit IgG Rabbit Santa Cruz Biotechnology sc-2027 

Rat IgG Rat BD Biosciences 553986 

Anti-Rabbit Biotin Goat BD Biosciences 550338 

Anti-Rat Biotin Mouse eBioscience 13-4813-85 

Anti-Rabbit AlexaFluor 

568 
Goat Life Technologies A11036 

Fluorescin-HRP N/A Vector Laboratories SA-5001 
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2.2.8 Cell preparations from spleen and inguinal lymph nodes 

Mice were sacrificed at various time points and spleen and draining lymph nodes 

(inguinal) harvested for cell culture.  The tissue was placed in complete RPMI medium 

and disrupted using the back of a syringe to form a cell suspension.  This was filtered 

through nitex nylon mesh (Cadisch precision meshes).  Spleen cell pellets were 

resuspended in lysis buffer (BD Biosciences) for 5 minutes before both spleen and 

lymph node cells were washed twice with PBS, resuspended in RPMI, counted and 

resuspended to an appropriate concentration for use.     

 

2.2.9 CNS cell isolation 

Mice were sacrificed at different time points and brain and spinal cord tissues 

harvested and placed in c-RPMI medium.  Brain and spinal cords were pooled together 

for each individual mouse to ensure an adequate number of CNS cells were obtained 

for FACS analysis.  The CNS tissue was cut into smaller pieces in a petri dish using a 

scalpel blade and further homogenised by passing it through a 21G needle to form a 

cell suspension.  This was filtered through a mesh cell strainer (BD Falcon) into a 50 

mL centrifuge tube and washed in c-RPMI (1600 rpm for 10 minutes).  Supernatant 

was removed and the pellet resuspended in 2 mL of c-RPMI containing collagenase D 

(1mg/mL; Roche) and DNase (1mg/mL; Roche) and incubated at 37 °C and 5% CO2 

for 30 minutes.  After the incubation, 8 mL of c-RPMI was added to each sample and 

the cells were passed through a cell strainer into a fresh 50 mL tube before another 

wash step as above.  Supernatant was then removed and the pellet resuspended in 5 

mL of 30 % percoll (Fluka)/70 % c-RPMI.  This suspension was carefully overlaid on 

70 % percoll/30 % PBS in a 15 mL centrifuge tube and centrifuged at 2000xg for 20 

minutes.  Cells were carefully removed at the interphase between the layers, washed 

with c-RPMI and cells counted. 
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2.2.10 Generation of Bone Marrow Derived Macrophages  

Macrophage growth medium was composed of c-DMEM supplemented with 30 % L-

cell (L929 cell culture derived).  Bone marrow-derived macrophages (BMDMs) were 

generated from the culture of bone marrow from 7-8 week old C57Bl/6 mice.  Both 

tibia and femurs were collected from mice and the epiphyses removed.  Bone marrow 

was subsequently flushed out with c-DMEM using a 25 gauge needle and 

disaggregated to form a single cell suspension.  This was pelleted (1400 rpm for 5 

minutes) and resuspended in growth medium, with 15 mL added to a sterilin petri dish 

(Fisher Themro Scientific) and cultured at 37 °C with 5 % CO2.  Fresh growth medium 

was added on day 2 of the culture.  On day 5 all medium was removed and replaced 

with 20 ml of fresh growth medium.  The BMDMs were harvested on day 7.  Medium 

was removed and discarded, and 5 ml cold PBS added to each dish and incubated at 

37 °C for 2-3 minutes to remove cells from the bottom of the petri dishes.  Cells in the 

PBS were then collected in a 50 mL centrifuge tube.  The petri dishes were washed 2 

more times with cold PBS to ensure all the cells were collected.  Cells were counted 

using a haemocytometer and resuspended to an appropriate concentration for use.    

  

2.2.11 Generation of Bone Marrow Derived Dendritic Cells 

Dendritic cell growth medium was composed of c-RPMI supplemented with 10 % 

GMCSF-containing supernatant (X-63 cell culture derived).  Bone marrow-derived 

dendritic cells (BMDCs) were generated from the culture of bone marrow from 7-8 

week old C57Bl/6 mice.  As described in section 2.2.10, a single bone marrow cell 

suspension was obtained from mouse tibia and femurs.  The cells were then cultured 

in sterilin petri dishes (10 mL / dish) and cultured at 37 °C with 5 % CO2.  Fresh growth 

medium was added on day 3 of culture.  On day 5 all medium was removed and 

replaced with 20 mL of fresh growth medium.  The BMDCs were harvested on day 7.  

In brief, the culture medium was removed and collected, and then 10 mL cold HBSS 

(GIBCO, Life Technologies) was added to each dish and incubated at RT for 5 

minutes.  Adherent cells were gently detached from the bottom of the dishes using a 

cell scraper.  Both adherent cells as well as unattached cells within the culture 
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supernatant were collected and counted using a haemocytometer.  Cells were then 

resuspended to an appropriate concentration for further experiments.    

 

2.2.12 Spleen and inguinal lymph  node stimulation 

Spleen and lymph node cells were cultured in 24-well tissue culture plates at 4x106 

cells/well for spleen and 1-2x106 cells/well for lymph node.  Cells were stimulated 

for 72 hours with media alone, media and 40 µg/ml MOG35–55 or media and 40 µg/ml 

conA (Sigma-Aldrich).   

 

2.2.13 Enzyme-linked immunosorbant assay (ELISA) 

ELISA was utilised to examine soluble cytokine levels in the samples using ready-set-

go kits (eBioscience) or antibody pairs with recombinant cytokine as the standard 

(eBioscience).  Briefly, high binding 96-well ELISA plates (Greiner Bio-One) were 

coated with capture antibody (using concentrations stated on the certificate of analysis; 

Table 2.2) diluted in coating buffer provided within the ready-set-go kits and incubated 

overnight at 4 °C.  The following day, plates were washed 5 times with ELISA wash 

buffer.  Plates were then incubated with ELISA blocking buffer for 1 hour at RT.  

Plates were washed again before adding recombinant standards and samples and 

incubating for 2 hours at RT.  Wells were aspirated and washed, and then detection 

antibody added for 1 hour at RT followed by another wash step.  Avidin-HRP 

(eBioscience) was subsequently added and plates incubated for 30 minutes at RT.  

Following a final wash step, TMB substrate solution (BD Bioscience) was added to 

each well until a definitive blue colour had developed at which point stop solution was 

added and the plate read at 450 nm. 
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Table 2.2:  List of ELISA antibodies used 

Antibody Manufacturer Cat No. 

IL-2 capture eBioscience 14-7022-68 

IL-2 detection eBioscience 33-7021-68 

IL-2 recombinant eBioscience 39-8021-60 

IL-6 capture eBioscience 14-7061 

IL-6 detection eBioscience 13-7062 

IL-6 recombinant eBioscience 14-8061 

IL-10 capture eBioscience 14-7101 

IL-10 detection eBioscience 13-7102 

IL-10 recombinant eBioscience 14-8101 

IL-17 capture eBioscience 14-7175    

IL-17 detection eBioscience 13-7177 

IL-17 recombinant eBioscience 14-8171 

IL-22 capture eBioscience 14-7221-68 

IL-22 detection eBioscience 13-7222-68 

IL-22 recombinant eBioscience 39-7222-60 

CCL2 capture eBioscience 14-7391-68 

CCL2 detection eBioscience 33-7096-68 

CCL2 recombinant eBioscience 88-7391-60 

IFN-γ capture eBioscience 14-7313-68B 

IFN-γ detection eBioscience 13-7312-68C 

IFN-γ recombinant eBioscience 39-8311-60 

TNF-α capture eBioscience 14-7325 

TNF-α detection eBioscience 13-7326 

TNF- α recombinant eBioscience 14-8321 
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2.2.14 Fluorescence-activated cell sorting (FACS) 

Cells from tissues or culture were first counted, and then 0.5 x 106 cells added to each 

FACS tube, to which 1 mL FACS buffer was added.  The cells were pelleted at 1400 

rpm for 5 minutes and supernatant removed.  To block non-specific Fc receptors, cells 

were resuspended in α-mouse CD16/CD32 Fc block (eBioscience) at 4 °C for 10 

minutes.  Following this, the appropriate antibodies which were diluted in 100 µL 

FACS buffer (Table 2.3) were added to each tube, mixed well, and incubated for 30 

minutes at 4 °C in the dark.  2 mL of FACS buffer was added and cells pelleted again 

as previously.  This was repeated one more time before cells were resuspended in 0.5 

mL FACS buffer and analysed using a BD FACSCanto system and BD FACSDiva 

software (both BD Biosciences). 

For staining of intracellular antigens, the Fixation and Permeabilization Solution Kit 

with BD GolgiStop (BD Biosciences) was used per manufacturers’ instructions.  

Briefly, following cell surface antigen staining, cells were washed twice in staining 

buffer before resuspension in fixation/permeabilization solution for 20 minutes at 4 

°C.  Cells were washed two times with BD Perm/Wash buffer to maintain cell 

permeabilization and then incubated with the appropriate antibodies for 30 minutes at 

4°C in the dark.  Following two more wash steps in BD perm/wash solution, cells were 

resuspended in staining buffer and analysed as above.    
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Table 2.3:  List of Flow cytometry antibodies used 

Antibody Conjugate Manufacturer Cat No. 

CD3 PE BD Biosciences 553063 

CD4 
FITC 

PerCPCy5.5 

eBioscience 

eBioscience 

53-0041-82 

45-0042-82 

CD8 
PE 

PerCPCy5.5 

BD Pharmingen 

eBioscience 

553033 

45-0081-82 

CD11b PE eBioscience 12-0112-82 

CD11c PE eBioscience 12-0114-82 

CD19 APC eBioscience 17-0193-80 

CD25 FITC eBioscience 53-0251-82 

CD40 FITC eBioscience 53-0251-82 

CD206 FITC BioLegend 123005 

MHC-II APC eBioscience 17-5321-82 

Foxp3 APC eBioscience 17-5773-82 

F4/80 APC eBioscience 17-4801-82 

 

 

2.2.15 RNA Extraction and Reverse Transcription PCR 

Mice were sacrificed at various time points and spinal cord and brain tissue collected 

and placed in RNAlater (Life Technologies).  RNA isolation was performed using 

TRIzol reagent (Life Technologies).  In brief, tissue samples were homogenized in 

TRIzol (approx. 1 mL TRIzol per 50 mg tissue) using a power homogenizer and 

incubated for 5 minutes at RT.  Chloroform was added (0.2 mL per 1 mL of TRIzol) 

and mixed vigorously.  Samples were incubated for 2 minutes at RT and then 

centrifuged at 12,000 x g for 15 minutes at 4°C to achieve phase separation.  The top 

aqueous layer (which contains the RNA) was transferred to a new tube (if subsequent 

protein extraction was performed, the interphase and organic phenol-chloroform phase 
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were retained and stored at 4°C until required).  To the RNA-containing aqueous layer, 

100 % isopropanol was added (0.5 ml per 1 ml TRIzol) and then incubated at RT for 

10 minutes before being centrifuged at 12,000 x g for 10 minutes at 4 °C.  The 

supernatant was removed and the RNA pellet washed in 70 % ethanol (1 ml per 1 ml 

TRIzol).  This was centrifuged at 7,500 x g for 5 minutes at 4 °C.  Ethanol was 

discarded and the pellet vacuum dried before resuspension in 50 µl RNase-free water 

and incubation in a heat block at 60 °C for 10-15 minutes.  Total RNA was quantified 

using the NanoDrop 2000c spectrophotometer (Thermo Scientific). 

2 µg total RNA was reverse transcribed using the High Capacity cDNA Reverse 

Transcription Kit (Life Technologies).  The 2X RT master mix was prepared using the 

components and specifications provided in the manufacturers’ protocol (Table 2.4) and 

10 µl added to each tube. 

 

Table 2.4: High capacity cDNA Reverse Transcription kit 2X RT master mix 

Component Volume (µl) per reaction 

10X RT Buffer 2.0 

10X RT Random Primers 2.0 

25X dNTP Mix (100 mM) 0.8 

Multiscribe Reverse Transcriptase 1.0 

Nuclease Free H20 4.2 

Total per Reaction 10 

 

To this, 10 µl of sample (composed of 2 µg RNA and RNase-free water) was added.  

Reverse transcription was performed in the Veriti 96-well Thermal Cycler (Applied 

Biosystems) using the following conditions: 25 °C for 10 minutes, 37 °C for 120 

minutes and 85 °C for 5 minutes. 
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2.2.16 Quantitative PCR 

The cDNA obtained from reverse transcription was analysed for expression of various 

mRNA transcripts (primer details are listed in Table 2.5).  Quantitative PCR was 

carried out using 2x Fast SYBR Green master mix (Life Technologies) as the detection 

agent.  This master mix contained SYBR Green I Dye, AmpliTaq Fast DNA 

Polymerase, Uracil-DNA Glycosylase (UDG), ROX dye Passive Reference, dNTPs 

and optimized buffer components.  Each 20 µL reaction was prepared in MicroAmp 

Fast Optical 96-Well reaction plates (Applied Biosystems) with 10 µL of Fast SYBR 

Green master mix, 1 µL of each primer (to give a final primer concentration of 500 

nM) and 2 µL of cDNA (20 ng cDNA per reaction).  RNase-free water was added to 

complete the 20 µL final reaction volume.  Plates were sealed with an optical adhesive 

cover (Applied Biosystems) and briefly centrifuged to spin down the entire reaction 

volume and remove air bubbles.  The PCR reaction was performed in the Applied 

Biosystems StepOnePlus real-time PCR system.  Melt-curve analysis was carried out 

each time to ensure specificity of the reaction.   The full reaction conditions were as 

follows: 95 °C for 20 seconds, followed by 40 cycles of 95 °C for 3 seconds and 60 

°C for 30 seconds, and a standard melt curve stage of 95 °C for 15 seconds, 60 °C for 

1 minute and 95 °C for 15 seconds.  Primers were obtained from Sigma-Aldrich and 

designed used Primer3 software. 
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Table 2.5: List of qPCR primers used 

Molecule Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) 

β-actin GTGGGCCGCTCTAGGCACCAA CTCTTTGATGTCACGCACGATTTC 

TATA-

binding 

protein 

CTCAGTTACAGGTGGCAGCA ACCAACAATCACCAACAGCA 

Tubulin 

beta 5 
AGGTGGTAGTGCCTGGAATG AGGGACATACTTGCCACCTG 

MKP-1 / 

DUSP-1 
GACAAAACAGGGCAGAAGAG CCACCGACCTACACAAAAAT 

MKP-2 / 

DUSP-4 
TGCCAGAGAAGACTTGGTTT TCCTCTTTCCTTTCCCTCTC 

MKP-3 / 

DUSP-6 
GAATAATCCGGCGAGAAACA AATGAAGGTGCCCAGTTTTG 

DUSP5 GAGTGCGTCTGAGATTCTGTCCAG AAGTCCAAGGTCACCGAGGAAC 

MKP-5 / 

DUSP-10 
ACAGCACCCCATGGTAGAAG AGGCCTTGGGTACAACTGTG 

MKP-7 / 

DUSP16 
GCACACCACCATTACATCATCG AACAGTCTGAAGAGAGAGAGGC 

MKP-x / 

DUSP-22 
CCCCTTGCTTCTTGACTCTG AAAGCAGGAAAACTGGCTCA 

 

2.2.17 Protein Isolation 

Protein was isolated either from the organic phenol-chloroform phase produced during 

TRIzol RNA extraction or directly from tissue/cells using RIPA Buffer (Thermo 

Scientific).  For the Trizol method; 100 % ethanol (0.4 ml per 1 ml of TRIzol) was 

added to the organic phase, mixed, and incubated at RT for 2-3 minutes.  Samples were 

then centrifuged at 2000 x g for 5 minutes at 4 °C to pellet the DNA.  The phenol-

ethanol supernatant (containing protein) was removed and transferred to a new tube.  

Isopropanol (1.5 ml per 1 ml of TRIzol) was added to the supernatant, mixed, and 
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incubated for 10 minutes at RT.  Following this, samples were centrifuged at 12,000 x 

g for 10 minutes at 4 °C to pellet the protein.  The protein pellet was washed 3 times 

with 0.3 M guanidine hydrochloride in 95 % ethanol (by incubating in this solution for 

20 minutes at RT followed by centrifugation at 7500 x g for 5 minutes).  After washing, 

2 ml of 100 % ethanol was added to the pellet, incubated at RT for 20 minutes and 

centrifuged at 7500 x g for 5 minutes at 4 °C.  The ethanol was then removed and the 

pellet allowed to air dry before being resuspended in 200 µl RIPA Buffer and stored 

at -20 °C. 

For protein extraction directly from tissue (spinal cord and brain), RIPA buffer was 

used.  Tissue was harvested, placed in a 1.5 ml microcentrifuge tube and snap frozen 

on dry ice.  The frozen spinal cord or brain was defrosted, placed in a 6-well tissue 

culture plate and disrupted using the back of a syringe through a nitex mesh to form a 

cell suspension.  This was centrifuged at 400 x g for 5 minutes at 4 °C to pellet the 

cells.  Supernatant was removed and the cell pellet washed twice in cold PBS.  

Following the last wash, PBS was removed and the pellet resuspended in 50 µl of 

complete RIPA buffer containing a Halt Protease & Phosphatase Inhibitor Cocktail 

(Thermo Scientific).  Samples were incubated on ice for 30 minutes and then 

centrifuged at full speed for 15 minutes at 4 °C.  The supernatant containing protein 

was transferred to a new 1.5 ml microcentrifuge tube and stored at -20 °C 

Protein concentration within each sample was determined using the Quick Start 

Bradford 1x Dye Reagent (BIO RAD).  BSA was used as the relative protein standard.  

The absorbance of all standards and unknown samples were measured using a 

spectrophotometer at 595 nm.  From this, a BSA standard curve could be generated to 

calculate the protein concentration within the unknown samples. 

 

2.2.18 Western Blotting 

2.2.18.1 Sample preparation 

Once protein concentration was determined by Bradford assay, 30 µg from each tissue 

or cell sample was transferred to a 1.5 mL microcentifuge tube and 4x Laemmli’s 
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sample buffer added.  Samples were boiled at for 5 minutes to denature proteins and 

then stored at -20 °C until required for use. 

 

2.2.18.2 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Resolving gels were prepared as described in 2.1.19 and the mixture added between 

two glass plates assembled vertically in a frame according to the manufacturer’s 

instructions (Bio-Rad) and topped with 300 µl of 0.1% (w/v) SDS to level the surface.    

The SDS was removed after gel polymerisation and a stacking gel (2.1.20) was added 

directly on top of the resolving gel with a Teflon comb immediately inserted into the 

mixture between the glass plates.  After stacking gel polymerisation the comb was 

removed and the glass plates containing the gels were assembled in a Bio-Rad Mini-

PROTEAN IITM electrophoresis tank, with reservoirs filled with electrophoresis 

buffer.  Gels were run at 120V for 1 hour 30 minutes using the Bio-Rad PowerPac 

basic power supply. 

 

2.2.18.3 Electrophoretic Transfer of Proteins to Nitrocellulose Membrane 

Proteins separated by SDS-PAGE were transferred to nitrocellulose membrane by 

electrophoretic blotting.  Briefly, the gel was pressed firmly against a nitrocellulose 

sheet and assembled in a transfer cassette sandwiched between two Whatman 3MM 

paper and two sponge pads. The cassette was immersed in transfer buffer in a BIO-

Rad Mini Trans-Blot TM tank and the tank was cooled by inclusion of an ice reservoir.  

A constant current of 300mA was applied for 105 minutes. 

 

2.2.18.4 Immunological Detection of Protein 

Following transfer of the proteins to the nitrocellulose membrane, the membrane was 

removed and any remaining protein blocked by incubation in 15 mL western blot 

blocking buffer for 2 hours with gentle agitation on a platform shaker. The blocking 

buffer was removed and membranes incubated overnight with HRP-conjugated 

primary antibodies (Table 2.6) diluted in western blot antibody diluent. On the 
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following day membranes were washed with western blot washing buffer three times 

for 5 minutes each wash. Immunoreactive protein bands were detected by incubation 

with enhanced chemiluminescence (ECL) (reagents from Amersham International Plc) 

for 3 minutes. The membranes were blotted on a paper towel, mounted onto an 

exposure cassette and covered with cling film. The membranes were then exposed to 

Kodak X-OMAT LS film for the appropriate time under dark room conditions and 

developed by KODAK M35-M X-OMAT processor.  

 

2.2.18.5 Reprobing of Nitrocellulose Membrane 

The used nitrocellulose membranes were stored at 4oC in a sealed container containing 

TBST-0.1% until reprobing was desired.  Antibodies were then stripped from the 

nitrocellulose membrane by incubating for 1 hour in 15 mL of stripping buffer at 60oC 

on a shaker (Stuart Science Equipment).  After the incubation period the stripping 

buffer was discarded and membranes were rinsed in western blot wash buffer four 

times for 15 minutes to remove residual stripping buffer.  Finally, immunological 

detection of protein was carried out as described in section 2.2.18.4 however the 

blocking step was not required after stripping. 

 

2.2.18.6 Scanning Densitometry 

X-ray films were scanned on an Epson perfection 1640SU scanner using Adobe 

photoshop 5.0.2 software. The captured images were then normalised to a control and 

quantified using Scion Image (Scion Corp., Maryland, USA).  
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Table 2.6:  List of western blot antibodies used 

Antibody Species Manufacturer Code 

pERK Mouse Santa Cruz Biotechnology SC-7383 

Total ERK Rabbit Santa Cruz Biotechnology SC-94 

pJNK Rabbit Cell Signalling 9251S 

Total JNK Rabbit Santa Cruz Biotechnology SC-571 

GAPDH Rabbit Cell Signalling 2118S 

anti-mouse IgG Donkey 
Jackson ImmunoResearch 

Laboratories 
715-005-150 

anti-rabbit IgG Goat 
Jackson ImmunoResearch 

Laboratories 
111-005-144 

 

 

2.2.18 Serum nitric oxide assay 

Serum nitric oxide levels were determined by measuring one of its stable oxidation 

products, nitrite (NO2-) by Griess assay.  Following euthanasia on day 28 post EAE 

induction, the thoracic cavity was opened and a small incision made in the right 

ventricle to allow collection of whole blood in a sterile 1 ml syringe.  Samples were 

centrifuged at 13,000 rpm for 15 minutes at 4 °C and serum retained and stored at -20 

°C.  Griess microplate assays were performed using the Griess reagent kit for nitrite 

determination (G-7921, Molecular Probes; Invitrogen) per manufacturers’ guidelines.  

For this, protein was removed by adding 15 mg/ml zinc sulfate (ZnSO4) to 100 µl 

serum samples, and centrifuged at 13,000 rpm for 10 minutes.  75 µl of supernatant 

was added to each well of a 96 well plate, together with 10 µl Griess reagent and 65 

µl deionized water, and incubated for 30 minutes at RT.  Absorbance was measured at 

548 nm in a spectrophotometric microplate reader.  Nitrite concentrations were 

determined using a standard curve of known nitrite concentrations between 1-100 µM. 
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2.2.19 Statistics 

All data are shown as mean ± SEM.  The distribution of each data set was determined 

using the normality test tool on minitab.  Normally distributed data was analysed by 

two-tailed, unpaired student’s t test and data not normally distributed was analysed by 

Mann-Whitney U test on minitab.  Statistical analysis of EAE clinical score data was 

performed using 2-way ANOVA with repeated measures and bonferroni post hoc tests 

on OriginPro.  A P value of less than 0.05 was considered significant. 
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3 Analysing the expression of MAPKs 

and MKPs in EAE, an animal model of 

MS 

 

3.1 Introduction         

EAE is the most widely used animal model in the study of MS, causing a 

demyelinating CNS inflammation which resembles the key pathological features of 

MS [69], [70].  This response is driven by myelin-specific T cells which migrate across 

the BBB to the CNS.  Here they become re-activated via presentation of antigen and 

inflammatory mediators, predominantly cytokines, which induce further CNS 

infiltration of circulating mononuclear phagocytes to the CNS which themselves 

become activated along with resident phagocytic cells (e.g. microglia and astrocytes).  

Subsequent inflammation, demyelination, axonal loss and oligodendrocyte apoptosis 

occur due to the damaging effects of activated phagocytic cells as well as the 

inflammatory and cytotoxic mediators produced by activated T cells and B cells. 

MAPKs are protein kinases that have a critical role in signal transduction pathways 

involved in cellular responses initiated by extracellular stimuli such as growth factors, 

chemical and physical stress or inflammatory cytokines.  Once activated, MAPKs can 

regulate several key cellular functions including cell proliferation and differentiation, 

apoptosis and inflammatory gene activation, among others.  In particular, MAPKs 

have been shown to be important in T cell and B cell proliferation, differentiation and 

function, as well as in cytokine production within DCs and macrophages; all key 

mediators of EAE pathogenesis. [269]–[272]  Therefore it is likely that the MAPK 

pathway is a key component in the molecular response leading to EAE pathogenesis.  

Several studies utilising MAPK KO mice further support this hypothesis [273]–[275].   

As discussed in Chapter 1, the MAPK signalling cascade is a very complex pathway 

due to the various stimuli, receptors and protein kinases involved.  In addition, the 
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outcome of MAPK phosphorylation is determined by the duration and extent of 

activation, therefore various mechanisms have developed to regulate MAPK activity.  

One of the most prominent examples of this is the MKPs, enzymes which 

dephosphorylate phosphotyrosine and phosphothreonine residues, thus deactivating 

MAPKs [276], [277].   

Therefore, the aims of this chapter were firstly to establish a working model of EAE, 

and then characterise the immunological changes associated with disease onset and 

progression.  Following this, expression and activation of the main MAPKs, ERK, 

JNK and p38, in EAE tissue was assessed.  Finally, the expression of selected MKPs 

within CNS and lymphoid tissue of EAE mice was investigated to determine whether 

there is an association between MKP expression levels and EAE severity, with 

emphasis on one particular MKP of interest, MKP-2. 

  



63 

 

3.2 Results          

3.2.1 EAE induction and monitoring of disease progression 

EAE was induced in 8 week old female C57BL/6 mice following immunization with 

myelin oligodendrocyte glycoprotein peptide fragment 35 - 55 (MOG35-55).  MOG is a 

protein found exclusively within the CNS and is expressed on the surface of 

oligodendrocytes and on the myelin sheath that surrounds axons.  MOG35-55 was 

emulsified in CFA and injected subcutaneously in the lower back on day 0.  In addition, 

mice received PTX i.p. on day 0 and day 2 (Fig 3.1 A).   

Two control groups were included, a naïve group which did not receive any 

immunisations and a PBS group which received PBS in place of MOG35-55.  This group 

was included to investigate any non MOG-specific response caused by the CFA 

supplemented with M. tuberculosis and PTX.  Mice were randomly allocated to each 

group per recommendations set out in the ARRIVE guidelines [268]   

Mice were subsequently monitored daily for clinical signs of disease, and assigned a 

score between 0 and 5 based on a standard EAE scoring system (Fig 3.1 B).   

