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A b s t r a c t

Microglial activation is believed to play an important role in the pathogenesis o f  
neurodegenerative and neuroinflammatory diseases. This study focussed on assessing the role 
o f  rosiglitazone as an anti-inflammatory agent and analysis was carried out to evaluate its 
effect in vitro  and in vivo. The specific mechanism by which rosiglitazone might exert its 
effect was investigated and its effect on different glial cell types was also assessed.

Pretreatment o f  mixed glia with rosiglitazone attenuated both the LPS-induced 
increase in the mRNA expression o f  IL-I(3 and the release o f  IL-ip. Rosiglitazone also 
attenuated the LPS-induced increases in IL-6 and T N F a  mRNA and inhibited the LPS- 
induced increase in expression o f  two markers o f  microglial activation CD40 and C D l lb. In 
purified astrocytes, but not purified microglia, pretreatment with rosiglitazone attenuated the 
LPS-induced increase in the supernatant concentration o f  IL-ip. This identifies a cell- 
associated differential effect o f  rosiglitazone and it can be concluded that the ability o f  
rosiglitazone to inhibit IL -ip  release from mixed glia can be attributed to its action on 
astrocytes. Rosiglitazone also induced an increase in the supernatant concentration o f  IL-4 in 
mixed glia and astrocytes, however it did not increase IL-4 in microglia. The potential 
importance o f  IL-4 in mediating the modulatory effect o f  rosiglitazone was demonstrated as 
rosiglitazone attenuated the LPS-induced increase in IL -ip  in mixed glia obtained from 
wildtype mice, but no attenuation was observed in mixed glia from IL-4 " mice. A novel 
PPARy agonist MDG79, like rosiglitazone, attenuated the LPS-induced increase in IL-lp , 
T N F a  and IL-6, and the expression o f  the markers o f  microglial activation CD40 and C D l lb. 
Analysis o f  the modulatory effect o f  the PPARy antagonist, GW9662, on MDG79-associated 
changes, revealed that the modulatory role o f  MDG79 on pro-inflammatory cytokines is 
PPARy-independent and the ability o f  MDG79 to attenuate the LPS-induced increase in 
CD40 and C D l lb  mRNA expression is likely to be PPARy-dependent.

Microglial activation and pro-inflammatory cytokine production were examined in 
the CNS prior to, and following, onset o f  clinical symptoms o f  EAE. The data showed an 
increase in IL -ip  and T N F a  m RNA expression in the spinal cord prior to the onset o f  clinical 
symptoms, accompanied by an increase in CD40 mRNA expression in the hippocampus and 
spinal cord at the onset o f  symptoms; the evidence, which demonstrated an inverse 
relationship between expression o f  CD40 and CD200, provides further evidence that CD200 
ligand-receptor interaction modulates microglial activation. Pro-inflammatory cytokines, IL- 
ip, IL-6 and T N F a  were increased at the peak o f  disease in hippocampus and spinal cord. 
This was associated with a decrease in IL-4 m RNA expression in the hippocampus 
suggesting that an imbalance between pro- and anti-inflammatory cytokines may be a 
significant factor in the pathogenesis o f  the disease. The potential role o f  lL-4 in EAE was 
investigated by inducing EAE in IL-4' ' mice compared with wildtype mice but no significant 
differences in clinical symptoms were reported over the disease progression. IL - ip  was 
increased in the spinal cord o f  IL-4'^' mice with EAE compared with wildtype mice with EAE 
and significantly CD40 mRNA, which was again shown to be inversely related to CD200 
m RNA was also increased to a greater extent in IL-4'' "̂, compared with wildtype, mice with 
EAE. While the results again highlight the role o f  lL-4 in modulating microglial activation, 
the impact o f  IL-4 on EAE as a whole appears to be quite minor. The ability o f  rosiglitazone 
to modulate microglial activation was also investigated in the EAE disease model. There was 
no significant difference in clinical score between rosiglitazone-treated group and control, 
and analysis o f  the spinal cord revealed that rosiglitazone administration decreased IL -ip  
expression in the spinal cord o f  mice with EAE.

The most important findings o f  this study are that the PPARy agonists rosiglitazone 
and M DG79 can modulate microglial activation in vitro. The data suggest that the ability o f
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rosiglitazone to  increase IL-4 may be an im portant contributory factor in the m echanism  o f 
action o f  rosiglitazone, although other m echanism s cannot be ruled out.
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Chapter 1 

Introduction





1.1. Central Nervous System

The nervous system is one o f the most complex and plastic examples o f the 

process o f evolution. It is responsible for the detection o f internal and external 

changes, the processing o f this information, and the execution o f the appropriate 

response in the muscles, glands and organs.

The cell types o f the central nervous system (CNS) are the neurons and the 

glial cells. Neurons primary functional role is the transmission o f stimuli along the 

length o f their axon by electrochemical signalling and subsequent interaction with 

adjacent cells. Their role as the functional unit in the nervous system was proposed in 

the century by a Spanish anatomist Santiago Ramon y Cajal. His work, describing 

the neurons as discrete functional units that communicate at synaptic junctions has 

become known as the neuron doctrine and is the foundation o f much of modern day 

neuroscience. The glial cells o f which there are four types; microglia, astrocytes, 

ependymal cells and oligodendrocytes, function to support the neurons and to 

maintain homeostasis.

1.1.1. The Brain

The cerebral cortex is the largest portion o f the human brain, composing 80% 

of total brain weight in humans. It plays a key role in the most sophisticated of 

neuronal functions and is the most complex integrating area o f the brain. The cerebral 

cortex is composed o f an outer layer of gray matter with densely packed neurons 

covering an inner layer o f white matter composed o f myelinated axons. The cortex 

has been divided in four functional anatomical lobes; the occipital lobe, the temporal, 

parietal, and frontal lobe.

The hippocampus is a region of the brain that forms part o f the limbic system

with very important roles in memory and spatial navigation. The hippocampus is

located inside the medial temporal lobe, beneath the cortical surface and its shape is

responsible for its distinctive name. The sixteenth century Greek anatomist Julius

Caesar Aranzi described it as similar to a sea horse; hippos meaning horse and

kampos meaning monster. The hippocampus is a region of the brain very susceptible
1



to dam age and age- and disease-related deficits in m em ory  and cognition are 

associated with changes in hippocampal function.

/. 1.2. The Spinal Cord

The spinal cord is approximately 45cm  long and 2 cm  in diameter. The 

vertebral co lum n serves to protect this delicate tube o f  nerve cells. The cord itself  is 

com posed o f  white and gray m atter as in the brain, but in contrast the gray m atter 

forms an inner butterfly shaped region on the inside that is surrounded by an outer 

white matter layer. Similar to the brain the gray matter is com posed  o f  both neurons 

and glial cells.

1.1.3. Importance o f  the maintenance o f  homeostasis in CNS

N eurons are fragile and very sensitive to changes in their m icroenvironm ent, 

and the CN S has evolved both anatomically and physiologically to protect its delicate 

and vital functions from dam aging  immune responses.

Three barrier layers limit and regulate the molecular exchange at the 

interfaces between the blood and the neural tissue or the cerebrospinal fluid (CSF) in 

the fluid spaces (Abbott et al., 2006). The first is the blood brain barrier (BBB) 

formed by the cerebrovascular endothelial cells between the blood and the brain 

interstitial fluid, the second is the choroid plexus epithelium between the blood and 

ventricular C SF  and the third is the arachnoid epithelium betw een the blood and the 

subarachnoid CSF. The close proximity o f  neurons to the blood capillary (8-20|am) 

highlights the BBB  as the most important o f  the three barriers (Abbott et al., 2006). 

The structure o f  the barriers prevent the m ovem ent o f  im m une cells, and other 

hydrophilic molecules from the blood into the brain, thus m aintaining a stable 

environm ent for neurons. The presence o f  the BBB led scientists to propose that the 

brain was an im m une privileged organ due to its com partm entalisa tion  from the 

im mune system.
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1.1.4. Blood Brain Barrier

T he B B B  is a se lectiv e  barrier form ed by the endothelia l c e lls  that line 

cerebral m icro v esse ls  (A bbott et al., 2 0 0 6 ). It acts as a 'physical barrier' because  

co m p lex  tight ju n ctio n s betw een  adjacent endothelia l c e lls  force m ost m olecular  

traffic to take a transcellular route across the B B B , rather than m ov in g  paracellularly  

through the ju n ction s, as in m ost endothelia  (H aw kins and D av is, 2 0 0 5 ). It is 

generally  accepted  that the B B B  lim its the entry o f  plasm a com ponents, red blood  

c e lls , and leu k ocytes into the brain. A s a result, the brain exh ib its its ow n  innate 

im m une response that resem bles, in m any aspects the classica l im m une system . In the 

m am m alian C N S , the B B B  has been sh ow n  to con sist o f  at least tw o  major 

com p on en ts, the barrier itself, w h ich  is endothelial and a second astrocytic  

com p on en t w h ich  has been im plicated  in the induction  and m aintenance o f  the barrier 

phenotype by both grafting stud ies and co-culture experim ents.

A  great deal is n ow  know n about the sp ec ific  features o f  the brain 

endothelium . Studies using  freeze fracture im ages sh o w  that tight ju n ction s are m ore 

c o m p lex  in the brain endothelium  thus d istin gu ish in g  them  from  the endothelium  o f  

peripheral tissu es (W olburg and L ippoldt, 2 0 02). Studies o f  the m olecu lar structure o f  

tight ju n ctio n s have identified  tw o  transm em brane proteins that contribute  

considerab ly  to tight ju n ction  form ation; they are occlu d in  and claudin  (H aw k in s and 

D avis, 2 0 0 5 ; W olburg and L ippoldt, 2002; Y u et a!., 2 0 0 5 ). O ccludin  is a 60 -6 5 k D a  

protein w ith  its m ain function  b eing  regulation o f  the tight ju n ction s and claudin  is a 

2 0 -2 7 k D a  protein w ith  its m ain function  contributing to m aintenance o f  the high  

transendothelial electrical resistance (T E E R ) (W olburg and L ippoldt, 2 0 0 2 ), w h ich  

restricts the m ovem en t o f  sm all ions cross the B B B  (H aw kins and D avis, 2005; Yu et 

al., 2 0 0 5 ). T he p resence o f  the tight ju n ction s restricts transport o f  m olecu les. 

A lth ou gh  sm all ga seo u s m o lecu les  such  as O 2 and C O 2 can d iffu se  freely  through the 

lipid m em branes, as w ell as lip op h ilic  m o lecu les , large hydrophilic  m o lecu les m ust 

cross the B B B  either v ia  receptor-m ediated transcytosis or adsorptive transcytosis  

(A bbott et al., 2 0 06).

T he astrocytes are the secon d  com ponent o f  the B B B  and are thought to act as 

im portant regulators o f  the balance betw een  endothelia l stab ility  and perm eability
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(Argaw et al., 2006). The earhest histological studies showed that brain capillaries are 

closely associated with the perivascular endfeet o f astrocytes and in close proximity 

to microglia (Prat et al., 2001) and that it is the close structural relationship between 

astrocytes and endothelia that mediates this regulation o f BBB phenotype (Davson 

and Oldendorf, 1967). In vitro experiments indicated that astrocytes are able to 

secrete a range o f  chemical agents, including transforming growth factor-P (TGF-P), 

glial cell derived neurotrophic factor (GDNF) and basic fibroblast growth factor 

(bFGF) that can induce BBB phenotype in endothelial cells in vitro (Igarashi et al., 

1999; Lee et al., 2003).

The term barrier suggests that it is a fixed permanent structure, but it is known 

that many features o f  BBB phenotype are subject to change (Abbott et al., 2006). 

Opening o f  the BBB tight junctions can occur in inflammation, and changes in 

transporter activity can be altered in starvation and hypoxia (Boado and Pardridge, 

2002). The importance o f  the BBB is evidenced in several neurodegenerative disease 

pathologies where BBB breakdown is evident in the early phase o f disease pathology 

(Abbott et al., 2006), involving disturbances in the endothelial-astroglial cell 

interaction. Bradykinin, which is produced during inllammation in stroke or brain 

trauma, acts on endothelial and astrocyte receptors which can lead to an increase in 

intracellular Ca^^. This has been shown to result in the production o f interleukin-6 

(IL-6) via nuclear factor-KB (NFkB) from astrocytes which can impact on BBB 

permeability (Schw aninger et al., 1999). Other pro-inflammatory cytokines involved 

in inflamm ation such as tum our necrosis factor-a (TNFa), and interleukin-1 p (IL -ip ), 

produced by both m icroglia and astrocytes have previously been shown to impact on 

BBB stability and permeability (Didier et al., 2003; Schwaninger et al., 1999). 

M ultiple Sclerosis (MS), which is associated with BBB breakdown has been linked to 

IL -ip , which causes a shift to plasticity and permeability, through the hypoxia 

inducible factor la -  vascular endothelial growth factor-a (H IFla-V E G F A) pathv^ay. 

VEGF A is a potent angiogenic factor that has also been linked to BBB permeability 

(Argaw et al., 2006).

While the focus o f  much research in neurodegenerative diseases is on 

m aintaining the BBB and sealing it up, the issue o f transient opening o f  the tight
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junctions to facilitate drug delivery is the subject o f  significant research (Rapoport, 

2001). Attempts have been made to produce controlled opening using bradykinins but 

further studies are required to define the process. Understanding the endothelial- 

astrocytic interaction is o f  importance and could help design future therapies for 

regulation o f  BBB in disease.

1.2. The Immune System

The immune system along with the nervous system are the two most complex 

and vital systems in the human body. Immunity is the body’s ability to resist or 

eliminate harmful foreign materials or abnormal cells. The immune system can be 

divided into two different components; the innate immune system and the 

adaptive/acquired immune system. Both the innate and acquired systems are 

interdependent components that differ in their timing and selectivity o f  their defence 

mechanisms.

The innate immune system is the first line o f  defence o f  the body. The 

principal cells o f  the innate immune response develop from the common myeloid 

progenitor cell. These are the macrophages, granulocytes, dendritic cells and mast 

cells. Granulocytes is a broad term for cells including neutrophils, eosinophils, 

basophils and the macrophage precursor the monocyte. Neutrophils and 

macrophages, both phagocytic cells, play a key role in the innate immune response.

Macrophages are resident in almost all tissues o f  the body where they perform 

several functions including phagocytosis o f  harmful foreign cells, cellular debris and 

also the release o f  cytokines and chemokines. Macrophages and dendritic cells 

provide an important link between the innate and acquired immune system as they 

have the ability to present antigen to cells o f  the acquired immune system. Following 

phagocytosis o f  a pathogen, dendritic cells express antigens on their surface that 

allows them to interact with lymphocytes o f  the acquired immune response (Murphy 

et al., 2008).

The acquired immune response primarily involves cells derived from the

common lymphoid progenitor; B lymphocytes (B cells), T lymphocytes (T cells) and
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natural killer (N K ) cells. In the absence o f  infection the B and T cells are in an 

inactive state. It is the interaction o f  the cell surface receptors, B cell antigen 

receptors and T  cell an tigen  receptors, with antigen that results in their activation. 

Activated B cells differentiate into plasma cells from which they secrete antibodies 

for the specific antigen and activated T cells differentiate and proliferate into one o f  

several different functional types o f  effector T cells. The different subsets o f  effector 

T cells include; cytotoxic T  cells, helper T (Th) cells, and regulatory T (Treg) cells. 

Cytotoxic T cells are capable o f  inducing cell death in the cells infected with antigen 

such as viruses and pathogens or otherwise dam aged or dysfunctional cells. Helper T 

(CD4^) cells p rom ote antigen specific B cell differentiation and also play an 

important role in m acrophage recruitment. The final subset, the regulatory T  cells, 

suppress activity o f  lym phocytes and control im m une responses therefore maintain 

im m une homeostasis.

The spleen com bines  the innate and adaptive im mune system in a uniquely 

organised way m aking it an important organ for im m une homeostasis. Located in the 

abdom en, directly beneath the diaphragm, connected to the stomach, it is the b o d y ’s 

largest filter o f  blood. As well as having haematologic and vascular reservoir 

functions, the spleen is also an important lymphoid organ. The structure o f  the spleen 

enables it rem ove o lder erythrocytes from the circulation by phagocytosis playing an 

important role in removal o f  blood-borne microorganisms and cellular debris.

In an im m une response to disease or infection the dendritic cells in the 

circulation, having captured bacteria in the blood are transported to the spleen where 

they mediate the initial differentiation o f  and survival o f  B cells to becom e antibody- 

producing plasm ablasts (M ebius and Kraal, 2005). O n entry o f  antigen presenting 

cells to the white pulp region o f  the spleen, T cells becom e activated and they can 

assist the B cells. T he spleen is an important immune-re la ted organ and the relative 

expression o f  different cytokines here will be important in the differentiation and 

activation o f  specific T  cell subsets during the developm ent o f  disease (M ebius and 

Kraal, 2005).
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1.3. CNS and the Immune System and their interaction

There is now extensive evidence o f  the immune-m ediated events in the CNS 

parenchym a (Aloisi, 2001). M acrophages and dendritic cells have been identified in 

the meninges and choroid plexuses (M cM enamin, 1999). Perivascular macrophages 

at the BBB surround the small and medium sized cerebral vessels where they display 

phagocytic and immune-m ediated functions (W illiam s et al., 2001).

Beyond the protective shield o f  the BBB, the brain does harbour its own 

innate immune cells (Aloisi, 2001), the microglia. They are derived from the myeloid 

precursor cell, the same precursor o f  peripheral innate immune cells, and they 

function as the m acrophages o f  the brain. They function to survey the CNS 

environm ent and phagocytose unwanted or foreign material. M icroglia exist usually 

in a resting state, sim ilar to macrophages, but in response to invasion they are 

activated and express cell surface markers and produce both cytokines and 

chemokines. This inflammatory response is beneficial in rem oving the foreign 

invading pathogens.

Inflammation is generally a beneficial response o f  an organism  to infection 

but, when prolonged or inappropriate, it can be detrimental (Simi et al., 2007a). It has 

been proposed that, in the CNS, neuroinflam m ation associated with age and disease 

involves cells o f the periphery, and innate immune cells contribute to the resultant 

disruption o f  CNS hom eostasis and the consequent neurodegeneration.

1.3.1. LPS as a model o f  neuroinflammation in vitro

Lipopolysaccharide (LPS) is the most frequently used immune modulatory 

m olecule (Lund et al., 2006). It is an amphipathic molecule which is a component of 

the cell wall o f  gram -negative bacteria that acts as a non-specific activator o f the 

immune system (Lacosta et al., 1999). LPS consists o f  three distinct chemical 

moieties: the hydrophobic lipid A moiety, which anchors it to the outer m embrane; a 

well-conserved surface-exposed hydrophilic oligosaccharide, designated the core, and 

a hypervariable polysaccharide, the O antigen (Steeghs et al., 2001).
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A key hallmark o f the innate immune system is the recognition o f specific 

elements o f invading pathogens, such as gram negative bacteria. These elements are 

called pathogen associated molecular patterns (PAMPs) which are recognised by 

specific cells o f the immune system, i.e. microglia, as innate mechanisms to mount a 

rapid response to bacterial infection (Takeuchi and Akira, 2001). This bacterial 

recognition system was first identified in Drosophila, where it mediated defence 

against fungal infection, and was named Toll like receptor (TLR), as it resembled the 

Toll receptor involved in determining the dorsal-ventral axis o f the fruit fly 

drosophila melanogaster (Hashimoto et a!., 1988).

LPS activates the cell by binding to CD 14, a 55kDa glycoprotein which leads 

to the formation o f receptor complex with the MD2 and Toll-like receptor 4 (TLR4) 

proteins (Shimazu et al., 1999). Activation o f TLR4 results in the recruitment o f 

adaptor proteins, MyD88 and Mai. From this point on, LPS shares a signalling 

pathway similar to that o f 1L-1(3. Downstream signalling via lL-1 R-associated kinase- 

4 (lRAK-4) leads to activation of the mitogen activated protein kinase (MAPK) and 

NFkB. Activation of these transcription factors, particularly NFkB, leads to pro- 

inflammatory gene transcription and protein translation resulting in the production of 

inflammatory molecules, including inducible NO synthase (iNOS) and 

cyclooxygenase-2 (COX-2) (Tetsuka et al., 1996), which forms the basis of the innate 

inflammatory response.

1.4. Cells which play a role in neuroinflammation: M icroglia

Microglia were first described by del Rio Hortega (1932) as a unique cell type 

differing in morphology from other glia and neurons, comprising o f about 12% of the 

brain (Block and Hong, 2005). Most o f the evidence currently suggests that microglia 

are derived from a bone marrow precursor o f the mononuclear phagocytic lineage 

that populate the brain early in development, relating it to other organ specific 

macrophage populations such as the Kupffer cells of the liver and bone osteoclasts 

(Vilhardt, 2005).
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The unique point about microglia is that they are both supportive glia and 

im m unocom petent defence cells (Streit et al., 2004). M icroglia interact dynamically 

with other glial cells and neurons to fulfil important neurotrophic roles (Vilhardt, 

2005). They play an active role in late em bryonic brain developm ent and early 

postnatal brain m aturation. During this rem odelling and m aturation, m icroglia are 

believed to assist in the clearance o f cells destined for elim ination through 

program med cell death (Barron, 1995).

Described as the resident immune cells o f  the brain, m icroglia perform 

functions similar to those o f tissue m acrophages in the periphery such as 

phagocytosis, antigen presentation and the production o f  cytokines and chemokines 

(Benveniste, 1998). This constitutes the first line o f  defence against invading 

pathogens.

In the mature adult brain, most phagocyte effector function is downregulated, 

resting microglia exhibit a characteristic ramified m orphology and function as 

supportive glia and are responsible for immune surveillance (Block and Hong, 2005). 

Neuron-m icroglia comm unication plays a key role in shaping the quiescent and 

reactive states o f microglia (Aloisi, 2001). Neurotrophins such as nerve growth factor 

(TMGF) and brain-derived neurotrophic factor (BDNF) along with astrocyte-produced 

TGFp have been shown in vitro and in vivo as important regulators o f microglia 

activity (Aloisi et al., 1997; Neum ann et al., 1998; Vincent et al., 1997). The 

identification o f  CD200 m em brane-bound glycoprotein, which is expressed on 

neurons, has highlighted the importance o f  neuron-glia cell contact in microglial 

regulation (Hoek et al., 2000). The interaction o f  CD200 with its receptor, CD200R 

which is expressed on microglia, has a role in regulation o f  m icroglial activity, an 

area discussed in more detail later (see section 1.9.).

M icroglia are particularly sensitive to changes in their microenvironm ent and 

readily become activated in response to immunological stimuli, infection or injury 

(Liu and Hong, 2003). The transform ation from a resting to an activated state has 

been clearly recognised for almost a century (M erzbacher, L. 1909 in (Kreutzberg, 

1996). The activation results in a visible change in microglial m orphology, from 

resting highly branched (ram ified) cells with a small amount o f  perinuclear
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cytoplasm, to cells that become hypertrophied with short processes which exhibit a 

bushy appearance (Benveniste, 1998). O f  critical importance to the prompt response 

to a variety o f  infectious or inflammatory stimuli is their ability to detect their 

presence via a larger array o f  cell surface receptors (Aloisi, 2001). These receptors 

include pattern recognition receptors that can recognise pathogen-associated 

molecules such as LPS, complement receptors which enhance and mediate 

phagocytosis (Aloisi, 2001), and cytokine receptors, such as IL-IR, interferon-y 

(IFNy)R and TNFR through which specific cytokines can induce or amplify 

microglial activation (Benveniste, 1998). These receptors are an important 

determinant in inducing and regulating microglial immune functions (Aloisi, 2001).

Reports show that activated microglia increase expression o f  class I and I! 

major histocompatability complex (MHC) antigens (Dickson et al., 1993; McGeer et 

al., 1993), adhesion molecules such as intracellular adhesion molecule-1 (ICAM 1) 

and co-stimulatory molecules like CD40 (Aloisi et al., 1999; Tan et al., 1999) and 

CDl lb  (Benveniste, 1998). This is accompanied by increased production o f  the pro- 

inflammatory cytokines including IL-1(3, IL-6 and TNFa. Each o f  these will be 

discussed in more detail below (see section 1.6.).

1.5. Cells which play a role in neuroinflam mation: Astrocytes

Astrocytes form the largest portion o f  glial cells in the CNS and have a 

number o f  important physiological properties related to CNS homeostasis (Dong and 

Benveniste, 2001). One o f  the obvious roles o f  the astrocytes is in forming the EBB 

with the endothelial cells, where they contribute to both its structural and functional 

integrity (see above, section 1.1.4.).

Astrocytes provide metabolic and neurotrophic support to neurons and 

modulate synaptic activity (Takuma et al., 2004). There is considerable evidence for 

the role o f  astrocytes in the defence against oxidative stress-mediated neuronal cell 

death (Tanaka et al., 1999) and in their ability to regulate brain energy metabolism. 

For example, glycogen the energy reserve o f  the brain is located in astrocytes and 

astrocytes release growth factors; BDNF, FGF and NGF that result in sustained
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modulatory action in neighbouring neurons (Albrecht et al., 2002; Bruno et al., 2001; 

Mizuta et al., 2001; Takuma et al., 2004).

Astrocytes also play a role in synaptic transmission. Recent evidence indicates 

that there is a dynamic two-way communication between astrocytes and neurons at 

the synapse (Newman, 2003). Release o f neurotransmitters from the presynaptic 

terminal evokes an increase in the Câ "̂  concentration o f adjacent glia (Pasti et al., 

1997; Porter and McCarthy, 1996), which results in the release o f glutamate and ATP 

from astrocytes (Bezzi et al., 1998; Kang et al., 1998; Pasti et al., 1997; Pasti et al., 

2001). Transmitters released from glial cells, such as glutamate, are termed 

gliotransmitters to distinguish them from (neuronally-derived) neurotransmitters. It 

has been shown that gliotransmitters can feedback on the presynaptic terminal either 

to enhance or depress further release o f neurotransmitters (Araque et al., 1998a; 

Araque et al., 1998b; Kang et al., 1998), or they can also stimulate postsynaptic 

neurons, producing either excitatory or inhibitory responses.

Like microglia the involvement o f astrocytes in the immune response is 

considered to be a double-edged sword. While they possess the ability to detect 

infectious agents and endogenous danger signals, they produce factors that target 

neighbouring cells promoting leukocyte infiltration and inflammation.

Astrocytes have been shown to express the TLRs, mannose receptors, 

complement receptors and scavenger receptors (Farina et al., 2007). Much debate has 

arisen over the last decade as to the ability o f astrocytes to function as competent 

antigen presenting cells (APCs) and their ability to interact with T cells. Evidence 

supports the expression o f MHCIl on astrocytes in vitro in response to IFNy and 

TNFa (Panek et al., 1994; Wong et al., 1984), but the ability to detect changes in 

MHCll expression in astrocytes in the diseased brain is controversial. In conjunction 

with this, astrocyte expression of the co-stimulatory molecules B7 and CD40 is the 

cause o f much controversy (Dong and Benveniste, 2001).

Activation o f astrocytes in response to stimuli results in astrogliosis. This is 

the increased synthesis o f glial fibrillary acidic protein (GFAP) (Holley et al., 2003; 

Wu and Schwartz, 1998) and astrocyte hypertrophy. GFAP is the major intermediate
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filament protein o f  mature astrocytes and its prominent increase is the main 

identifying marker o f  reactive astrocytes (Holley et al., 2003). Recent evidence has 

shown that the pro-inflammatory cytokine IL-1 as a key mediator in astrocyte 

induced inflammation in the brain (Moynagh, 2005).

Data from both in vitro and in vivo studies show that the pro-inflammatory 

cytokines IL -ip , TNFa, and IFNy are also associated with the induction o f  cytokine 

release (IL-1, IL-6, lL-10, IFNy) (Corbin et al., 1996; Giulian et al., 1988; Yong et 

al., 1991) and chemokine release (RANTES, monocyte chemoattractant protein 1 

(M C Pl), IP-10) from astrocytes (Dong and Benveniste, 2001; Hua and Lee, 2000) as 

well as cell surface expression o f  adhesion molecules (ICAM and vascular cellular 

adhesion molecule (VCAM)) (Dong and Benveniste, 2001). Increased expression of 

both ICAM and VCAM by astrocytes has been reported in diseases such as MS and 

Alzheimer’s disease (AD) (Brosnan et al., 1995; Rosenman et al., 1995; Shrikant et 

al., 1994). This list o f  potent immunologically-relevant cytokines and chemokines 

shows that astrocytes play a pivotal role in the type and extent o f  CNS immune and 

inflammatory responses (Dong and Benveniste, 2001).

1.6. Pro-inflam m atory cytokines 

1.6.1. IL -lp

IL-1, often referred to as the prototypic inflammatory cytokine, is a family o f  

closely-related proteins that are products o f  separate genes located in a cluster on 

chromosome 2 (Rothwell and Luheshi, 2000). Members o f  the IL-1 family are 

expressed at low or undetectable levels by endogenous cells in the healthy brain, but 

in response to various brain insults including ischemia, trauma, hypoxia or 

inflammatory stimuli, their expression is rapidly upregulated (Simi et al., 2007a). The 

members o f  the IL-1 family, which has recently been expanded to a total o f  ten 

includes IL-1 a  and IL-1 p.

Both IL -la  and IL -ip  are synthesised as precursor proteins that lack a leader 

sequence. As a precursor, pro-IL-la  is active but pro-IL-ip requires cleavage to
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become active. P ro-lL -ip  is cleaved by an enzyme cysteine-aspartate protease 

caspase 1, to form active IL -ip  (Thornberry et al., 1992). The biological actions o f  

lL-1 are exerted by binding to the receptor IL -lR l, which then associates with IL-IR 

accessory protein (IL-lRAcP) (Wesche et al., 1997) to activate intracellular 

signalling pathways (Cao et al., 1996; Greenfeder et al., 1995; Muzio et al., 1997). 

The IL-IRI signals through a conserved intracellular region termed TIR 

(Toll/interleukin-1 receptor) domain, which recruits adaptors such as MyD88 and 

TRAF-6. This results in the activation o f  downstream signalling pathways including 

the MAPK and the N F kB (Rothwell and Luheshi, 2000). There is a second IL-1 

receptor, type 11 receptor (IL-IRII), that binds lL-1 but it lacks an intracellular 

domain and does not initiate signal transduction (Sims et al., 1993). The importance 

and dependence o f  the signalling o f  IL-1 through IL-IRI is shown in studies where 

deletion o f  the IL-lR l gene abolishes all pro-inflammatory effects o f  IL-1, from 

activation o f  N F kB to production o f  other pro-inflammatory cytokines (Allan et al., 

2005; Lucas et al., 2006; Relton and Rothwell, 1992; Yamasaki et al., 1995).

The lL-1 family also includes the IL -IR  antagonist (IL-lRa). It is a highly 

selective, competitive receptor antagonist that binds IL -lR l ,  but does not trigger IL- 

IR and AcP association and does not result in intracellular signalling (Mrak and 

Griffin, 2001). Exogenous administration o f  IL-lR a is neuroprotective in animal 

models o f  ischemia (Relton and Rothwell, 1992), excitotoxicity (Lawrence et al., 

1998) and trauma (Tehranian et al., 2002).

Expression o f  lL-1 has been shown in microglia, astrocytes, oligodendroglia, 

neurons, cerebrovascular cells and circulating immune cells (Simi et al., 2007a) 

although the regulation o f  expression, cleavage and release o f  IL-1 p from the cell is 

still poorly understood. The proposed mechanism comes from data on IL-1 release 

from monocytes o f  the periphery. It is proposed that the release o f  IL-1 [3 from 

microglia and astrocytes requires purinergic P2X7 receptor activation by extracellular 

ATP which can regulate the cleavage and release o f  IL-1 P (Ralevic and Burnstock, 

1998; Sanz and Di Virgilio, 2000; Simi et al., 2007b).