  



64 

 

(A) 

 

 

 

 

 

(B)   

Score Sign 

0 No clinical signs of disease 

0.5 Partial loss of tail tone 

1.0 Complete loss of tail tone 

1.5 Altered gait 

2.0 Hind limb weakness 

2.5 Paralysis of one hind limb 

3.0 Complete hind limb paralysis 

3.5 Hind limb paralysis and significantly reduced mobility 

4.0 Bilateral paralysis 

5.0 Moribund 

 

Figure 3.1:  EAE induction and clinical scoring.  (A) Schematic diagram showing the method of EAE 

induction and time course of disease development.  (B)  Standard clinical scoring system used to 

evaluate disease severity. 

Day 0 

100 µg MOG35-55 s.c + 
100 ng PTX i.p. 

Day 8-10 

Onset 

Day 2: 

100 ng PTX i.p. 

Day 15-18  

Recovery 

Day 14-16  

Peak 

Female; 7-8 
weeks old 
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As shown in Fig 3.2 A, naïve and PBS mice did not develop any clinical signs of 

disease, and therefore all mice within these groups maintained a clinical score of 0 

over the full period of the experiment.  Mice immunized with MOG35-55 developed a 

monophasic disease course, which is typical with the use of this particular initiating 

agent in C57BL/6 mice.  EAE onset occurred around day 8 – 9.  By day 10, 50 % of 

MOG mice were displaying clinical signs of EAE (Fig 3.2 B).  Disease incidence 

reached a peak of 90 % by day 14 (Fig. 3.2 B).  Most mice reached their maximum 

level of EAE severity between day 16 and 18, with the greatest average clinical score 

observed at day 16 (score = 2.25).  From day 19 onwards mice began to gradually 

recover, with a steady decrease in clinical score.  However full recovery was never 

achieved within the 28-day time course, mice still displayed an average clinical score 

of 1.4. 

As well as checking for clinical signs of disease, we also monitored the weight of each 

animal throughout.  Mice were weighed on day 0 and then daily from day 6 onwards 

and the relative percentage weight change calculated.  Naïve and PBS mice, which did 

not develop EAE, steadily gained weight over the 4-week time course (Fig. 3.2 C).  In 

contrast, the weight of MOG peptide-immunised mice fluctuated with the changes in 

disease severity.  Weight began to decrease at disease onset around day 9-10.  Mice 

were at their lightest at days 14-17 just as they were reaching maximum disease 

severity (between days 16-18).  After this, mice steadily began to regain weight again 

as they recovered.  
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(A)             

 

(B)      (C) 

      

 

Figure 3.2: EAE clinical evaluation.  C57BL/6 mice (Female, 8 weeks) were injected subcutaneously 

with 100 µg MOG35-55 or PBS in CFA supplemented with 2.75 mg/ml M.tuberculosis on day 0 as well 

as 100 ng of Pertussis toxin i.p. on day 0 and day 2.  Results represent (A) mean clinical score ± SEM 

as assessed using the scoring system described in figure 3.1, (B) percentage disease incidence and (C) 

percentage weight change of all animals in each group.  These graphs show representative data from 

one of three individual experiments.  Naïve, n =3; PBS, n = 15; MOG, n= 20.  
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3.2.2 Histological analysis of CNS tissue 

Histological examination was employed to allow us to investigate the extent of 

inflammation in mouse spinal cords at various stages of disease progression.  Tissue 

was removed, flash frozen and cut into 7 micron sections.  Haematoxylin and eosin (H 

& E) staining was then performed.  The data show that there were no obvious signs of 

inflammation in PBS spinal cords at any time point (Fig 3.3 B).  All PBS tissue 

analysed mirrored that of naïve counterparts (Fig 3.3 A).   

In EAE mice there was increased cellular infiltration around the peak of disease, day 

17 (Fig 3.3 C) compared to naïve and PBS tissue.  Infiltration was predominantly 

focused within the white matter region of the spinal cord.  In contrast, no obvious signs 

of inflammation or leukocyte infiltration were observed in day 9 or day 28 MOG 

peptide-immunised mice tissues. 
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Figure 3.3:  Immunopathology of Naïve, PBS and MOG35-55-immunised mouse spinal cords.  

Spinal cords were removed from naïve mice or at EAE Day 9, 17 or 28 from MOG35-55 and PBS-

immunised mice and flash-frozen in OCT.  Seven micron sections were cut and stained with H & E.  

(A) Naïve tissue.  Mice received (B) PBS in CFA or (C) 100 µg MOG35-55 in CFA.  Primary images 

100X magnification, scale bars = 100µm; EAE day 17 secondary images 400X magnification, scale 

bars = 50µm   Images are representative of total mice in each group from one of three individual 

experiments.  Naïve, n = 3; EAE and PBS, n = 6 each time point per experiment.   
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(B) PBS  

(C) EAE  
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3.2.3 Increased MOG-specific cytokine production in EAE spleen cells 

To examine the immunological phenotype and changes in cytokine profile over the 

course of EAE, we analysed cytokine production from splenocytes obtained from EAE 

mice or PBS control mice.  Spleens were harvested at 9, 17 and 28 days post-

immunisation and pooled within each group and analysed in triplicate.  Day 9 (MOG 

n = 6; PBS n = 6); Day 17 (MOG n=7; PBS n=6); Day 28 (MOG n=7; PBS n=5).  Thus 

differences represent technical replicates rather than biological replicates. 

Single spleen cell suspensions were prepared and cultured with media alone or media 

supplemented with MOG35-55 peptide for 72 hours and the supernatant assayed by 

ELISA for expression of cytokines known to be essential in EAE pathogenesis.  Cells 

were also stimulated with conA as a positive control to ensure cells were functional 

and cytokine production could be determined (data not shown).   

No cytokine production was detected by spleen cells from PBS immunised mice 

cultured with media or MOG35-55 at any time point (Fig 3.4).  EAE day 9 spleen cells 

cultured in media alone produced 1033±143 pg/ml IFNγ (mean±SEM).  Upon antigen 

challenge this increased significantly, to 2058±37 pg/ml.  As with day 9, by day 17 

only EAE cultures contained detectable levels of IFNγ.  When cultured with media 

alone, these cells produced 452±157 pg/ml.  However, in response to MOG35-55, IFNγ 

production increased to 2506±125 pg/ml.  Antigen specific IFNγ production was 

reduced in day 28 EAE spleen cells (1548±37 pg/ml) compared to day 9 and day 17.  

No cytokine was detected in day 28 EAE spleen cell media cultures.   

No detectable levels of IL-17 or IL-6 were observed in media-only cultures from all 

groups at each time point.  Naïve and PBS mice spleen cells did not produce any 

detectable levels of IL-17 or IL-6 following in vitro culture with the antigen.  Cells 

from EAE mice produced high levels of IL-17 at day 9 (1100±159 pg/ml), which had 

increased further by day 17 to 1267±19 pg/ml.  IL-17 production then decreased in 

day 28 MOG35-55 cultured EAE cells.  Interestingly, antigen specific IL-6 production 

was at its highest at day 9 (937±20 pg/ml) before decreasing by day 17 and day 28. 
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  Day 9         Day 17           Day 28 

 

 

 

 

Figure 3.4: Cytokine production by spleen cells of PBS or MOG35-55 immunised mice.  Spleens 

were harvested at Day 9, 17 and 28 after immunisation from PBS and EAE mice.  Single cell 

suspensions were prepared and incubated (4x106 cells / well) in a 24-well tissue culture plate for 72 

hours (37°C and 5% CO2) in presence of complete RPMI alone or RPMI supplemented with 40 µg/ml 

MOG35-55.  Supernatants were collected and cytokine expression analysed by ELISA.  Values represent 

mean ± SEM.  Graphs show representative data from one experiment.  Samples were pooled and 

analysed in triplicate.  Day 9 (MOG n = 6; PBS n = 6); Day 17 (MOG n=7; PBS n=6); Day18 – 28 

(MOG n=7; PBS n=5). *P<0.05; **P<0.01 compared to unstimulated EAE cells, two-tailed unpaired 

student’s t test.  
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3.2.4 MAPK mRNA expression in EAE Lymphoid and CNS tissue 

As mentioned previously (Section 3.1), EAE is initiated by autoreactive T cells primed 

and activated by APCs.  The MAPK signalling pathway controls several important 

functions within these cells, including proliferation, differentiation and inflammatory 

gene activation, and thus it is an integral part of disease pathogenesis.  Therefore, to 

establish what changes occur in MAPK expression at various stages of EAE 

development, we analysed the relative mRNA levels of total ERK, JNK and p38 within 

the spleen, draining lymph nodes (inguinal lymph nodes; dLNs) and CNS using 

quantitative PCR (qPCR).   

 

3.2.4.1 Spleen and dLNs 

Spleen and dLNs were collected from naïve and EAE day 21 mice.  RNA was isolated 

using TRIzol and reverse transcribed to cDNA to allow analysis of mRNA expression 

by qPCR using the 2-ΔΔCT method, with values in EAE samples expressed as relative 

to naïve.  This date (EAE day 21) was chosen as clinical severity is still high, and it 

allowed maximal use of various tissues and biological samples by other members of 

the lab group, thus adhering to ‘the 3Rs’ of animal testing (replace, reduce and refine). 

An insufficient number of naïve samples prevented statistical analysis of these results 

(n=2), however our data suggest that the mRNA levels of total ERK2 and JNK1 may 

be increased in day 21 EAE spleens relative to naïve expression with mRNA on 

average 7.4-fold and 6.6-fold greater respectively than untreated mice (Fig 3.5 A), as 

well as ERK2 expression in EAE dLNs (2.3-fold relative to naïve; Figure 3.5 B).  All 

other MAPKs analysed appear to remain unchanged in EAE samples but statistical 

analysis is required to confirm this.  
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Figure 3.5:  Relative MAPK mRNA expression in naïve and EAE day 21 spleen and dLN tissue.  

(A) Spleen and (B) dLNs were harvested from naïve and day 21 EAE mice.  RNA was isolated and 

reverse transcribed to allow analysis of cDNA by quantitative PCR.  The housekeeping gene TATA-

binding protein was analysed simultaneously to allow normalisation of target gene expression.  Results 

show changes in ERK1, ERK2, JNK1, JNK2 and p38 mRNA expression in MOG tissue relative to 

naïve mice tissues using the 2-ΔΔCT method.  Naïve n = 2; EAE spleen n=4, EAE LN n=6. 
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3.2.4.2 Spinal cord 

Spinal cord tissue was collected from PBS-control and EAE day 9, 17 and 28 mice.  

RNA was isolated using TRIzol and reverse transcribed to cDNA to allow analysis of 

mRNA expression by qPCR using the 2-ΔΔCT method, with values in EAE samples 

expressed as relative to naïve.   

Upon disease onset at day 9, expression of all isoforms tested - ERK1, ERK2, JNK1, 

JNK2 and p38 - within MOG-immunised spinal cord tissue remained unchanged 

relative to PBS control mice (Fig 3.6 A).  By day 17, the peak of EAE severity, 

expression of all MAPKs again remained unchanged in EAE mice compared to PBS 

(Fig 3.6 B).  In contrast, JNK1 mRNA levels were significantly increased in EAE day 

28 samples relative to PBS (2.9-fold; Fig 3.6 C). 
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Figure 3.6:  Relative MAPK mRNA expression in PBS and EAE spinal cords.  Spinal cords were 

harvested at (A) day 9, (B) day 17 and (C) day 28 from mice immunized with either PBS or MOG.  As 

described in the methods section, RNA was isolated and reverse transcribed to allow analysis of cDNA 

by quantitative PCR.  The housekeeping gene tubulin beta 5 was analysed simultaneously to allow 

normalisation of target gene expression.  Results show changes in ERK1, ERK2, JNK1, JNK2 and p38 

mRNA expression EAE tissue relative to PBS using the 2-ΔΔCT method.  Values represent mean ± 

SEM from 2 individual experiments.  PBS n = 6; EAE n = 10 each time point.  *P<0.05 compared to 

PBS, Mann-Whitney U test. 
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3.2.5 p-ERK and p-JNK expression in EAE CNS tissue 

MAPK phosphorylation is a key component involved in regulation of inflammatory 

responses within T cells, B cells, dendritic cells and macrophages among others.  The 

MAPKs are also known to be involved in the immune response of MS/EAE.  Therefore 

ERK and JNK phosphorylation in EAE brain and spinal cord tissues was investigated 

by western blot.  Membranes were probed for phospho-ERK/JNK, then stripped and 

re-probed for respective total kinase levels and GAPDH.   

For densitometry analysis, GAPDH levels were used as a loading control.  Total kinase 

expression was then used to ensure changes in phosphorylated levels were not simply 

due to the varying levels of ERK or JNK.  Finally, phospho-ERK / JNK values in PBS 

and EAE mice were expressed as relative to naïve samples.   

 

3.2.5.1 ERK 

Firstly, p-ERK1 and p-ERK2 expression in naïve, PBS and EAE spinal cord tissue was 

examined (Fig 3.7 A-C; Fig 3.8 A-C).  However analysis of more tissues is required 

to permit statistical analysis in order to confirm our results. 

No changes in ERK1 or ERK2 phosphorylation were observed in day 9 or day 17 EAE 

samples relative to expression within naïve and PBS control samples (Fig 3.7 D).   

By day 28 there remained no difference in p-ERK1 or p-ERK2 expression between 

naïve, PBS and EAE spinal cords, (Fig 3.8 D).  
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Figure 3.7:  p-ERK expression in spinal cord tissue of naïve, PBS or EAE mice at day 9 and day 

17.  Spinal cords were harvested from naïve, PBS and MOG35-55 immunised mice at day 9 or 17 and 

whole protein lysate prepared using RIPA buffer.  (A) p-ERK expression was analysed by western 

blotting.  Membranes were stripped and re-probed for (B) total ERK and (C) GAPDH.  (D) 

Densitometry was utilised to determine changes in p-ERK1 and p-ERK2 expression relative to naïve, 

with GAPDH used as a loading control and total ERK used as a control for variances in overall ERK 

levels between samples.  Data shown is from one experiment.  
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Figure 3.8:  p-ERK expression in spinal cord tissue from naïve, PBS and EAE mice at day 28.  

Spinal cords were harvested from naïve, PBS and MOG35-55 immunised mice at 28 and whole protein 

lysate prepared using RIPA buffer.  (A) p-ERK expression was analysed by western blotting.  

Membranes were stripped and re-probed for (B) total ERK and (C) GAPDH.   (D) Densitometry was 

utilised to determine changes in p-ERK1 and p-ERK2 expression relative to naïve, with GAPDH used 

as a loading control and total ERK used as a control for variances in overall ERK levels between 

samples.  Data shown is from one experiment. 
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We next analysed ERK phosphorylation in corresponding brain samples from day 9, 

day 17 (Fig 3.9 A-C) and day 28 (Fig 3.10 A-C) EAE-induced mice.  Our data show 

no change in p-ERK1 expression in day 9, day 17 (Fig 3.9 D) or day 28 (Fig 3.10 D) 

EAE mice relative to naïve and PBS counterparts.   

Levels of p-ERK2 were significantly increased in EAE day 9 brain tissues compared 

to PBS controls (Fig 3.9 D), while a similar trend was also observed at day 17 (Fig 3.9 

D) and day 28 (Fig 3.10 D) however increased sample numbers would be required to 

confirm this via statistical analysis and thus increased phosphorylation at these later 

stages of EAE has to be confirmed. 
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Figure 3.9:  p-ERK expression in brain tissue of naïve, PBS or EAE mice at day 9 and day 17.  

Brains were harvested from naïve, PBS and MOG35-55 immunised mice at day 9 or 17 and whole protein 

lysate prepared using RIPA buffer.  (A) p-ERK expression was analysed by western blotting.  

Membranes were stripped and re-probed for (B) total ERK and (C) GAPDH.  (D) Densitometry was 

utilised to determine changes in p-ERK1 and p-ERK2 expression relative to naïve, with GAPDH used 

as a loading control and total ERK used as a control for variances in overall ERK levels between 

samples.  (E) Graph represents average change in expression ± SEM in PBS and EAE groups at day 9.  

Data shown is from one experiment.  *P<0.05 EAE p-ERK2 compared to PBS, two-tailed unpaired 

student’s t test. 

 

 

p-ERK 2 

GAPDH 

ERK1 

ERK2 

Naive PBS EAE 

Day 9 

PBS EAE 

Day 17 

(A) 

(B) 

(C) 

(D) 

p-ERK 1 

(E) 

0

1

2

3

4

R
el

at
iv

e 
p

-E
R

K
 e

xp
re

ss
io

n

p-ERK1

p-ERK2

0

1

2

3

PBS EAE

A
ve

ra
ge

 p
ER

K
 e

xp
re

ss
io

n

* 

Day 9 Day 17 



80 

 

 

 

 

Figure 3.10:  p-ERK expression in brain tissue of naïve, PBS and EAE mice at day 28.  Brains were 

harvested from naïve, PBS and MOG35-55 immunised mice at 28 and whole protein lysate prepared using 

RIPA buffer.  (A) p-ERK expression was analysed by western blotting.  Membranes were stripped and 

re-probed for (B) total ERK and (C) GAPDH.  (D) Densitometry was utilised to determine changes in 

p-ERK1 and p-ERK2 expression relative to naïve, with GAPDH used as a loading control and total 

ERK used as a control for variances in overall ERK levels between samples.  Data shown is from one 

experiment. 
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3.2.5.2 JNK 

Following this, we subsequently analysed phosphorylation levels of the two primary 

JNK isoforms, JNK1 and JNK2 (Fig 3.11; Fig 3.12).  Our data suggest a possible, but 

inconclusive, increase in expression of p-JNK1 at day 9 EAE onset and day 17 EAE 

peak relative to naïve and PBS controls (Fig 3.11 D).   

We observed no difference in p-JNK2 expression between naïve, PBS and EAE 

samples at day 9 or day 17 (Fig 3.11 D).  Both JNK1 and JNK2 phosphorylation were 

unchanged in EAE day 28 spinal cords compared to naïve and PBS counterparts (Fig 

3.12 D).  However analysis of more tissues is required to allow statistical analysis to 

confirm this, and therefore these observations remain as yet inconclusive. 
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Figure 3.11:  p-JNK expression in spinal cord tissue of naïve, PBS and EAE mice at day 9 and day 

17.  Spinal cords were harvested from naïve, PBS and MOG35-55 immunised mice at day 9 or 17 and 

whole protein lysate prepared using RIPA buffer.  (A) p-JNK expression was analysed by western 

blotting.  Membranes were stripped and re-probed for (B) total JNK and (C) GAPDH.  (D) Densitometry 

was utilised to determine changes in p-JNK1 and p-JNK2 expression relative to naïve, with GAPDH 

used as a loading control and total JNK used as a control for variances in overall JNK levels between 

samples.  Data shown is from one experiment. 
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Figure 3.12:  p-JNK expression in spinal cord tissue of naïve, PBS and EAE mice at day 28.  Spinal 

cords were harvested from naïve, PBS and MOG35-55 immunised mice at 28 and whole protein lysate 

prepared using RIPA buffer.  (A) p-JNK expression was analysed by western blotting.  Membranes 

were stripped and re-probed for (B) total JNK and (C) GAPDH.  (D) Densitometry was utilised to 

determine changes in p-JNK1 and p-JNK2 expression relative to naïve, with GAPDH used as a loading 

control and total JNK used as a control for variances in overall JNK levels between samples.  Data 

shown is from one experiment. 
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In EAE brain tissue (Fig 3.13 A-C; Fig 3.14 A-C), the levels of p-JNK1 and p-JNK2 

remained consistent between naïve, PBS and EAE samples at each time point analysed, 

day 9 (Fig 3.13 D), day 17 (Fig 3.13 D) and day 28 (Fig 3.14 D), thus suggesting no 

change in the level of JNK phosphorylation in brain tissue of EAE mice.   

However analysis of more tissues is required to allow statistical analysis to confirm 

this between naïve and EAE samples, and between PBS and EAE samples at day 17 

and day 28.  There was no statistical difference between PBS and EAE samples at day 

9.  
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Figure 3.13:  p-JNK expression in brain tissue of naïve, PBS and EAE mice at day 9 and day 17.  

Brains were harvested from naïve, PBS and MOG35-55 immunised mice at day 9 or 17 and whole protein 

lysate prepared using RIPA buffer.  (A) p-JNK expression was analysed by western blotting.  

Membranes were stripped and re-probed for (B) total JNK and (C) GAPDH.   (D) Densitometry was 

utilised to determine changes in p-JNK1 and p-JNK2 expression relative to naïve, with GAPDH used 

as a loading control and total JNK used as a control for variances in overall JNK levels between samples.  

(E) Graph represents average change in expression ± SEM in PBS and EAE groups at day 9.  Data 

shown is from one experiment.  Not statistically significant, two-tailed unpaired student’s t test.  
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Figure 3.14:  p-JNK expression in brain tissue naïve, PBS and EAE mice at day 28.  Brains were 

harvested from naïve, PBS and MOG35-55 immunised mice at 28 and whole protein lysate prepared using 

RIPA buffer.  (A) p-JNK expression was analysed by western blotting.  Membranes were stripped and 

re-probed for (B) total JNK and (C) GAPDH.   (D) Densitometry was utilised to determine changes in 

p-JNK1 and p-JNK2 expression relative to naïve, with GAPDH used as a loading control and total JNK 

used as a control for variances in overall JNK levels between samples.  Data shown is from one 

experiment. 
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3.2.6 Analysing MKP-2 expression in EAE CNS tissue by immunohistochemistry 

Regulation of MAPK activity is an integral part of the signalling pathway in the 

initiation and development of immune responses.  One mechanism for this is MAPK 

dephosphorylation by MKPs.  Previous reports have shown a role for MKP-1 in 

various conditions, including EAE.  However, less is known about the role of the 

closely related MKP-2, which has a similar expression profile and functional 

repertoire.  To understand the function of MKP-2 in the development of EAE, we first 

examined its expression in the CNS tissues. 

Firstly, we investigated whether MKP-2 is expressed by CNS tissues and if EAE 

induction affected expression levels of MKP-2 in CNS tissue using 

immunohistochemical staining.  Naïve and MOG immunised spinal cord and brain 

tissues were stained with two different anti-MKP-2 antibodies (details listed in Chapter 

2, Table 2.1) using both biotin-conjugated and fluorescent-conjugated secondary 

antibodies (Fig 3.15 A, D).  Several controls were also used, including isotypes and 

various negative controls (Fig 3.15 B, C, E, F).  However successful specific staining 

was never confirmed as identical results were observed between MKP-2 WT and KO 

tissue stained with anti-MKP-2 as well as tissues stained with isotype antibodies.  

Therefore the staining obtained was deemed to be non-specific.   
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Figure 3.15:  Immunohistochemical staining of MKP-2 CNS tissue.  Brain and spinal cords were 

harvested from naïve C57BL/6, MKP-2 +/+ or MKP-2 -/- mice and flash frozen in OCT mounting 

compound.  Tissue was cut into 7 micron sections and immunofluorescent staining performed.  Naïve 

spinal cord stained with (A) rabbit anti-MKP-2 or (B) rabbit IgG isotype control.  (C) MKP-2 -/- 

spinal cord stained with rabbit anti-MKP-2.  Naïve brain sections stained with (D) rabbit anti-MKP-2 

or (E) rabbit IgG isotype control.  (F) MKP-2 -/- brain stained with rabbit anti-MKP-2.  Secondary 

antibody was an Alexa Fluor 568 labelled goat anti-rabbit. 
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To ensure the experimental technique was okay, sections were also stained with anti-

IL-22 and anti-IL-33, two antibodies known to work from previous experiments within 

our lab.  We observed positive, specific staining for both of these controls (data not 

shown).   

Following that we used embryonic fibroblast cell cultures, which are known to highly 

express MKP-2, as a final positive control.  However no expression could be detected 

(Fig 3.16 A, B).  From this, it was concluded that the functional problem was with the 

MKP-2 antibodies, which seemed unable to be utilised for IHC techniques.  Therefore 

detection of MKP-2 expression had to be achieved using an alternative method. 
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   (A)       (B) 

       

 

Figure 3.16:  MKP-2 staining in mouse embryonic fibroblasts.  (A) MKP-2 +/+ and (B) MKP-2 -/- 

mouse embryonic fibroblasts were cultured in multiwall chamber slides for 24 hours before staining 

with anti-MKP-2 antibody followed by a biotin-conjugated secondary antibody and Vector DAB 

substrate. 

 

  



91 

 

3.2.7 Effect of EAE on MKP mRNA expression 

As immunohistochemical staining of MKP-2 was unsuccessful, we instead focused on 

analysing the mRNA expression of MKP-2, as well as other selected MKPs, in the 

CNS by qPCR.  Spinal cords from PBS and MOG immunized mice were removed at 

days 9, 17 and 28.  RNA was then extracted, quantified and reverse transcribed to 

allow analysis of mRNA expression by qPCR.  Values in EAE samples are expressed 

as relative to PBS using the 2-ΔΔCT method.   

 

3.2.7.1 MKP-2 

Firstly, MKP-2 was analysed.  On day 9, our data shows that MKP-2 mRNA 

expression is unchanged in EAE tissue relative to PBS (Fig 3.17).  In contrast, by day 

17, MKP-2 was significantly upregulated in EAE mice, with mRNA expression 3-fold 

higher than PBS controls.  Equivalent levels of MKP-2 mRNA were observed at day 

28 in EAE and PBS spinal cord tissue. 
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Figure 3.17: Relative MKP-2 mRNA expression in tissues of PBS or EAE mice.  Spinal cords were 

harvested at day 9, 17 and 28 from C57BL/6 mice immunized with either PBS or MOG.  RNA was 

isolated and reverse transcribed to allow analysis of cDNA by quantitative PCR.  The housekeeping 

gene tubulin beta 5 was analysed simultaneously to allow normalisation of MKP-2 expression.  Results 

show mean±SEM changes in MKP-2 mRNA expression in MOG immunised mice tissue relative to 

PBS using the 2-ΔΔCT method.  Data is from two individual experiments.  PBS n=6 at day 9 and day 

17, n=7 at day 28; MOG n=7 at day 9, n=8 at day 17, n=9 at day 28.  **P<0.001 compared to PBS, 

Mann-Whitney U test. 
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As well as MKP-2, we also analysed other MKPs/DUSPs.  These were chosen based 

on previous links to EAE or other inflammatory/autoimmune disorders, as well as 

trying to ensure representation from different MKP sub-groups (Section 1.4).     