It remains uncertain whether endogenous lL-1 plays a physiological role in 

the body. On the one hand, the levels in the healthy brain are very low, and mice
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lacking genes for IL-1 develop normally and do not suffer from any obvious 

physiological changes. However endogenous lL-1 has been shown to be involved in 

sleep pattern (Krueger et al., 1998) and it plays a significant role in fever (Kluger et 

al., 1998). The majority o f  actions o f  IL-1 in the brain are associated with responses 

to local or systemic insults. lL-1 is not toxic to neurons in culture, but it does induce 

an indirect negative effect (Viviani et al., 2003). lL-1 can induce the production o f  

ceramide, which results in the activation o f  NM D A R which causes an influx o f  Ca^^, 

leaving the neuron vulnerable to other insults (Strijbos and Rothwell, 1995). Most 

effects o f  IL -ip  have been described in astrocytes where it promotes astrocyte 

proliferation and astrogliosis. It has been shown that IL-1 is the key stimulus in the 

induction o f  expression o f  adhesion molecules (ICAM I and VCAM) and 

chemokines (MMPs and IL-8) in astrocytes (Moynagh et al., 1994; Rosenman et al., 

1995; Shrikant et al., 1994). IL-1 has also has been shown to increase the release o f  

the pro-inflammatory cytokines, IL-6 and TN Fa from astrocytes (Lee et al., 1993b). 

lL-1 activation o f  IL-IR in astrocytes has been shown to induce caspase-dependent 

neuronal death, which is dependent on the release o f  free radicals (Thornton et al., 

2006).

Increases in IL- ip are associated with inflammation and pathogenesis o f  

diseases such as MS, Parkinson’s Disease (PD) and AD (Lucas et al., 2006). For 

example IL-1 is thought to exacerbate acute brain damage associated with cerebral 

ischemia (Touzani et al., 1999). AD is an example o f  a condition in which there is 

sustained chronic overexpression o f  IL-1 and in which IL-1 overexpression has been 

implicated in both the initiation and progression o f  the characteristic 

neuropathological changes (Griffin, 2006).

In addition, patients suffering from MS have elevated levels o f  IL-1 in the 

CSF when the disease is active (Hauser et al., 1990), while IL-1 is also thought to 

play a role in autoimmune destruction o f  myelin (Merrill, 1992). It has been 

concluded that IL-1 is an important element in the inflammatory mechanism in 

neurodegeneration and increased understanding would undoubtedly contribute to the 

design o f  future therapies.
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1.6.2. lL-6

IL-6 is a 26kDa pleotropic inflammatory cytokine (Haegem an et al., 1986) 

that belongs to the family o f  cytokines that have a four helical structure (Scheller and 

Rose-John, 2006). IL-6 is secreted by a wide range o f  cells including fibroblasts, 

monocytes, B cells, endothelial cells, T cells, m icroglia and astrocytes (Benveniste, 

1998). Astrocytes appear to be the main producers o f IL-6 and can be activated to 

express IL-6 in response to a wide array o f  stimuli such as LPS, TN Fa, IL -ip  and 

TG pp (Benveniste et al., 1990; Lee et al., 1993b; Sawada et al., 1992).

lL-6 exerts it activity by binding to specific cell surface receptors which 

belong to the cytokines type 1 receptor family (Darnell et al., 1994). On binding with 

its receptor, IL-6R, the IL-6-IL-6R complex associates with two m olecules o f  the 

signal transducing protein gp l30  (Taga and Kishimoto, 1997). The form ation o f this 

complex activates the intracellular tyrosine kinases o f  the Janus kinase fam ily (JAK). 

Activated JAKs phosphorylate transcription factors o f  the signal transducers and 

activators o f  transcription (STAT) family, in particular STAT 3 which, through 

translocation to the nucleus, regulates IL-6 specific genes. The binding o f  IL-6 to its 

receptor can also activate an alternative pathway which involves the G-protein Ras, 

and can result in the activation o f  MARK (Gadient and Otten, 1993).

IL-6 and IL-6R expression has been reported in neurons, m icroglia and 

astrocytes (Schobitz et al., 1993; Yan et al., 1992). The m echanism s controlling IL-6 

synthesis and release are identical in all three cell types. The fact that IL-6 synthesis 

in brain cells can be induced by pro-inflam m atory cytokines, infections, pathogens, as 

well as neurotransm itters, supports the concept o f  tight com m unication between 

neurons and glia involving IL-6 (Gadient and Otten, 1993).

IL-6 is elevated rapidly within the CNS after brain damage (W oodroofe et al., 

1991) and it has been suggested that one o f  the inflamm atory m ediators causally 

involved in AD pathology is IL-6 (Gadient and Otten, 1993). It has also been shown 

that IL-6 imm unoreactivity is m arkedly elevated in the nigrostriatal dopaminergic 

region o f  a patient suffering from PD (Mogi et al., 1994) ahhough whether IL-6 is
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causative to the neurodegeneration events or if it is a consequence o f  on-going 

inflamm ation induced by neuronal damage is still debated (Gadient and Otten, 1993).

1.6.3. TNFa

TN Fa was identified three decades ago as a product o f  lymphocytes and 

macrophages that caused the lysis o f certain cell types, especially tum our cells 

(Carswell et al., 1975; Grange et a!., 1969). TN Fa is a type 2 transmem brane protein 

that can exist in a membrane-associated form as well as a cleaved, soluble mature 

form (Locksley et al., 2001). its structure is described as a self-assembly non- 

covalent trimer, whose individual structures fold as compact “jelly  roll” p sandwiches 

and interact at hydrophobic interfaces. TN Fa-converting enzyme (TACE or ADAM - 

17) cleaves the m em brane-bound form to release the soluble cytokine (Black et al., 

1997). Both forms are biologically active and can be synthesised in the CNS by 

m icroglia, astrocytes and neurons and in the adipocytes in the periphery (Lorenzo et 

al., 2008; McCoy and Tansey, 2008).

The m em bers o f  the TNF ligand family exert their biological functions by 

interacting with their cognate membrane receptors, the TNF receptor family. Two 

types o f  receptors are known; TNF-Rl and TNF-R2. TN F-R l is expressed in most 

tissues but TNF-R2 is found mainly in the cells o f the immune system.

The ligand-receptor interaction generates downstream signalling that occurs 

via two classes o f  cytoplasmic adaptor proteins: TNF receptor-associated factors 

(TRAFs) and “death dom ain” (DD) molecules (Fesik, 2000). Recruitment o f  adaptor 

protein DD, such as Fas-associated death domain (FADD) or TN FR associated death 

domain (TRADD) results in activation o f  a downstream signalling cascade and 

ultimately the activation o f  caspases, and cell death. Recruitment o f  TRAF leads to 

activation o f  the transcription factor NFkB and activation o f c-jun-N-terminal kinase 

(JNK) (Locksley et a l.,2001).

There is strong evidence implicating TN Fa in the pathology underlying

neuroinflamm atory diseases such as MS. Serum and CSF TN Fa concentrations were

reported to be increased in patients with MS compared with control (Beck et al.,
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1988; Sharief and Hentges, 1991) and treatm ent with anti-TN Fa antibodies are 

protective against disease severity (Probert et al., 1995).

1 .7. Anti-inflammatory cytokines 

1.7.1 IL-4

lL-4 is a typical anti-inflam m atory cytokine that plays a critical role in the 

regulation o f  immune responses, it is a glycoprotein with a m olecular weight o f  

20kDa and is composed o f  129 amino acids (Sholl-Franco et al., 2009). lL-4 was 

discovered in the 1980s and is typically released from Th2 cells where it is 

responsible for the maturation and differentiation o f  T and B cells. The production o f 

lL-4 has also been shown by basophils, mast cells and natural killer cells (Seder and 

Paul, 1994).

lL-4 exerts its biological action through the interaction with and binding to 

cell surface receptors that form the assem bly o f  a receptor com plex consisting o f  the 

lL -4R a chain and the comm on gam m a chain (yc). After dim erisation o f  the 1L-4R 

complex, cytoplasm ic tails o f  receptors become phosphorylated and act as docking 

sites for different signalling molecules. This results in a series o f  phosphorylation 

events mediated by receptor-associated kinases (Nelm s et al., 1999). Three members 

o f the JAK fam ily, JAK-1, JAK-2 and JAK-3, have been demonstrated to be activated 

in response to 1L-4R engagem ent (Nelms et al., 1999). It has been shown that 

engagem ent o f  the receptor results in phosphorylation o f  STAT-6, which translocates 

to the nucleus and regulates transcription o f  lL-4 responsive genes (Haque et al., 

1998). In vitro  experiments show that IL-4 inhibits IFNy induced production o f 

hydrogen peroxide in human cultured m onocytes (Lehn et al., 1989), and IL-4 

induced a decrease in IL -ip  and TN Fa in human cultured m onocytes from cancer 

patients and also in peripheral m acrophages (Lehn et al., 1989).

Most o f  the data published was obtained from peripheral cells but there is 

growing evidence o f  its action in the CNS. IL-4 and IL-4 m RNA expression have 

been detected on m icroglia and astrocytes, although there is debate about the issue o f
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astrocyte expression o f  lL-4 (Abbas et al., 2002; Hulshof et al., 2002; Suzumura et 

al., 1994). Accumulating evidence has indicated that lL-4 reduces the production o f  

inflammatory mediators, including iNOS, TNFa, COX2 and MCP-1 from activated 

microglia both in vivo and in vitro (Chao et al., 1993; Ledeboer et al., 2000; Park et 

al., 2005). Evidence from this lab has shown that lL-4 downregulates 1L-1(3 in tissue 

prepared from aged rats (Nolan et al., 2005).

1.8. M arkers o f glial activation 

1.8.1. CD40

CD40 is a 48kDa phosphorylated glycoprotein protein that is expressed on the 

surface o f  various cells including B lymphocytes, dendritic cells, endothelial cells, 

and activated macrophages and microglia (Alderson et al., 1993; Armitage et al., 

1992). CD40 a member o f  the TNFR family, that includes T N F R l,  TNFR2 and Fas 

(D'Aversa et al., 2002).

It interacts with its natural ligand CD40L or CD 154, 39kDa type 11 

transmembrane protein o f  the TNF superfamily, which is expressed on CD4^ T cells 

(Egeler et al., 2000). CD40-CD40L interactions have a crucial role in the 

development o f  many immune responses and inflammatory processes (Aloisi et al., 

1999). CD40-CD40L interaction has been shown to upregulate; co-stimulatory 

molecule expression (IC A M l, V C A M l, MFIC 11), pro-inflammatory cytokines (lL-1, 

IL-6, TNF, IL-8 and lL-12) and chemokines (macrophage inflammatory protein 

(M lP )-la  and MCP-1) (Chen et al., 2006).

Microglial expression o f  CD40 is usually very low (Tan et al., 1999), but in 

response to stress, or challenge (LPS or pro-inflammatory cytokines) CD40 

expression dramatically increases (Aloisi et al., 1999; Tan et al., 1999). The pro- 

inflammatory cytokines TN Fa and IL -ip  are known inducers o f  CD40 expression in 

microglia (Aloisi et al., 2000) but IFNy is the most potent, increasing CD40 

expression 20-fold (Chen et al., 2006).
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CD40-CD40L interaction initiates a complex signalling cascade that involves 

the activation o f  various protein tyrosine kinases and transcription factors (Chen et 

al., 2006). Due to the lack o f  enzymatic activity in the cytoplasmic c-terminus o f 

CD40, the signalling is m ediated via TTMF receptor-associated factors (TRAFs). The 

TRAP family consists o f  6 members TRAP 1-6. These adaptors link CD40 to the 

m ultiple downstream pathways that include phosphoinositide 3-kinase (P13K) (Chen 

et al., 2006; Tan et al., 1999), phospholipase C, MARK (Calingasan et al., 2002), and 

N PkB (Chen et al., 2006).

CD40-CD40L interactions are implicated in participating in a variety o f  CNS 

diseases. Increased expression o f  CD40 and CD40L has been detected in AD (Togo 

et al., 2000) and MS (Gerritse et al., 1996). The fact that depletion o f CD40 and 

CD40L gene in mouse models o f  MS or AD renders the animal resistant to disease 

progression defines a detrimental role for these m olecules in promoting inflammation 

in the CNS (Chen et al., 2006)

1.8.2. CDlIb

C D l l b  is a cell surface antigen expressed on cells o f  the myeloid lineage 

including neutrophils, monocytes, m acrophages and microglia. It is expressed at low 

or undetectable levels in the resting state, and its expression increases steadily during 

myeloid differentiation (Dziennis et al., 1995). CD l lb  acts as a binding protein for 

lCAM-1 and Cb3i, both o f which are expressed on a variety o f  cell types including 

leukocytes and endothelial cells. It has been reported in several models o f 

neuroinflamm atory diseases that C D l lb  expression corresponds with the severity o f 

microglia activation. It has been shown that this upregulation in CD l 1 b in response to 

microglial activation is driven by N O  (Roy et al., 2008).

1.9. CD200

CD200 is a type-1 m em brane glycoprotein o f the immunoglobulin 

superfamily (IgSP) o f  cell surface proteins. CD200, or OX-2 membrane glycoprotein
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as it was previously known, contains two IgSF dom ains and is expressed on a variety 

o f  lymphoid and non-lym phoid  cells, including the kidney glomeruli, vascular 

endothelium  and subsets o f  neurons (Adam s et al., 1998; Barclay, 1981; Bukovsky et 

al., 1983).

While C D 200  has been studied for many years an important discovery was 

m ade by Preston et al., (1997) with the identification o f  CD 200R  on the surface o f  

resident m acrophage obtained from the peritoneal cavity o f  rats and mice. The 

structure o f  C D 200R  w as identified as being similar to CD200, m em brane bound and 

having two im m unoglobulin-like domains. It is highly expressed on cells o f  the 

m yeloid lineage (m acrophages, microglia, neutrophils and monocytes) and also on T 

cells, but differs structurally from its ligand as it has a longer cytoplasm ic tail 

containing no signalling motifs (Preston et al., 1997; Wright et al., 2000).

The im portance o f  the control o f  m yeloid cells, including microglia, has been 

em phasised already. T he C D 200-C D 200R  interaction provides a cell-cell contact 

regulatory interaction for m yeloid cells (Jenmalm  et al., 2006). it is the inhibitory 

signal to m yeloid cells resulting from C D 200-C D 200R  receptor interaction that is 

important to the inflam m atory  control. As 1 mentioned CD 200R  differs from the 

ligand by virtue o f  a longer cytoplasmic domain. The tail contains three conserved 

tyrosine residues, one o f  which is contained within an N PX Y  m o tif  (W right et al., 

2000). it has been show n that signalling occurs via phosphorylation o f  the N PX Y  

m o tif  that recruits to Dok 1 and Dok 2 phosphorylation and subsequently inhibits 

Ras/M A PK  pathw ays (Zhang et al., 2004).

There is a grow ing body o f  evidence for the significant role that CD 200- 

C D 200R  interactions play in the modulating tissue inflammation in various 

inflam m atory forms, such as arthritis, allograft rejection and neurodegeneration 

(W alker et al., 2009). Studies using mice with a C D 200 deletion have shed light on 

the dynam ics  o f  the C D 200-C D 200R  interactions. Deletion o f  C D 200 resulted in 

myeloid cell dysregula tion  and enhanced susceptibility to autoim m une inflammation 

in experim ental au to im m une encephalom yelitis  (EA E) and collagen-induced arthritis, 

therefore suggesting that im m une suppression is generated through interaction with 

C D 200R  (H oek et al., 2000). Further to this, a study showed that a soluble form o f
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CD200 administered to mice reduced autoimm une inflammation in an arthritis model 

(Gorczynski et al., 2001).

Recent evidence has shown the importance o f  CD200 in rodent models o f  

neurodegeneration. It is reported that m icroglial activation in the hippocampus o f  

aged (Frank et al., 2006; Lyons et al., 2007a) and Ap treated rats (Lyons et al., 2007a) 

were accom panied by decreased expression o f  neuronal CD200. This was 

accompanied by in vitro data that show treatm ent o f  hippocampal neurons with the 

anti-inflam matory cytokine IL-4 increased CD200 expression (Lyons et al., 2007a).

1.10. PPAR

Peroxisome proliferator-activated receptors (PPAR) are members o f  a 

superfamily o f  proteins term ed nuclear receptors (Kapadia et al., 2008). As a nuclear 

receptor, PPAR acts as an agonist-activated transcription factor that regulates specific 

target gene transcription. There are three subtypes o f PPAR; PPA Ra, PPARp and 

PPARy.

1.10.1. PPA R y

The role o f  PPARy in controlling lipid and glucose m etabolism is well 

established (Drew et al., 2006). However, the fact that these receptors are also 

capable o f  m odulating the immune response has only recently become appreciated. 

PPARy is sim ilar to other nuclear receptors in that it possesses a modular structure 

composed o f two domains. The first o f  these is a DNA binding domain (DBD). It 

consists o f  two zinc fingers that specifically bind the PPAR response elem ent (PPRE) 

in the regulatory region o f  the PPAR responsive genes. The second is the ligand 

binding domain (LBD), the portion to which PPARy agonists and coactivators bind. 

Crystalographic analysis has shown the LBD to contain 13-a helices and a small 4- 

stranded P-sheet, and the ligand-binding pocket o f  PPARy is quite large, thus 

allowing it to interact with a broad range o f  natural and synthetic ligands (Nolte et al., 

1998).
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Prior to binding with the ligand, PPARy is in an inactive state com plexed with 

nuclear co-repressors and histone deacetylases (H D A C s). The co-repressors function 

to keep the receptor in a repressed inactive state while the H D A C  maintains the 

surrounding chrom atin  in a condensed state through histone deacetylation, thus 

inhibiting gene expression (Jepsen and Rosenfeld, 2002; Sundararajan et al., 2006). 

On binding o f  the ligand to the LB D  on PPARy, the repressors displace, and PPARy 

forms a heterodim er with a retinoid X receptor (RXR). This allows PPARy to bind to 

the PPR E  and recruitm ent o f  transcriptional activators occurs. The co-activators 

include nuclear co-activators (N -CoA s) and cyclic-A M P response elem ents protein 

(C R EB )-binding  protein (C B P)/pro te in  300 (p300). The result is an increase in gene 

transcription (Berger and Moller, 2002; Bernardo and M inghetti, 2006).

1.10.2. PPARy, role in lipid and glucose metabolism

PPA Ry is predom inantly  expressed in adipose tissue, the adrenal gland and in 

the spleen. It acts in the body as a lipid sensor where it functions to regulate a unique 

subset o f  genes responsible for lipid and energy m etabolism (Kersten et al., 2000). 

They play a particularly important role in both lipid and carbohydrate metabolism and 

participate in the regulation o f  serum glucose levels as well as regulating insulin 

sensitivity (Landreth et al., 2008). From its role in lipid m etabolism it is not 

surprising that the natural agonists are long chain fatty acids, eicosanoids and 

prostaglandins. Synthetic agonists o f  PPARy belong to a class o f  drugs called 

thiazolidinediones, or glitazones (C om bs et al., 2000). Currently  on the market for the 

treatment o f  type II diabetes are the glitazones, ciglitazone, rosiglitazone and 

pioglitazone. T he binding o f  the thiazolidinedione to PPARy has been show n to 

improve lipid m etabolism  and insulin sensitivity (B erger and Moller, 2002).

In adipocytes, PPA Ry regulates num erous genes involved in lipid metabolism 

including aP2, acetyl co-A  synthase (Berger and Moller, 2002) as well as C D 36 and 

lipoprotein lipase (LPL) which are important for lipid uptake into adipocytes 

(Hodgkinson and Ye, 2003). PPARy has also been show n to downregulate leptin, 

which is an adipocyte-selective protein that inhibits feeding (De Vos et al., 1996;
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Kallen and Lazar, 1996). PPARy also m odulates the transcription o f  several genes 

that affect insulin action. Interestingly, the pro-inflam m atory cytokine, TN Fa, which 

is expressed by adipocytes, has been associated with insulin resistance and 

diminished insulin signal transduction (Hofmann et al., 1994) and PPARy agonists 

inhibit the expression o f TN Fa and prevent TN Fa-induced insulin resistance 

(Hofmann et al., 1994; Miles et al., 1997).

1.10.3. PPARy and a role in neuroinflammation

It was the inhibitory effects o f  PPARy agonists on TTMFa that led to several 

research groups exam ining the possibility that these agents possess anti-inflam m atory 

properties. This was strengthened by evidence showing the expression o f  PPARy on 

T cells, B cells, m acrophages and monocytes (Clark, 2002; Jiang et al., 1998; Ricote 

et al., 1998; Yang et al., 2002). Pivotal early experim ents showed that PPARy 

expression was upregulated in activated macrophages and m onocytes (Jiang et al., 

1998; Ricote et al., 1998) and that expression o f iNOS and release o f  pro- 

inflammatory cytokines such as T N Fa and IL-6 are attenuated by treatm ent with 

natural and synthetic PPARy agonists (Jiang et al., 1998; Ricote et al., 1998). Further 

studies have shown the anti-inflam m atory properties o f  PPARy agonists in animal 

models o f  aging, PD, MS and many more neurodegenerative conditions.

Despite the ever-growing evidence that both natural and synthetic PPARy 

agonists are important in the regulation o f  the inflamm atory response, the exact 

mechanism by which this response occurs is still debated. While PPARy agonists can 

clearly lead to transcription factor activation, it is now clear that some actions are 

independent o f the nuclear receptor. This recent evidence has shown that the anti

inflammatory effects o f  PPARy agonists may control gene expression independently 

o f binding to PPRE, by a mechanism called receptor-dependent transrepression 

(Drew et al., 2006). This is believed to result from physical interaction o f  the receptor 

with other transcription factors.

It has been demonstrated that 15d-PGJ2, a natural PPARy agonist and the 

major metabolite from prostaglandin D2 that is derived from sequential m etabolism
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o f  arachidonic acid, suppressed TNFa, NO and MHCIl expression by primary rat 

microglia. It was also demonstrated that ciglitazone, suppressed the production o f  the 

cytokines in a similar manner, suggesting a PPARy-dependent mechanism (Bernardo 

et al., 2000). In addition, the expression o f  PPARy was found to be upregulated in the 

spinal cord o f  mice with EAE, an animal model o f  multiple sclerosis, supporting a 

role o f  this receptor in modulating disease (Diab et al., 2002). Recent studies have 

also demonstrated that thiazolidinediones block the production o f  inflammatory 

cytokines from microglia and astrocytes and protect neurons, but more importantly a 

PPARy antagonist, GW9662, blocked thizolidinedione protection o f  cortical neurons, 

suggesting a receptor-mediated suppression and protection (Luna-Medina et al., 

2005).

On the other hand there is evidence suggesting that PPARy agonists are 

capable of inhibiting inflammatory responses in glia through receptor-independent 

mechanisms (Drew et al., 2006). In primary astrocytes the anti-inflammatory effects, 

inhibition o f  TNFa, 1L-1(3 and IL-6 gene expression, were observed to be 

independent o f  PPARy activation (Giri et al., 2004). It was shown that 15d-PGJ2 

inhibited the inflammatory response by inhibiting IkB kinase (IKK) activity, which 

inhibits the translocation o f  the N F kB subunit p65 to the nucleus and thus the activity 

o f  N F kB (Giri et al., 2004; Ward et al., 2002). Recent evidence from this lab has 

shown that the anti-inflammatory action o f  rosiglitazone in the brain o f  aged rats is 

independent o f  PPARy; the data here indicated that the PPARy antagonist GW9662 

failed to abrogate the inhibitory effect o f  rosiglitazone (Loane et al., 2009).

Recent evidence also shows that PPARy agonists can also act to inhibit the 

JAK STAT signalling cascade in a PPARy independent manner. The JAK STAT 

signalling pathway is an essential pathway mediating immune responses and one 

which is tightly regulated. A recent study identified protein suppressors o f  cytokine 

signalling (SOCS), that are usually expressed at low levels but are upregulated by 

inflammatory stimuli (Park et al., 2003), which negatively regulate the response o f  

immune cells by inhibiting JAK STAT activity. Evidence shows that the PPARy 

agonists, rosiglitazone and 15d-PGJ2, induced the transcription o f  SOCSl and S0C S3 

in microglia and astrocytes. This increase in SOCS activity was accompanied by the
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inhibition o f  JAK activation, thus reducing inflammatory signalling (Park, et al., 

2003) and is another example o f  PPARy independent anti-inflammatory action. It is 

therefore evident that further studies are required to more definitively determine the 

mechanisms by which PPARy agonists modulate inflammatory responses in the CNS.

1.10.4. PPARy, a novel agonist, MDG79

The role o f  PPARy agonists in modulating neuroinflammation is becoming 

more established. The withdrawal o f  the drug troglitazone from the market 1997, due 

to its association with drug induced-hepatotoxicity, has encouraged the research and 

development o f  novel PPARy agonists that are more specific for the nuclear receptor 

and free o f  contraindications. At this present moment there are 30 known agonists 

undergoing clinical trials

The Molecular Design Group in Trinity College has recently identified a 

novel agonist for PPARy referred to as MDG79. MDG79 is a small molecule, less 

than 500Da that is structurally different from glitazones and thiazolidinediones. 

Analysis has shown, using the established silico AM DE (Absorption, Distribution, 

Metabolism and Elimination) prediction model, that MDG79 is expected to cross the 

BBB. Preliminary experiments were carried out to investigate the protective role o f  

MDG79 in PD and the results indicate that MDG79 offers neuroprotection against the 

neurotoxin N-methyl-4-phenylpyridium (MPP+) in the PC 12 dopaminergic cell line, 

at a low concentration o f  1|j,M (Davey et al., unpublished).

1.11. Multiple Sclerosis

MS is a chronic inflammatory demyelinating disease o f  the CNS. It is the 

most common cause o f  neurological disability arising between early to middle 

adulthood, affecting approximately 2 million people worldwide (Oksenberg and 

Barcellos, 2005). Interestingly it has been shown that females are twice as likely to 

develop the disease than males (Ebers and Dyment, 1998).
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1.11.1. History o f  MS

A French man Jean Martin Charcot has been credited with the first distinct 

description o f  the disease in 1868 when he reported the pathology as “sclerose en 

plaques” (Poser and Brinar, 2004). Charcot’s determination to explain the 

relationship between symptom presentation in his patients at the Hopital de la 

Salpetriere, and the presence o f  lesions observed by autopsy in the CNS, led to the 

characterisation o f  the disease. During a series o f three lectures in 1868 entitled 

“Lemons du m ardi” Charcot described symptoms such as nystagmus, intention tremor 

and scanning speech in his patients combined with his detailed m acroscopic and 

microscopic artistic representations o f lesions in the brain o f the patients. This 

complete picture cemented the concept o f  “sclerose en plaques” or MS as a distinct 

disease (M urray, 2009).

From the first steps and descriptions by Charcot in the late 19'*’ century, our 

understanding o f  the disease has evolved to reflect the advances in technology in the 

late 20'*̂  and early 2 P ' centuries. A modern textbook definition o f MS defines it as a 

chronic neurological disease caused by a destructive immune response resulting in 

the formation o f  hard sclerotic lesions or plaques in the white matter o f  the CNS 

(M urphy et al., 2008). The plaques themselves are composed o f areas o f  dissolution 

o f  myelin, the insulating layer surrounding the axons, along with other inflammatory 

infiltrates and immune cells (M urphy et al., 2008).

This representation o f  the disease is effective at communicating the essential 

concept o f  the disease, but the specific mechanisms o f disease initiation and 

progression require further investigation. Many rewarding areas o f research are 

contributing to our further understanding o f the disease. In the last few  decades 

detailed studies o f  the pathology o f MS have intensified, advances in MRI have 

provided more specific information on the disease and experimental drug therapies 

provide valuable insights into the immunological and biological elem ents in the 

disease pathology (M cFarland and Martin, 2007).
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1.11.2. Subtypes o f  MS

Despite the advances, a com m on problem is the variability o f  disease 

progression from individual to individual. Clinical symptom s may be episodic or 

progressive, mild or severe, dissem inated or even specific to the spinal cord 

(Ram agopalan and Ebers, 2008). This variability has prompted the classification o f  

MS into four subtypes. They are; Relapsing Rem itting MS (RRM S), Secondary 

Progressive MS (SPM S), Primary Progressive MS (PPM S) and Progressive 

Relapsing MS (PRM S). RRM S is defined by a relapse or flare up o f  sym ptom s 

followed by a rem ission or recovery period, this can be full or alm ost full recovery. 

SPMS is a form that develops from initial RRM S, defined by prolonged relapses 

during which disability increases without remission. PPMS is the most comm on form 

o f MS, particularly prevalent in the older population. It is defined by sym ptom s that 

become progressively worse with increasing disability w ithout any periods o f  

remission. The final subtype is PRMS, it is defined as the progressive worsening o f  

symptoms, but with clear acute relapses, with or without recovery (Ram agopalan and 

Ebers, 2008).

1.11.3. MS and the immune system: overview

It has been established that the cells o f  the immune system play an important 

role in the pathogenesis o f  the disease. MS is characterised by chronic inflammation, 

m yelin loss, gliosis, varying degrees o f  axonal and oligodendrocyte pathology and 

progressive neuronal dysfunction, resulting in the developm ent o f  lesions. The use o f  

magnetic resonance imaging (M Rl) has highlighted the importance o f  the BBB in the 

initial stages o f  MS pathogenesis (Stone et al., 1995). A general consensus is that MS 

begins with the formation o f  acute inflamm atory lesions characterised by the 

breakdown o f  the BBB (M cFarland and M artin, 2007) allowing the m igration the 

CD4"^ T cells from the blood into the brain. In brief, the interaction o f the T cells, 

which have a Thl and T h l 7  phenotype with their antigen, presented on microglia, 

results in an increased inflamm atory response. The antigen is usually the proteins o f 

the myelin sheath, m yelin basic protein (M BP), proteolipid protein (PLP) and myelin
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oligodendrocyte glycoprotein (M O G ) (Swanborg, 1995). The inflammatory response 

involves the recruitment o f  T cells, B cells, dendritic cells, glial cells, production o f  

chemokines and cytokines all exacerbating the inflam m atory response which results 

in the demyelination o f  the axon and the production o f  the MS lesion.

M ost o f  what is known about the BBB, T cell infiltration and microglial 

driven inflammation is the result o f  both studies on MS patients and animal models o f  

MS such as experim ental au to im m une encephalomyelitis  (EAE).

1.12. EAE

1.12.1. History o f  EAE

The origins o f  EAE date back to the 1920’s w hen early experim ents by 

Koritschoner and colleagues induced spinal cord inflammation and encephalitis in 

rabbits by inoculation with hum an spinal cord (Baxter, 2007; Koritschoner and 

Schweinburg, 1925). In the 1930’s researchers in the Rockerfeller Institute at John 

Hopkins University attempted to reproduce the encephalitic  com plications associated 

with rabies vaccine by repetitive immunisation o f  rhesus m onkeys v.'ith CNS tissue 

(Gold et al., 2006; Rivers et al., 1933). They found that histological examination o f  

the brains o f  m onkeys revealed the presence o f  perivascular infiltrates and distinct 

areas o f  dem yelination  (Baxter, 2007; Rivers et al., 1933). Further experim ents by 

Rivers and colleagues resulted in the developm ent o f  a model o f  encephalomyelitis, 

experimental allergic encenphalom yelitis , in monkeys. The m onkeys displayed 

clinical sym ptom s such as clum sy gait and muscle weakness following injection o f  

rabbit brain em ulsion and this was accompanied by perivascular infiltrates and 

myelin degeneration in the spinal cord (Baxter, 2007; Rivers and Schwentker, 1935).

1.12.2. EAE models

This model has successfully  been refined and frequently modified over the 

past 75 years. Even the name has changed from experimental allergic
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encephalomyelitis to experimental autoimm une encephalom yeilits (EAE) (Steinman 

and Zamvil, 2006).

The first important m odification was the developm ent o f  a new oil-based 

adjuvant by Jules Freund, complete Freund’s adjuvant (CFA), that when combined 

with brain extract allowed the fast tracking o f  disease progression (Kabat et al., 

1951). In Rivers’ initial work, num erous injections over a 1-year period were required 

but using Freund’s adjuvant (CFA) only a single injection was required at the 

initiation o f  the disease. The second important developm ent was addition o f  heat- 

inactivated mycobacterium  tuberculosis to the adjuvant (CFA) (Kabat et al., 1951). 

This was proven to further enhance the progression o f  the symptoms.

Initial EAE models were confined to the monkey, rat and guinea pig, due to a 

lower disease incidence in mice. Pioneering work by Yasuda (1975) and Bernard and 

Carnegie (1975) using Pertussis toxin in combination with CFA and mycobacteria 

tuberculosis developed a successful m urine version o f  the EAE model. In addition the 

success o f  their mouse model was that they selectively chose more susceptible mouse 

strains for the induction o f  the disease (Bernard and Carnegie, 1975; Yasuda et al., 

1975). There are now a num ber o f standard EAE mouse models in use including 

PLP139-151 peptide-induced relapsing EAE in SJL mice, M BP-induced disease in 

PL/J mice, chronic progressive models o f  MOG protein or M O G 3 5 . 5 5  peptide-induced 

disease in C57BL/6 mice, or M OG that induces a relapsing-rem itting disease in 

Biozzi ABH mice (Gold et al., 2006). Each model reflects certain aspects o f the 

pathology seen in MS such as dem yelination associated with axonal degeneration 

(Zamvil et al., 1985), but the pathology and clinical course o f  EAE in the mouse is 

determined by both genetic and im m unogen/adjuvant factors used to induce disease. 