 

3.2.7.2 MKP-1 

MKP-1 mRNA expression between EAE and PBS control spinal cord tissues was 

analysed.  Our data show that MKP-1 was potentially upregulated in day 9 EAE spinal 

cord tissue with a general, but not statistically significant, increase of 2.3-fold relative 

to PBS (Fig 3.18).  However no differences in MKP-1 levels were observed at either 

day 17 or day 28 samples between EAE and mice. 
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Figure 3.18: Relative MKP-1 mRNA expression in tissues of PBS or EAE mice.  Spinal cords were 

harvested at day 9, 17 and 28 from C57BL/6 mice immunized with either PBS or MOG.  RNA was 

isolated and reverse transcribed to allow analysis of cDNA by quantitative PCR.  The housekeeping 

gene tubulin beta 5 was analysed simultaneously to allow normalisation of MKP-1 expression.  Results 

show mean±SEM changes in MKP-1 mRNA expression in MOG immunised mice tissues relative to 

PBS using the 2-ΔΔCT method.  Data is from two individual experiments.  PBS n=7; MOG n=7 at day 

9, n=9 at day 17, n=10 at day 28.  Not statistically significant, Mann-Whitney U test. 
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3.2.7.3 DUSP5 

DUSP5 is a nuclear MKP known to be involved in regulation of T cell functions and 

has been previously studied in a CIA model.  In our study, DUSP5 mRNA expression 

in spinal cord tissues was unaltered, with no statistical differences between EAE mice 

and PBS controls at any time point analysed, day 9, day 17 or day 28 post 

immunisation (Fig 3.19).  
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Figure 3.19: Relative DUSP5 mRNA expression in tissues of PBS or EAE mice.  Spinal cords were 

harvested at day 9, 17 and 28 from C57BL/6 mice immunized with either PBS or MOG.  RNA was 

isolated and reverse transcribed to allow analysis of cDNA by quantitative PCR.  The housekeeping 

gene tubulin beta 5 was analysed simultaneously to allow normalisation of DUSP5 expression.  Results 

show mean±SEM changes in DUSP5 mRNA expression in MOG immunised mice tissue relative to 

PBS using the 2-ΔΔCT method.  Data is from two individual experiments.  PBS n=6 at day 9, n=7 at 

day 17 and day 28; MOG n=8 at day 9, n=9 at day 17 and day 28.  Not statistically significant, Mann-

Whitney U test.   
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3.2.7.4 MKP-7 

MKP-7 is expressed in both the nucleus and the cytoplasm.  Like DUSP5, it is involved 

in regulation of various T cell functions.  Our data show that MKP-7 mRNA 

expression is significantly decreased by 0.33-fold in day 17 EAE spinal cord tissue 

relative to PBS samples (Fig 3.20).  No statistical differences were observed at day 9 

or day 28 between EAE samples and PBS controls. 

  



98 

 

 

 

Figure 3.20: Relative MKP-7 mRNA expression in tissues of PBS or EAE mice.  Spinal cords were 

harvested at day 9, 17 and 28 from C57BL/6 mice immunized with either PBS or MOG.  RNA was 

isolated and reverse transcribed to allow analysis of cDNA by quantitative PCR.  The housekeeping 

gene tubulin beta 5 was analysed simultaneously to allow normalisation of MKP-7 expression.  Results 

show mean±SEM changes in MKP-7 mRNA expression in MOG immunised tissues relative to PBS 

using the 2-ΔΔCT method.  Data is from two individual experiments.  PBS n=3; MOG n=3 at day 9; 

n=5 at day 17 and day 28.  *P<0.05 compared to PBS, Mann-Whitney U test. 
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3.2.7.5 MKP-5 

MKP-5 also shows both nuclear and cytosolic localization.  Previous research has 

suggested it is involved in EAE pathogenesis.  Here we examined the expression of 

MKP-5 mRNA in the spinal cord tissues of EAE and PBS control group mice at day 

9, day 17 or day 28 after immunisation.  Our data show that there was a wide variation 

in MKP-5 mRNA levels between individual mice in both groups, and that there was 

no difference in the expression levels between EAE and PBS controls at any time point 

(Fig 3.21). 
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Figure 3.21: Relative MKP-5 mRNA expression in tissues of PBS or EAE mice.  Spinal cords were 

harvested at day 9, 17 and 28 from C57BL/6 mice immunized with either PBS or MOG.  RNA was 

isolated and reverse transcribed to allow analysis of cDNA by quantitative PCR.  The housekeeping 

genes tubulin beta 5 was analysed simultaneously to allow normalisation of MKP-5 expression.  Results 

show mean±SEM changes in MKP-5 mRNA expression in MOG immunised mice tissues relative to 

PBS using the 2-ΔΔCT method.  Data is from two individual experiments.  PBS n=3; MOG n=6 at day 

9 and day 17; n=5 at day 28.  Not statistically significant, Mann-Whitney U test. 
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3.2.7.6 MKP-x 

The final MKP investigated, due to previous implications in EAE, was MKP-x.  Our 

data show that the relative expression of MKP-x mRNA in EAE mice spinal cord 

tissues remained unchanged at day 9, day 17 and day 28 when compared to PBS 

controls (Fig 3.22).  

In summary, this study has determined the mRNA expression levels of various MKPs 

including MKP-1, MKP-2, MKP-5, MKP-7 and DUSP-5 in the inflammatory spinal 

cord tissues from EAE mice at disease onset, peak and resolution stages and compared 

with tissues of PBS immunised mice which had no CNS inflammation. The main 

changes we observed were significantly increased MKP-2 mRNA expression in the 

spinal cord of EAE mice compared with controls at the peak of clinical severity, day 

17 after immunisation, whereas MKP-7 is decreased at this time. The data may suggest 

MKP-2 and MKP-7 are involved in the development of CNS inflammation but 

potentially with different roles  
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Figure 3.22: Relative MKP-x mRNA expression in tissues of PBS or EAE mice.  Spinal cords were 

harvested at day 9, 17 and 28 from C57BL/6 mice immunized with either PBS or MOG.  RNA was 

isolated and reverse transcribed to allow analysis of cDNA by quantitative PCR.  The housekeeping 

gene tubulin beta 5 was analysed simultaneously to allow normalisation of MKP-x expression.  Results 

show mean±SEM changes in MKP-x mRNA expression in MOG immunised mice tissues relative to 

PBS using the 2-ΔΔCT method.  Data is from two individual experiments.  PBS n=3; MOG n=6 at day 

9 and day 17; n=5 at day 28.  Not statistically significant, Mann-Whitney U test. 
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3.3 Discussion         

In line with previous studies [278], [279], C57BL/6 mice developed an acute, 

monophasic form of EAE following immunisation with MOG35-55.  EAE severity 

reached a peak at days 16-18, with 90 % of MOG-immunised mice showing clinical 

signs of disease, confirming the effectiveness of MOG35-55 in inducing this animal 

model.  Mice receiving PBS instead of MOG peptide did not develop any clinical signs 

of EAE, proving that EAE is only induced by specific CNS autoantigens, and not by 

adjuvants included in the immunisation (e.g. CFA, PTX) which only serve to enhance 

the immune response.  To further discount for the role of these ‘immunological 

boosts,’ and to confirm the cytokine profile involved in EAE, spleens from naïve, PBS 

and MOG peptide immunised mice were harvested at different time points (initiation, 

peak and resolution stages of EAE) and cells re-challenged with MOG35-55 ex vivo.  

Only cells from mice originally immunised with MOG peptide in vivo responded to a 

second challenge from the antigen, with higher levels of IFNγ, IL-17 and IL-6 

compared with naïve or PBS immunised groups, verifying the specificity of the 

autoimmune response in EAE.  Naïve and PBS-immunised mice spleen cell cultures 

contained no detectable levels of cytokine following MOG stimulation, confirming a 

lack of autoreactive T cells when mice are only immunised with CFA and PTX without 

MOG peptide.  

Increased IL-6 production by EAE mice spleen cells following MOG stimulation 

suggests an important role for this cytokine in EAE development.  Previous research 

supports this finding, with increased IL-6 observed in MS serum and CSF samples 

[280], MS brain samples [281] and EAE animals [282], [283].  The functional role of 

IL-6 in EAE has also been investigated utilising IL-6 -/- mice.  Animals deficient in 

this cytokine are fully resistant to EAE, associated with reduced proliferation and 

effector function of autoreactive T cells as well as reduced myelin-specific antibody 

levels [284]–[286], suggesting IL-6 exacerbates EAE severity.  However IL-6 may be 

more involved in the early inflammatory response.  Our data shows reduced expression 

at later time points, emphasising the shift to an adaptive response driven predominantly 

by T cells, particularly Th1 and Th17 cells as evidenced by increased IFNγ and IL-17 

expression respectively at day 17, correlating with disease peak.  These results are in 
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agreement with several previous studies which have also shown increased IL-17 and 

IFNγ, predominantly from CD4+ T cells, in EAE mice as well as in MS lesions [89], 

[287]–[289].  In addition, EAE can be induced by adoptive transfer of myelin-specific 

Th1 and Th17 cells [88], [98], confirming the essential role of Th1 and Th17 cells and 

their cytokines in MS/EAE pathogenesis.  IL-6 may also be downregulated at later 

stages of EAE in an attempt to reduce disease pathogenesis as IL-6 is known to be 

involved in the differentiation of MOG-specific Th17 cells [290].  

Upon development of EAE, mice began to lose weight, with peak weight loss 

coinciding with peak of disease.  This is in agreement with previous reports which 

have monitored the weight of mice following EAE induction [291], [292].  The 

decreased weight is most likely attributable to side effects of inflammation; but may 

also be a result of reduced appetite or inability to reach food and water due to paralysis.  

Mice were monitored daily and provided with wet food when EAE was most severe.  

Following amelioration of disease, MOG immunised mice began to regain lost weight 

and grow beyond initial starting weight. 

As would be perhaps expected, there were no obvious indications of cellular 

infiltration or inflammation in spinal cord tissues of naïve or PBS-immunised mice at 

any time.  This reflects the lack of CNS-specific response as no initiating myelin 

peptide has been given.  In those mice that received MOG peptide immunisation, only 

at day 17 were there substantial signs of an inflammatory response within the CNS, 

predominantly in the white matter of each spinal cord.  The majority of EAE lesions 

occur in the white matter [84]–[86], which would explain why most cells migrate to 

these areas.  This was not seen at day 9, when the clinical signs of EAE manifest, or at 

day 28 when most mice have shown signs of recovery.  Thus confirming that it takes 

time for cell infiltration to occur, and that disease pathogenesis is driven by these cells 

migrating across the disrupted BBB into the CNS, here becoming reactivated to cause 

axonal damage via myelin destruction.   

MAPKs are involved in regulation of innate and adaptive immune responses, including 

T cell proliferation and differentiation and inflammatory gene activation within several 

different cell types including T cells, B cells, DCs, macrophages/microglia and 

astrocytes [178], [193], [269], [293]–[295].  As a result of this, the MAPK pathway is 



105 

 

considered a key component of the molecular response leading to MS and EAE 

pathogenesis [296].  Our data suggest that ERK2 may be involved in EAE 

pathogenesis as its relative mRNA expression appeared to be increased in EAE day 21 

spleen and dLNs, although these changes could not be analysed for statistically 

differences due to the low sample n numbers and therefore this would have to be 

confirmed with further experiments.  However we did observe a significant increase 

in ERK2 phosphorylation in EAE day 9 brain samples compared to PBS controls, 

suggesting a potential role within the CNS for ERK2 in EAE development.  In contrast, 

total ERK1 mRNA levels were unchanged in spinal cord and spleen tissue, with no 

increase in p-ERK1 expression.  These results would perhaps suggest ERK1 may not 

be as important in EAE development.   

Most work looking at the role of ERK in EAE to date has primarily focused on ERK1, 

with conflicting results.  In one study, increased EAE susceptibility in ERK1 -/- mice 

was observed; associated with enhanced CNS inflammation as well as increased Th1 

cytokine production and MOG-specific antibody titers [297].  This would imply ERK1 

is involved in regulating certain aspects of the autoimmune response associated with 

EAE and may, therefore, contribute to amelioration of disease.  However, another 

group found that deletion of ERK1 had no effect on EAE severity, T cell effector 

function and CNS infiltration or cytokine production [298], suggesting ERK1 is not 

essential for EAE development.  They also postulated a possible compensatory 

mechanism of ERK2, but with little evidence to back this up.  Finally, Brereton et al., 

utilised an inhibitor of MEK1/2 (kinases which phosphorylate ERK1 and ERK2) to 

prevent ERK activation, and found EAE severity was significantly reduced along with 

Th1 and Th17 responses [273].  As both ERK1 and ERK2 activity were blocked in 

this experiment, it would suggest that both must be simultaneously targeted to 

successfully ameliorate EAE pathogenesis otherwise one will compensate in the 

absence of the other.  Our data presented here remains inconclusive, but suggests 

ERK2 may warrant further analysis to determine a possible role in EAE development.        

JNK1 may also be involved in EAE progression as a previous study reported decreased 

EAE severity in JNK1 -/- mice as a result of reduced MOG-specific Th1 responses 

[274].  In our study, total JNK1 mRNA expression was significantly increased in EAE 
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day 28 spinal cord tissue relative to PBS controls.  In addition, although not statistically 

significant, our data display a possible increase in JNK1 mRNA in EAE spleen and p-

JNK1 levels in EAE day 9 and day 17 spinal cords.  However, as with ERK, this needs 

to be confirmed by repeating experiments to allow statistical analysis.  JNK2 only 

displayed a moderate upregulation in spleen and day 9 spinal cord tissue and showed 

little change in phosphorylation.  These results would suggest JNK2 is not as important 

in EAE pathogenesis as JNK1, and is in agreement with a previous report which 

showed that JNK2 deficient mice are fully susceptible to EAE, with no change in T 

cell proliferation or function and equivalent levels of demyelination and inflammation 

[299].  Similarly, in the CIA model, JNK1 deletion results in almost complete 

resistance while JNK2 -/- animals remain highly susceptible [300].  CIA is an animal 

model of rheumatoid arthritis, another condition associated with chronic inflammation.  

Taken together, the results of our study and others indicate that JNK1 is likely involved 

in the pathogenesis of inflammatory disorders while JNK2 appears to be more 

dispensable. 

The final MAPK analysed, p38, does not appear to be involved in the immune response 

of EAE as mRNA expression remained unchanged in CNS, spleen and dLN tissue.  

However to confirm the role of p38 signalling in EAE pathogenesis in this study, 

phosphorylation levels would have to be analysed for a stronger representation of 

kinase activity.   From previous literature, deletion of p38α results in mice being 

completely resistant to EAE [275].  To determine which cells p38α deficiency was 

most affecting, they generated mice selectively lacking this gene in T cells, 

marcophages or DCs.  EAE was only ameliorated in p38α KO DC mice, with a lack 

of p38α signalling in DCs leading to reduced Th17 function.  In contrast, mice with 

p38α deficiency in T cells or macrophages developed EAE equivalent to WT 

counterparts.  This suggests p38 is essential in EAE pathogenesis, and that this is due 

to its role in DCs and the subsequent effect this has on T cell function.  The role of p38 

in EAE was further supported by another report which found that the use of a p38 

inhibitor renders mice totally resistant to EAE [301].  The p38 MAPK pathway 

required continuous blocking by daily administration of the inhibitor, suggesting p38 

is important in disease development as well as progression of the autoimmune response 

and that this effect was due, in part, to impaired IL-17 production by CD4+ T cells.   
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The MAPK pathway is subject to negative regulation by MKPs, which inactivate 

MAPKs via dephosphorylation.  Therefore MKPs can control the level of 

differentiation, proliferation and inflammatory cytokine production mediated by 

MAPK signalling.  Very few studies to date have looked at MKPs in the context of 

autoimmune conditions such as MS and EAE; however a potential role for two 

particular phosphatases, MKP-1 and MKP-5, as well as the atypical DUSP22, in EAE 

pathogenesis has emerged [217], [243], [259].  In addition, MKP-2 has been linked to 

other inflammatory conditions including sepsis and acute-lung injury (ALI) [232], 

[233]. 

In the present study, a significant increase in MKP-2 mRNA expression was observed 

in spinal cord tissue at day 17, the peak of EAE severity, relative to PBS controls 

suggesting MKP-2 is likely to be involved in EAE pathogenesis.  MKP-2 expression 

in EAE mice tissues returned to comparable PBS group levels by day 28.  This suggests 

that MKP-2 possibly plays a role in the CNS-specific response leading to inflammation 

and axonal damage, before expression of this molecule is reduced to help facilitate 

recovery. 

MKP-1 was the first discovered member of the MKP family [199] and, like MKP-2, 

is ubiquitously expressed throughout the body [201], with nuclear localisation [202] 

and varied substrate specificity in different cells [205], [206], [302].  It has previously 

been demonstrated that MKP-1 deficient mice are less susceptible to EAE 

development, associated with reduced CD4+ T cell proliferation and CNS infiltration 

as well as decreased IL-17 and IFNγ production [217].  These data support a role for 

MKP-1 in EAE pathogenesis.  Surprisingly our study did not show any changes in 

MKP-1 mRNA in spinal cord tissues at the onset, peak and resolution stages of EAE 

when compared to PBS immunised mice controls. Increased sample numbers in the 

experiment groups will help to determine whether the mRNA expression levels of 

MKP-1 are correlated with EAE severity.  

We observed no difference in DUSP5 expression within the spinal cord at any time 

point between EAE and PBS mice, suggesting this gene may not be important in 

immune response within the CNS.  DUSP5 has previously been shown to ameliorate 

CIA by decreasing the frequency of Th17 cells while increasing Treg cell populations 
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as well as reducing proinflammatory cytokine production and ERK activation [262].  

Therefore DUSP5 may perform a similar protective role in this animal model by 

regulating the immune response.  

Overall expression levels (based on Ct values) were low for MKP-7.  This may be due 

to EAE being a predominantly Th1/Th17-driven disease rather than Th2 cells.  

Previous research has shown that MKP-7 expression decreases when CD4+ T cells 

differentiate into Th1 cells but is upregulated in Th2 cells [248].  The upregulation of 

MKP-7 expression in Th2 was also supported by another study in which transgenic 

mice expressing a dominant negative form of MKP-7, specifically in T cells, display 

an enhanced Th1 phenotype, with a corresponding reduction in Th2 cytokine 

expression [248], [249].  Therefore if MKP-7 is more associated with Th2 responses, 

and can drive the immune response towards this phenotype; it would explain the 

decreased expression observed in the day 17 EAE spinal cord tissue.  

Levels of MKP-5 and MKP-x mRNA were found to be unchanged in EAE mice 

relative to PBS controls at any time point, suggesting that neither is likely to be 

involved in the CNS-specific inflammatory response of EAE.  Previous research 

contradicts this hypothesis.  EAE severity, as well as CD4+ T cell proliferation and 

infiltration into the CNS have been shown to be reduced in MKP-5 deficient mice 

[243].  This would in fact suggest an important role for MKP-5 in autoimmune 

pathogenesis via regulation of autoreactive T cell expansion and function.  In addition, 

MKP-x deficient mice are more susceptible to EAE via enhanced T-cell-mediated 

immune responses [259] which alludes to a potential protective role in EAE. 

In summary, EAE induced by immunisation with MOG, in addition to CFA and PTX, 

is a viable and antigen-specific disease model associated with many of the hallmarks 

of MS including limb weakness, inflammation and immune cell infiltration in the CNS 

and upregulation of key cytokines such as IL-17, IFNγ and IL-6.  MAPK signalling 

has previously been linked with EAE.  Our study observed potential but as yet 

inconclusive changes in ERK2 and JNK1 mRNA expression in the lymphoid organs, 

and ERK and JNK phosphorylation in CNS tissues of EAE mice relative to PBS 

controls.  Our results also indicate that some MKPs, such as MKP-2 and MKP-7, may 

have roles in the development of EAE, but likely at different disease stages and in 



109 

 

different aspects of the autoimmune inflammatory response during disease 

development, perhaps in ameliorating disease or exacerbating CNS inflammation.  The 

altered expression of these phosphatases is almost certainly an attempt to control 

MAPK activation and thus regulate the cellular functions initiated by these signalling 

cascades. 
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4 Investigating the role of MKP-2 in 

EAE development and pathogenesis 

 

4.1 Introduction         

It has previously been shown that MKP-2, modulates the inflammatory response 

during ALI [232].  Proinflammatory cytokine and chemokine production (TNFα, 

MIP1α), as well as neutrophil infiltration in the lungs, were both reduced in MKP-2 

KO mice in response to LPS without impacting on clearance of bacteria.  Another 

inflammatory model in which a potential role for MKP-2 has been investigated is 

sepsis.  MKP-2 deficient mice displayed a significantly reduced mortality rate, 

associated with decreased serum levels of pro-inflammatory cytokines such as TNFα, 

IL-1β and IL-6 [233].  IL-10, an anti-inflammatory cytokine, was also reduced.  At the 

MAPK signalling level, phosphorylation of ERK was increased while JNK and p38 

phosphorylation decreased in KO bone marrow macrophages compared to WT, 

leading to decreased TNFα and IL-10 production in these cells.  

These data clearly indicate that MKP-2 has an important function in diseases with a 

prominent inflammatory element.  As EAE is an inflammatory disease of the CNS, 

and MKP-2 mRNA is significantly upregulated within the CNS during the course of 

this disease model as shown in Chapter 3, we hypothesise that MKP-2 exacerbates 

EAE development which is associated with changes in the immune response.  The 

primary aim of this chapter therefore was to determine the function and underlying 

mechanisms of this phosphatase in the development of CNS inflammation using gene 

deficient mice.  

To do this, MKP-2 deficient mice were utilised.  Firstly, EAE was induced in MKP-2 

KO mice and MKP-2 WT littermates, with EAE clinical score and body weight 

monitored throughout the course of disease.  At selected time points, CNS tissue, 

lymphoid organs and serum samples were harvested and analysed to determine what 

changes occur in various aspects of the immune response, as well as the MAPK 
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signalling pathway, as a result of MKP-2 gene deletion.  In addition, any potential 

compensatory effects exerted by other MKPs were investigated by analysing changes 

in the expression of selected MKPs in MKP-2 deficient mice during EAE 

development. 
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4.2 Results          

4.2.1 MKP-2 KO mice 

Mice were obtained from Professor Robin Plevin.  Briefly, an 9.9 kb SwaI 

DUSP4/MKP-2 genomic fragment containing exons 2–4 was replaced by a PGK-Neo 

cassette flanked by LoxP sites (Fig 4.1) [228].  Both arms were introduced into a 

pBluescript vector in either side of the neomycin cassette.  The final vector was 

transfected into a 129Sv mouse embryonic stem cell.  Male chimeras were obtained 

and crossed with C57BL/6 female to obtain the F1 generation.  Heterozygous mice 

were then backcrossed against C57BL/6 for further generations, with 5th, 6th and 7th 

generations used during this thesis.  
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Figure 4.1: Al Mutairi at al., 2010.  Generation of mice lacking DUSP4/MKP-2 gene by targeted 

homologous recombination. (Panel A): Schematic showing the DUSP4/MKP-2 gene locus, the 

targeted construct and the resulting targeted allele. Recombination events are indicated by dashed lines 

and show the replacement of an 8.3 kb SwaI DUSP4/MKP-2 genomic fragment containing exons 2–4 

by the PGK-Neo cassette. SwaI and HpaI described the restriction sites for the respective enzymes. The 

pGK-Neo cassette is flanked by LoxP sites. DTA represents the negative selection cassette. (Inset) An 

example of the 39 southern blot analysis of mouse tail tip genomic DNA following digestion with HpaI 

using an external Probe K as indicated in panel A. The autoradiography revealed the 9.9 kb (wild type) 

and 8.3 kb (targeted) fragments representing the two different alleles discriminating wild type, 

heterozygote or homozygote mutant animals. B & C: Concentration (LPS mg/ml for 60 min) and time 

dependent (LPS 100 ng/ml) expression of MKP-2 in bone marrow derived macrophages. The blot 

represents at least 4 individual experiments.  doi:10.1371/journal.ppat.1001192.g001 
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4.2.2 Confirmation of MKP-2 deletion 

MKP-2 gene knockout was confirmed by PCR.  Tail tips were removed from 6 week 

old, MKP-2 WT and MKP-2 KO mice and DNA extracted and analysed by PCR.  All 

MKP-2 WT mice analysed contained only the 1.3 kb WT fragment while only the 2.4 

kb KO fragment was detected in MKP-2 KO samples (Fig 4.2 A).  However the KO 

primers produced a streaked band in some of the KO samples, perhaps due to issues 

with sample preparation or primer aliquots.  Genotyping was repeated by others on a 

regular basis to ensure correct characterisation of the mice.   

Successful gene deletion was further verified by quantitative PCR (qPCR).  RNA was 

extracted from EAE day 28 spleen cells of MKP-2 KO and WT littermates cultured ex 

vivo with MOG 35-55 peptide for 72 hours and MKP-2 mRNA expression by these cells 

analysed.  No expression was detected in MKP-2 KO cells, confirming MKP deletion 

in these KO mice (Fig 4.2 B).  Abundant expression of MKP-2 was observed in WT 

cells, confirming their MKP-2 WT phenotype, and also serving as a positive control 

for the primers.  
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(A) 

 

 

(B) 

 

Figure 4.2: Confirmation of MKP-2 gene deletion by genotyping and analysis of mRNA 

expression.  (A) DNA was extracted from MKP-2 +/+ and MKP-2 -/- tail tips and PCR performed using 

the GoTaq Polymerase kit.  (B)  RNA was extracted from MKP-2 +/+ and MKP-2 -/- spleen cells 

cultured with medium or 40 µg/ml MOG35-55 peptide  and reverse transcribed to cDNA.  MKP-2 mRNA 

expression was analysed by qPCR using Fast Sybr green master mix.  Graph shows representative 

results (mean ± SEM) from one of two experiments.  n=6 spleen samples pooled for cell culture. 
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4.2.3 Does MKP-2 gene deletion affect development of EAE? 

In order to determine how prominent MKP-2 is in EAE development, we investigated 

the effect of MKP-2 gene disruption on disease development and progression.  EAE 

was induced in MKP-2 KO and WT littermates following active immunization with 

MOG35-55 emulsified in complete freunds adjuvant (CFA) injected subcutaneously on 

day 0, and pertussis toxin (PTX) injected intraperitoneally on day 0 and day 2.  Mice 

were monitored daily for signs of EAE and given a clinical score of between 0 and 5 

based on severity of symptoms, as detailed in Fig 3.1.   