It is important to note that in the literature no one model o f  EAE is used as standard, 

thus making comparisons across studies difficult.

Despite the successful developm ent o f a reproducible EAE model it has been 

argued that EAE does not have the ability to point towards a meaningful therapy or 

therapeutic approach to MS (Steinm an and Zam vil, 2006). It has also received 

criticism for the large number o f  potential therapies that have showed promise in the 

model but failed to demonstrate clinical efficacy in MS (Sriram and Steiner, 2005).
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H owever EA E  is the best characterised animal model o f  hum an au to im m une disease 

and it has played a valuable role in identifying and characterising aspects o f  immune 

surveillance, inflam m ation and im m une-m ediated  tissue injury (Baxter, 2007).

1.12.3. EAE and the immune system

The immunological basis o f  acute disease activity in MS has only  recently 

been well docum ented  by studies in EAE and MS (Niino et al., 2001b). In the 

following section I attem pt to rev iew  the different cell types that are involved in 

disease progression.

1.12.3.1. T cells

It is well established that €04"^ T helper (Th) type cells play an im portant role 

in the initiation o f  lesion formation. ThI cells are characterised by the production o f  

T N F a and IFNy (M cFarland and Martin, 2007). Elevated levels o f  both cytokines 

have been found in the C N S o f  EA E models and it was thought that T h l  cells 

production o f  these cytokines w as primarily responsible for disease (Beck et al., 

1988; Martin and Near, 1995). Recent evidence now  points towards a T cell that 

produces IL-17 as important in driv ing inflammation and disease progression in EAE 

(M cKenzie et al., 2006). lL-17 is an inflammatory cytokine associated with 

inflammation in rheumatoid arthritis (Koenders et al., 2006), lupus (Pernis, 2009) and 

allograft rejection (Atalar et al., 2009). T h l 7 cells (CD4^ T h l 7 cells) as they are 

called, represent a lineage distinct from T h l and Th2 phenotypes (M cFarland  and 

Martin, 2007; M cK enzie  et al., 2006); polarization o f  T h l 7 cells requires the cytokine 

lL-23 (Brok et al., 2002), lL-6 and TGF-P (V eldhoen et al., 2006).

1.12.3.2. Dendritic cells

A lthough m uch o f  the focus o f  research is on T cell responses in EA E, the 

role o f  dendritic cells in influencing the outcom e o f  the response is becom ing  better
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understood (M cFarland and M artin, 2007). EAE is induced by prim ing o f  the 

activation, and population expansion, o f  the 004"^ T cells in response to CNS myelin 

antigens norm ally sequestered in the brain. Re-presentation o f  myelin epitopes (MBP, 

MOG or PLP) by APCs is required for the initiation o f  the disease. Studies have 

shown that dendritic cells alone, acting as APCs, are sufficient to initiate EAE 

(Bailey et al., 2007).

1.12.4. EAE and Glial cells

The initial immunopathological event o f  EAE and MS starts when auto

reactive T cells in the systemic immune compartm ent are activated and cross the 

blood brain barrier (M agnus and Rao, 2005). This leads to their reactivation and rapid 

expansion which in turn stim ulates m icroglia and astrocytes to increase their 

activities which results in increased dem yelination and axonal degeneration. The 

presence o f  activated microglia and astrocytes has been demonstated in the brain and 

spinal cord in MS and EAE (Aharoni et al., 2005; Brown and Sawchenko, 2007; 

Liedtke et al., 1998).

M icroglia are active participants in myelin breakdown, their phagocytosis o f 

myelin proteins in the lesions is a reliable indicator o f  ongoing demyelinating 

activity. Activated m icroglia in MS have been shown to express m olecules critical for 

antigen presentation such as MHC II (Bauer et al., 1994) and another 

imm unologically relevant antigen expressed by m icroglia in the MS brain is CD40 

(Alderson et al., 1993). CD40 interaction with CD40L on T cells is proposed to play a 

role in further activation o f  m onocytic cells and important in the initiation o f the 

disease (Alderson et al., 1993). Evidence exists that astrocytes, like microglia, 

express MHC class 11 molecules in active MS lesions (Lee et al., 1990; Zeinstra et al., 

2003) and they have the required co-stim ulatory molecules, B7-1 and B7-2 that 

enables them to act as antigen-presenting cells to T cells (Zeinstra et al., 2003). 

Astrocyte gliosis is also a common feature o f  MS, which is characterised by increased 

astrocyte proliferation, hypertrophy and increased synthesis o f  GFAP (Holley et al., 

2003).
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Both activated microglia and astrocytes produce pro-inflammatory cytokines 

and chemokines that contribute to the disease progression, inflammation and the 

resultant m otor and cognitive impairment in MS /EAE (Benveniste, 1997). Cytokine 

production by both cell types has the potential to enhance inflammation in the brain 

and spinal cord with high levels o f  IL -ip , TN Fa and lL-6 found in association with 

active MS lesions (Cannella and Raine, 1995; Samoilova et al., 1998). Elevated levels 

o f  IL -ip  have been recorded in the CSF o f  patients with MS (Hauser et al., 1990). 

The presence o f  increased IL -ip  has been shown to be important in the breakdown o f  

the BBB (Bush et al., 1999) associated with the reactive astrogliosis that occurs 

sim ultaneously (Brosnan et al., 1995; Herx and Yong, 2001). Both IL -ip  and TN Fa 

have been shown to be o f  vital importance in the onset and development o f  the early 

stages o f  EAE (Bauer et al., 1994; M urphy et al., 2002). TN Fa production by 

microglia along with NO, has been documented to contribute to the demyelination 

process in the CNS (Selmaj et al., 1991). it has been documented in the literature that 

IL-6 is elevated in the CSF o f  MS patients and increased levels in the brain in EAE 

where it promotes chemokine expression and upregulation o f adhesion molecule 

expression (Navikas et al., 1996).

Activated microglia and astrocytes produce and release chemokines and 

chemotactic cytokines that selectively recruit specific subsets o f leukocytes into the 

CNS. INFy and MCP-1 which are released by astrocytes attract leukocytes and 

myelin degrading m acrophages into the brain (Ghirnikar et al., 1998). Upregulation 

o f  the expression o f  MlP-1 and M1P2 was shown in vitro and in vivo on astrocytes in 

a model o f  EAE which the authors suggest was responsible for increased movem ent 

o f m onocytic cell into the CNS (Kennedy and Karpus, 1999; Simpson et al., 1998; 

Sorensen e ta l., 1999).

1.12.5. Hippocampus and MS/EAE

The hippocampus has been identified as a key brain area for memory 

formation and cognition (see section 1.1.1.). Loss o f  cognitive function is described 

as one o f  the earliest manifestations o f  MS (Peyser et al., 1990; Rao et al., 1991a).



Studies indicate that 50-70%  o f  individuals suffering from MS experience cognitive 

dysfunction and, in particular, difficulties in learning and rem em bering new 

information (Thornton et al., 2002). Differences in cognitive deficits do differ in the 

disease subtypes; for example verbal memory deficits are observed in PPMS and 

visuospatial memory deficits are observed in RRM S (Sicotte et al., 2008).

Despite the knowledge o f  cognitive deficits occurring in MS, little research 

has been undertaken to address hippocampal changes which accom pany EAE. 

However the presence o f  dem yelinating lesions in pathological specim ens obtained 

from the hippocam pus o f  MS patients has been reported (Geurts et al., 2007; 

Vercellino et al., 2005) and signal abnorm alities have been detected in areas o f  the 

hippocam pus using MR! (Roosendaal et al., 2008). There is also evidence o f  

progressive and selective hippocampal atrophy in C A l region which is associated 

with deficits in mem ory encoding and retrieval (Sicotte et al., 2008). In a model o f 

EAE, very recent evidence shows a decrease in the activity o f the enzyme choline 

acetyl transferase (ChAT) in the hippocam pus after induction o f  EAE (Sajad et al., 

2009). The decrease in ChAT is associated with cholinergic neuronal degeneration, 

and the results show a strong role for NO involvem ent in this process. The authors 

note that further research needs to be carried out to assess the degenerating 

mechanism involved in hippocampal cognitive decline in M S/EAE (Sajad et al., 

2009).

1.13. M odulation o f EAE

The first drug treatm ent successfully identified in EAE was glatiram er acetate. 

G latiram er acetate under the trade name Copaxone, was approved in 1996 for the 

treatment o f  relapsing rem itting MS. Studies have shown that this random copolymer, 

named Copolym er 1, composed o f  glutamate, tyrosine, alanine and lysine, was able to 

suppress the induction o f  EAE (Teitlebaum  et al., 1971). A num ber o f  m echanism s o f  

action o f glatiram er acetate relating to its ability to suppress EAE have been 

proposed. Studies have shown that glatiramer acetate antigen specifically modulates 

the immune response to M BP (Sela, 1999) and this leads to a shift in the balance o f
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cytokines from T h l  cy tokines to those associated with the Th2 response (D uda et al., 

2000). Others have show n that g latiramer acetate has the abihty  to bind to M HC II 

m olecules (Fridkis-Hareli et al., 1997), allowing it interfere with antigen presentation 

to T  cells (Ruiz et al., 2001).

Researchers have attem pted to target the infiltration o f  T cells into the EA E 

brain in an attempt to control disease progression. In the 1990’s experim ents were 

carried out to find the m olecule involved for T  cell adhesion in the inflamed brains o f  

E A E mice (Y ednock  et al., 1992). More than 20 m onoclonal antibodies to the 

adhesion m olecules available at the time were used but only antibodies binding a4  or 

pi integrin m olecules inhibited adhesion o f  lym phocytes to blood vessels in the brain 

(Y ednock  et al., 1992). Further progress was made when it was observed that the 

antibody a 4 p i  integrin inhibited the developm ent o f  paralysis in EA E (Yednock et 

al., 1992). This antibody for a 4 p i  integrin was modified and improved, and it is now 

used in the treatment o f  M S under the tradem ark Natalizumab.

With the realisation o f  the importance o f  pro-inflam m atory  cytokines and 

chem okines in disease progression, the focus has also shifted to ways o f  attenuating 

pro-inflam m atory  cytokines in the CN S in disease. Microglial and astrocyte 

production o f  cytokines and chem okines contributes to the recruitment o f  leukocytes 

from the periphery as well as the migration o f  m icroglia to the site o f  inflammation 

(B abcock et al., 2003). C onsequently  treatments that control the activation o f  

microglia  and astrocytes m ay be effective at dim inishing disease severity. There has 

been a recent increase in investigations into the use o f  PPARy agonists in EAE.

The effects o f  PPARy agonists in m odulating E A E were first investigated by 

Niino and colleagues (2001) w ho dem onstrated that adm inistration o f  troglitazone 

inhibited the developm ent o f  E A E  in C57BL/6 mice. Interestingly treatment with 

troglitazone w as more effective in the effector phase o f  the E A E  model than in the 

induction phase. Their results also suggest that the amelioration in EA E  was not due 

to any alterations in T  cell proliferation, but that it attributed to the attenuation o f  pro- 

inflam m atory cytokine gene expression (Niino et al., 2001b).
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Investigations have also been carried out to assess the potential therapeutic 

effects o f pioglitazone, rosiglitazone and ciglitazone in EAE. It has been 

demonstrated that oral administration o f  pioglitazone reduces the incidence, clinical 

severity and associated inflammation and dem yelination that occurs with EAE 

(Feinstein et al., 2002). Further data support the idea that pioglitazone suppresses the 

priming activation and proliferation o f  T cells suggesting a possible mechanism for 

pioglitazone action in EAE (Feinstein et al., 2002). In a parallel experim ent it was 

shown that rosiglitazone reduced the maximal clinical score when orally administered 

in EAE but did not alter maximal disease incidence (Feinstein et al., 2002). Treatment 

with ciglitazone or 15dPGJ2 decreased the duration and clinical severity o f disease 

progression and this decrease in disease severity was accom panied by a decrease in 

IL-12 production (Natarajan and Bright, 2002), and further in vitro investigation led 

the authors to conclude that these PPARy agonists regulate EAE by inhibiting IL-12 

production, IL-12 signalling via JAK STAT pathway and Thl differentiation 

(Natarajan and Bright, 2002).

It is evident from the data that PPARy agonists do have a role to play in 

am eliorating disease pathogenesis although different PPARy agonists may vary in the 

distinct mechanisms o f  action. These findings suggest that the anti-infiam m atory and 

anti-proliferative properties o f  oral PPARy agonists could provide therapeutic 

benefits in the treatm ent o f  MS.

1.14. CD200 and EAE/MS

CD200 is a type 1 membrane glycoprotein as described in detail in a previous 

section. In the context o f  neurodegenerative disease it is the interaction o f  CD200 

which is expressed on neurons and its receptor CD200R expressed on cells o f  the 

myeloid lineage that is o f interest. It has been shown that CD 200-CD200R interaction 

in inflammatory disease models exerts an inhibitory signal to the myeloid cells thus 

protecting the CNS from inflamm atory damage by T cell induced myeloid cell 

activation (Banerjee and Dick, 2004; Copland et al., 2007).
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In the context o f  EAE and MS, the importance o f  CD200 receptor-Hgand 

interaction is evidenced in studies that assessed EAE disease progression and 

microghal activation in CD200‘̂ ‘ mice compared with controls. M OG-induced EAE 

onset was 3 days earher in mice deficient in CD200 and m icroghal activation 

throughout the CNS was increased in CD200'^' mice, indicating that CD200 can 

modulate the disease processes to which microglia contribute (Hoek et al., 2000). 

Wlds, mice are spontaneously-occurring mutants with a phenotype o f  protection 

against several forms o f  axonal injury, including CNS nerve transection (Perry et al., 

1991), vincristine-induced neuropathy (W ang et al., 2001) and axonal transection 

(Steward and Trim mer, 1997). Wlds mice develop a delayed onset and exhibit an 

attenuated disease progression in EAE (Kaneko et al., 2006). Additional studies show 

that this was mediated by selective elevation o f  CD200 on CNS neurons which, in 

turn, resulted in diminished accum ulation o f  macrophages and m icroglia in the CNS, 

and reduced expression o f pro-inflamm atory cytokines (Chitnis et al., 2007). Further 

evidence indicates that antibody-mediated blockade o f  CD200R leads to aggravated 

clinical course and outcome o f EAE in rats and in vitro blockade o f  CD 200R results 

in enhanced IFNy induced release o f IL-6 and neuronal cell death in m acrophage 

neuronal co-cultures (Meuth et al., 2008a). Therefore upregulation o f  CD200 

expression in the CNS may be a relevant neuroprotective strategy in 

neuroinflamm atory diseases such as MS.

1.15. Aim s and Objectives

Microglial activation is associated with an increase in pro-inflam m atory 

cytokines such as IL -ip , TN Fa and IL-6 that contribute to the inflamm atory process. 

Both microglial activation and the release o f  pro-inflam m atory cytokines have been 

shown in the literature to play an important role in the neurodegeneration associated 

with aging, and also in diseases such as MS and AD. The overall aim o f  this thesis is 

to understand the mechanism by which microglial activation can be m odulated as this 

is believed to play an important role in the pathogenesis o f  neurodegenerative 

diseases.
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Recent evidence suggests that a class o f  drugs termed PPARy agonists, 

currently on the market for type two diabetes have anti-inflam m atory properties and 

have the ability to downregulate pro-inflam m atory cytokines. This thesis focuses on 

the role o f  rosiglitazone, a PPARy agonist, as an anti-inflam m atory agent, and 

analysis is carried out to investigate its effects on glial cells in vitro. The use o f  LPS 

as a model o f  neuroinflam m ation in vitro has contributed significantly to the 

understanding o f  the inflamm atory process in the brain. In this thesis the ability o f  

rosiglitazone to m odulate LPS-induced increases in inflamm atory m ediators is 

assessed on different glial cells types. Evidence has also shown that rosiglitazone 

treatm ent reverses the age-related decrease in the anti-inflam m atory cytokine lL-4, 

highlighting a link between it and lL-4. The potential o f  lL-4 as a m ediator o f  the 

anti-inflam m atory m echanism  o f  rosiglitazone is also investigated.