Initial experiments were performed on MKP-2 KO mice from a 5th generation 

backcross (termed PLE-5).  Within the 4 experiments carried out, 2 contrasting EAE 

clinical phenotypes developed.  On 2 occasions PLE-5 MKP-2 KO mice developed 

less disease than their WT counterparts (Fig 4.3 A).  However EAE was more severe 

in MKP-2 KO mice in the other 2 repeats (Fig 4.3 B).  There were no statistical 

differences between WT and KO within these experiments. 
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(A)               (B) 

  

               

Figure 4.3: Mean EAE clinical score.  PLE-5 MKP-2 +/+ and -/- mice (female, 7-8 weeks old) were 

injected subcutaneously with 100 µg MOG35-55 in CFA on Day 0 as well as 100 ng of PTX i.p. on day 

0 and day 2.  Results represent mean clinical score ± SEM of all animals in each group.  Each graph 

represents one of two experiments.  (A) n=7 per group.  (B) n=6 per group.  Not statistically significant, 

Two-way repeated measures ANOVA with bonferroni post-hoc test. 
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The inconsistency in results led us to repeat the immunisations, this time in 6th 

generation MKP-2 mice (PLE-6).  As these are the product of another cross with naïve 

C57BL/6 mice, there should be less chance of genetic variation caused by going from 

a 129Sv background to a C57BL/6 mouse.  Therefore we hoped that any results 

obtained from these mice could be considered more reliable, however a similar pattern 

emerged.   

EAE was reduced in PLE-6 MKP-2 KO mice in 2 / 3 experiments (Fig 4.4 A) but in 

the final repeat EAE was more severe compared to MKP-2 WT mice (Fig 4.4 B).  

These data suggested that there was a difference in disease phenotype between the 

MKP-2 WT and KO animals, but it remained unclear if absence of the gene resulted 

in more or less severe EAE.   
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(A)            (B) 

 

  

 

Figure 4.4: Effect of further background crossing of MKP-2 deletion on mean EAE clinical score.  

PLE-6 MKP-2 +/+ and -/- mice (female, 7-8 weeks old) were injected subcutaneously with 100 µg 

MOG35-55 in CFA on Day 0 as well as 100 ng of PTX i.p. on day 0 and day 2.  Results represent mean 

clinical score ± SEM of all animals in each group.  Each graph represents one experiment.  (A) n=7 per 

group, (B) n=7 per group.  *P<0.05, Two-way repeated measures ANOVA; bonferroni post-hoc test 

showed no statistical significance at any specific time point. 
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In an attempt to resolve this, experiments were further repeated in PLE-7 (7th 

generation) mice which gave a stable, consistent phenotype.  Our data show that in all 

7 experiments performed, EAE disease severity was reduced in MKP-2 KO mice.  KO 

mice showed significantly decreased EAE clinical severity compared to WT 

littermates (Fig 4.5 A).  There was also a delay in the onset of symptoms.  On average, 

MKP-2 KO mice developed EAE around day 11, 2 days later than WT counterparts 

which began to show clinical signs of disease by day 9 (Fig 4.5 B).  WT mice reached 

100 % disease incidence between days 11-14, while it took 15-18 days for symptoms 

to present in all KO mice.  A significant decrease in cumulative disease score was 

observed in MKP-2 KO mice, with an average of just 20.4±2.4 (mean±SEM) 

compared to 30.8±2.3 in MKP-2 WT counterparts (Fig 4.5 C).  Maximal disease 

severity was also significantly reduced upon MKP-2 deletion; from an average of 

3.13±0.07 in WT animals to 2.22±0.18 (Figure 4.5 D).   

Mice were also weighed daily from Day 0, and percentage weight change relative to 

this day calculated.  A negative correlation between weight change and disease 

progression was observed, with weight decreasing at disease onset before beginning 

to increase again as they recovered (Figure 4.5 E).  However there was no statistical 

difference in weight change between WT and KO mice. 
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Figure 4.5:  EAE clinical disease data in 7th generation backcross MKP-2 -/- mice and +/+ 

littermates.  PLE-7 MKP-2 +/+ and -/- mice (female, 8 weeks) were injected subcutaneously with 100 

µg MOG35-55 in CFA on day 0 as well as 100 ng of PTX i.p. on day 0 and day 2.  Results represent (A) 

mean clinical score ± SEM of all animals in each group.  (B) Percentage of mice which developed any 

clinical signs of EAE in each group.  (C) Maximal clinical score reached during the course of disease ± 

SEM.  (D) Cumulative disease score over the entire course of EAE ± SEM.  (E) Percentage weight 

change within each group ± SEM.  Two-tailed unpaired student’s t test.  Graphs show combined data 

from three experiments (n=27 WT mice; n=25 KO mice). *P<0.05; **P<0.01; ***P<0.001, (A) Two-

way repeated measures ANOVA with bonferroni post-hoc test; (C) and (D) Mann-Whitney U test. 
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4.2.4 Histological analysis of CNS tissue 

To investigate the extent of inflammation and cellular infiltration in mouse spinal cords 

at the peak disease, as well as at the end of the disease course when clinical severity 

has declined, we used histological examination.  Tissue was removed, flash frozen and 

cut into 7 micron sections.  Firstly, haematoxylin and eosin (H & E) staining was 

carried out.   

Confirming the clinical data that less severe EAE was observed in MKP2 KO mice, 

the histology data showed a  greater number of infiltrating cells in the white matter of 

WT spinal cord sections compared to KO mice tissue at the peak of disease severity, 

day 17 post disease induction (Figure 4.6 A).  By day 28, when the mean EAE clinical 

score had decreased from a peak of 3.0±0.1 to 1.8±0.2 in WT mice and 2.1±0.2 to 

1.1±0.2 in MKP-2 KO mice, the level of cell migration into the CNS had greatly 

reduced (Fig 4.6 B).  Therefore there was minimal difference between WT and KO 

tissue in terms of overall cellular infiltration at this time point.   
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Figure 4.6: Immunopathology of EAE-induced MKP-2 +/+ and MKP-2 -/- mouse spinal cords.  

Spinal cords were removed (A) 17 or (B) 28 days post EAE-induction and flash-frozen in OCT.  Seven 

micron sections were cut and stained with H&E.  Primary images 100X magnification, scale bars = 

100µm; Secondary images 400X magnification, scale bars = 50µm.  Images are representative of 7 mice 

per group (n=3 experiments). 
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Following that, we then performed immunohistochemical staining of specific cell 

surface markers to identify the CNS infiltrating cell phenotype. Firstly, we confirmed 

that these were in fact infiltrating, and not CNS-resident, cells by anti-CD45 staining 

(Fig 4.7) which is a marker present on all hematopoietic cells (excluding mature 

erythrocytes and platelets).   

To ascertain which particular cell types formed the clusters of invading peripheral 

cells, spinal cord sections were stained for some common immune cell surface 

markers.  Our images show that the majority of infiltrating cells were found to be CD4+ 

T cells or F4/80+ macrophages (Fig 4.7 A, B).  We also stained for CD19+ B cells 

however no positive staining was achieved (not shown). 
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Figure 4.7: Immunopathology of EAE-induced MKP-2 +/+ and MKP-2 -/- mouse spinal cords.  

Spinal cords were removed (A) 17 or (B) 28 days post EAE-induction and flash-frozen in OCT.  Seven 

micrometre sections were cut and stained for different cell surface markers as indicated (CD45, CD4 

and F4/80) before counterstaining in hematoxylin.  Blue = nuclei; Red = surface marker.  100X 

magnification, scale bars=100 µm.  Images are representative of 7 mice per group (n=3 experiments).  
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4.2.5 Antigen-specific cytokine production in EAE day 17 MKP-2 WT and MKP-2 

KO secondary lymphoid organs 

To try and understand the mechanistic basis of reduced EAE observed in MKP-2 KO 

mice, spleen and draining lymph node (inguinal lymph nodes; dLN) cells were 

collected from MOG immunized WT and KO mice at the peak of EAE severity, day 

17.  Cells were cultured for 24, 48 or 72 hours with or without MOG35-55 and 

supernatants collected for analysis of cytokine concentration by ELISA to examine 

whether MOG-specific T cells generated in mice deficient in MKP-2 respond 

differently to WT cells when re-challenged ex-vivo with MOG peptide. 

 

4.2.5.1  Interleukin 17 (IL-17) 

In both WT and KO mice cells, supernatants from cultures with medium only had 

undetectable or very low levels of cytokine.  In contrast, antigen specific production 

of IL-17 was significantly decreased in day 17 MKP-2 KO spleen cell cultures 

following 24, 48 and 72 hour MOG stimulation (Fig 4.8 A).  No IL-17 was detected 

in KO cells at 24 hours, compared to 371±22 pg/ml in WT cells.  After 48 and 72 

hours, IL-17 production was downregulated from 1727±68 to 1290±39 pg/ml and from 

3059±99 to 2662±10 pg/ml respectively in MOG stimulated MKP-2 KO cell cultures 

compared to WT.  The levels of IL-17 were below detectable limits in WT and KO 

EAE day 17 dLN cultures following 24 hour MOG re-challenge (Fig 4.8 B).  However, 

after 48 hours, IL-17 production was reduced in MKP-2 KO mice and was significantly 

decreased in 72 hour KO MOG cultures (1251±411 pg/ml) relative to WT cultures 

(2778±436 pg/ml). 

 

4.2.5.2  Interferon gamma (IFNγ) 

Cells cultured with medium alone produced undetectable levels of the Th1 cytokine 

IFNγ.  However IFNγ levels were significantly reduced in KO spleen cell cultures at 

disease peak following MOG stimulation (Fig 4.8 A).  MKP-2 KO cultures contained 

20±12, 2798±141 and 5097±30 pg/ml of IFNγ in response to 24, 48 and 72 hour MOG 
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stimulation respectively.  These were all significantly less than the 2318±65, 5796±74 

and 6667±46 pg/ml of IFNγ produced by WT cells.  In day 17 dLN cells, no IFNγ was 

detected in WT or KO cultures after 24 hours (Fig 4.8 B).  Following 48 hours of MOG 

culture, comparable levels of IFNγ were detected between WT and KO mice.  By 72 

hours, IFNγ production was significantly lower in MKP-2 KO dLNs (2242±38 pg/ml) 

compared to WT counterparts (1723±48 pg/ml).   

 

4.2.5.3  Interleukin 6 (IL-6) 

IL-6 production was significantly reduced in MOG-stimulated MKP-2 KO cells 

relative to WT, with no cytokine detected in KO 24 hour MOG culture or any media 

cultures (Fig 4.8 A).  After 48 hours of antigen challenge, MKP-2 KO cells produced 

just 86±22 pg/ml IL-6, compared to 553±66 pg/ml by WT cells.  Similarly, by 72 

hours, KO cultures still contained significantly less IL-6 than WT (249±65 compared 

to 771±22 pg/ml).  No IL-6 could be detected in any stimulated day 17 dLN cell 

cultures.   

 

4.2.5.4  Interleukin 22 (IL-22) 

No IL-22 was detected in any media cultures.  IL-22 levels significantly decreased in 

day 17 KO spleen cells compared to WT after 48 and 72 hour MOG stimulation (Fig 

4.8 A).  Antigen challenged MKP-2 KO cells produced 503±16 and 1258±22 pg/ml 

IL-22 after 48 and 72 hours respectively.  In comparison, WT cultures contained 

941±28 and 1992±17 pg/ml.  No expression was detected in WT or KO spleen cultures 

after 24 hours.  IL-22 production was also significantly downregulated in KO dLN 

cultures compared to WT after 48 and 72 hour MOG stimulation (Fig 4.8 B).  WT cells 

produced 90±16, 598±102 and 1872±169 pg/ml IL-22 in response to 24, 48 and 72 

hour MOG stimulation respectively.  KO cells produced no detectable IL-22 after 24 

hours, and only 310±73 and 1232±303 pg/ml IL-22 at 48 and 72 hours.  
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4.2.5.5  Interleukin 2 (IL-2) 

Both WT and KO cells cultured with medium alone expressed undetectable or very 

low levels of IL-2.  In contrast, following 24 and 48 hour MOG re-challenge, MKP-2 

KO spleen cells produced 358±11 and 565±39 pg/ml IL-2 respectively (Fig 4.8 A).  

This was significantly less than WT cells which produced 779±22 pg/ml after 24 hours 

and 901±99 pg/ml at 48 hours.  After 72 hours, IL-2 levels continued to increase in 

MKP-2 KO cells, but decreased in WT cells relative to 48 hour stimulations.  Therefore 

by 72 hours, MKP-2 WT and KO cultures contained comparable amounts of IL-2.  

Conversely, in MOG stimulated dLN cells, IL-2 production remained consistent 

between WT and KO mice after 24 and 48 hours but was moderately decreased in KO 

cultures by 72 hours, however this difference was not significant (Fig 4.8 B). 

 

4.2.5.6  Chemokine Ligand 2 (CCL2) 

Production of the chemokine CCL2 was significantly decreased in antigen re-

challenged MKP-2 KO spleen cells compared to WT counterparts (Fig 4.8 A).  WT 

cells produced 738±57, 2445±45 and 4534±49 pg/ml CCL2 in response to 24, 48 and 

72 hour MOG stimulation respectively.  In comparison, KO cultures contained just 

258±46, 1806±135 and 3803±36 pg/ml.  No statistical differences in CCL2 expression 

were observed in KO dLN cultures following MOG stimulation (Fig 4.8 B).   



129 

 

 

 

Figure 4.8: Cytokine expression in EAE day 17 MKP-2 +/+ and MKP-2 -/- spleen and inguinal 

lymph node cells.  Spleen and dLNs were harvested at Day 17 post EAE-induction and cells (4 x106 

for spleen; 2 x106 for dLNs) extracted and incubated for 24, 48 or 72 hours (h) at 37°C and 5% CO2 in 

presence of RPMI alone or RPMI supplemented with 40µg / ml MOG.  Supernatants were collected 

and cytokine expression analysed by ELISA.  Graphs show representative data from one of at least three 

individual experiments performed in quadruplicate (n=7 mice per group; n=3 experiments).  *P<0.05; 

**P<0.01; ***P<0.001 compared to WT, two-tailed unpaired student’s t test. 
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4.2.6 EAE day 28 spleen and dLNs 

We then repeated with cells cultured from MKP-2 WT and KO EAE day 28 spleen 

and dLNs in order to determine whether the changes observed at the peak of disease 

are maintained at later stages of EAE.  As before, cells were cultured for 24, 48 or 72 

hours with or without MOG35-55 and supernatants collected for analysis of cytokine 

expression by ELISA. 

 

4.2.6.1  Interleukin 17 (IL-17) 

No IL-17 was detected in any WT or KO medium-only spleen and dLN cultures.  In 

MOG-stimulated KO spleen cells, IL-17 production was significantly reduced 

compared to WT counterparts (Fig 4.9 A).  Following 24, 48 and 72 hour antigen 

challenge, MKP-2 KO cells produced 71± 38, 1336±75 and 1790±43 pg/ml IL-17 

respectively.  In comparison, WT cells produced significantly more (248±7, 1591±22 

and 1977±26 pg/ml).  However, although these differences are statistically significant, 

they may not represent a large change in a biological context.   IL-17 expression was 

also significantly decreased in day 28 MKP-2 KO dLN cells after 48 and 72 hours of 

MOG culture compared to WT (Fig 4.9 B).  IL-17 production was downregulated from 

753±85 and 1042±45 pg/ml in WT cells to 153±15 and 577±43 pg/ml in KO cells at 

48 and 72 hours respectively.  No IL-17 was detected in MOG KO cell culture after 

24 hours. 

 

4.2.6.2  Interferon gamma (IFNγ) 

IFNγ production was not altered in spleen cells at EAE day 28, with almost identical 

levels observed between WT and KO samples after 48 and 72 hours of MOG 

stimulation (Fig 4.9 A).  No IFNγ was detected in 24 hour WT and KO MOG culture 

supernatants.  IFNγ production was significantly downregulated in MKP-2 KO dLN 

cells after 48 and 72 hour MOG re-challenge (Fig 4.9 B).  KO cells produced just 

26±18 and 416±132 pg/ml IFNγ at 48 and 72 hours respectively, compared to 1247±51 

and 1815±47 pg/ml in WT cultured following MOG challenge.  IFNγ was undetectable 
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in 24 hour KO MOG cultures.  Also, WT and KO spleen and dLN cells cultured with 

medium alone contained no, or very low levels of IFNγ. 

 

4.2.6.3  Interleukin 6 (IL-6) 

Antigen re-challenged spleen cells produced less IL-6, a decrease which was 

significant after 48 and 72 hours (Fig 4.9 A).  Following MOG stimulation, KO 

cultures contained 1122±49 and 1113±68 pg/ml IL-6 at 48 and 72 hours respectively.  

In comparison, WT cells produced 1360±41 and 1496±22 pg/ml.  As with IL-17, these 

differences are perhaps not biologically significant but they are statistically significant.  

IL-6 production was also diminished in day 28 MKP-2 KO dLNs compared to WT 

following MOG stimulation (Fig 4.9 B).  Only moderate reductions were observed at 

24 and 48 hours.  However this amelioration was significant after 72 hours of MOG 

challenge.  KO cultures contained 56±3 pg/ml IL-6 while WT cells produced 151±15 

pg/ml.  A small decrease in IL-6 levels was also observed in 72 hour media-cultured 

KO spleen and dLN cells.  No cytokine was detected in 24 or 48 hour media culture.  

 

4.2.6.4  Interleukin 22 (IL-22) 

IL-22 levels were below detectable limits in both WT and KO 24 hour MOG cultures, 

as well as all media cultures (Fig 4.9 A).  Following 48 hour MOG challenge, KO cells 

produced 1073± 9 IL-22 which was significantly more than WT counterparts at 

745±24 pg/ml.  No IL-22 was detected in any supernatants from dLN cells cultured 

with medium only (Fig 4.9 B).  Also, KO MOG cultures contained no detectable levels 

of IL-22 after 24 and 48 hour stimulation, and only very low levels after 72 hours.  

Therefore IL-22 production was significantly downregulated in MKP-2 KO dLN cells 

compared to WT, as WT cells produced 55±33, 371±35 and 685±27 pg/ml IL-22 

following 24, 48 and 72 hour antigen challenge respectively. 
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4.2.6.5  Interleukin 2 (IL-2) 

Both spleen and dLN WT and KO cells cultured without MOG produced low levels of 

IL-2, with no, or only very moderate differences between WT and KO.  Following 

MOG stimulation, IL-2 levels remained unchanged between WT and KO spleen cells 

(Fig 4.9 A).  In dLNs, IL-2 production was significantly downregulated in MKP-2 KO 

cells (57±3 pg/ml) compared to WT cells (108±7 pg/ml) following 24 hour MOG 

culture (Fig 4.9 B).  However by 48 and 72 hours there were no longer any differences 

between WT and KO. 

 

4.2.6.6  Chemokine Ligand 2 (CCL2) 

CCL2 production was significantly downregulated in MKP-2 KO spleen cells 

following MOG stimulation compared to WT (Fig 4.9 A).  KO cultures contained 

98±61, 1719±190 and 2439±84 pg/ml after 24, 48 and 72 hours respectively.  In 

contrast, WT cells produced significantly more CCL2 at all time points: 1334±99, 

2795±110 and 4216±203 pg/ml.  A more moderate decrease was also observed in KO 

spleen cells cultured with media alone for 24, 48 and 72 hours.  No detectable 

expression was observed in any media or MOG dLN cultures. 
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Figure 4.9: Cytokine expression in EAE day 28 MKP-2 +/+ and MKP-2 -/- spleen and inguinal 

lymph node cells.  Spleen and dLNs were harvested at Day 28 post EAE-induction and cells (4 x106 

for spleen; 2 x106 for dLNs) extracted and incubated for 24, 48 or 72 hours (h) at 37°C and 5% CO2 in 

presence of RPMI alone or RPMI supplemented with 40µg / ml MOG.  Supernatants were collected 

and cytokine expression analysed by ELISA.  Graphs show representative data from one of at least three 

individual experiment performed in quadruplicate (n=7 mice per group; n=3 experiments).  *P<0.05; 

**P<0.01; ***P<0.001 compared to WT, two-tailed unpaired student’s t test. 
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4.2.7 MKP mRNA expression in MKP-2 WT and KO spleen cells 

We next wanted to determine if the expression of MKP-2 mRNA, along with selected 

other MKPs, was altered in correlation with this immune response.  Spleen cells from 

MKP-2 WT and KO mice were collected at day 17 after immunisation and cultured 

for 72 hours with or without MOG35-55 peptide.  RNA from these cells was then 

extracted and reverse transcribed to cDNA to allow analysis by qPCR.  The data in Fig 

4.10 A show that MKP-2 expression by WT spleen cells was more than 3-fold higher 

upon stimulation with MOG peptide compared to culture with media alone however 

this was not statistically significant.  As expected, no MKP-2 expression was detected 

in MKP-2 KO cells.   

MKP-1 was analysed as it has previously been associated with EAE pathogenesis.  In 

WT spleen cells, upon MOG antigen challenge, MKP-1 mRNA expression was 

unchanged relative to cells cultured with media (Fig 4.10 B).  However, after the same 

challenge in MKP-2 KO cells, MKP-1 expression was 3.2-fold greater relative to cells 

incubated with media alone.  MKP-5 and DUSP5 were also analysed as these MKPs 

have previously been shown to be involved in the pathogenesis of EAE and CIA 

respectively.  DUSP5 mRNA expression was increased in both WT (3.5-fold) and 

MKP-2 KO cells (4.8-fold) following antigen stimulation, but with no statistical 

difference (Fig 4.10 C) between WT and KO.  MKP-5 expression was unaltered in WT 

spleen cells relative to naïve (Fig 4.10 D).  However there was a possible upregulation 

in KO cells; with MKP-5 mRNA levels double that of unstimulated equivalents.  

However again this was not statistically significant and overall expression levels of 

this phosphatase were very low compared to the other MKPs analysed based on Ct 

values. 
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 (A)  MKP-2   (B)         MKP-1 

  

 

 (C)  DUSP5   (D)           MKP-5 

  

 

Figure 4.10: MKP mRNA expression in MKP-2 +/+ and MKP-2 -/- EAE spleen cells re-challenged 

with MOG.  Spleens were harvested and pooled for both groups and cells extracted.  Cells  were 

incubated in a 24-well tissue culture plate (4 x 106 / well) for 72 hours in presence of RPMI alone or 

RPMI supplemented with 40µg / ml MOG.  Supernatant was collected and RNA isolation performed 

using the RNeasy mini kit (Qiagen) and reverse transcribed to cDNA to allow analysis of MKP mRNA 

expression by qPCR.  The housekeeping gene GAPDH was analysed simultaneously to allow 

normalisation of relative MKP mRNA expression.  Graph show data from two experiments (MKP-2 

KO n = 13; WT n = 12).  Not statistically significant, Mann-Whitney U test. 
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4.2.8 MKP mRNA expression in MKP-2 WT and KO EAE spinal cord tissue 

As well as examining MKP expression in MKP-2 WT and KO EAE spleen cells, we 

also analysed MKP levels in CNS tissue by analysing mRNA expression in EAE spinal 

cords.  Tissues were removed from MKP-2 WT and KO mice at EAE day 28.  RNA 

was extracted and reverse transcribed to cDNA to allow analysis by qPCR.  MKP 

mRNA levels in KO mice are expressed as relative to WT littermates (Fig 4.11).   

As expected, while WT mice spinal cord tissues expressed MKP-2 mRNA, no MKP-

2 expression was detected in KO spinal cords confirming these mice were indeed gene 

deficient (Fig 4.11 A).  No differences in the mRNA expression levels of MKP-1, 

MKP-5, MKP-7 or MKP-x mRNA were observed between WT and KO samples (Fig 

4.11 B-D, F).  In contrast, DUSP5 mRNA expression was significantly increased by 

2.8-fold in KO EAE mice relative to WT controls (Fig 4.11 E).  
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Figure 4.11: mRNA expression of selected MKPs in MKP-2 +/+ and MKP-2 -/- EAE day 28 spinal 

cords.  Tissue was harvested 28 days post EAE-induction and flash frozen.  RNA was extracted using 

TRIzol and reverse transcribed to cDNA to allow analysis of MKP mRNA expression by qPCR.  The 

housekeeping gene tubulin beta 5 was analysed simultaneously to allow normalisation of relative MKP 

mRNA expression.  Graph show data from two experiments (WT n = 7; KO n = 6).  *P<0.05, Mann-

Whitney U test. 
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4.2.9 MAPK mRNA expression in MKP-2 WT and KO EAE spinal cord tissue 

Having observed altered MKP expression in EAE spinal cord tissue as a consequence 

of MKP-2 deletion, MAPK mRNA expression in WT and KO EAE spinal cords was 

subsequently examined as we hypothesised that changes in MKP expression would 

affect MAPK levels.  Spinal cords were removed from MKP-2 WT and KO mice at 

EAE day 28.  RNA was extracted and reverse transcribed to cDNA to allow analysis 

by qPCR.  MAPK mRNA levels in KO EAE mice are expressed as relative to WT 

littermates (Fig 4.12).   

In KO EAE mice, our data suggest a potential increase in ERK1 mRNA levels, with a 

2.5-fold increase observed relative to WT (Fig 4.12 A).  However this was not 

statistically significant.  And there was no difference in ERK2, JNK1, JNK2 or p38 

mRNA expression levels between WT and KO EAE spinal cord samples (Fig 4.12 B-

E).   
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Figure 4.12:  MAPK mRNA expression in MKP-2 +/+ and MKP-2 -/- EAE day 28 spinal cords.  

Tissue was harvested 28 days post EAE-induction and flash frozen.  RNA was extracted using TRIzol 

and reverse transcribed to cDNA to allow analysis of MAPK mRNA expression by qPCR.  The 

housekeeping gene tubulin beta 5 was analysed simultaneously to allow normalisation of relative 

MAPK mRNA expression.  Graph show data from two experiment (WT n = 7; KO n = 6).  Not 

statistically significant, Mann-Whitney U test.  
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4.2.10 ERK and JNK phosphorylation in MKP-2 WT and KO EAE CNS tissue 

As previously mentioned, MKP-2 is involved in the regulation of signalling via MAPK 

dephosphorylation.  MKP-2 substrate specificity varies between different cells and 

tissue types and so it remains unclear how, if at all, MKP-2 affects phosphorylation of 

these kinases during EAE development and progression.  Therefore, to investigate this, 

we analysed ERK and JNK phosphorylation in the CNS of MKP-2 WT and KO EAE 

mice.   

Whole brain and spinal cord tissue was harvested from WT and KO mice at different 

time points over the course of an EAE model and proteins isolated using RIPA buffer.  

Expression of p-ERK and p-JNK was then analysed by western blot.  Membranes were 

probed for phospho-ERK / JNK, then stripped and re-probed for respective total kinase 

levels as well as GAPDH.  For densitometry analysis, GAPDH levels were used as a 

loading control.  Levels of phosphorylated ERK and JNK were expressed as relative 

to their equivalent total ERK / JNK. 

 

4.2.10.1 p-ERK1 and p-ERK2 

Firstly, the expression levels of p-ERK1 and p-ERK2 in MKP-2 WT and KO EAE 

spinal cords at day 9, 17 and 28 post-immunisation were examined by western blot 

(Fig 4.13 A-C; Fig 4.14 A-C).  We observed no changes in the level of phosphorylation 

of either ERK isoform at any of the time points tested between WT and KO mice (Fig 

4.13 D-F; Fig 4.14 D, E). 
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Figure 4.13:  p-ERK expression in MKP-2 +/+ and MKP-2 -/- EAE day 9 and day 17 spinal cord 

tissue.  Spinal cords were harvested from day 9 or 17 EAE mice and whole protein lysate prepared 

using RIPA buffer.  (A) p-ERK expression was analysed by western blotting.  Membranes were stripped 

and re-probed for (B) total ERK and (C) GAPDH.  (D) Densitometry was utilised to determine changes 

in p-ERK expression relative to total ERK, with GAPDH used as a loading control and total ERK used 

as a control for variances in overall ERK levels between samples.  (E) Day 9 and (F) day 17 graphs 

show mean ± SEM p-ERK expression in EAE MKP-2 +/+ or MKP-2 -/- mice.  Data shown is from one 

experiment, n=3 at day 9 and n=4 at day 17 per group.  Not statistically significant, two-tailed unpaired 

student’s t test.  
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Figure 4.14:  p-ERK expression in MKP-2 +/+ and MKP-2 -/- EAE day 28 spinal cord tissue.  

Spinal cords were harvested from day 28 EAE mice and whole protein lysate prepared using RIPA 

buffer.  (A) p-ERK expression was analysed by western blotting.  Membranes were stripped and re-

probed for (B) total ERK and (C) GAPDH.  (D) Densitometry was utilised to determine changes in p-

ERK expression relative to total ERK, with GAPDH used as a loading control and total ERK used as a 

control for variances in overall ERK levels between samples.  (E) Graph represents mean ± SEM p-

ERK expression in EAE MKP-2 +/+ or MKP-2 -/- mice.  Data shown is from one experiment, n=3 per 

group.  Not statistically significant, two-tailed unpaired student’s t test. 
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We next analysed p-ERK expression in EAE brain tissue (Fig 4.15 A-C; Fig 4.16 A-

C).  Similarly to the spinal cord, there was no difference in ERK1 or ERK2 

phosphorylation between WT and MKP-2 KO EAE brain samples at either day 9, day 

17 or day 28 (Fig 4.15 D-F, Fig 4.16 D, E).    
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Figure 4.15:  p-ERK expression in MKP-2 +/+ and MKP-2 -/- EAE day 9 and day 17 brain tissue.  

Brains were harvested from day 9 or 17 EAE mice and whole protein lysate prepared using RIPA buffer.  

(A) p-ERK expression was analysed by western blotting.  Membranes were stripped and re-probed for 

(B) total ERK and (C) GAPDH.  (D) Densitometry was utilised to determine changes in p-ERK 

expression relative to total ERK, with GAPDH used as a loading control and total-ERK used as a control 

for variances in overall ERK levels between samples.  (E) Day 9 and (F) day 17 graphs represent mean 

± SEM p-ERK expression in EAE MKP-2 +/+ or MKP-2 -/- mice.  Data shown is from one experiment, 

n=3 at day 9 and n=4 at day 17 per group.  Not statistically significant, two-tailed unpaired student’s t 

test. 
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Figure 4.16:  p-ERK expression in MKP-2 +/+ and MKP-2 -/- EAE day 28 brain tissue.  Brains 

were harvested from day 28 EAE mice and whole protein lysate prepared using RIPA buffer.  (A) p-

ERK expression was analysed by western blotting.  Membranes were stripped and re-probed for (B) 

total ERK and (C) GAPDH.  (D) Densitometry was utilised to determine changes in p-ERK expression 

relative to total ERK, with GAPDH used as a loading control and total ERK used as a control for 

variances in overall ERK levels between samples.  (E) Graph shows mean ± SEM p-ERK expression in 

EAE MKP-2 +/+ or MKP-2 -/- mice.  Data shown is from one experiment, n=3 per group.  Not 

statistically significant, two-tailed unpaired student’s t test. 
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4.2.10.2 p-JNK1 and p-JNK2 

Following examination of p-ERK, we next investigated JNK phosphorylation in MKP-

2 WT and KO EAE CNS tissue, with focus on the two primary genes which encode 

the JNK family, JNK1 and JNK2 (Fig 4.17 – Fig.4.20 A-C).  Within spinal cord 

samples, phosphorylation of JNK1 and JNK2 remained unaffected by MKP-2 gene 

deletion, with comparable levels of p-JNK1 and p-JNK2 observed between MKP-2 

KO and WT littermates (Fig 4.17 D-F; Fig 4.18 D, E).   

Fig 4.18 E suggests a potential upregulation in JNK2 phosphorylation in KO mice 

compared to WT, however this increase was primarily due to one outlier which was 

likely caused by a poorly developed total JNK2 band (Fig 4.18 B), resulting in an 

average relative expression of 3.09±1.44 compared to 1.23±0.3 in WT samples and 

therefore this is unlikely to be an accurate result.  
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Figure 4.17:  p-JNK expression in MKP-2 +/+ and MKP-2 -/- EAE day 9 and day 17 spinal cord 

tissue.  Spinal cords were harvested from day 9 or 17 EAE mice and whole protein lysate prepared 

using RIPA buffer.  (A) p-JNK expression was analysed by western blotting.  Membranes were stripped 

and re-probed for (B) total JNK and (C) GAPDH.  (D) Densitometry was utilised to determine changes 

in p-JNK expression relative to total JNK, with GAPDH used as a loading control and total JNK used 

as a control for variances in overall JNK levels between samples.  (E) Day 9 and (F) day 17 graphs show 

mean ± SEM p-JNK expression in EAE MKP-2 +/+ or MKP-2 -/- mice.  Data shown is from one 

experiment, n=3 at day 9 and n=4 at day 17 per group.  Not statistically significant, two-tailed unpaired 

student’s t test. 
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Figure 4.18:  p-JNK expression in MKP-2 +/+ and MKP-2 -/- EAE day 28 spinal cord tissue.  

Spinal cords were harvested from day 28 EAE mice and whole protein lysate prepared using RIPA 

buffer.  (A) p-JNK expression was analysed by western blotting.  Membranes were stripped and re-

probed for (B) total JNK and (C) GAPDH.  (D) Densitometry was utilised to determine changes in p-

JNK expression relative to total JNK, with GAPDH used as a loading control and total JNK used as a 

control for variances in overall JNK levels between samples.  (E) Graph represents mean ± SEM p-JNK 

expression in EAE MKP-2 +/+ or MKP-2 -/- mice.  Data shown is from one experiment, n=3 per group.  

Not statistically significant, two-tailed unpaired student’s t test. 
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Similarly to our results obtained in spinal cord tissue, phosphorylation of JNK1 and 

JNK2 remained unchanged in MKP-2 KO brain samples relative to WT at day 9, day 

17 and day 28 (Fig 4.19 D-F, Fig 4.20 A-E)).   
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Figure 4.19:  p-JNK expression in MKP-2 +/+ and MKP-2 -/- EAE day 9 and day 17 brain tissue.  

Brains were harvested from day 9 or 17 EAE mice and whole protein lysate prepared using RIPA buffer.  

(A) p-JNK expression was analysed by western blotting.  Membranes were stripped and re-probed for 

(B) total JNK and (C) GAPDH.  (D) Densitometry was utilised to determine changes in p-JNK 

expression relative to total JNK, with GAPDH used as a loading control and total JNK used as a control 

for variances in overall JNK levels between samples.  (E) Day 9 and (F) day 17 average p-JNK 

expression in EAE MKP-2 +/+ or MKP-2 -/- mice.  Data shown is from one experiment, n=3 at day 9, 

n=4 at day 17 per group.  Not statistically significant, two-tailed unpaired student’s t test. 
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Figure 4.20:  p-JNK expression in MKP-2 +/+ and MKP-2 -/- EAE day 28 brain tissue.  Brains 

were harvested from day 28 EAE mice and whole protein lysate prepared using RIPA buffer.  (A) p-

JNK expression was analysed by western blotting.  Membranes were stripped and re-probed for (B) 

total JNK and (C) GAPDH.  (D) Densitometry was utilised to determine changes in p-JNK expression 

relative to total JNK, with GAPDH used as a loading control and total JNK used as a control for 

variances in overall JNK levels between samples.  (E) Average p-JNK expression in EAE MKP-2 +/+ 

or MKP-2 -/- mice.  Data shown is from one experiment, n=3 per group.  Not statistically significant, 

two-tailed unpaired student’s t test. 
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4.2.11 Flow cytometric analysis of cellular phenotypes in MKP-2 WT and KO 

spleen, lymph node and CNS tissue 

EAE is an autoimmune disease driven by host autoreactive cells damaging self; 

therefore we sought to investigate any potential changes in the cellular phenotype 

within secondary lymphoid tissues due to MKP-2 deletion.  Spleen and dLNs were 

harvested from naïve MKP-2 WT and KO mice.  From this tissue, cell suspensions 

were formed to allow analysis of various cell surface markers by flow cytometry and 

assess any intrinsic differences in percentage and total number of various cell types.   

Following analysis of baseline differences in cell phenotype frequencies in the absence 

of MKP-2, we then investigated changes occurring as a result of EAE onset and 

progression within MKP-2 KO mice.  Spleen, dLN, brain and spinal cord tissue were 

harvested from MKP-2 WT and KO EAE mice and, again, cell suspensions formed to 

allow flow cytometric analysis of various cell surface markers. 

 

4.2.11.1 CD4+ CD8+ T cells 

Both CD8+ T cells and, in particular, CD4+ T cells are known to be essential in EAE 

pathogenesis therefore we examined these markers first, using FITC-conjugated anti-

CD4 and PerCP-Cy5.5-conjugated anti-CD8 antibodies (Fig 4.21 A, B).  Firstly naïve 

spleen and dLN cells from MKP-2 WT and KO mice were analysed.  CD4+ and CD8+ 

populations were gated on all cells.  The total cell number was calculated using the 

percentage positive cells and the total cell count from each spleen and dLN cell 

preparation counted before FACS staining.   

Neither the percentage nor the overall number of CD4+ T cells or CD8+ T cells was 

altered in MKP-2 KO spleen or LN tissue compared with WT controls (Fig 4.21 C, 

D). 
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Figure 4.21:  Frequency and total number of CD4+ and CD8+ cells in naïve MKP-2 +/+ and MKP-

2 -/- spleen and dLNs.  (A) Spleen and (B) dLNs were harvested from naïve MKP-2 +/+ and MKP-2 -

/- mice and disrupted to form individual cell suspensions.  Cells (0.5 x 106) were added to each relevant 

FACS tube and stained for FITC-conjugated CD4 and PE-conjugated CD8 and analysed by flow 

cytometry.  Both the (C) percentage and (D) total number of positive cells were calculated.  Graphs 

show mean ± SEM of one experiment (n=4 mice per group).  Not statistically significant, two-tailed 

unpaired student’s t test. 
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Following this, examination of CD4+ and CD8+ T cells in MKP-2 WT and KO EAE 

mice was carried out, firstly in spleen and dLN tissue at 3 separate time points (Fig. 

4.22).  Upon disease onset at day 9 post-immunisation, no difference in CD4+ or CD8+ 

cell percentage or total number was observed in either tissue type (Fig 4.22 A-D).   

However by day 17, which corresponds to the stage of maximal disease severity, 

MKP-2 KO mice displayed significantly reduced frequency of CD4+ and CD8+ T cells 

(Fig 4.22 E-H).  In KO spleens, only 12.5±1.0 % of cells were CD4+, a decrease of 4.1 

% from 16.6±0.5 % in WT samples, while CD8+ cells made up just 8.1±1.5 % of the 

KO spleen cell population compared to 11.7±1.2 % in WT counterparts.   

MKP-2 KO dLNs also contained lower percentages of CD4+ and CD8+ cells.  CD4+ 

cell frequency significantly decreased from 27.5±0.9 % to 23.8±0.9 % and CD8+ cells 

from 21.9±1.0 % in WT mice to 16.9±1.2 %, a statistically significant 5 % reduction 

in MKP-2 KO animals.  However the reduced frequency of CD4+ and CD8+ cells did 

not corresponded with any reduction in the total number of these cells in KO EAE day 

17 spleen or dLNs, suggesting an increase in the overall number of immune cells in 

these tissues in KO EAE mice relative to WT.   

At day 28 post immunisation, no change in CD4+ or CD8+ T cell frequency or total 

cell number was detected between MKP-2 WT and KO spleen and dLN tissue (Fig 

4.22 l-L). 
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Figure 4.22:  Frequency and total number of CD4+ and CD8+ cells in MKP-2 +/+ and MKP-2 -/- 

EAE spleen and dLNs.  Spleen and lymph nodes were harvested at (A, B) day 9, (E, F) day 17 or (I, 

J) day 28 post EAE induction and disrupted to form individual cell suspensions.  0.5 x 106 cells were 

added to each relevant FACS tube and stained for FITC-conjugated CD4 and PE-conjugated CD8 and 

analysed by flow cytometry.  The (C, G, K) percentage and total number (D, H, L) of positive cells were 

calculated.  Graphs show mean ± SEM of three experiments, with representative FACS plots (n=10 

mice per group).  *P<0.05, two-tailed unpaired student’s t test. 
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In naïve conditions, few CD4+ and CD8+ T cells are found within the CNS.  However, 

a key event in EAE development is the migration of large numbers of autoreactive T 

cells across the BBB, allowing infiltration into the CNS to damage myelin antigens.  

Therefore we next analysed the immune cell phenotype in CNS tissues.  Cells were 

isolated from brain and spinal cord tissue by percoll gradient as described in Materials 

and Methods Chapter 2, and analysed by flow cytometry (Fig 4.23).  Cells were stained 

with FITC-conjugated anti-CD4 and PerCP-Cy5.5-conjugated anti-CD8 antibodies.  

CD4+ and CD8+ populations were gated on all cells.  The total cell number was 

calculated using the percentage positive cells and the total cell count from each CNS 

cell preparation counter before FACS staining.   

Comparable levels of CD4+ and CD8+ cells were found in MKP-2 WT and KO CNS 

tissue at disease onset, day 9 after immunisation (Fig 4.23 A-C).  By day 17, the stage 

of peak disease severity, the percentage - but not total number - of CD4+ and CD8+ 

cells had increased compared to day 9 samples (Fig 4.23 D-F).  However the frequency 

of CD4+ cells between WT and KO tissue remained equivalent.  In contrast, there was 

a significantly lower frequency of CD8+ T cells within the CNS of MKP-2 KO mice 

relative to WT counterparts, down from 7.6±1.1 % to 3.6±0.5 %.  Total CD8+ cell 

number was unchanged. 
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Figure 4.23:  Frequency and total number of CD4+ and CD8+ cells in MKP-2 +/+ and MKP-2 -/- 

EAE CNS tissue.  Brain and spinal cords were harvested at (A) day 9 and (D) day 17 post EAE 

induction.  Tissue was pooled and cells isolated using percoll gradient.  0.2 x 106 cells were added to 

each relevant FACS tube and stained for FITC-conjugated CD4 and PE-conjugated CD8 and analysed 

by flow cytometry.  The (B, E) percentage and (C, F) total number of positive cells were calculated.  

Graphs show mean ± SEM of two experiments with representative FACS plots (n=6 mice per group).  

*P<0.05, two-tailed unpaired student’s t test 
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4.2.11.2 CD4+ CD25+ T cells 

Activated mature T cells express CD25 on their cell surface; therefore we analysed the 

frequency of CD4+ CD25+ cells to establish whether the significant reduction in CD4+ 

cells seen in spleen and dLNs of MKP-2 KO EAE mice compared to WT was due to 

a decreased repertoire of activated CD4+ T cells.  Cells were stained with PerCP-

Cy5.5-conjugated anti-CD4 and FITC-conjugated anti-CD25 antibodies (Fig 4.24).  

CD4+ CD25+ populations were gated on all cells.  The total cell number was calculated 

using the percentage of positive cells and the total cell count from each spleen and 

dLN cell preparation counted before FACS staining 

However no change in the percentage of CD4+ CD25+ cells within total cell 

preparations was observed between WT and KO spleen or dLNs at any time point (Fig 

4.24 A-C, E-G, I-K).  The percentage of CD25+ cells within CD4+ cell populations 

was also analysed, and again there was no difference between WT and KO tissue at 

EAE day 9, day 17 or day 28 (data not shown).  The total number of CD4+ CD25+ T 

cells was also unchanged at any time point. 
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Figure 4.24:  Frequency and total number of CD4+ CD25+ cells in MKP-2 +/+ and MKP-2 -/- EAE 

spleen and dLNs.  Spleen and dLNs were harvested at (A, B) day 9, (E, F) day 17 or (I, J) day 28 post 

EAE induction and disrupted to form individual cell suspensions.  Cells (0.5 x 106) were added to each 

relevant FACS tube and stained for PerCPCy5.5-conjugated CD4 and FITC-conjugated CD25 and 

analysed by flow cytometry.  The (C, G, K) percentage and (D, H, L) total number of positive cells were 

calculated.  Graphs show mean ± SEM of three experiments with representative FACS plots (n=10 mice 

per group).  Not statistically significant, two-tailed unpaired student’s t test. 
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MKP-2 KO spleen and dLNs contained a reduced frequency of CD4+ T cells compared 

to WT counterparts at day 17 after immunisation, yet this did not correspond with any 

changes in the frequency of activated T cells within these tissues.  It was hypothesised 

that this may have been the result of more activated T cells migrating to the CNS in 

WT mice, therefore the expression of CD4+ CD25+ cells in MKP-2 WT and KO EAE 

day 17 CNS tissue was analysed.  However the frequency and total number of CD4+ 

CD25+ cells remained unchanged in KO CNS samples relative to WT (Fig 4.25 A-C).   
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Figure 4.25:  Frequency and total number of CD4+ CD25+ cells in MKP-2 WT and KO EAE CNS 

tissue.  Brain and spinal cords were harvested at day 17 post EAE induction.  Tissue was pooled and 

cells isolated using percoll gradient.  Cells (0.2 x 106) were added to each relevant FACS tube and 

stained for PerCPCy5.5-conjugated CD4 and FITC-conjugated CD25 and analysed by flow cytometry.  

The (B) percentage and (C) total number of positive cells were calculated.  Graphs show mean ± SEM 

of two experiments with representative FACS plots (n=6 mice per group).  Not statistically significant, 

two-tailed unpaired student’s t test. 
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4.2.11.3 CD19+ CD40+ B cells 

As well as T cells, the important role of B cells in EAE development has been 

highlighted in recent literature.  Therefore we next investigated the expression of B 

cells in naïve, as well as EAE, MKP-2 WT and KO lymphoid tissue.  Cells were stained 

with APC-conjugated anti-CD19 and FITC-conjugated anti-CD40 antibodies, two 

markers expressed by B cells at almost all stages of development, including mature 

naïve B cells, activated B cells, memory B cells and regulatory B cells.  However it 

should be noted that CD40 is also expressed on other immune cells, including 

macrophages and dendritic cells and therefore a more B cell-specific marker could 

have been chosen.  CD19+ CD40+ populations were gated on all cells.  The total cell 

number was calculated using the percentage of positive cells and the total cell count 

from each spleen and dLN cell preparation counted before FACS staining.   

Firstly naïve spleen and dLN cells from MKP-2 WT and KO mice were analysed.  We 

observed no changes in the percentage (Fig 4.26 A-C) or the total number (Fig 4.26 A, 

B, D) of CD19+ CD40+ cells in spleen or dLNs between naïve WT and KO mice. 
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Figure 4.26:  Frequency and total number of CD19+ CD40+ B cells in naïve MKP-2 +/+ and MKP-

2 -/- spleen and dLNs.  (A) Spleen and (B) dLNs were harvested from naïve MKP-2 +/+ and MKP-2 -

/- mice and disrupted to form individual cell suspensions.  Cells (0.5 x 106) were added to each relevant 

FACS tube and stained for FITC-conjugated CD40 and APC-conjugated CD19 and analysed by flow 

cytometry.  Both the (C) percentage and (D) total number of positive cells were calculated.  Graphs 

show mean ± SEM of one experiment (n=4 mice per group).  Not statistically significant, two-tailed 

unpaired student’s t test. 
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Upon EAE onset at day 9, MKP-2 KO spleen and dLNs still contained a comparable 

percentage and total number of CD19+ CD40+ cells compared to WT tissue (Fig 4.27 

A-D). 

In contrast, at day 17 post immunisation, B cell frequency was found to be significantly 

lower in MKP-2 KO spleen and dLNs relative to WT mice (Fig 4.27 E-G).  WT spleens 

contained, on average, 27.7±2.6 % CD19+ CD40+ B cells compared to just 19.8±0.5 

% in KO mice.  In dLN tissue, B cells made up 29.5±1.2 % of the cell population of 

MKP-2 WT mice, but only 23.7±1.4 % in KO tissue.  Surprisingly this did not 

corresponded with any change in the total number of CD19+ CD40+ cells in KO spleen 

or dLN tissues compared to WT (Fig 4.27 H).   

By day 28 we observed no difference in either the percentage or the total number of B 

cells in MKP-2 KO lymphoid tissue relative to that of WT counterparts (Fig 4.27 I-L). 

 



167 

 

 
CD19 

+/+ 

-/- 

Spleen dLN E F G 

H 

C
D

4
0

 

+/+ 

-/- 

Spleen dLN I J K 

L 

Day 17 

Day 28 

+/+ 

-/- 

Spleen dLN A B C 

D 

Day 9 

0

10

20

30

40

spleen dLN

%
 C

D
19

+
C

D
40

+
ce

lls

* *

0

5

10

15

20

spleen dLN

To
ta

l C
D

19
+

C
D

40
+

ce
lls

 (
x1

0
6
)

0

20

40

60

spleen dLN

%
 C

D
1

9
+

C
D

4
0

+
ce

lls

0

4

8

12

16

20

spleen dLN

To
ta

l C
D

19
+

C
D

40
+

ce
lls

 (
x1

0
6
)

0

10

20

30

40

spleen dLN

To
ta

l C
D

19
+

C
D

40
+

ce
lls

 (
x1

0
6
)

0

10

20

30

40

50

spleen dLN

%
 C

D
1

9
+

C
D

4
0

+
ce

lls

mkp-2 +/+

mkp-2 -/-

30.7 % 40.3 % 

40.9 % 32.5 % 

20.6 % 33.8 % 

19.0 % 17.8 % 

61.8 % 

48.6 % 39.6 % 

39.2 % 



168 

 

Figure 4.27:  Frequency and total number of CD19+ CD40+ B cells in MKP-2 +/+ and MKP-2 -/- 

EAE spleen and dLNs.  Spleen and dLNs were harvested at (A, B) day 9, (E, F) day 17 or (I, J) day 28 

post EAE induction and disrupted to form individual cell suspensions.  Cells (0.5 x 106) were added to 

each relevant FACS tube and stained for APC-conjugated CD19 and FITC-conjugated CD40 and 

analysed by flow cytometry.  The (C, G, K) percentage and (D, H, L) total number of positive cells were 

calculated.  Graphs show mean ± SEM of 3 experiments with representative FACS plots (n=10).  

*P<0.05, two-tailed unpaired student’s t test. 
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In addition to autoreactive T cell infiltration, B cell migration into the CNS is also a 

key event in EAE pathogenesis.  Once there, B cells can reactivate autoreactive T cells 

and produce MOG-specific autoantibodies which contributes to demyelination and 

inflammation.  Therefore we analysed the percentage and total number of CD19+ 

CD40+ B cells within MKP-2 WT and KO EAE CNS tissue. 

MKP-2 deletion did not affect the percentage of CNS infiltrating CD19+ CD40+ B cells 

in the brain and spinal cord tissues within EAE mice at either day 9 or day 17 post-

immunisation (Fig 4.28 A, B, D, E).  In addition, the total number of B cells was 

comparable between WT and KO mice samples at both time points (Fig 4.28 C, F). 
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Figure 4.28:  Frequency and total number of CD19+ CD40+ cells in MKP-2 +/+ and MKP-2 -/- 

EAE CNS tissue.  Brain and spinal cords were harvested at (A) day 9 or (D) day17 post EAE induction.  

Tissue was pooled and cells isolated using percoll gradient.  Cells (0.2 x 106 cells) were added to each 

relevant FACS tube and stained for FITC-conjugated CD19 and PE-conjugated CD40 and analysed by 

flow cytometry.  The (B, E) percentage and (C, F) total number of positive cells were calculated.  Graphs 

show mean ± SEM of two experiments (n=6 mice per group).  Not statistically significant, two-tailed 

unpaired student’s t test. 
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4.2.11.4 CD11c+ DCs and MHC-II+ cells 

Autoreactive T cells are primed by antigen presenting cells (APCs) displaying the 

relevant antigen via MHC-II molecules.  In EAE, DCs are one of the most important 

APCs and thus we investigated any potential variations in expression of these cells in 

mice tissues upon MKP-2 deletion.  The frequency of CD11c+ DCs and MHC-II+ 

expression on APCs, including DCs, in naïve, as well as EAE, MKP-2 WT and KO 

lymphoid tissue was analysed.  Cells were stained with PE-conjugated anti-CD11c and 

APC-conjugated anti-MHC-II antibodies.  CD11c+ and MHC-II+ populations were 

gated on all cells.  The total cell number was calculated using the percentage positive 

cells and the total cell count from each spleen and dLN cell preparation counted before 

FACS staining.  It should be noted that, while CD11c is a common marker of DCs, it 

is also expressed on other cells including monocytes and macrophages. 

The frequency and total number of CD11c+ DCs remained unchanged in naive MKP-

2 KO spleen and dLN samples compared to WT (Fig 4.29 A-D).  In addition, the 

percentage and overall number of spleen and dLN cells which were MHC-II+ did not 

change in KO mice compared to WT (Fig 4.29 A-D).  Upon immune activation, APCs 

including DCs, B cells and macrophages increase surface expression of MHC-II.  In 

EAE, DCs are the primary APCs that prime autoreactive T cells via presentation of 

antigen on MHC-II, therefore we also analysed the frequency of CD11c+ MHC-II+ 

cells in naïve MKP-2 KO mice and WT littermates. We observed comparable levels 

of MHC-II+ DCs between KO and WT mice in spleen and dLNs (Fig 4.29 A-D).  
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Figure 4.29:  Frequency and total number of CD11c+ and MHC-II+ cells in naïve MKP-2 +/+ and 

MKP-2 -/- spleen and dLNs.  (A) Spleen and (B) dLNs were harvested from naïve MKP-2 +/+ and 

MKP-2 -/- mice and disrupted to form individual cell suspensions.  Cells (0.5 x 106) were added to each 

relevant FACS tube and stained for PE-conjugated CD11c and APC-conjugated MHC-II and analysed 

by flow cytometry.  The (C) percentage and (D) total number of positive cells were calculated.  Graphs 

show mean ± SEM of one experiment (n=4 mice per group).  Not statistically significant, two-tailed 

unpaired student’s t test. 
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Subsequently we assessed CD11c+ and MHC-II+ cell numbers in MKP-2 WT and KO 

lymphoid tissue during EAE onset, peak and recovery.  CD11c+ DC frequency and 

total cell number were not altered by the absence of MKP-2 in day 9 spleen and dLN 

tissue (Fig 4.30 A-D).  This was also true of MHC-II+ cells as well as MHC-II+ CD11c+ 

DCs. 