It has been reported in the literature that some PPARy agonists have negative 

side effects. Reports have indicated that despite the ability o f  rosiglitazone to 

m odulate inflam m ation and its success in type two diabetes, it has been suggested 

that the adm inistration o f  rosiglitazone is associated with an increased risk o f  

myocardial infarction. Researchers are now  developing novel PPARy agonists that 

could provide sim ilar beneficial effects w ithout the negative side effects. As part o f  

this thesis a novel PPARy agonist M DG79 is assessed for its ability to modulate LPS- 

induced changes in pro-inflam m atory cytokines and markers o f  microglial activation 

in mixed glial cultures. It is also investigated whether or not the m odulatory role o f 

M DG79 on LPS-induced changes in mixed glia is PPARy-dependent.

LPS adm inistration serves as potent stim ulator o f  the immune response and 

microglial activation, but also both MS and hs animal model EAE are inflamm atory 

diseases associated with activated glial cells. An aim o f  this thesis is to monitor pro- 

inflamm atory cytokine production in EAE both prior to and after the onset o f  clinical 

symptom s in the spleen, spinal cord and hippocampus. Evidence in the literature 

suggests the importance o f cell-cell interactions, in particular neuron-glia 

interactions, in the control o f  m icroglial activation, in particular CD200. The role o f  

CD200 in EAE is assessed and a further aim o f  this study is to establish whether 

changes in CD 200 are correlated with changes in microglia! activation in this
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condition. Previous research has shown a relationship between IL-4 and CD200, and 

the role o f  IL-4 in EAE disease progression is also investigated here through the use 

o f IL-4'^‘ mice.

Interventions targeting the activated glia may prove to be beneficial in the 

m odulation o f disease progression such as in EAE and MS. Current drugs on the 

market for the treatm ent o f  MS focus on modulating the immune response. The final 

aim o f  this study is to examine the ability o f rosiglitazone to modulate EAE disease 

progression and the subsequent microglial activation and inflammation, in the CNS 

associated with the disease.
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Chapter 2 

Methods



2.1. In vitro experim ents

2.1.1. Preparation o f primary rat and mouse cortical mixed glia

Primary cortical glial cells were prepared from 1-day old W istar rats, C57 

mice and IL-4'^' mice (BioResources Unit, Trinity College, Dublin, Ireland). The 

following procedures were carried out in a lam inar flow hood (Advanced Biosafety 

Cabinet Class 11; AGB Scientific Ltd., Ireland). The rats were decapitated, the 

cerebral cortices were dissected and the meninges were removed. Tissue was bi- 

directionally chopped using a sterile scalpel (Schwann-M ann, UK). Tissue was 

placed in 15ml falcon tubes (Sarstedt, Ireland) containing warm filter-sterilized 

DMEM (2ml; GIBCO, UK) supplemented with 10% heat inactivated foetal calf 

serum (FCS) (Sigma, UK), streptom ycin (lOOU/ml; GIBCO, UK) and penicillin 

(lOOU/ml; GIBCO, UK). The tissue was incubated for 20min (37°C; 5% C02:95%  

air; Nuaire Flow CO t incubator; Jencons, UK). Tissue was then triturated using a 

sterile plastic Pasteur pipette (Sarstedt, Ireland), the suspension was filtered through a 

sterile mesh filter (40|im ; Becton Dickinson Labware, France), centrifuged at 2000 x 

g for 3min at 20°C (Sorvall Legend RT, US) and the pellet resuspended in warmed 

DMEM.

Cell counts were calculated by diluting cells (1:10) in trypan blue (Sigma, 

UK). A 10|il volume o f  the cell suspension was loaded onto a disposable 

haem ocytom eter (Hycor Biomedical, UK). Viable cells (i.e. those which did not stain 

and appear light under a light m icroscope) were counted.

Resuspended cells (250)j.l/well) were pipetted onto poly-L-lysine-coated 

(60(ag/ml) coverslips in 24 well plates at a density o f  1.0 x 10^ cells and incubated for 

2h before addition o f  warmed DM EM  (400|a.l), Cells were grown at 37°C in a 

humidified 5% C02:95%  air environm ent and m edia was changed every 3 days for 

12-14 days until cells reached greater than 70% confluence. M ixed glia were treated 

as outlined in culture treatment protocols.
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2 .1.2. Preparation o f  rat cortical microglia and astrocytes

Microglia and astrocyte cultures were prepared from 1-day old Wistar rats 

(BioResources Unit, Trinity College, Dublin, Ireland) in a laminar flow hood 

(Advanced Biosafety Cabinet Class II; AGB Scientific Ltd., Ireland). The rats were 

decapitated, the cerebral cortices were dissected and the meninges were removed. 

Tissue was bi-directionally chopped using a sterile scalpel (Schwann-Mann, UK). 

Tissue was placed in 15ml falcon tubes, one brain per falcon tube, (Sarstedt, Ireland) 

containing warm filter-sterilized DMEM (2ml; GIBCO, UK) supplemented with 10% 

heat inactivated FCS (Sigma, UK), streptomycin (lOOU/ml; GIBCO, UK) and 

penicillin (lOOU/ml; GIBCO, UK). The tissue was incubated for 20min (37°C; 5% 

C02'.95% air; Nuaire Flow CO2 incubator; Jencons, UK). Tissue was triturated; the 

suspension was filtered through a sterile mesh filter (40|im; Becton Dickinson 

Labware, France), centrifuged at 2000 x g for 3min at 20°C (Sorvall, Legend RT) and 

the pellet resuspended in warmed DMEM (2ml).

The contents o f  each falcon tube were added to separate, labeled T25 flasks 

(Sarstedt, Ireland) using a plastic Pasteur pipette and incubated for 2h before addition 

o f  complete DMEM to each flask (8ml). Cells were grown at 37°C in a humidified 

5% C02:95% air environment (Nuaire Flow CO2 incubator; Jencons, UK) and media 

was changed at day 1 and day 7. The media at both these time points was 

supplemented with M-CSF (20ng/ml; stock o f 50|^g/ml diluted 1/2500 in DMEM). At 

day 12 the flasks were removed from the incubator and photographs were taken using 

the light microscope (Olympus 1X51, Olympus Ltd, UK). Parafilm (Alcan, USA) 

was wrapped around the neck and cap o f each flask and they were placed on an 

orbital shaker (Bibby, Stuart Scientific, UK) at room temperature at 1 lOrpm for 2h. 

The flasks were returned to the sterile flow hood and each one tapped on the side 30 

times. The contents o f  the flasks were poured into one falcon tube, giving a total 

volume o f  approximately 50ml. This falcon tube was spun at 2,000 rpm for 5min at 

20°C. The resulting pellet is a microglial cell pellet. The supernatant was removed 

and the pellet resuspended in 1ml DMEM. A cell count was performed by diluting 

cells (1:10) in trypan blue (Sigma, UK). A lOfil volume o f  the cell suspension was 

then loaded onto a disposable haemocytometer (Hycor Biomedical, UK). Viable
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cells, which did not stain and appear light under a light m icroscope, were counted. 

Resuspended m icroglial cells were pipetted onto poly-L-lysine-coated (60|ig/m l) 

coverslips in 24 well plates at a density o f  5.0 x 10'* cells/ml and incubated for 2h 

before addition o f  warmed DMEM. M icroglial cells were treated 24h later as outlined 

in the treatment protocols.

The astrocytes, i.e. the adherent cells, were harvested by incubating in the 

presence o f 1ml Trypsin-EDTA (Sigma, UK) for 15min at 37°C and centrifuging at 

2,000 rpm for 5min at 20°C to provide the astrocyte pellet. The supernatant was 

removed and the pellet resuspended in 1ml DM EM . A cell count was performed by 

diluting cells (1:10) in trypan blue (Sigm a,UK). A 10|il volume o f  the cell suspension 

was loaded onto a disposable haem ocytom eter (Hycor Biomedical, UK). Viable cells 

were counted. Resuspended astrocytes were pipetted onto poly-L-lysine-coated 

(60|ig/m l) coverslips in 24 well plates at a density o f  5.0 x 10  ̂ cells per ml and 

incubated for Ih before addition o f warmed DM EM . Astrocytes were treated 24h 

later as outlined in the treatment protocols.

2.1.3. Culture Treatment Protocols

All compounds used for treating cells were diluted to the required 

concentration in the appropriate pre-warmed supplem ented media and all solutions 

were filtered through a syringe with a cellulose acetate m em brane filter (0.2fiM 

Supor membrane; Acridisc syringe filters; Pall Corporation, UK).

LPS from Escherichia coli (Alexis, Switzerland) was diluted to a final 

concentration o f  l|ag/ml in media (DM EM , GIBCO, UK). Cells were treated with 

LPS for 24h. Rosiglitazone (Alexis, Switzerland) was prepared as a stock solution 

(50|aM in dimethyl sulfoxide; DM SO) and diluted to its final concentration (20|iM ) 

in DMEM (GIBCO, UK). Cells were pretreated with rosiglitazone for 24h prior to 

LPS treatment. Recom binant lL-4 (R& D Systems, UK) was prepared as a stock 

solution in sterile PBS (Sigma, UK) and diluted to a final concentration (20ng/m l) in 

DMEM (GIBCO, UK). Cells were pretreated for 24h with lL-4 prior to LPS 

treatment. MDG79 (supplied by the M olecular Design Group, Trinity College

41



Dublin) was prepared as a stock solution in DMSO and diluted to a final 

concentration (10-100|j,M) in DMEM (GiFBCO, UK). GW 9662 was prepared as a 

stock solution in DM SO and diluted to its final concentration (20|j,M) in DMEM 

(GIBCO, UK).

2.1.4. Cell harvest

Following treatm ents, supernatants were removed using a sterile Pasteur 

pipette and aliquoted into fresh tubes and stored at -80°C until required for analysis. 

Cells were harvested for PCR by washing once in ice-cold PBS and adding 60|o,l cell 

lysis m asterm ix to each coverslip (Nucieospin RNA 11, M acherey-Nagel, Ireland). 

Samples were stored at -80°C prior to RNA extraction.

2.2. In vivo experiments

2.2.1. Animals

Specific pathogen-free C57BL/6 mice were purchased from Harland UK Ltd., 

Bicester, Olac, UK, and IL-4‘̂ ' mice were provided from the breeding colony held in 

the Bioresources Unit, Trinity College Dublin. All animals were maintained 

according to the local regulations and guidelines, and under licence from Department 

o f  Health and Children, Ireland with the approval o f  the local Ethics Committee. All 

mice used were female, young anim als were between 8 - 1 0  weeks old at the start o f  

the experiments.

2.2.2. Induction o f EAE in C57BL/6 mice using MOG^s-ss

To induce EAE, 8-10 week C57BL/6 mice were injected subcutaneously (s.c.) 

with 150|a,g M OG 3 5 .5 5  peptide (Cambridge Biosciences, UK) in Complete Freund’s 

Adjuvant (CFA; DIFCO, UK) supplemented with 5mg/ml H37RA {Mycobacteria 

tuberculosis, DIFCO, UK). The anim als were also injected intraperitoneally (i.p.) 

with 500ng Pertussis Toxin (PT) (Kakasukin, Japan) on day 0 and day 2 post
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immunisation. EAE was scored according to a 0-5 scale as follows: limp tail, 1; 

wobbly gait, 2; hind limb weakness, 3; hind limb paralysis, 4; tetra paralysis, 5. Body 

weight was m onitored throughout the duration o f  the study. M ice were killed by 

cervical dislocation 21 days* post immunisation; spinal cord, spleen and 

hippocam pus were removed and snap frozen in liquid nitrogen for m RNA analysis or 

stored in Krebs solution containing calcium at -80°C for protein analysis. *In the 

EAE tim ecourse study mice were killed 0.5, 3, 5, 7 and 10 days after immunisation 

also.

2.2.3. Induction o f EAE in IL-4' '̂ mice using MOGjsss

The induction o f EAE was as in 2.2.2, mice were female and 8-10 week old at the 

beginning o f  the experiment.

2.2.4. Oral administration o f rosiglitazone

Prior to inducing EAE, mice were divided random ly into two groups, one group was 

fed on a diet o f normal laboratory mouse chow and the second group mouse chow 

supplem ented with rosiglitazone at a dose o f  6m g/kg/day for three weeks prior to 

inducing EAE. Oral adm inistration o f  rosiglitazone was continued throughout the 

disease progression.

2.2.5. Preparation o f tissue for analysis

Tissue was washed three tim es in Krebs solution containing calcium, it was 

subsequently homogenised in 1ml Krebs solution containing calcium. Tissue 

hom ogenate was spun at 2000 x g for 3min and the pellet removed. Supernatant was 

used for protein determination and analysis.
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2.2.6. Protein assay

Protein concentration o f tissue isolated from mice was determined using a 

BCA assay kit (Pierce, US). Reagent 1 (25ml) was mixed with 500|il reagent 2 to 

form a working solution. A standard curve was prepared using a range o f 

concentrations o f  BSA in the same buffer as the samples to be tested. Triplicate 

samples, standards and blanks (25|^1) and working solution (200|al) were added to 

designated wells o f  a 96 well plate. The plate was incubated at 37°C for 30min to 

develop the colour, after which the absorbance was read at 562nm.

2.2.7. Cell Viability assay

The viability o f  the mixed glial cells in response to each o f the treatments was 

determined using a MTS assay (Promega, US). MTS solution was added to the 

supernatant in the wells for each treatment group o f  a 24-well plate at a 1:5 dilution 

(50p,l MTS per 250fxl o f DMEM). The cell culture plate was then placed in the 

incubator at 37°C for 2-4h. The plate was removed from the incubator and lOOjal o f 

the M TS/DM EM  was removed from each well and plated onto a 96 well plate and the 

absorbance was read at 490nm. To correct for the background, absorbance reading o f 

DMEM and MTS alone without any cells was subtracted from the absorbance reading 

for each treatm ent group.

2.3. Preparation of RNA 

2.3.1. RNA isolation

Cells from in vitro studies which were stored in cell lysis mastermix 

(Nucleospin RNA II, M acherey-Nagel, Ireland) and tissue from in vivo studies was 

homogenised in 350|a,l o f  cell lysis mastermix (Nucleospin RNA II, Macherey-Nagel, 

Ireland) for extraction o f  RNA. Lysate was filtered using NucleoSpin Filter, collected 

in an Eppendorf tube and centrifuged (1 1,000 x g, Im in). Ethanol (70%, 350fj,l) was 

added to the filtrate, mixed and loaded onto NucleoSpin RNA II columns. Tubes
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w ere centrifuged  (8 ,0 0 0  x  g , 3 0 s) and the R N A  binds to the co lum n. The silica  

m em brane w as desalted  by adding m em brane desa lting  buffer (350|j,l) and 

centrifuged (1 1 ,0 0 0  x  g, Im in) to dry the m em brane. T o d igest the D N A , D N ase  

reaction m ixture (95|j,l) w as added to the co lum n and incubated at room  tem perature 

for 15m in. T he s ilica  m em brane w as w ashed  and dried. R N A  w as eluted by adding  

R N ase free H 2 O and centrifuged (1 1 ,0 0 0  x  g, Im in ) and R N A  concentration  w as  

quantified.

2.4. Reverse Transcription for cDNA synthesis

2.4.1. cDNA synthesis

Total m R N A  (l|J.g) w as reverse transcribed into cD N A  using high-capacity cD N A  

archive kit (A pplied  B iosystem s, Darmstadt, G erm any) according to the protocol provided 

by the manufacturer. Briefly, R N A  (3|,ig) w as added to fresh tubes containing the 

appropriate vo lum e o f  nuclease-free H 2 O to make a 25)j.l volum e. A  2x  m asterm ix was 

prepared containing the appropriate vo lum es o f  lOx RT buffer, 25x  dN T Ps, lOx random  

primer m ultiscribe reverse transcriptase (5 0U /|il). The m asterm ix (25)il) w as added to the 

R N A  and nuclease free H 2 O. Tubes w ere incubated for lOmin at 25°C  fo llow ed  by 2h at 

37°C  on a therm ocycler (P T C -200, Peltier Thermal C ycler, MJ Research, B iosciences  

Ireland)

2.4.2. Real-time PCR

R eal-tim e PCR prim ers and probes w ere delivered  as “T aqM an®  G ene  

E xpression A ssa y s” for the rat gen es IL -ip , T N F a , IL-6, C D 40  and C D l lb , and for 

the m ouse gen es IL -lp , T N F a, IL-6, lL -4 , C D 4 0 , C D l lb  and C D 2 0 0  (Table 2; 

A pplied  B io sy stem s, Darm stadt, G erm any). R eal-tim e PCR w as perform ed on  

A pplied  B io sy stem s A BI Prism 7 3 0 0  Sequence D etection  System  v l .3 .1  in 96 -w ell 

form at and 25)u.l reaction vo lu m e per w ell. cD N A  sam ples (2 0 0 p g /w e ll)  w ere m ixed  

w ith Taqm an U niversal PCR M asterm ix (A p p lied  B io sy stem s, Darm stadt, G erm any) 

and the respective target gene assay . M ouse and rat P-actin R N A  (#  4 3 5 2 3 4 IE, 

A pplied  B io sy stem s, Darm stadt, G erm any) w ere used as reference. Each sam ple was

45



measured in duplicate in a single RT-PCR run. Forty cycles were run with the 

following conditions: 2min at 50°C, lOmin at 95°C and for each cycle 15s at 95 °C 

for denaturation and Im in at 60°C for transcription.