DC expression remained unaffected by MKP-2 deletion in day 17 and day 28 samples 

(Fig 4.30 E-H; Fig 4.30 I-L).  Similarly, the frequency and total number of MHC-II+ 

APCs was again unchanged in both spleen and dLN tissue as a result of MKP-2 KO.  

While the percentage of CD11c+ DCs which were MHC-II+ was also comparable 

between WT and KO samples at day 17 and day 28. 
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Figure 4.30:  Frequency and total number of CD11c+ and MHC-II+ cells in MKP-2 +/+ and MKP-

2 -/- EAE spleen and dLNs.  Spleen and lymph nodes were harvested at (A, B) day 9, (E, F) day 17 or 

(I, J) day 28 post EAE induction and disrupted to form individual cell suspensions.  Cells (0.5 x 106) 

were added to each relevant FACS tube and stained for PE-conjugated CD11c and APC-conjugated 

MHC-II and analysed by flow cytometry.  The (C, G, K) percentage and (D, H, L) total number of 

positive cells were calculated.  Graphs show mean ± SEM of three experiments (n=10 mice per group).  

Not statistically significant, two-tailed unpaired student’s t test. 
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4.2.11.5 CD11b+ macrophages 

Macrophages are another important population of cells in EAE pathogenesis with both 

detrimental, as well as protective, effects.  MKP-2 deletion has previously been shown 

to alter macrophage function in disease conditions.  Therefore we analysed 

macrophage expression in MKP-2 WT and KO mice during EAE development by flow 

cytometry, using CD11b as a positive marker for macrophages.  Tissue-resident 

macrophages within the spleen include red pulp, marginal zone, metallophilic and 

tangible macrophages.  In lymph nodes there are also subpopulations of sinus-resident 

and parenchymal macrophages.  

No variance in CD11b+ cell frequency or total number was observed between day 9 

EAE WT and KO spleen and dLNs (Fig 4.31 A-D).  By day 17 our data suggest that 

the frequency, but not total number, of splenic CD11b+ macrophages in KO mice may 

be upregulated at 26.8±1.6 % relative to WT counterparts with 18.4±1.3 % (Fig 4.31 

E-H).  However this difference is not statistically significant and thus has to be 

confirmed.  No difference in CD11b+ cells was observed in dLNs at day 17.  Similarly, 

the frequency and total number of macrophages in day 28 EAE lymphoid tissue was 

comparable between WT and KO mice (Fig 4.31 I-L).  Overall, CD11b+ macrophages 

were found to be far more abundant in spleen tissue compared to dLNs at all time 

points. 
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Figure 4.31:  Frequency and total number of CD11b+ cells in MKP-2 +/+ and MKP-2 -/- EAE 

spleen and dLNs.  Spleen and dLNs were harvested at (A, B) day 9, (E, F) day 17 or (I, J) day 28 post 

EAE induction and disrupted to form individual cell suspensions.  Cells (0.5 x 106) were added to each 

relevant FACS tube and stained for PE-conjugated CD11b and analysed by flow cytometry.  The (C, G, 

K) percentage and (D, H, L) total number of positive cells were calculated.  Graphs show mean ± SEM 

of two experiments (n=6).  Not statistically significant, two-tailed unpaired student’s t test. 
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4.2.12  Serum nitrite levels in MKP-2 WT and MKP-2 KO EAE mice 

An important inflammatory mediator involved in the pathogenesis of EAE is NO.  

Changes in NO production in MKP-2 deficient mice have also been observed in recent 

publications [228], therefore we next analysed any potential differences in NO 

formation between MKP-2 WT and KO mice in our disease model.  This was 

performed using a Griess reagent system to measure a breakdown product of NO, 

nitrite, in mice serum samples.   

Nitrite levels increased in EAE mice compared to naïve controls (data not shown) but 

there was no difference between MKP-2 WT and KO samples at day 17 of EAE 

development (Fig 4.32 A).  However, by day 28, KO mice were producing 

significantly less nitrite relative to WT, decreasing from 161.8±21.9 to 80±12.8 µM / 

L (Fig 4.32 B). 
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 (A)   Day 17           (B)      Day 28 

 

    

 

Figure 4.32: Nitrite expression in MKP-2 +/+ and MKP-2 -/- serum.  Whole blood was harvested at 

(A) day 17 or (B) day 28 post EAE-induction and centrifuged at full speed for 15 minutes to pellet 

clotted blood.  Serum supernatant was retained and 15 mg/ml ZnSO4 added to allow deproteinization of 

samples.  Following this, nitrite concentrations were determined by Griess Assay, using a standard curve 

of known nitrite concentrations.  Graphs show mean ± SEM of two experiments (n=4 naïve; n=7 MKP-

2 +/+; n=8 MKP-2 -/-).  *P < 0.05, two-tailed unpaired student’s t test. 
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4.3 Discussion         

MKP-2 mRNA expression was significantly upregulated in the CNS of day 17 MOG 

immunised mice compared to PBS controls (Fig 3.17 B), suggesting a potential role 

of this kinase in EAE development.  The present study is the first to confirm an 

important role for MKP-2 in EAE development as disease severity is significantly 

ameliorated in mice deficient in this gene compared with WT littermate controls.   

However our early experiments in either 5th or 6th backcross generation mice were not 

conclusive.  In 4/7 experiments conducted in PLE-5 and PLE-6 mice, EAE 

development was reduced in MKP-2 KO mice compared to WT littermates.  In 

contrast, disease severity was enhanced in KO mice relative to WT counterparts on 3/7 

occasions.  The lack of reproducibility of these results highlighted the inherent 

problems associated with studies using KO mice. 

Mice used in these experiments were either a 5th or 6th generation backcross (male 

chimeras of a 129/sv background crossed with female C57BL/6) following MKP-2 

gene deletion.  Therefore the inconsistency in EAE development was most likely the 

result of genetic variability due to an insufficient number of backcrosses, meaning 

these mice could still contain genetic material from the donor 129/sv strain.  The 

optimal number of backcrosses is at least 10, at which stage there is only a 0.1% chance 

of retaining loci from the donor background, and thus the strain is considered fully 

congenic (when it differs from the inbred strain at only a single locus).  Previous 

studies have observed similar effects, with changes in disease incidence and phenotype 

in KO mice with insufficient backcrossing [303], [304].  As 129/sv mice are resistant 

to MOG-induced EAE [92], [305], [306], this could potentially affect EAE 

development in our MKP-2 WT and KO mice.  Repeated crossing into C57BL/6 mice 

should reduce the likelihood of this happening [304].  This was confirmed when a 7th 

generation (PLE-7) was tested, in which a stable disease phenotype was obtained.  In 

7/7 EAE experiments, MKP-2 deletion resulted in significantly decreased clinical 

severity compared to WT littermates, thus confirming MKP-2 as a critical component 

in the autoimmune response of EAE.  This is in support of previous reports which have 

also observed reduced EAE severity in mice deficient in MKP-1 [217] and MKP-5 

[243].   
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Once this had been established, our next aim was to determine how MKP-2 gene 

deletion affects key aspects of this disease model.  Firstly, inflammatory cell 

infiltration into the spinal cord was reduced in MKP-2 deficient mice.  Even at day 17, 

when clinical symptoms are at their peak, far fewer cells were observed crossing the 

BBB into the CNS in these KO mice.  In contrast, WT spinal cords all contained 

several large areas of inflammatory cell accumulation in the white matter, particularly 

CD4+ T cells and F4/80+ macrophage/microglial cells.  Surprisingly, although with 

fewer cells in the spinal cord tissues, these KO mice still displayed clinical symptoms 

of EAE at an average of around 2.1 at this time point.  The reduced number of 

infiltrating cells in the CNS of KO mice may indicate that MKP-2 deletion could also 

potentially affect BBB permeability resulting in less cells trafficking to the CNS.  

Although I was not able to investigate the difference in BBB permeability between 

WT and KO EAE mice in my thesis, this could be tested by Evans Blue assay.  A 

potential effect of MKPs on BBB permeability would be in line with a previous report 

which found increased BBB disruption following subarachnoid haemorrhage in rats 

was associated with decreased MKP-1 and in increase in ERK, JNK and p38 

phosphorylation [307].  Treatment with recombinant osteopontin restored BBB 

integrity, with increased MKP-1 expression.  This suggests MKPs may be involved in 

regulation of BBB integrity via regulation of MAPK activation. 

Another possible explanation for decreased CNS infiltration in MKP-2 KO EAE mice 

may be altered chemokine expression in the absence of MKP-2, affecting cell 

migration to areas of inflammation.  Previous literature supports this hypothesis.  As 

mentioned briefly in Section 4.1, MKP-2 is involved in regulation of the early 

inflammatory response in mouse models of ALI [232]; this is associated with 

significantly decreased MIP-1α expression in BAL fluids following intratracheal LPS 

challenge.  Furthermore, other MKPs have also been implicated in control of 

chemokine expression, including MKP-1 which negatively regulates expression of 

CXCL1 and CXCL2 in periodontal disease, contributing to osteoclast formation [212].  

In addition, Hammer et al observed upregulated CCL3, CCL4 and CXCL2 mRNA 

expression in MKP-1 KO spleen tissue, as well as protein expression in serum, in 

response to LPS administration [211].  Similarly, serum CCL2 levels are increased in 

MKP-1 KO mice following LPS challenge [210].  Our study found that CCL2 
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expression was significantly decreased in EAE day 17 and day 28 MKP-2 KO spleen 

cells following MOG stimulation.  CCL2 acts as a chemoattractant for a variety of 

cells, including macrophages, T lymphocytes, natural killer (NK) cells and DCs.  By 

regulating migration of these cells, it can indirectly lead to an increase in the 

inflammatory response at specific sites.  Therefore, through regulation of chemokine 

expression, MKP-2 can potentially affect the level of cell migration to sites of 

inflammation, thereby increasing autoimmune pathology.  WT and KO dLN cells 

expressed similar levels of CCL2 expression, suggesting MKP-2 may exert tissue-

specific effects on chemokine production. 

A further possible mechanism of action of MKP-2 during EAE pathogenesis and 

progression may be in contributing to the regulation of cytokine production.  Upon 

MOG35-55 peptide re-challenge in ex vivo cell cultures, in addition to upregulated 

CCL2 production, the expression of several cytokines by spleen and dLN cells was 

altered in MKP-2 KO mice compared to WT counterparts.  Both Th17 and Th1 cells 

are known to play a crucial role in EAE pathogenesis [98], [308].  Antigen specific 

production of the most prominent cytokine within the Th17 family, IL-17A, and the 

archetypal Th1 cytokine, IFNγ, was significantly downregulated in KO spleen and 

dLN cells compared to WT.  Other pro-inflammatory cytokines are also very important 

in this particular disease model.  IL-6, which is secreted by a variety of cells including 

Th2 cells, macrophages, DCs, and B cells [309]–[312], is a prominent cytokine in the 

development of inflammatory responses.  Our data show that IL-6 expression was also 

significantly lower in MKP-2 KO spleen and dLN cells compared to WT.  The 

reduction of all these proinflammatory cytokines in KO mice is correlated with the 

reduced disease severity seen in KO mice, highlighting how critical they are in EAE 

disease development.  It also suggests MKP-2 may be involved in regulating 

production of these cytokines by reducing activity of the cells producing them or 

downregulating gene transcription.   

This is in agreement with previous reports utilising MKP-2 KO mice.  Upon LPS 

stimulation, Al-Mutairi et al showed that MKP-2 KO macrophages produce 

significantly less IL-6, IL-12 and TNFα but more IL-10 [228].  In addition, following 

i.p LPS administration, levels of IL-6, TNFα, IL-1β and IL-10 significantly decrease 
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in MKP-2 KO serum compared to WT [233].  MKP-2 can also alter Th2 responses, 

with significantly reduced IL-4 produced by MKP-2 KO splenic CD4+ T cells in 

response to L.major infection compared to WT [231].  Taken together with our results, 

MKP-2 is clearly involved in regulating production of several different cytokines from 

a variety of cells.  However, particularly in the case of IFNγ, the level of regulation 

may vary between different tissues and cell types.  It is also likely that the function of 

MKP-2 in regulating these cytokines is dynamic and influenced by the stages of EAE 

pathogenesis as well as the overall cytokine milieu in vivo, e.g. naïve mice versus mice 

at the onset, peak or resolution stages of EAE.  In each of these studies, altered cytokine 

production was associated with changes in MAPK phosphorylation and therefore a 

similar mechanism of action may be taking place in our model.  For IFNγ and, in 

particular, IL-6, increased p38 and JNK activation in MKP-1 deficient mice appears 

to be involved in increased cytokine production [208], [313].  MKP-2 may also be 

acting through other cells (e.g. DCs) to regulate Th1 and Th17 responses as a similar 

function with MKP-1 has previously been established [314].  The development of Th1 

and Th17 cells was altered in MKP-1 KO mice as a result of increased IL-6 and 

decreased IL-12 expression in KO DCs (via increased p38 activation) which enhanced 

STAT3 phosphorylation but downregulated STAT4 phosphorylation in MKP-1 KO T 

cells, downstream targets of IL-6 and IL-12 respectively.   

IL-22 is a member of the IL-10 cytokine family which is linked to both innate and 

adaptive immune responses [315], [316].  A variety of cell types are known to produce 

IL-22, including Th1 cells, Th17 cells, Th22 cells, CD8+ T cells and NK cells [317]–

[319].  Previous studies have reported both inflammatory as well as protective effects 

exerted by IL-22 [320]–[323].  In the present study we found that expression of this 

cytokine was significantly reduced in MKP-2 KO day 17 spleen and dLNs, suggesting 

that, similarly to IL-17, IL-6 and IFNγ, IL-22 expression is positively regulated by 

MKP-2 and that IL-22 may exacerbate the inflammatory response at the peak of 

disease severity.  However this may not be a crucial part of the autoimmune 

pathogenesis of EAE as IL-22 KO mice are fully susceptible to EAE [324].  By day 

28, IL-22 expression remained downregulated in KO dLNs, however an increase was 

observed in corresponding spleen samples.  Perhaps splenic IL-22 can aid in EAE 

recovery at the latter stages of disease progression, thus explaining the increased IL-
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22 correlating with lower clinical scores observed in KO mice.  These results also 

suggest MKP-2 may be able to act as both a positive and negative regulator of IL-22 

expression, and therefore can potentially increase or decrease IL-22 production at 

different times.    

Antigen specific production of IL-2 was downregulated in MKP-2 deficient day 17 

EAE spleen and dLN cells following 24 hour and 48 hour MOG re-stimulation but not 

72 hours.  This implies an initial defect in IL-2 production in the absence of MKP-2 

which is overcome in the event of continued cell stimulation.  The mechanism through 

which this occurs is unknown, but is perhaps the result of delayed compensation by 

another MKP.  IL-2 plays a role in many functions which are essential in EAE, 

including mediating differentiation and proliferation of antigen-specific T cells and B 

cells [325]–[328], as well as regulating the expression of the inflammatory cytokine 

IFNγ [329].  Therefore decreased IL-2 production in MKP-2 KO mice may result in 

reduced T cell and B cell differentiation and proliferation, which correlates with the 

lower clinical disease scores observed.  The implication that MKP-2 is needed for T 

cell activation and proliferation is similar to results previously seen in MKP-1 deficient 

mice.  Upon stimulation with anti-CD3 and anti-CD28, MKP-1 KO CD4+ T and CD8+ 

T cells produced less IL-2 and proliferated less than WT counterparts [217]. 

Although not statistically significant, MKP-2 mRNA expression was 3-fold higher in 

MOG stimulated WT spleen cells compared to unstimulated controls.  This suggests 

MKP-2 may be upregulated in cells involved in the antigen-specific immune response 

of EAE, and thus may contribute to the altered functioning of these cells which leads 

to disease pathogenesis.  However, as whole spleen cell preparations were used, it 

remains unclear in which cells MKP-2 is most strongly expressed, as well as which 

cells are contributing most to production of these cytokines.  MKP-2 deficient cells 

displayed an altered profile of cytokine production but these results again do not 

conclusively reveal which cells are most affected by the absence of MKP-2.  MKP-2 

has been shown to have diverse functions depending on which type of cell it is 

expressed in [223], [225], [226]; therefore deletion of this enzyme would likely have 

varying effects in different cell types.  As EAE pathophysiology involves several 

different cell types, including CD4+ T cells, CD8+ T cells, B cells, DCs and 
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macrophages, decreased disease severity due to MKP-2 deficiency may be the result 

of unique alterations in cellular functionality of some or all of these immune cells.  

Previous reports have observed changes in CD4+ T cell responses and proliferation in 

MKP-2 KO mice [330], as well as alterations in phenotype and cytokine production in 

MKP-2 KO macrophages [228], [233] therefore these cells are likely contributing to 

the amelioration of EAE in MKP-2 KO mice. 

MKP-1 is the most widely studied and well defined of the MKPs to date.  Similarly to 

MKP-2, it is ubiquitously expressed throughout the body [201], is localised to the 

nucleus [202] and has varied substrate specificity in different cells [205], [206].  When 

spleen cells from WT and MKP-2 KO mice were stimulated with MOG peptide ex 

vivo, our data show that MKP-1 mRNA expression was increased by over 3-fold in 

MKP-2 KO cells relative to WT controls.  This may represent a form of redundancy, 

whereby if MKP-2 is depleted, expression of other MKPs will increase to try and 

compensate for the lack of MKP-2 function.  Previous studies have alluded to potential 

compensation from other MKPs in T cell development and T helper cell-mediated 

antibody production [330] as well as in inflammatory conditions such as ALI [232] 

and sepsis [232] following MKP-2 deletion but without conclusive evidence.  

However, in our model, increased MKP-1 expression was unable to fully compensate 

for MKP-2 as EAE severity was not comparable with WT mice. 

Unlike in spleen cells, no change in MKP-1 expression was observed between WT and 

KO EAE spinal cord tissue.  This would suggest that any compensatory mechanisms 

by MKP-1 may be localised to specific tissues.  In contrast, DUSP5 expression more 

than doubled in MKP-2 deficient spinal cord tissue.  The significant upregulation of 

DUSP5 expression within the CNS of MKP-2 KO mice implies another possible 

attempt to compensate for the absence of MKP-2 by enhancing expression of this 

phosphatase.  As mentioned in section 3.3, DUSP5 is known to ameliorate CIA via T 

cell regulation [262].  Therefore increased DUSP5 expression is perhaps contributing 

to the reduced clinical severity of EAE in MKP-2 KO mice. 

Surprisingly MKP-2 deletion had no effect on the level of phosphorylation of ERK or 

JNK in EAE spinal cord and brain samples relative to WT littermates.  This would 

perhaps suggest that MKP-2 is largely dispensable for ERK and JNK phosphorylation 
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in EAE CNS tissue, either because MKP-2 is not the primary regulator of ERK and 

JNK activity in this particular tissue, or is the result of compensation, perhaps via 

DUSP5.  However DUSP5 is specific for ERK, not JNK or p38 [260], therefore other 

MKPs would also have to be involved.  Due to time constraints, these conclusions are 

based on data from one experiment, with only 3 or 4 mice per group per time point.  

Therefore it is more likely that upon repeating these blots, the small changes observed 

in MAPK phosphorylation would become more conclusive.  In addition, whole brain 

and spinal cord tissue was used which may mask any differences in MAPK 

phosphorylation within individual cell types such as key cells involved in EAE 

pathogenesis.  

Naïve (Day 0) MKP-2 WT and KO mice were found to contain comparable amounts 

of CD4+ T cells and CD8+ T cells in spleen and dLNs which is in agreement with 

previous work carried out in MKP-2 KO mice [330].  This suggests MKP-2 is not 

required for T cell development or lineage commitment within the thymus. 

In day 17 EAE mice, the total numbers remained similar, but a substantial increase in 

the frequency of CD4+ and CD8+ T cells was observed in both WT and KO mice 

compared to naïve and day 9 EAE mice, confirming the importance of both CD4+ T 

cells as well as CD8+ T cells in EAE pathogenesis, particularly at this stage of disease 

progression.  MKP-2 KO EAE day 17 spleen and dLNs contained a significantly lower 

percentage of CD4+ and CD8+ cells compared to WT.  These results indicate MKP-2 

may have a role in autoreactive CD4+ and CD8+ T cell expansion in secondary 

lymphoid organs during EAE, which would be similar to previous findings with MKP-

1 [217] and MKP-5 [243].  However this was not reflected in the absolute number of 

CD4+ and CD8+ T cells which remained unchanged between WT and KO mice and 

therefore the effect of MKP-2 deletion on T cell number and function requires further 

investigation.  In addition, reduced T cell frequency was not associated with any 

changes in CD4+ T cell activation, as determined by analysing the frequency of CD4+ 

CD25+ cells.  WT and KO mice contained equivalent percentages of activated CD4+ 

T cells, with the total number steadily declining from day 9 to day 28.  This reflects 

the change in immune response over the course of this monophasic animal model 

towards mouse recovery.  In addition, CD8+ T cell expression was significantly 
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reduced in KO CNS tissue, suggesting CD8+, but not CD4+ T cell migration and/or 

infiltration into the CNS appears to be regulated by MKP-2.  In MS and EAE, several 

chemokines have been associated with T cell migration into the CNS such as CCL1-

CCL5 and CXCL9-CXCL11 [331], [332].  In addition, T cells found in the CNS of 

MS patients and EAE mice have been found to express various chemokine receptors 

including CCR1-CCR5 and CXCR1-CXCR6 [331]–[334].  Our data, as well as results 

from other groups, have indicated a role for MKP-2 in regulation of chemokine 

expression.  Therefore this would be a potential mechanism for the decreased CD8+ T 

cell migration into the CNS of EAE mice. 

MKP-2 does not appear to be integral to naïve mature B cell development as CD19+ 

CD40+ B cell frequency and total number was unchanged in naïve MKP-2 KO spleen 

and dLN tissue relative to WT littermate controls.  In contrast, the frequency of CD19+ 

CD40+ B cells was significantly downregulated in EAE day 17 MKP-2 KO lymphoid 

tissues compared to WT counterparts.  No similar research has previously been carried 

out looking at the role of MKP-2, or any other MKPs, in relation to B cells.  STAT5 

is essential in the early development of B cells [335] via its effect on transcription 

factors such as Pax5 [336].  However it is not required for late stage B cell development 

or mature B cell proliferation, therefore it is unlikely that this is the cause of reduced 

B cells in EAE mice in the absence of MKP-2 as no change in the amount of naïve B 

cells was observed.  Activation of B cells occurs within the germinal centres of spleen 

and lymph nodes in response to antigen stimulation via the B cell receptor [337].  

Subsequent activation of the MAPKs (ERK, JNK and p38) leads to phosphorylation 

of various transcription factors which are involved in B cell survival and proliferation 

[272], [294].  Taken together, this suggests that reduced CD19+ CD40+ B cell 

frequency in MKP-2 deficient EAE spleen and dLNs is potentially the result of 

changes in MAPK phosphorylation due to the absence of MKP-2.  The corresponding 

amelioration of disease severity would confirm a detrimental role for B cells in EAE 

pathogenesis.  No change in percentage of CD19+ CD40+ B cells was detected in EAE 

day 9 or day 17 CNS tissue following MKP-2 deletion, suggesting MKP-2 is not 

critical for B cell migration and subsequent entry into the CNS.  
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In the absence of MKP-2, there was no difference in the frequency and total number 

of CD11c+ DCs in naïve spleen and dLNs compared to WT.  This was also true upon 

EAE onset and progression, with WT and KO tissue containing comparable levels 

throughout disease.  These results indicate that MKP-2 does not appear to be involved 

in regulation of DC development.  This is in support of similar data obtained with 

MKP-1, as Huang et al observed no change in CD11c+ frequency in MKP-1 KO 

spleens relative to WT [314]. Similarly, our data showed that the percentage and total 

number of MHC-II+ cells were also unchanged in naïve and EAE KO mice compared 

to WT, suggesting MKP-2 may not be involved in MHC-II transcription or cell surface 

expression. 

Previous research has shown that macrophages can exert contrasting effects during 

EAE pathogenesis and thus have the potential to be damaging [134] as well as 

beneficial [138].  In the absence of MKP-2, the frequency and total number of CD11b+ 

cells did not change relative to WT littermates, suggesting MKP-2 is not likely to be 

involved in macrophage proliferation. 

It is well recognised that NO is involved in the inflammatory response of MS [338], 

[339] and EAE [340], [341], contributing to myelin destruction and oligodendrocyte 

damage [342], [343].  On the other hand, conflicting reports have observed protective 

effects exerted by NO in EAE [344]–[346].  Data from this study showed that, at the 

peak of EAE clinical severity, equivalent levels of NO were observed in the serum 

samples of WT and KO EAE mice.  In contrast, by day 28 the level of NO was 

significantly lower in MKP-2 KO serum compared to MKP-2 WT littermates.  This 

suggests the pathways involved in NO production are unaffected by a lack of MKP-2 

until the latter stages of EAE, at which point MKP-2 deficiency results in reduced 

serum NO.  The mechanism through which this occurs remains unknown.  Altered NO 

production as a result of MKP-2 deletion has previously been demonstrated in LPS-

stimulated bone marrow-derived MKP-2 KO macrophages [228], with NO levels also 

downregulated in KO cells compared to WT.  The paper also suggested a shift of 

macrophages toward an M2 phenotype. The opposing roles of macrophages in EAE 

have been attributed to the differences in phenotype and function between the 

classically activated M1 and alternatively activated M2 macrophages, with M1 linked 
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to pathogenic responses and M2 protective [137], [346].  Thus the reduced NO levels 

observed in day 28 EAE KO mice could be due to the altered activation of 

macrophages in vivo.  

In conclusion, this is the first study to show that MKP-2 appears to be critical in the 

pathogenesis of EAE, as deletion of this gene results in significantly decreased severity 

of CNS inflammation.  This is associated with changes in several immune mechanisms 

in MKP-2 deficient mice following EAE induction.  These include diminished 

inflammation and cellular infiltration in the CNS, decreased expression of cytokines 

and chemokines known to be important in EAE (IL-17, IFNγ, IL-6, IL-2 and CCL2), 

reduced frequency of CD4+ T cells, CD8+ T cells and B cells, and downregulated NO 

production.  However MAPK phosphorylation within CNS tissues was unchanged in 

MKP-2 deficient mice relative to WT littermates.  The current study also suggests 

potential compensatory mechanisms following MKP-2 deletion, e.g. via upregulation 

of MKP-1 and DUSP5 expression. 
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5 Investigating the role of MKP-2 in 

regulating DC and macrophage 

phenotype and function 

 

5.1 Introduction         

We have already shown in chapters 3 and 4 of this study that MKP-2 is significantly 

upregulated in CNS tissues at the peak of EAE severity, and that deletion of this gene 

results in significantly decreased EAE severity.  We found that the reduced EAE 

severity is associated with changes in CNS inflammation, cytokine production, 

frequency of CD4+ T cells, CD8+ T cells and B cells and NO production but not MAPK 

expression or phosphorylation in MKP-2 deficient mice.  However these changes were 

observed in whole spleen and dLN cell cultures, as well as whole CNS tissue.  

Therefore the effect of MKP-2 deletion on specific cells of the immune system during 

EAE pathogenesis remains unknown.   

The development of a complex autoimmune disease such as EAE involves many 

different cell types, therefore the changes we observed in the tissues and cell cultures 

of MKP-2 KO EAE mice may be the result of altered functioning in a number of 

different immune and CNS cells.  Previous research, predominantly using KO mice, 

has shown that MKP-2 function, and the related signalling pathways, can vary between 

different cells.  MKP-2 has been shown to be essential for cell proliferation and 

survival in mouse fibroblasts and macrophages [225].  In fibroblasts, MKP-2 induced 

cell proliferation is associated with dephosphorylation of ERK.  However contrasting 

changes in ERK phosphorylation have been observed in MKP-2 KO macrophages, 

with MKP-2 deletion either having no effect [228] or resulting in increased ERK 

phosphotylation [233] .  Another report found that over-expression of MKP-2 in 

human endothelial cells protects against apoptosis via selective inhibition of TNF-α-

induced JNK, but not ERK or p38, phosphorylation [223].  In CD4+ T cells, MKP-2 
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deletion does not affect phosphorylation of ERK, JNK or p38 but instead results in 

enhanced STAT5 phosphorylation, leading to hyperproliferative cells [330].  Taken 

together, MKP-2 clearly has variable substrate specificity between different cell types, 

and thus is involved in unique effector functions within different cells. 

It is well established that CD4+ T cells, CD8+ T cells and B cells are key mediators of 

the inflammatory response in EAE [124], [308].  However other immune cells also 

have significant roles in disease pathogenesis.  These include DCs, which present 

antigen to T cells, leading to priming of antigen-specific T cells [130].  Adoptive 

transfer of DCs presenting MOG peptide can also induce EAE in naïve mice [128].  In 

addition, macrophages are known to be important in EAE, with both deleterious and 

protective effects previously observed [134], [138].  

MKPs, including MKP-2, have previously been shown to play an important role in the 

function of DCs and/or macrophages [216], [228], [313], and both cells have essential 

roles in the initiation and development of EAE.  While we did not observe any 

differences in the frequency of CD11c+ or CD11b+ cells in EAE spleen and dLN 

tissues between WT and KO mice, the alternation in antigen specific cytokine 

production by immune cells, as well as the reduced NO production in MKP-2 KO EAE 

mice may suggest a functional change of these cells.  We therefore aimed to determine 

the role of MKP-2 on DC and macrophage cell phenotype and function by using bone-

marrow derived DCs (bmDCs) and bone marrow-derived macrophages (BMMs) from 

MKP-2 WT and KO mice.  The cells were generated in culture from WT and KO mice 

as described in Chapter 2.  Cell phenotype, cytokine production and MAPK 

mRNAexpression were analysed following in vitro stimulation with the toll-like 

receptor agonist, Salmonella-derived lipopolysaccharide (LPS). 
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5.2 Results          

5.2.1 MKP-2 KO bmDCs express lower levels of MHC-II 

DCs are one of the most important APCs in immune responses, thus playing a key role 

in the development of MS and EAE.  Foreign antigenic material is phagocytosed by 

DCs and transported to lysosomes where they are degraded into fragments (e.g. 

peptides).  These peptides are subsequently loaded onto an MHC-II molecule before 

trafficking to the plasma membrane to be displayed on the cell surface which allows 

presentation to, and activation of, T cells.  Therefore, in an autoimmune disease such 

as EAE, MHC-II molecules are an essential part of disease pathogenesis.  In Chapter 

4, although not statistically significant, we observed a modest reduction in the 

frequency of MHC-II+ CD11c+ cells in the spleen and dLN of MKP-2 KO mice at EAE 

day 17 and day 28, as well as reduced total cell number at day 28.  Therefore to further 

determine whether MKP-2 may be important for the expression of MHC-II in DCs, 

the level at which bmDCs are able to express MHC-II following MKP-2 deletion was 

investigated. 

Bone marrow cells were obtained from MKP-2 KO mice and WT littermates.  Both 

tibia and femurs were removed and bone marrow flushed out.  The bmDCs were 

obtained by adding 10 % GM-CSF containing supernatant (from X-63 cell line) in the 

culture medium at day 0, day 3 and day 5 of culture.  After 7 days, cells were harvested 

and counted before being stimulated with 100 ng/ml LPS for 4, 24 and 48 hours. Cells 

were collected and CD11c and MHC-II expression analysed by flow cytometry using 

PE-conjugated anti-CD11c and APC-conjugated anti-MHC-II antibodies.  Cells were 

initially gated for CD11c+ cells and MHC-II expression assessed within these 

populations.  Our results show that samples were, on average, 75-80 % CD11c+, 

suggesting the majority of GM-CSF cultured bone marrow-derived cells were DCs 

(Fig 5.1 A).  However it should be noted that GMCSF can also promote macrophage 

differentiation, and therefore a more appropriate DC growth factor could have been 

used, such as Flt3 ligand.  Alternatively we could have initially gated on F4/80- 

populations to remove any macrophages from our analysis prior to gating on CD11c+ 

which is a marker also expressed at low levels on macrophages. 
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We examined MHC-II expression by the CD11c+ cells.  Our data shows that just 

53.6±6.6 % of MKP-2 KO CD11c+ bmDCs cultured in media alone for 4 hours were 

found to be MHC-II+, significantly less than WT cells with 62.0±1.6 % (Fig 5.1 B, D).  

Following LPS stimulation, the proportion of MHC-II+ CD11c+ MKP-2 WT cells 

increased to 71.4±0.9 % (Fig 5.1 C, D), an increase of 15 % compared to unstimulated 

cells.  In contrast, MKP-2 KO bmDCs displayed only a moderate increase (6.5 %) in 

MHC-II expression relative to unstimulated cells, to 57.1±1.6 %.  Therefore our data 

show that KO bmDCs express less MHC-II than WT littermate counterparts and may 

be less capable of upregulating MHC-II in response to LPS compared to WT. 

After 24 and 48 hours of culture in media alone, MHC-II expression in MKP-2 KO 

CD11c+ DCs was only slightly lower than WT cells with no statistical difference (Fig 

5.1 E, G, H, J).  As expected, MHC-II levels increased as a result of LPS stimulation 

in both WT and KO cells (Fig 5.1 F, G, I, J).  Again, cells deficient in MKP-2 expressed 

significantly less MHC-II (61.9±3.1 %) than WT counterparts with 75.4±0.8 %, an 

average reduction of 13.8 % at 24 hours.  MHC-II expression remained decreased in 

LPS-stimulated KO cells after 48 hours compared to WT, but this was not significant.   

After 24 and 48 hours with LPS stimulation, WT MHC-II expression increased by 15.3 

% and 18.4 % respectively relative to unstimulated cells whereas KO MHC-II 

expression increased by only 11.5 % and 11.3 %, further suggesting MKP-2 deficiency 

not only results in reduced MHC-II expression on DCs but also reduces the capacity 

for DCs to upregulate MHC-II following immune challenge.   
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Figure 5.1: MKP-2 +/+ and MKP-2 -/- bone marrow-derived dendritic cell MHC-II expression.  

bmDCs were generated from the culture of bone marrow from 7–8 week old MKP-2 +/+ and MKP-2 -

/- mice.  Cells were harvested on day 7 and single cell suspensions added to 12-well plates (2x106 cells 

per well) for stimulation with media alone or media supplemented with LPS (100 ng/ml).  Cells were 

collected at 4, 24 and 48 hours and CD11c and MHC-II expression analysed by flow cytometry.  A, B, 

C, E, F, H and I show representative plots from one experiment.  D, G and J show combined data from 

three individual experiments, bars represent mean ± SEM.  *P<0.05; **P<0.01, two-tailed unpaired 

student’s t test. 
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5.2.2 MKP-2 deficient macrophages display an altered phenotype 

Macrophages are key cells in EAE, with the potential for contrasting functions.  

Previous studies have revealed detrimental as well as ameliorating effects exerted by 

these cells during disease.  Macrophages can release inflammatory mediators such as 

NO, IL-6 and TNF-α which contribute to the inflammatory response and 

demyelination [134], [347].  In addition, macrophages can present antigen to T cells, 

enhancing T cell activation [136].  In contrast, they have been shown to aid in recovery 

by clearing tissue debris via phagocytosis [139].   

These contrasting actions may be the result of different forms of macrophage 

activation producing unique phenotypes.  Macrophages which are activated by LPS, 

IFNγ and TNF-α are known as classically activated (M1) macrophages.  These cells 

predominantly produce NO, TNF-α, IL-6 and IL-12 and upregulate MHC-II 

expression.  In contrast, IL-4 and IL-13 activation induces the so-called alternatively 

activated (M2) macrophages.  This phenotype preferentially produces arginase-1 

(Arg1) and IL-10 while reducing production of M1 cytokines.  M2-specific 

macrophage markers also include CD163 and CD206 (mannose receptor).   

Taken together, the balance between M1 and M2 macrophages in EAE is an important 

determinant of disease severity.  In Chapter 4 we showed that nitrite, and thus NO 

production, was downregulated in MKP-2 KO day 28 EAE serum samples relative to 

WT.  As M1 macrophages are a key source of NO, it would perhaps suggest a reduction 

in the number or function of classically activated macrophages in MKP-2 deficient 

mice.  One previous report has suggested a potential role for MKP-2 in regulating 

macrophage phenotypes [228].  Therefore we wanted to investigate the effect of MKP-

2 deletion on macrophage activation. 

Bone marrow cells were obtained from femurs and tibias of MKP-2 KO mice and WT 

littermates.  BMMs were obtained by adding 30 % L-cell conditioned medium in the 

culture medium at day 0, day 3 and day 5 of culture.  After 7 days, cells were harvested 

and counted before being stimulated with 100 ng/ml LPS for 24 hours and both the 

supernatant and cells were collected. 
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5.2.2.1 Classical macrophage activation 

From culture supernatants we analysed the production of NO, which is widely 

regarded as a key marker for classical macrophage activation.  To do this we measured 

the concentration of nitrite, a breakdown product of the highly unstable NO, in the cell 

culture supernatants by Griess assay.  Unstimulated WT, as well as MKP-2 KO BMMs 

produced low levels of nitrite, with no difference between WT and KO observed (Fig 

5.2).  Upon LPS stimulation, nitrite concentrations increased in the supernatants of 

both WT and KO cell cultures.  However, nitrite production was significantly reduced 

in MKP-2 KO BMMs (29.1±1.3 µM) compared to WT counterparts (38.2±3.4 µM), a 

decrease of 23.8 %.   
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Figure 5.2: Nitrite expression in LPS–stimulated MKP-2 +/+ and MKP-2 -/- macrophages.  BMMs 

were generated from the culture of bone marrow from 7-8 week old MKP-2 +/+ and MKP-2 -/- mice.  

Cells were harvested on Day 7 and added to 12-well plates (2x106 cells per well) for stimulation with 

media alone or media supplemented with LPS (100 ng/ml) for 24 hours.  Culture supernatant was 

collected and nitrite concentrations determined by Griess Assay using a standard curve of known nitrite 

concentrations.  Graph shows data from two individual experiments performed in triplicate.  Bars 

represent mean ± SEM.  *P<0.05, two-tailed unpaired student’s t test. 
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5.2.2.2 Alternative macrophage activation 

The reduction in nitrite production by KO mice BMMs further suggests a change of 

macrophage phenotype and functional switch in the absence of MKP-2 when taken 

together with our EAE serum results (Chapter 4).  Therefore we next investigated the 

percentage of alternatively activated macrophages in LPS-stimulated cells.  

Expression of the surface marker CD206, also known as the mannose receptor, and a 

marker of alternative activation, was analysed by flow cytometry.  Cells were initially 

gated for CD11b+ cells and CD206 expression assessed within these populations (Fig 

5.3 A).  FITC-conjugated anti-CD11b and PE-conjugated anti-CD206 antibodies were 

used.     

Indeed, our data show that unstimulated MKP-2 KO BMMs contained a higher 

frequency of CD206+ M2 macrophages at 4.26±0.4 % compared to just 1.76±0.06 % 

of WT cells (Fig 5.3 B, D).  Interestingly, following LPS stimulation, an inducer of 

classical activation, the percentage of M2 macrophages increased to 9.69±0.4 % in KO 

cultures while only a moderate increase was observed in WT cells to 2.84±0.4 % (Fig 

5.3 C, D).  Therefore LPS-cultured MKP-2 KO cells contained 3.5-fold as many M2 

macrophages relative to WT, a significant increase. 
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Figure 5.3: Alternative macrophage activation in MKP-2 +/+ and MKP-2 -/- macrophages.  BMMs 

were generated from the culture of bone marrow from 7–8 week old MKP-2 +/+ and MKP-2 -/- mice.  

Cells were harvested on day 7 and added to 12-well plates (2x106 cells per well) for stimulation with 

media alone or media supplemented with LPS (100 ng/ml).  Cells were collected after 24 hours and 

CD11b and CD206 expression analysed by flow cytometry.  (A), (B) and (C) show representative plots, 

(D) data show mean±SEM of two individual experiments performed in triplicate.  *P<0.05, two-tailed 

unpaired student’s t test. 
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5.2.3 MKP-2 KO bmDCs and BMMs have altered cytokine profiles 

In chapter 4 we found significantly reduced antigen-specific cytokine production in 

MKP-2 KO spleen and dLN cells, suggesting MKP-2 may be involved in regulation 

of cytokine production in immune cells.  Both DCs and macrophages can release a 

range of key pro- and anti-inflammatory cytokines which contribute to immune 

responses via effects on neighbouring cells.  Changes in phenotype and activation 

status can alter the secretion profile of these cells.  In addition, cytokine expression is 

regulated by MAPK activation.   

Therefore we sought to determine whether MKP-2 deletion alters cytokine production 

by DCs and macrophages from MKP-2 WT and KO mice following stimulation with 

LPS.  MKP-2 WT and KO bmDCs and BMMs were generated as described above 

(section 5.2.1; section 5.2.2 respectively) and cells were stimulated for 2-72 hours with 

100 ng/ml LPS.  The supernatant was collected at different time points and IL-6, TNF-

α and IL-10 production analysed by ELISA. 
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5.2.3.1 bmDCs 

Supernatants from both WT and KO bmDCs cultured with media alone contained no 

detectable levels of IL-6 at any time point (Fig 5.4 A).  With LPS in the culture, IL-6 

levels steadily increased and reached a peak at 24 hours in both WT and KO cells.  IL-

6 production by KO bmDCs was significantly upregulated (6369±98 pg/ml) compared 

to WT cells after 4 hours (5386±109 pg/ml) which corresponds to an increase of 18.2 

%. 

Supernatants from both WT and KO bmDCs cultured with media alone contained no 

detectable levels of TNF-α at any time point (Fig 5.4 B).  Cells from both MKP-2 WT 

and KO mice displayed almost identical patterns of change in cytokine levels over the 

course of LPS stimulation.  TNF-α production rapidly increased between 2 and 4 

hours, reaching maximal output by 6 hours.  MKP-2 KO bmDCs produced 

significantly more TNF-α in response to LPS stimulation compared to WT cells at 48 

and 72 hours with increases of 57.0 % and 31.9 % respectively.  WT cells produced 

1141±32 and 1188±47 pg/ml TNF-α while KO cells produced 1792±48 and 1567±40 

pg/ml after 48 and 72 hours. 

Both WT and KO bmDCs cultured in media produced low, but detectable levels of IL-

10 (Fig 5.4 C).  MKP-2 deletion had no effect on basal IL-10 levels, with comparable 

cytokine expression between WT and KO cultures.  IL-10 production by both WT and 

KO bmDCs peaked at 8 hours following gradual increases at each preceding time 

point, before steadily declining.  A significant upregulation in IL-10 production was 

observed at 6, 8 and 48 hours, with KO cultures containing 3293±39, 4776±115 and 

4357±16 pg/ml IL-10 respectively compared to 2797±75, 4123±25 and 4086±102 

pg/ml in WT cultures, constituting increases of 17.7 %, 15.8 % and 20.7 %. 
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Figure 5.4: Cytokine production in LPS-stimulated bmDCs from MKP-2 +/+ and MKP-2 -/- mice.  

Bone marrow-derived dendritic cells (bmDCs) were generated from the culture of bone marrow from 

7–8 week old MKP-2 +/+ and MKP-2 -/- mice.  Both tibia and femurs were removed and bone marrow 

flushed out.  Cells were resuspended in RPMI supplemented with 10 % GM-CSF and cultured at 37 °C 

and 5 % CO2.  The bmDCs were harvested on day 7 and single cell suspensions were added to 12-well 

plates (2x106 cells per well) for stimulation with media alone or media supplemented with LPS (100 

ng/ml) for the times indicated.  Supernatant was collected and cytokine expression analysed by ELISA.  

Results show representative data from one of three individual experiments performed in quadruplicate, 

mean ± SEM.  *P<0.05, two-tailed unpaired student’s t test. 
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5.2.3.2 BMMs 

Supernatants from MKP-2 WT and KO macrophages cultured in the presence of media 

alone contained no detectable levels of IL-6 at any time point (Fig 5.5 A).  Also, no 

IL-6 expression was detected in WT or KO cells after 2 hours of LPS stimulation.  

However IL-6 production by the cells gradually increased in both WT and KO cultures 

from 4 hours until 24 hours, before decreasing at 48 and 72 hours.  MKP-2 KO 

macrophages produced 88.8 % more IL-6 (3506±149 pg/ml) than WT counterparts 

(1856±239 pg/ml) following 4 hour LPS stimulation, a significant increase.  KO 

culture supernatant again contained significantly more IL-6 (31.8 %) compared to WT 

(6122±95 and 4643± 116 pg/ml respectively) after 6 hours. 

No TNF-α was detected in the supernatants of MKP-2 WT and KO BMMs cultured in 

medium alone (Fig 5.5 B).  WT macrophages reached maximum levels of TNF-α 

production after 4 hours of LPS stimulation, which remained consistent at 6 and 8 

hours, before a decrease in cytokine production after 24 hours.  Equivalent levels were 

observed between 24, 48 and 72 hour WT LPS cultures.  In contrast, TNF-α expression 

in MKP-2 KO cells also peaked at 4 hours but then displayed a cyclic phenotype of 

TNF-α production between 6 and 72 hours after LPS stimulation.  This pattern 

occurred in 2/3 experiment repeats.  TNF-α production was significantly enhanced in 

MKP-2 KO BMM LPS cultures compared to WT at 2, 4, 24 and 48 hours.  KO cells 

produced 470±24 pg/ml TNF-α, 2.5-fold more than WT following 2 hour LPS 

stimulation (190±16 pg/ml).  After 4 hours, cytokine levels were 97.1 % higher in KO 

cells (1558±13 compared to 790±36 pg/ml).  Following 24 hour LPS culture, KO cells 

produced 7147±50 pg/ml while WT cells produced just 512±15, an upregulation of 

39.4 % in KO cells.  48 hour KO cultures contained 110 % more TNF-α (1157±12 

pg/ml) compared to WT (549±19). 

Similar to bmDCs, MKP-2 WT and KO BMM media cultures contained low, but 

detectable levels of IL-10 (Fig 5.5 C).  However MKP-2 deletion had no effect on 

baseline IL-10 levels, with equivalent cytokine expression between WT and KO 

medium-only cultures.  IL-10 levels steadily increased in response to LPS stimulation, 

and were significantly upregulated in MKP-2 KO cultures after 2 and 4 hours 

(5235±15 and 6921±106 pg/ml) compared to WT counterparts (3480±46 and 
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4996±304), increases of 50.4 % and 38.5 % respectively.  IL-10 production decreased 

at 24 hours in both WT and KO LPS stimulated cells.  Interestingly, significantly less 

IL-10 was detected in the supernatants of KO BMMs compared to WT cells at 24 and 

48 hours, with 9079±265 and 8014±116 pg/ml respectively in KO cultures, compared 

to 11891±139 and 9635±61 pg/ml, decreases of 23.6 % and 20.2 %. 
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Figure 5.5:  Cytokine production by LPS-stimulated bone marrow-derived macrophages from 

MKP-2 +/+ and MKP-2 -/- mice.  Bone marrow-derived macrophages (BMMs) were generated from 

the culture of bone marrow from 7-8 week old MKP-2 +/+ and MKP-2 -/- mice.  The BMMs were 

harvested after 7 days of culture and single cell suspensions added to 12-well plates (2x106 cells per 

well) for stimulation with media alone or media supplemented with LPS (100 ng/ml).  Supernatant was 

collected at different time points and cytokine expression analysed by ELISA.  Results show 

representative data from one of three individual experiments performed in quadruplicate, mean ± SEM. 

*P<0.05; **P<0.01; ***P<0.001, two-tailed unpaired student’s t test.. 
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5.2.4 MAPK expression is unchanged in MKP-2 KO bmDCs and BMMs 

We have shown that MKP-2 deletion in bmDCs and BMMs results in altered 

phenotypes as well as changes in cytokine production within both cells.  MAPK 

signalling is known to be involved in cytokine production and MHC-II expression.   As 

the main function of MKP-2 is in regulation of the MAPK pathway, the changes 

observed in MKP-2 KO cell phenotype and cytokine profile may be the result of 

altered MAPK expression following MKP-2 deletion.  Therefore MAPK mRNA levels 

in MKP-2 WT and KO LPS-stimulated DCs and macrophages were analysed. 

MKP-2 WT and KO bmDCs and BMMs were obtained and stimulated as described 

above (section 5.2.1).  Cells were then collected and RNA isolated which was then 

reverse transcribed and cDNA analysed by qPCR.  The mRNA levels of MAPKs, 

including ERK1, ERK2, JNK1, JNK2 and p38 are expressed as relative to GAPDH 

for each sample to allow changes over time, as well as differences between WT and 

KO cells, to be displayed simultaneously. 

 

5.2.4.1 bmDCs 

Our data show no difference in the levels of mRNA expression of any of the MAPKs 

analysed, ERK1, ERK2, JNK1, JNK2 or p38 between MKP-2 KO and WT bmDCs 

following 15, 30, 60, 120 and 240 minutes LPS stimulation (Fig 5.6 A).   
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Figure 5.6: MAPK mRNA expression in LPS-stimulated MKP-2 +/+ and MKP-2 -/- DCs.  bmDCs 

were generated from the culture of bone marrow from 7 – 8 week old MKP-2 +/+ and MKP-2 -/- mice.  

Cells were harvested on Day 7 and added to 12-well plates (2x106 cells per well) for stimulation with 

media alone or media supplemented with LPS (100 ng/ml) and collected at various time points.  RNA 

was extracted using TRIzol and reverse transcribed to cDNA to allow analysis of MAPK mRNA 

expression by qPCR.  GAPDH was analysed simultaneously to allow normalisation of relative MAPK 

mRNA expression.  Graphs show data from two individual experiments.  Not statistically significant, 

Mann-Whitney U test. 
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5.2.4.2 BMMs 

We next examined MAPK expression by the BMMs with or without LPS stimulation.  

Similar to our results observed in bmDCs, we observed comparable levels of ERK1, 

ERK2, JNK1, JNK2 and p38 mRNA expression between unstimulated and LPS 

cultured WT and KO BMMs (Fig 5.7 A).   
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Figure 5.7: MAPK mRNA expression in LPS-stimulated MKP-2 +/+ and KO macrophages.  

BMMs were generated from the culture of bone marrow from 7 – 8 week old MKP-2 +/+ and MKP-2 -

/- mice.  Cells were harvested on Day 7 and added to 12-well plates (2x106 cells per well) for stimulation 

with media alone or media supplemented with LPS (100 ng/ml) and collected at various time points.  

RNA was extracted using TRIzol and reverse transcribed to cDNA to allow analysis of MAPK mRNA 

expression by qPCR.  GAPDH was analysed simultaneously to allow normalisation of relative MAPK 

mRNA expression.  Graphs show data from two individual experiments.  Not statistically significant, 

Mann-Whitney U test.    
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5.3 Discussion         

Previous studies utilising KO mice have confirmed a role for MKP-2 in a variety of 

immune-mediated conditions, however the exact role of MKP-2 in cells of the immune 

system remains poorly characterised.  MKP-2 deficient mice are more susceptible to 

L.mexicana infection [228], with enhanced Th2 responses (increased IL-4, IL-13 and 

IgG1) and reduced Th1 responses (decreased IFNγ and IgG2a).  MKP-2 KO mice are 

also more susceptible to T.gondii infection [230]; however in this model there are no 

differences in T cell response, with comparable levels of IFNγ, IL-4, IL-5 and IL-10 

observed between WT and KO antigen-challenged splencoytes.  In addition, MKP-2 

deletion ameliorates the severity of acute lung injury (ALI) [232] and sepsis [233], 

associated with reduced TNFα levels in KO BAL fluid and decreased serum IL-6, 

TNF-α and IL-1β respectively, however this was not conclusively attributed to any 

particular cell types.  MKP-2 also appears to be involved in regulation of macrophage 

cytokine production, though conflicting changes have been observed.  One group 

detected increased IL-6 and TNF-α production in KO macrophages following LPS 

stimulation [228], while another found decreased levels of TNF-α in the absence of 

MKP-2 [233].  To date, no work has been carried out investigating the role of MKP-2 

in other important immune cells such as B cells or DCs 

My study has confirmed that MKP-2 is involved in the pathogenic response of EAE 

as disease severity is significantly decreased in the absence of this gene (Chapter 4).  

The attenuation of EAE in MKP-2 deficient mice was confirmed with reduced CNS 

inflammation and cellular infiltration, and was associated with reduced antigen-

specific cytokine/chemokine production in spleen and dLN cells (IL-17, IFNγ, IL-6, 

IL-22, IL-2 and CCL2) together with reduced frequency of CD4+ T cells, CD8+ T cells 

and B cells as well as reduced NO production.  MAPK expression and phosphorylation 

were both unchanged in MKP-2 KO EAE mice compared to WT counterparts.  

However these results were based on whole tissue preparations, therefore the exact 

mediating cells of MKP-2 function during EAE pathogenesis remains unknown. 