2.4.3. Real-time PCR analysis

The AACT method (Applied Biosystems RQ software, Applied Biosystems, 

UK) was used to assess gene expression for all real-time PCR analysis. This method 

is used to assess gene expression by comparing gene expression o f 

treated/experim ental samples to a normal or untreated sample (control), rather than 

quantifying the exact copy number o f  the target gene. In this m anner the fold- 

difference (increase or decrease) can be assessed between treated and control 

samples. The fold-difference is assessed using the cycle num ber (CT) difference 

between samples. Briefly, a threshold for fluorescence is set, against which CT is 

measured. To accurately assess differences between gene expression the threshold is 

set when the PCR reaction is in the exponential phase, when the PCR reaction is 

assumed to be 100% efficient. Thus samples, with low CT readings demonstrate high 

fluorescence, indicating greater amplification and hence, greater gene expression. 

When a PCR is 100% efficient a one-cycle difference between samples means a 2- 

fold difference in copy number (2^), similarly a 5-fold difference is a 32-fold 

difference (2^).

To m easure this fold difference relative to control, the CT o f  the endogenous 

control (P-aetin) is subtracted from the CT of the target gene for each sample (CT target 

gene- CTp.actin), thus accounting for any difference in cDNA quantity that may exist. 

This norm alised CT value is called the ACT (CT target gene- CTp_actin =ACT).

The A C T is then normalised to a reference, by subtracting the ACT o f  the 

reference from the ACT o f  every experimental sample, this is the AACT value 

(ACTsampie “ ACTreference)- In all e.xperiments the ACT o f a control sample (a biological 

sample from the control group in the experiment) was used as the reference. Thus 

subtracted from itself to give a AAC T=0 (ACTcontroi - ACTcontroi = 0 ), and from every 

other sample to give each sample a AACT.
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The AACT is then converted into a fold-difference. As one-cycle difference 

corresponds to a two-fold increase or decrease relative to control, 2 to the power o f 

AACT gives the fold-difference in gene expression between the control and treated 

samples. The control sample always has a AACT value o f  0, thus 2° gives 1, against 

which all other samples are referenced.

2.5. Analysis of cytokine expression by ELISA

The concentrations o f  IL -lp , IL-6, TN Fa, and IL-4 were assessed by ELISA 

in either tissue homogenates or supernatants prepared from mice and rats.

2.5.1. Analysis o f  IL-ip, IL-6, IL-4 and TNFa concentration in mixed glia, isolated 

microglia and astrocyte supernatants, and tissue homogenate

The concentrations o f  1L-1(3, IL-6 , lL-4 and T N Fa were assessed by ELISA 

(R&D Systems, UK) in supernatants from cultured mixed glial cells, isolated 

m icroglia, astrocytes and tissue hom ogenates. Elisa plates (NUNC, Thermo Fisher 

Scientific, Denmark) were coated with capture antibody (see Table 1). Elisa plates 

were covered with Parafilm (Alcan, USA) and incubated overnight at room 

temperature. The plates were washed three tim es with wash buffer (0.05%  Tween-20 

in PBS, pH 7.4), blocking buffer (0.5%  BSA in PBS) was added and incubation 

continued for Ih at room temperature. Plates were washed three tim es with wash 

buffer and triplicate standards (see Table 1) or samples (100|.il) were added to wells 

and incubated for 2h. The wells were washed three tim es and detection antibody (see 

Table 1) was added and incubation continued for 2h at room temperature. The wells 

were washed and incubated in horseradish peroxidase-conjugated streptavidin ( 1:200 

dilution in PBS containing 1% BSA) for 20m in at room tem perature in the dark, 

washed again and substrate solution (R& D System s, UK; 1:1 ratio) was added and 

incubated in the dark at room tem perature for 30min. The reaction was stopped using 

IM H2SO4 and absorbance was read at 450nm. IL -ip , lL-4, T N Fa and lL-6
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concentrations were m easured in pg/ml for supernatant and pg/mg o f  protein for 

tissue homogenate.

2.6. SDS- Polyacrylam ide gel electrophoresis

2.6.1. Preparation o f  samples

Hippocampal tissue from control and EAE mice was thawed rapidly, washed 

three tim es with Krebs solution containing calcium and homogenised in Krebs 

solution containing calcium. Protein concentration was assessed (as in 2.2.6.) and 

samples were equalised for protein concentration, diluted to equal protein 

concentration, and aliquots were added to a volume o f  sample buffer (NuPA GE LPS 

Sample Buffer, NuPage Reducing Agent and deoionized water) and heated to 70°C 

for lOmin.

2.6.2. Gel Electrophoresis

Gel electrophoresis was carried out on precast 10-12% NuPage Novex Bis 

Tris Mini Gels (Invitrogen, UK) using the XCell SureLock Mini Cell (Invitrogen, 

UK). The outer cham ber was filled with Ix SDS Running Buffer and the inner 

chamber filled with Ix SDS Running Buffer containing NuPAG E Antioxidant. 

Samples (10|al) were loaded into the wells and a pre-stained molecular weight 

standard was also loaded (5|j,l; Bio-Rad,USA). Proteins were separated by application 

o f  200V constant for 50min (expected current o f  100/125mA/ gel at start and 60- 

80mA/gel).

2.6.3. Western Transfer

The gel was removed from the gel apparatus and a piece o f  nitrocellulose

transfer m em brane moistened in transfer buffer (Ix  NuPAGE Transfer Buffer; 5%

20x NuPAG E Transfer Buffer, 10% methanol, 85% deionised water) was placed on

top, air bubbles removed from the contact face and the membrane was cut to fit the
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gel. Filter paper (Standard Grade N o.3 W hatman, UK) was placed on top and beneath 

the nitrocellulose/gel form ing a sandwich. Two blotting pads soaked in transfer buffer 

were placed in the cathode core o f  the XCell Blot II Blot M odule and the sandwich 

on top, with the gel portion o f  the nitrocellulose/gel portion o f  the sandwich closest to 

the cathode. Three more fibre pads were placed on the sandwich so that the blotting 

pads rose 0.5cm over the rim o f  the cathode core. The anode core was gently pressed 

down on top o f  the pads and slid gently into the guide rails o f  the lower buffer 

cham ber o f  the gel dock system. The gel tension wedge was inserted into the lower 

buffer cham ber to lock the XCell Blot II m odule in position. The lower chamber was 

filled with Ix NuPAGE Transfer Buffer and the outer cham ber filled with deionised 

water. Proteins were separated by application o f  a constant voltage o f  30Vfor Ih.

2.6.4. Western Immunoblot analysis o f  CD200L

Non-specific binding was blocked by incubating nitrocellulose membranes for 

Ih in 5% bovine serum album in (BSA) in TBS-T (20mM  Tris-HCl, 150mM NaCl; 

pH 7.4 containing 0.05%  Tween-20). M embranes were incubated in primary antibody 

(CD200; 1:500 in TBS-T containing 2% BSA; R&D Systems) at 4°C overnight. The 

membrane was washed (4 x 15min washes in TBS-T), incubated in secondary 

antibody anti-goat horseradish peroxidase (HRP; 1:1000 in TBS-T containing 5% 

BSA; Sigma, UK) for Ih at room temperature. M embranes were washed (4 x lOmin) 

and protein complexes Vv'ere visualised using ECL Plus W estern Blotting Detection 

System (GE Health Care, UK).

2.6.5. Stripping and reprobing

Following developm ent o f  blots, the nitrocellulose m em branes were washed 

in TBS-T, placed in stripping solution ReBlot Plus Strong Solution (1:10 in ddH20; 

Chemicon Int., UK) for 4m in at room tem perature, washed in TBS-T (5 x Imin 

washes) and blocked overnight in blocking buffer (5%  Marvel in TBS-T).

49



M embranes were reprobed with primary P-actin antibody (1:10,000 in TBS-T 

containing 1% M arvel) for 2h. The membrane was washed (4 x 15rnin washes in 

TBS-T), incubated in secondary antibody anti-mouse HRP (1:1000 in TBS-T 

containing 5% BSA; Sigma, UK) for Ih at room temperature. M embranes were 

washed (4 x lOmin) and protein complexes were visualised using ECL Plus Western 

Blotting Detection System (GE Health Care, UK).

2.7. Statistical Analysis

Statistical analysis was performed using the com puter based statistical 

package GraphPad Prism. Data are expressed as mean ± standard error o f  the mean 

(SEM).

The data from Chapter 3 were analysed using a two-way ANOVA and if any 

significant changes were detected post hoc comparisons were performed using 

Newman Keuls test. In Chapter 4, where mixed glia were prctreated with MDG79, 

and M DG79 in com bination with GW 9662 (Figures 4.6-4.8), in the presence or 

absence o f  LPS the data were analysed by one way ANOVA and if  any significant 

changes were detected post hoc comparisons were performed using Newman Keuls 

test. In Chapter 5 data were analysed using a 1-way ANOVA and if  any significant 

changes were detected post hoc comparisons were performed using Newman Keuls 

test, in Chapter 6, data were analysed using a repeated measures 2-way ANOVA. 

Post hoc comparisons were performed using Newman Keuls test in the event o f  main 

effects o f  EAE and or rosiglitazone or strain.

Data were accepted as significant at the 95% confidence level (p<0.05)
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Chapter 3

Assessment of the anti-inflammatory properties of 
rosiglitazone on glial cells



3.1. Introduction

Microglia and astrocytes are the principal glial cells o f the brain and spinal 

cord, and are responsible for the production o f the pro-inflammatory cytokines IL-ip, 

TNFa and IL-6. Microglia exist in the brain in a resting or ramified state and play an 

important role in immune surveillance and can be activated in response to 

immunological stimuli, infection or injury. Activated microglia undergo a 

conformational change, express a variety o f cell surface markers such as, CD40 and 

CD 11b, and produce a variety o f pro- and anti-inflammatory cytokines that are 

characteristic o f their activated state. Astrocytes form an important component o f the 

blood brain barrier and they also, along with microglia, are involved in the innate 

immune response o f  the brain in the production o f the pro-inflammatory cytokines. In 

vitro, LPS, a component of the cell wall of gram negative bacteria is used as a model 

o f neuroinflammation. Previous evidence shows that LPS induces an increase in pro- 

inflammatory cytokines in cultures o f mixed glia, microglia and astrocytes (Luna- 

Medina et al., 2005).

Inflammation is generally described as a beneficial response o f an organism to 

infection, but when it is prolonged or inappropriate it can be detrimental (Simi et al., 

2007b). This glial driven inflammation has been shown to contribute to the 

pathogenesis o f aging, AD, MS and PD. As a result there is an increased focus on the 

ability to modulate or ameliorate this inflammation.

It was the ability o f a class o f drugs, the PPARy agonists, to inhibit the 

expression o f TNFa and TNFa-induced insulin resistance that suggested to 

researchers that these drugs might have anti-inflammatory properties. PPARy is a 

nuclear receptor or an agonist activated nuclear transcription factor that regulates 

target gene transcription. The role o f these drugs in the control o f lipid metabolism is 

well established and they are used in the treatment o f type 11 diabetes. Synthetic 

agonists o f PPARy are the class o f drugs the thiazolidinediones or glitazones, of 

which there are three on the market; pioglitazone, ciglitazone and rosiglitazone. 

Previous studies have shown the ability o f PPARy agonists to attenuate LPS-induced 

increases in pro-inflammatory cytokines, and age and disease associated increases 

also (Giri et al., 2004; Loane et al., 2009; Storer et al., 2005). However there is still
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debate over the m echanism  by which this attenuation in m icroglial activation and 

cy tokine re lease occurs.

R ecent ev idence from this lab has show n pretreatm ent o f  aged rats w ith 

rosig litazone attenuated  the age related increase in the p ro -inflam m atory  cytokines 

IL - ip  and IL-6. R osig litazone treatm ent also reversed the age related decrease in IL-4 

(L oane et al., 2009). T his highlights the im portance o f  the m aintenance o f  the 

in flam m atory  profile in the brain and the balance o f  pro- and an ti-inflam m atory  

cytokines.

T he aim  o f  this chapter was to assess the an ti-in flam m atory  properties o f  the 

PPA Ry agonist rosig litazone to m odulate the L PS-induced inflam m ation in m ixed 

glial cells. A m ixed glial cell culture preparation is com posed o f  approxim ately  70%  

astrocytes and 30%  m icroglia and as a result the ability  o f  rosig litazone to m odulate 

in flam m ation  in isolated m icroglia and astrocytes w as further assessed. Previous 

ev idence has show n that rosiglitazone treatm ent reverses the age related decrease in 

lL -4, h igh ligh ting  a link betw een it and lL-4. M ixed glia w ere pretreated  w ith lL-4 in 

an  attem pt to m im ic the anti-inflam m atory  action o f  rosiglitazone. A lso the ability o f  

rosig litazone to m odulate inflam m ation was assessed in m ixed g lia cells from  wild 

type and lL-4'^"mice.

3.2. Methods

M ixed glial cells, isolated m icroglia and astrocytes w ere prepared from  one 

day old W istar rats, cultured for 10-14 days and treated  w ith rosig litazone (20^M ) in 

the presence and absence o f  LPS (l|ag /m l) (see section 2.1. for specific details). 

M ixed glial ce lls  w ere also prepared from  one day old W istar rats, cultured  as before 

for 10-14 days and treated  w ith lL-4 (20ng/m l) in the presence and absence o f  LPS 

(l|j.g /m l). F inally  m ixed glia w ere also prepared from  w ildtype (C 57B L /6) and lL-4'^‘ 

m ice, cultured  fo r 10-14 days and treated w ith rosig litazone (20 |iM ) in the presence 

and absence o f  LPS (l|J.g/m l). A nalysis o f  supernatant cy tokine concentrations w ere 

assessed by E L ISA , cytokine and m icroglial m arker m R N A  expression  by Q -PC R  

(see sections 2 .3 ., 2.4. and 2.5. for specific details). D ata are expressed as m eans ±
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standard error o f the mean. A 2-way ANOVA was performed to determine whether 

significant differences existed and if significance was detected post hoc comparisons 

were performed using Newman Keuls test. In Figure 3.13 a Students t test was 

performed to determine whether IL-4 was significantly increased following 

rosiglitazone treatment in astrocyte and microglia cultures (see section 2.7. for 

specific details).

3.3. Results

Anti-inflammatory effects o f  rosiglitazone in vitro.

It is known that glial cells are the primary source of pro-inflammatory 

cytokines IL-ip, TNFa and lL-6 in the CNS. The importance of anti-inflammatory 

cytokines such as IL-4 and IL-10 in modulating the production of these pro- 

inflammatory cytokines by glia has been recognised. Recent evidence has indicated 

that PPARy agonists possess anti-inflammatory properties. The objective o f the 

following experiments was to establish whether rosiglitazone might modulate the 

LPS-induced inflammatory changes in mixed glia, astrocytes and microglia.

Mixed glial cultures were pretreated with three different doses o f rosiglitazone 

(5^iM, 20nM or 100|iM) in the presence or absence o f LPS and the supernatants were 

assessed for IL-ip concentration. Figure 3.1 shows that there was a significant 

increase in mean IL-ip concentration in supernatant prepared from LPS-treated (1110 

pg/ml ± 174.3; n=6) compared with control-treated, mixed glia (136.6 pg/ml ± 46.45; 

n=6; ***p<0.001; ANOVA). Pretreatment o f mixed glia with rosiglitazone (5|iM ) did 

not attenuate the LPS-induced increase in supernatant concentration o f IL-ip (921.22 

pg/ml ± 209.9; n=6; ANOVA). However pretreatment o f mixed glia with 

rosiglitazone (20|iM and lOOfiM) significantly attenuated the LPS-induced increase 

in the supernatant concentration o f IL-ip (436.4 pg/ml ± 110.4; 100.5 pg/ml ± 30.4; 

n=6; **^p<0.01; ANOVA). In subsequent experiments 20fj,M concentration of 

rosiglitazone was used to evaluate its effect on LPS-induced changes. The effect o f 

both treatments LPS (l(j.g/ml) and rosiglitazone (20|j,M) alone and in combination did
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not significantly change the viability o f mixed glia compared to controls (b; ANOVA; 

versus control).