As discussed in previous chapters, macrophages and DCs are important mediators of 

the immune response in EAE; therefore the effect of MKP-2 deletion on the 

functioning of these cells upon immune activation was investigated.  Therefore we 
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firstly wanted to investigate the level of MHC-II expression on MKP-2 WT and KO 

bmDCs following LPS stimulation to determine if MKP-2 deletion has any effect on 

DC activation and their potential ability to present antigen to T cells.  We observed 

that the percentage of MHC-II+ CD11c+ cells was reduced in KO bmDC cultures 

compared to WT cells cultured in media alone, significantly so at shorter time periods 

(4 hours).  Following LPS stimulation, the frequency of MHC-II+ DCs increased in 

both WT and KO cultures, but remained significantly downregulated in MKP-2 KO 

mice after 4 hours and 24 hours, but not 48 hours, of LPS challenge relative to WT.  

In the context of EAE/MS, decreased MHC-II expression would mean a potential 

reduction in antigen presentation and thus a decrease in autoreactive T cell 

priming/activation and therefore reduced inflammation, demyelination and axonal 

damage  MHC-II gene expression is regulated by the transcriptional coactivators RFX 

[348] and CIITA [349], which is regarded as the master controller of MHC-II genes.  

CIITA expression, at least within DCs and macrophages, is controlled by ERK and 

p38 activity through a negative feedback loop [350].  In addition, ERK and JNK 

regulate CIITA transcription in melanoma [351].  Therefore MKP-2 may alter CIITA 

expression via MAPK dephosphorylation, reducing ERK and/or p38 MAPK activity, 

allowing continued expression of CIITA and thus increasing synthesis of MHC-II.  

This hypothesis is supported by results previously observed in MKP-1 deficient LPS-

stimulated DCs and IFNγ-stimulated macrophages which displayed reduced CIITA 

and MHC-II expression [350].  In addition, MKP-1 overexpresison upregulated both 

MHC-II and CIITA expression in stimulated DCs and macrophages 

Following LPS stimulation, production of the inflammatory cytokines TNF-α and IL-

6, as well as the anti-inflammatory cytokine IL-10 was significantly increased in MKP-

2 KO DCs compared to WT.  This suggests that MKP-2 negatively regulates 

production of TNF-α, IL-6 and IL-10 in DCs.  Previous literature suggests that ERK 

is crucial for TNF-α production in DCs as treatment of these cells with a specific 

inhibitor of MEK, a protein kinase that phosphorylates ERK1/ERK2, prior to LPS 

stimulation results in decreased TNF-α levels [295].  ERK activation also regulates 

DC IL-10 production as LPS-stimulated DCs from ERK1 deficient mice produce less 

IL-10 than WT controls [297], [352].  In addition, pre-treatment of WT DCs with a 

MEK inhibitor before LPS culture further downregulates IL-10 levels; thus confirming 
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a positive role for both ERK1 and ERK2 in DC IL-10 production [352].  IL-6 levels 

were unaltered in LPS stimulated ERK1 KO DCs or in inhibitor-treated DCs cultured 

with LPS.  Therefore this perhaps suggests that MKP-2 may be involved in negatively 

regulating DC TNF-α and IL-10, but not IL-6 production via ERK dephosphorylation.   

Similar to our results obtained here with MKP-2 KO DCs, TNF-α, IL-6 and IL-10 

production is significantly upregulated in MKP-1 KO bmDCs following LPS 

stimulation, which is attributed to enhanced JNK and p38 phosphorylation [313].  Thus 

MKP-2 may also regulate production of these cytokines by decreasing JNK and p38 

activity.  Other reports have linked IL-6 production in DCs to p38 activity.  The use of 

a p38 inhibitor by Yanagawa et al led to significantly decreased CD40-mediated IL-6 

production in mature DCs [271].  Furthermore, upon induction of EAE in mice with 

p38 selectively deleted only in DCs, IL-6 mRNA levels are reduced compared to WT 

counterparts [275].  Taken together, the above evidence supports the involvement of 

p38 in IL-6 production by DCs via positive regulation.  Therefore p38 

dephosphorylation is a potential mechanism through which MKP-2 may control IL-6 

expression in DCs, however further work is required to confirm this.   

Macrophages can exert both deleterious as well as beneficial effects during EAE 

pathogenesis.  These opposing effects are due to the presence of contrasting 

macrophage phenotypes resulting from different activation stimuli.  Classically 

activated (M1) macrophages have been associated with detrimental functions in EAE.  

They are known to contribute to the formation of lesions [134] and axonal damage 

[347] by releasing inflammatory mediators such as TNF-α, IL-6 and NO, as well as 

interacting with autoreactive T cells in their role as APCs [136].  In addition, the 

elimination of macrophages using mannosylated liposomes containing 

dichloromethylene diphoshonate (Cl2MDP) reduces the clinical severity of EAE [133].  

In contrast, macrophage depletion using these clodronate liposomes also results in 

impaired remyelination due to decreased oligodendrocyte progenitor cell 

differentiation and altered expression of growth factors involved in remyelination 

[353].  Furthermore, treatment of mice with alternatively activated (M2) macrophages 

can protect against the development of EAE [137], [138].  M2 microglia/macrophages 

can also promote removal of tissue debris by phagocytosis [139].  Therefore it is clear 
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that macrophages are key immune cells during the development of EAE, and that the 

balance between M1 and M2 phenotypes can determine whether these cells will 

primarily be pathogenic or aid in recovery and amelioration of disease. 

Interestingly, upon stimulation with LPS, MKP-2 KO macrophages produced 

significantly less NO in conjunction with increased expression of CD206 compared to 

WT cells, which is more indicative of M2 macrophages.  This is supported by Al 

Mutairi et al who also observed reduced NO levels, with increased arginase 1 

expression, in LPS-stimulated MKP-2 KO macrophages, suggesting a shift towards 

the M2 phenotype [228].  However the means by which MKP-2 alters the balance 

between NO and arginase levels and M1/M2 surface marker expression remains 

unclear.  In response to inflammatory stimuli, NO is produced by inducible NO 

synthase (iNOS), which catalyses the conversion of NO from L-arginine, the same 

substrate utilised by arginase [354].  Therefore MKP-2 may affect the pathways that 

lead to expression of iNOS and/or arginase.  Blocking p38 or ERK activity in 

macrophage cell lines using specific inhibitors results in decreased iNOS induction 

following LPS or IFNγ stimulation [179], [355].  In addition, arginase expression is 

increased in BMMs and macrophage cell lines following treatment with Trypanosoma 

cruzi (T.cruzi) trypomastigotes and the T.cruzi antigen Cruzipain, an increase which 

is, in part, mediated by increased p38 activity [356], [357].   

These data suggest that p38 and ERK are involved in the production of iNOS and 

arginase; however it provides conflicting evidence for the exact role of MAPK activity.  

Blocking p38 activity leads to decreased iNOS, thus suggesting a subsequent increase 

in arginase production (M2>M1), yet increased p38 activity in macrophages regulates 

increased arginase which itself would suggest decreased NO.  Therefore MKP-2 may 

alter the balance between iNOS/NO and arginase in macrophages via regulation of p38 

and ERK activation.  This is supported by previous research which has shown that 

phosphorylation of ERK [228] and p38 [233] is upregulated in MKP-2 KO cells, 

confirming these MAPKs as likely substrates for MKP-2 in macrophages. 

MKP-2 KO macrophages produced significantly more IL-6 and TNF-α when cultured 

with LPS.  As with the altered cytokine production in DCs, this is likely due to changes 

in MAPK phosphorylation in MKP-2 deficient mice.  These results back up previous 
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work.  By using inhibitors specific for ERK, JNK or p38, Rego et al found that 

preventing ERK activity (but not JNK or p38) reduced IL-6 production [358], 

suggesting ERK is more important for macrophage IL-6 production than JNK or p38.  

ERK activation has also been linked to IL-6 production in a macrophage murine cell 

line, RAW264.7 [359].  In contrast, other studies using MKP-2 KO macrophages have 

shown enhanced JNK and p38 activity [228].  In particular, p38 has been identified as 

a key component of IL-6 and TNF-α production in macrophages [270], [360].   

In addition, ERK is thought to regulate the translocation of TNF-α mRNA from the 

nucleus to the cytoplasm [361] and thus, like JNK and p38, also appears to be 

important in macrophage TNF-α production.  Taken together, the MAPKs are clearly 

involved in the production of IL-6 and TNF-α by macrophages, and MKP-2 is likely 

to exert its effects on macrophage IL-6 and TNF-α production via regulation of MAPK 

activity. Therefore, although we observed no changes in total MAPK mRNA 

expression in LPS-stimulated MKP-2 KO BMMs, the phosphorylation and activity of 

ERK, JNK and p38 need to be analysed in WT and KO BMMs to confirm which, if 

any, are altered due to MKP-2 deletion and thus may regulate cytokine production. 

Regulation of macrophage IL-10 production by MKP-2 appears to be a more complex 

situation.  At earlier time points of LPS stimulation (2 and 4 hours), IL-10 production 

was significantly upregulated in KO cells relative to WT counterparts.  In contrast, 

following prolonged LPS exposure (24 and 48 hours); KO cultures contained 

significantly less IL-10.  The significant reduction in IL-10 levels from 24 hours 

onwards is in agreement with Al-Mutairi et al who reported similar results [228].  

However they did not analyse earlier time points therefore it is unclear if they would 

have also observed any differences in IL-10 regulation by MKP-2 at different time 

points following antigen challenge.   

Another report found no change in IL-10 production in BMMs following 2, 4 and 6 

hour LPS stimulation, but a significant decrease in MKP-2 KO cells after 8 hours 

[233].  No later times were analysed.  This would, to some degree, support our data 

and give further credence to the theory that MKP-2 regulation of IL-10 production in 

macrophages appears to change with continued challenge.  However it is not clear why 

there is a difference between our data of IL-10 production by macrophages and reports 



216 

 

from other laboratories.  One possible explanation is perhaps the differences in the 

culture and stimulation protocol.  Whereas we added generated macrophages to multi-

well plates and immediately added LPS, they incubated their cells overnight before 

LPS culture.  It has previously been shown that delaying the addition of LPS to bmDC 

cultures alters IL-10 production, with a longer delay associated with much lower levels 

of IL-10 compared to immediate stimulation [362].  Therefore the timing of 

stimulation appears to be a crucial factor in cell activation which can alter the 

subsequent cellular responses. 

Multiple studies have confirmed that blocking ERK activation in either BMMs or 

macrophage cell lines with a specific MEK inhibitor reduces IL-10 production [363], 

[364].  In addition, p38 inhibition also decreases macrophage IL-10 production [363].   

This would confirm that ERK and p38 are involved in IL-10 production in these cells 

and are the likely targets for MKP-2 through which regulation of IL-10 occurs.  IL-10 

levels are upregulated in MKP-1 KO BMMs stimulated with LPS [209], [210], [313], 

an effect which is predominantly attributed to increased p38 and JNK phosphorylation, 

suggesting MKP-1 negatively regulates IL-10 production in macrophages.  As MKP-

1 is upregulated in tissues of MKP-2 KO EAE mice, there may be delayed 

compensation by MKP-1 following LPS challenge in MKP-2 KO macrophages, 

suggesting both MKPs are prominently involved in IL-10 production via opposing 

mechanisms of action. 

When these results are taken together: decreased NO production, increased CD206 

expression, increased IL-6 and TNF-α production, and altered IL-10 production in 

MKP-2 KO BMMs, it suggests a unique alteration in macrophage phenotype in the 

absence of MKP-2 with a mostly M1 cytokine profile, but decreased NO production 

and increased Arg1 and CD206 expression in KO cells compared to WT, which is 

more indicative of an M2 phenotype.  As mentioned above, this is supported by 

previous research carried out by another group who also observed reduced NO levels 

with increased arg1 expression in LPS-stimulated MKP-2 KO macrophages, 

suggesting a shift towards the M2 phenotype [228].  However, similar to our results, 

their cytokine data did not match this, with increased IL-6, TNF-α and IL-12, but 

decreased IL-10 (from 24 hours of LPS culture onwards) – a cytokine profile closer to 
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M1 macrophages.  MKP-2 may therefore be involved in a variety of macrophage 

responses in vivo rather than simply promoting M1 or M2 phenotypes, most likely by 

regulating MAPK activity.  As a result of this it remains unclear exactly how MKP-2 

deletion affects macrophage functioning in EAE.  With M1 thought to drive the 

pathogenic responses of macrophages in EAE and M2 associated with protective 

effects, the unique mixed phenotype observed in MKP-2 KO mice must be fully 

characterised in vivo to understand how these cells are affected by the absence of 

MKP-2. 

In conclusion, MKP-2 deficient bmDCs cultured with LPS express less MHC-II and  

produce more IL-6, TNF-α and IL-10.  LPS-stimulated macrophages, in the absence 

of MKP-2, display a unique M1 and M2 mixed phenotype.  This is associated with 

reduced NO, a classically activated M1 marker and increased CD206, a marker for 

alternatively activated M2 macrophages.  However production of IL-6 and TNF-α, 

which are more associated with M1 responses, are increased by MKP-2 KO 

macrophages compared to WT cells after LPS stimulation.  In addition, IL-10 is 

initially upregulated in KO cells following LPS stimulation, but is decreased with 

prolonged challenge.  Therefore the function of MKP-2 in DC and macrophage 

activation, and in EAE development, is likely to be complex however it appears to be 

involved in several key functions within these immune cells, possibly through 

regulation of MAPK activity.  
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6 General Discussion 

6.1 Discussion         

In this report we have shown that MAPK mRNA expression is altered in the CNS of 

EAE mice in conjunction with a significant increase in ERK2 phosphorylation in EAE 

day 9 brain tissues relative to PBS controls.  In addition, we observed possible but as 

yet inconclusive increases in JNK phosphorylation in EAE spinal cord tissue.  In 

particular, our results suggest ERK2 and JNK1 may be involved in EAE, with potential 

roles within the CNS.  Previous literature provides conflicting evidence for the 

involvement of ERK in EAE, with disease severity either enhanced or unchanged in 

the absence of ERK1 alone or ameliorated when ERK1 and ERK2 activity are both 

blocked [273], [297], [298].  This may suggest a compensatory mechanism between 

ERK1 and ERK2 in EAE pathogenesis, and thus both ERK1 and ERK2 would have to 

be targeted.  Furthermore, JNK1 deficient mice are less susceptible to EAE [274] while 

JNK2 KO mice remain fully susceptible [299] suggesting JNK1, but not JNK2, is 

essential in EAE pathogenesis. 

As MAPK activity is regulated by MKPs we next investigated expression of these 

phosphatases in EAE CNS tissue.  We found that MKP-2 expression is significantly 

upregulated in the CNS of MOG immunised mice compared to PBS controls, which 

suggests that MKP-2 may be involved in EAE pathogenesis.  The important role of 

MKP-2 in the development of EAE was confirmed using MKP-2 deficient mice, with 

EAE severity significantly ameliorated in the absence of MKP-2.  Several aspects of 

the immune response were altered in MKP-2 KO mice during EAE which may 

represent the underlying mechanisms through which EAE severity is decreased.  This 

includes reduced inflammation and cellular infiltration in the CNS, decreased 

expression of cytokines and chemokines known to be important in EAE (IL-17, IFNγ, 

IL-6, IL-2 and CCL2), reduced frequency of CD4+ T cells, CD8+ T cells and B cells 

and downregulated NO production.  However the MAPK pathway in MKP-2 KO mice 

was unchanged compared to WT littermates in our EAE model, with no differences in 

MAPK mRNA expression or phosphorylation of these kinases in brain and spinal cord 
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tissues.  Interestingly we also observed potential compensatory mechanisms by other 

MKPs following MKP-2 deletion, via upregulation of MKP-1 (although not 

statistically significant) and DUSP5 expression.  To my knowledge this thesis is the 

first study to investigate the role of MKP-2 in EAE development and examine the 

potential underlying cellular and molecular mechanisms (Figure 6.1). 

 

 

Figure 6.1:  Schematic diagram summarising the key findings from Chapter 3 and Chapter 4 of 

my thesis.  Dashed lines indicate data that suggests a change but is not yet conclusive from this study. 

 

Our results, taken together with previous literature, support the hypothesis that MKP-

2 is integral to the regulation of numerous cellular functions, ranging from cell 

survival, proliferation and differentiation [225], [330] to cytokine/chemokine 

production and antigen presentation [228], [231].  These previous reports suggest that 

these effects are predominantly mediated by the ability of MKP-2 to control MAPK 

activation via dephosphorylation [225], [228], [231]–[233].  In particular, we have 

shown that MKP-2 may have an important role in two key immune cells involved in 

EAE pathogenesis.  Our data from in vitro cultured bmDCs suggest that MKP-2 may 

be a positive regulator of MHC-II expression while also negatively regulating IL-6, 
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TNF-α and IL-10 production (Fig 6.2 A).  It is not clear why the significant reduction 

of MHC-II expression on bmDCs of MKP-2KO mice was not confirmed in vivo in 

EAE mice.  The disagreement between these data may be due to the complexity of the 

in vivo environment, with many organs, cells and molecules interacting with each 

other simultaneously.  Also, while we investigated DC phenotype at day 9, 17 and 28 

after immunisation, it is possible that we have missed the optimal time points with the 

dynamic immune responses during the development of EAE.  Nonetheless, increased 

MHC-II expression would likely contribute to EAE pathogenesis via activation of 

myelin specific T cells. 

Furthermore, our data using BMMs show that MKP-2 deletion results in a unique M1 

and M2 mixed macrophage phenotype, with reduced NO production, increased CD206 

expression and increased IL-6 and TNF-α production (Fig 6.2 B).  IL-10 is also 

initially increased in LPS-cultured KO macrophages but is downregulated with 

sustained stimulation.  Therefore it remains unclear exactly how MKP-2 regulates 

macrophage functioning.  While M1 is thought to be responsible for the pathogenic 

responses of macrophages in EAE, M2 is associated with the protective effects, 

Although no difference in frequency or total number of CD11b+ cells was observed in 

EAE spleen and dLNs between WT and KO mice, future studies using better defined 

markers will be important to fully characterise the unique mixed phenotype of 

macrophages observed in MKP-2 KO BMM cells in vivo. 

In the context of EAE, MKP-2 positively regulating NO production would enhance 

disease pathogenesis as NO is known to contribute to the inflammatory response and 

demyelination of MS/EAE [338]–[340].  In day 28 EAE serum samples we showed 

that NO levels are significantly decreased in MKP-2 deficient mice, which thus 

supports this hypothesis and suggests reduced NO production by macrophages 

contributes to the overall reduction in serum NO. 

In summary our study suggests that DCs and macrophages may be the potential 

mediating cells of MKP-2 effects on exacerbating EAE disease, however further 

studies are required to confirm our findings in vivo using better defined markers for 

both cells. 
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Figure 6.2:  Schematic diagram summarising the role of MKP-2 in (A) DCs and (B) macrophages 

elucidated in this thesis.  Solid arrows represent our results and dashed arrows represent the proposed 

mechanism of action through which MKP-2 may regulate each function based on conclusions from 

previous literature. 

 

6.2 Future Work         

Our data has confirmed that MKP-2 is important in the pathogenesis of EAE.  We have 

also identified changes in the immune response which may contribute to the 
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amelioration of disease.  However more work must be done to fully elucidate the exact 

mechanisms of action of MKP-2 in EAE in order for this phosphatase to be considered 

a potential novel therapeutic target in the treatment of MS.   

Firstly, as shown in Chapters 4 and 5, we have characterised the potential role of MKP-

2 in DCs and macrophages.  However we still need to establish the phenotype of 

macrophages in MKP-2 deficient mice at different stages of EAE to determine whether 

the unique phenotype we observed in vitro also occurs in vivo.  We then have to 

perform functional assays to understand how these macrophages function in 

autoimmune conditions such as EAE.  These would include testing the phagocytic 

ability of the cells, which could be done using various available kits or by flow 

cytometry, as well as their production of reactive oxygen species which can again be 

assessed by flow cytometry.   

In addition, as MHC-II expression appears to be downregulated in MKP-2 deficient 

bmDCs, we need to investigate the effect this has on antigen presentation as this is an 

essential step in EAE disease pathogenesis.  This could be done by using an assay to 

measure antigen presentation, for example by analysing the ability of MKP-2 WT and 

KO DCs to present ovalbumin (OVA) to OT-II T cells (CD4+ T cells specific for 

OVA).  The potential for MKP-2 to regulate MHC-II expression on other APCs (e.g. 

B cells, macrophages), and the subsequent alteration in antigen presentation should 

also be determined. 

Furthermore, we have yet to investigate the cellular/immune functions regulated by 

MKP-2 in other key immune cells involved in EAE (e.g. CD4+ T cells, CD8+ T cells, 

B cells) as well as CNS-resident cells such as microglia, astrocytes and 

oligodendrocytes which are also very important in EAE.  Previous reports have shown 

potential defects in CD4+ T cell proliferation and cytokine production in the absence 

of MKP-2 [330], therefore it is important to study the role of MKP-2 in CD4+ T cell 

function in our EAE model using MKP-2 deficient mice.  Similar analysis on CD8+ T 

cells should also be performed as these cells contribute greatly to inflammatory 

cytokine production and demyelination.  No work has previously been carried out 

investigating the potential role of MKP-2 in B cells, a crucial population of immune 
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cells in the pathogenesis of MS/EAE, and therefore any data would greatly enhance 

the knowledge in this area. 

As regulatory T cells (Tregs) are crucial to MS/EAE recovery, I also attempted to 

analyse the frequency of FoxP3+ Treg cells present in EAE spleen and dLN tissue (data 

not shown).  As Foxp3 is an intracellular antigen, cells must first be fixed and 

permeabilized before detection with antibody.  After successfully staining for Foxp3 

on one occasion, I was unable to successfully repeat this, perhaps due to problems with 

the fixation and permeabilization steps as all surface marker staining worked.  When 

successful staining was achieved I found an increased percentage of CD4+ Foxp3+ 

Treg cells in EAE day 17 MKP-2 KO spleens, however in KO dLNs the frequency of 

Tregs was moderately reduced compared to WT (n=3 mice per group).  These results 

must therefore be repeated to confirm the potential effect of MKP-2 deletion on Treg 

cell development.  A potential increase of Treg cell populations in MKP-2 deficient 

mice would highlight another important mechanism which strengthens the theory that 

MKP-2 is a viable candidate for consideration in future therapeutic intervention 

strategies.   

The significantly increased frequency of B cell population in MKP-2 KO mice 

suggests MKP-2 may be involved in regulation of B cell expansion.  As B cells play 

key roles in EAE/MS pathogenesis and recovery, it is very important next to establish 

the role of MKP-2 in the immune mechanisms of B cells during EAE, including 

autoantibody production and antigen presentation by measuring antigen-specific 

antibody levels and expression of MHC-II and co-receptors for T cell activation.  

Furthermore, the protective effects of B cells, such as IL-10 production, may also be 

regulated by MKP-2 and therefore this should also be investigated.  A potential 

strategy for investigating the role of MKP-2 in individual cell types would be to utilise 

inducible cell-specific KO mice, allowing examination of MKP-2 function in specific 

cell types without affecting its function in other cells.  Alternatively, bone marrow 

chimeras and could be utilised to look at cell-specific functions. 

The significant increase in MKP-2 mRNA expression in spinal cord tissues at the peak 

of EAE severity suggests a role for this phosphatase in the CNS compartment. While 

our study has focused on the effects of MKP-2 on peripheral immune cells and immune 



224 

 

responses, it is also important to understand the role of MKP-2 in CNS resident cell 

function.  To investigate the role of MKP-2 in cells of the CNS we could use isolated 

cell cultures, as well as mixed glial cultures, from WT and KO mice to examine any 

potential phenotypical/functional changes in these cells (neurons, astrocytes, 

microglia), including proliferation, secretion profile, antigen presentation and 

phagocytosis.  In addition, any alterations in the interactions between 

microglia/astrocytes could be examined as this is an important aspect of EAE 

pathogenesis. 

It would also be of benefit to analyse whether MKP-2 has a role in remyelination as 

this is a crucial step in EAE/MS recovery wherein oligodendrocytes generate new 

myelin sheaths around damaged axons.  To do this, ex vivo slice culture systems could 

be used [365].  Based on existing protocols, dissected slices of brain or spinal cord 

tissue from MKP-2 WT and KO mouse pups would be cultured and allowed to 

myelinate before induced demyelination with compounds such as 

lysophosphatidylcholine. Cultures would then be maintained for around 14 days before 

assessing the level of remyelination by immunofluorescent staining of myelin with an 

anti-myelin basic protein antibody. 

Furthermore, it is also important to determine the substrate specificity of MKP-2 in 

these cells to understand how MKP-2 is regulating cellular function.  The best method 

for this is by western blot.  I was only able to analyse ERK and JNK phosphorylation 

in whole MKP-2 WT and KO EAE CNS tissue samples from one experiment with 

small sample numbers (3 or 4 mice per group per time point).  This was primarily due 

to time constraints therefore these experiments need to be repeated with increased 

sample numbers.  Nonetheless our preliminary data shows that, in the absence of 

MKP-2, ERK and JNK phosphorylation in brain and spinal cord tissue may be altered, 

suggesting MKP-2 may be crucial in regulating the activity of these kinases within the 

CNS.  However it would be more useful to isolate individual cell populations and 

analyse changes in ERK and JNK phosphorylation caused by MKP-2 deletion as this 

would be more relevant to the potential effects on disease pathogenesis.   

Again, due to time constraints, I was unable to investigate the levels of p-p38 

expression in EAE CNS tissue, however activity of this MAPK is also regulated by 
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MKP-2 in a number of cells [228], [233], therefore this should be analysed along with 

ERK and JNK.  In addition, non-MAPK substrates have recently been identified for 

MKP dephosphorylation [256]–[258], including STAT5 for MKP-2 [330], suggesting 

that we have to expand our search beyond the MAPKs when investigating the potential 

effector targets of MKP-2. 

 

6.3 Conclusion         

In conclusion, although EAE is not a perfect representation of MS, it is still a very 

useful animal model which shares many of the pathophysiological aspects of MS, 

including CNS inflammation, demyelination and axonal damage.  For that reason, 

novel findings obtained in this model have the potential to further our knowledge and 

understanding of the pathological mechanisms of MS.  By using gene deficient mice 

we have confirmed a role for MKP-2 in EAE pathogenesis, and thus possibly in MS 

as well.  We have also highlighted a number of potential mechanisms of action through 

which MKP-2 may be contributing to the pathogenesis of EAE, including increased 

expansion of key immune cells, increased production of inflammatory mediators and 

enhanced CNS immune cell infiltration.    

Therefore the primary findings that we present in the current study, that MKP-2 is 

essential to the pathogenic response of EAE, suggests that inhibition of MKP-2 

expression or function may be a viable strategy in the treatment of autoimmune 

inflammatory diseases such as MS. 
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