Figure 3.2 shows that LPS induced a significant increase in mean I L - i p  

mRNA expression (a; 67.04 RQ ±14.4; n=6) and the supernatant concentration o f IL-  

1(3 (b; 106.2 pg/ml ± 28.91; n=6) compared with control-treated mixed glia mRNA 

(a; 1.49 RQ ± 0.39; n=6; ***p<0.001) and protein (b; 7.40pg/ml ±  1.97; n=6; 

***p<0.001). Pretreatment o f mixed glia with rosiglitazone significantly attenuated 

the LPS-induced increase in IL-ip mRNA expression (a; 23.85 RQ ± 3.22; n=6; 

^*p<0.01; ANOVA) and the supernatant concentration o f I L - i p  (b; 11.84 pg/ml ± 

4.83; n=6; ^p<0.05; ANOVA). I L - i p  mRNA expression and supernatant 

concentration were similar in control-treated samples which were incubated in the 

presence and absence o f rosiglitazone.

Figure 3.3 shows that LPS induced a significant increase in mean lL-6 mRNA 

expression (a; 15.78 RQ ± 2.98; n=6) and the supernatant concentration of lL-6 (b; 

2934 pg/ml ± 784.1; n=6) compared with control-treated mixed glia mRNA (a; 1.41 

RQ ± 0.14; n=6; ***p<0.001; ANOVA) and protein (b; 24.08pg/ml ± 16.19; n=6; 

**p<0.01; ANOVA). Pretreatment of mixed glia with rosiglitazone significantly 

attenuated the LPS-induced increase in lL-6 mRNA expression (a; 4.64 RQ ± 1.45; 

n=6; ****p<0.01; ANOVA) but not supernatant concentration o f IL-6 (b; 3304pg/ml ± 

913.5; n=6; ANOVA). IL-6 mRNA expression and supernatant concentration o f lL-6 

were similar in control-treated samples which were incubated in the presence and 

absence o f rosiglitazone.

Figure 3.4 shows that LPS induced a significant increase in mean TNFa 

mRNA expression (a; 12.27 RQ ± 2.30; n=6) and the supernatant concentration of 

TNFa (b; 441.6 pg/ml ± 111.7; n=6) compared with controls (a; 2.08 RQ ± 0.548; 

n=6; ***p<0.001; ANOVA) and (b; 111.7 pg/ml ± 14.18; n=6; **p<0.01; ANOVA). 

Pretreatment o f mixed glia with rosiglitazone significantly attenuated the LPS- 

induced increase in TNFa mRNA expression (a; 5.51 RQ ± 1.83; n=6; ^p<0.05; 

ANOVA) and but not supernatant concentration o f TNFa (b; 402pg/ml ± 75.96; n=6; 

ANOVA). TNFa mRNA expression and protein concentration were similar in
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control-treated samples which were incubated in the presence and absence o f 

rosiglitazone.

Figure 3.5 shows that LPS induced a significant increase in mean CD40 

mRNA expression (a; 6.95 RQ ± 1.18; n=6) and C D l lb  m RNA expression (b; 2.32 

RQ ± 0.190; n=6) compared with controls (a; 1.18 RQ ± 0.284; n=6; ***p<0.001; 

ANOVA) and (b; 0.935 RQ ± 0.045; n=6; *p<0.05; ANOVA). Pretreatm ent o f  mixed 

glia with rosiglitazone significantly attenuated the LPS-induced increase in CD40 (a; 

2.41 RQ ± 0.899; n=6; "''p<O.OI; ANOVA) and CD l lb  (b; 1.27 RQ ± 0.087; n=6; 

^^^p<0.001; ANOVA). CD40 mRNA m RNA expression was sim ilar in control- 

treated samples which were incubated in the presence and absence o f  rosiglitazone, 

however C D l lb  mRNA expression does appear to be increased in the presence o f 

rosiglitazone, although this did not reach statistical significance.

Mixed glial cultures contain about 70% astrocytes and 30% microglia and 

data obtained from mixed glia do not identify the cell responsible for the observed 

changes. Therefore cultured purified microglia and astrocytes were prepared and 

examined from LPS-induced changes and for the m odulatory effect o f  rosiglitazone.

Figure 3.6 shows that LPS induced a significant increase in mean IL -ip  

m RNA expression (a; 279.8 R Q ±  26.55; n=6) and supernatant concentration o f IL -lp  

(b; 62.78 pg/ml ± 12.46; n=6) compared with controls (a; 5.34 RQ ± 2.11; n=6; 

***p<0.001; ANOVA) and (b; 2.93 pg/ml ± 0.42; n=6; **p<0.01; ANOVA). 

Pretreatment o f  m icroglia with rosiglitazone significantly attenuated the LPS-induced 

increase in IL- ip mRNA expression (a; 76.32 RQ ± 6.11; n=6; **^p<0.001; ANOVA) 

but not supernatant concentration o f  IL-1(3 (b; 101.1 pg/ml ± 34.15; n=6; ANOVA). 

1L-1(3 mRNA and the supernatant concentration o f  IL- ip were sim ilar in control- 

treated samples which were incubated in the presence and absence o f  rosiglitazone.

Figure 3.7 shows that LPS induced a significant increase in supernatant 

concentration o f  IL-6 (b; 595.7 pg/ml ± 27.13; n=6) but failed to induce an increase 

in IL-6 mRNA expression (a; 3.575 RQ ± 1.45; n=6) compared with controls (b; 

290.2pg/ml ± 25.65; n=6; ***p<0.001; AN OVA) and m RNA (a; 2.575 RQ ± 1.02; 

n=6; ANOVA). Pretreatment o f  m icroglia with rosiglitazone significantly attenuated
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the LPS-induced increase in the supernatant concentration o f  IL-6 (b; 464.9 pg/ml ± 

33.58; n=6; *p<0.05; ANOVA) but not mRNA expression (a; 4.28 RQ ± 1.806; n=6; 

ANOVA). IL-6 m RNA expression and protein concentration were similar in control- 

treated samples which were incubated in the presence and absence o f  rosiglitazone.

Figure 3.8 shows that LPS induced a significant increase in mean TN Fa 

m RNA expression (a; 31.25 RQ ± 3.05; n=6) and the supernatant concentration o f 

TN Fa (b; 598.9 pg/ml ± 20.19; n=6) compared with controls (a; 2.46 RQ ± 0.597; 

n=6; ***p<0.001; ANOVA) and (b; 112.8 pg/ml ± 16.59; n=6; ***p<0.001; 

ANOVA). Pretreatment o f  microglia with rosiglitazone significantly attenuated the 

LPS-induced increase in TN Fa mRNA expression (a; 9.15 RQ ± 1.54; n=6; 

^^^p<0.001; AN OVA) and supernatant concentration o f T N Fa (b; 304.9 pg/ml ± 

34.56; n=6; ^^^p<0.001; ANOVA). TN Fa mRNA expression and supernatant 

concentration o f  T N Fa were similar in control-treated samples which were incubated 

in the presence and absence o f rosiglitazone.

Figure 3.9 shows that LPS induced a significant increase in mean CD40 

mRNA expression (a; 9.28 RQ ± 1.07; n=6) and CD l lb  m RNA expression (b; 3.70 

RQ ± 0.47; n=6) compared with controls (a; 0.95 RQ ± 0.11; n=6; ***p<0.001; 

ANOVA) and (b; 0.68 RQ ± 0.01; n=6; ***p<0.001; ANOVA). Pretreatment o f 

microglia with rosiglitazone significantly attenuated the LPS-induced increase in 

CD40 (a; 4.86 RQ ± 1.05; n=6; V 0  05; ANOVA) and CD 11 b (b; 1.196 RQ ± 0.194; 

n=6; *^p<0.01; ANOVA). CD40 and CD l lb  mRNA expression were similar in 

control-treated samples which were incubated in the presence and absence o f 

rosiglitazone.

Similar experim ents were conducted in astrocytes. Figure 3.10 shows that 

LPS induced a significant increase in mean IL -ip  mRNA expression (a; 45.57 RQ ± 

16.98; n=6) and supernatant concentration o f  IL -ip  (b; 125.55 pg/ml ± 11.07; n=6) 

compared with controls (a; 0.74 RQ ± 0.09; n=6; *p<0.05; AN OVA) and (b; 1.24 

pg/ml ± 0.59; n=6; ***p<0.001; ANOVA). Pretreatment o f  astrocytes with 

rosiglitazone did not significantly attenuate the LPS-induced increase in IL -ip  

mRNA expression (a; 30.91 RQ ± 17.22 n=6; ANOVA) but did significantly 

attenuate the LPS-induced increase in supernatant concentration o f  IL- ip (b; 44.44

56



pg/ml ± 2.32; n=6; **^p<0.001; ANOVA). IL -ip mRNA and supernatant 

concentration were similar in control-treated samples which were incubated in the 

presence and absence o f rosiglitazone.

Figure 3.11 shows that LPS induced a significant increase in supernatant 

concentration o f IL-6 (b; 4435 pg/ml ± 609.8; n=6) but failed to induce an increase in 

lL-6 mRNA expression (a; 13.65 RQ ± 8.57; n=6) compared with controls (b; 0.068 

pg/ml ± 0.023; n=6;***p<0.001; ANOVA) and (a; 12.68 RQ ± 7.38; n=6; ANOVA). 

Pretreatment o f astrocytes with rosiglitazone significantly attenuated the LPS-induced 

increase in supernatant concentration of lL-6 (b; 2141 pg/ml ± 177.8; n=6; ^p<0.05; 

ANOVA) but not mRNA expression (a; 13.14 RQ ± 7.361; n=6; ANOVA). lL-6 

mRNA expression and supernatant concentration o f lL-6 were similar in control- 

treated samples which were incubated in the presence and absence o f rosiglitazone.

Figure 3.12 shows that LPS induced a significant increase in mean TTMFa 

mRNA expression (a; 12.19 RQ ±2 .19 ; n=6) and supernatant concentration o f TNFa 

(b; 587.3 pg/ml ± 50.82; n=6) compared with controls (a; 1.05 RQ ± 0.44; n=6; 

***p<0.001; ANOVA) and (b; 1.03 pg/ml ± 0.07; n=6; ***p<0.001; ANOVA). 

Prelreatment of astrocytes with rosiglitazone did not significantly attenuate the LPS- 

induced increase in TNFa mRNA expression (a; 14.62 RQ ± 4.2; n=6; ns; ANOVA) 

but did significantly attenuate the LPS-induced increase in supernatant concentration 

of TNFa (b; 217.2 pg/ml ± 12.73; n=6; "''''p<0.001; ANOVA). TNFa mRNA 

expression and protein concentration were similar in control-treated samples which 

were incubated in the presence and absence o f rosiglitazone

Rosiglitazone induced a significant increase in IL-4 in mixed glial cells and 

astrocytes

Figure 3.13 shows that pretreatment of cortical mixed glial cells with 

rosiglitazone induced a significant increase in mean lL-4 protein concentration (a; 

17.64 pg/ml ± 1.975; n=6) compared with control-treated mixed glia (a; 9.45 pg/ml ± 

3.58; n=6; *p<0.05; Student’s t test). Pretreatment o f astrocytes with rosiglitazone 

induced a significant increase in lL-4 protein concentration (b; 10.02 pg/ml ± 1.63;
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n=6) compared with control-treated astrocytes (b; 6.68 pg/ml ± 0.78; n=6; *p<0.05; 

Student’s t test). In contrast similar treatment o f  microglia with rosiglitazone failed to 

increase the supernatant concentration o f  lL-4 (c; 9.46 pg/ml ± 2.07; n=6) compared 

with control-treated m icroglia (c; 7.53 pg/ml ± 1.30; n=6; Student’s t test). LPS 

(l|j,g/m l) did not significantly affect lL-4 protein concentration (a; 10.39 pg/ml ± 

0.89; n=6) compared with control-treated mixed glia (a; 9.45 pg/ml ± 3.58; n=6; ns; 

Student’s t test).

To further investigate the role o f lL-4 in mediating rosiglitazone-induced 

changes, its effect on LPS-induced IL -ip  production was investigated in mixed glia 

prepared from lL-4'^' and wild type, mice. Figure 3.14 shows that there was a 

significant increase in IL -ip  concentration in supernatant prepared from LPS-treated 

mixed glia obtained from wildtype mice (23.75 pg/ml ± 1.99; n=6) compared with 

control-treated mixed glia (2.97 pg/ml ± 0.72; n=6; ***p<0.001; ANOVA) 

Pretreatment o f  mixed glia, obtained from wildtype mice, with rosiglitazone 

significantly attenuated the LPS-induced increase in supernatant concentration o f  IL- 

1(3 (16.09 pg/ml ± 1.5; n=6; ***p<0.01, ANOVA). There was no significant change in 

IL -ip  concentration in supernatant o f mixed glia pretreated witii rosiglitazone. 

Although LPS also induced a significant increase in IL -ip  in cells prepared from IL- 

A''' mice (27.38 pg/ml ± 2.9 versus 3.3 pg/ml ± 1.99; n=6;***p<0.001; ANOVA), 

rosiglitazone did not attenuate the LPS-induced change (26.00 pg/ml ± 3.91; n=6; 

ANOVA).

Anti-inflam m atory effects o f  IL-4 in vitro

If the effect o f  rosiglitazone is dependent on IL-4 as suggested by the data 

presented, it must be predicted that treatment o f  mixed glia with IL-4 will mimic the 

effect o f  rosiglitazone and therefore its effect on LPS-induced changes was assessed. 

Pretreatment o f  mixed with IL-4 instead o f  rosiglitazone did mimic rosiglitazone. The 

results are described below in more detail but in summary pretreatment with IL-4 

mimicked rosiglitazone treatment by attenuating the LPS-induced increase in IL -ip
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protein and failing to attenuate the LPS-induced increase in IL-6 and TN Fa in mixed 

glia.

Figure 3.15 shows as that LPS induced a significant increase in mean IL -ip  

(a; 31.76 RQ ± 3.40; n=6) mRNA expression compared to control (a; 0.74 RQ ± 0.09; 

n=6; *p<0.05). LPS induced a significant increase IL -ip  protein concentration (b; 

855.8 pg/ml ± 85.30; n=6) compared with control-treated m ixed glia (b; 0.056 pg/ml 

± 0.021; n=6; ***p<0.001; ANOVA). Pretreatment o f  m ixed glia with IL-4 (20 

ng/ml) significantly attenuated the LPS-induced increase in IL -ip  protein 

concentration (b; 636.9 pg/ml ± 66.52; n=6; ^p<0.05; A N OV A) but failed to attenuate 

IL -ip  mRNA expression (a; 39.77 RQ ± 2.34; n=6; ANOVA).

Figure 3.16 shows that LPS induced a significant increase in mean lL-6 

mRNA expression (a; 6.88 RQ ± 2 .1 6 ; n=6) and lL-6 protein concentration (b; 6404 

pg/ml ± 299.2; n=6) compared with control-treated mixed glia m RNA (a; 3.99 RQ ± 

1.6; n=6; *p<0.05; ANOVA) and protein (b; 7.57 pg/ml ± 7.6; n=6; ***p<0.001; 

ANOVA). Pretreatment o f  mixed glia with lL-4 did not attenuate the LPS-induced 

increase in lL-6 mRNA expression (a; 9.76 RQ ±  2.67; n=6; ANOVA) and lL-6 

protein concentration (b; 7476 pg/ml ± 524; n=6; ANOVA). lL-6 mRNA expression 

and protein concentration was sim ilar in control-treated samples which were 

incubated in the presence and absence o f  lL-4.

Figure 3.17 shows that LPS induced a significant increase in mean TN Fa 

mRNA expression (a; 14.28 RQ ± 4.45; n=6) and TN Fa protein concentration (b; 

2979 pg/ml ± 316.4; n=6) compared with control-treated mixed glia m RNA (a; 1.12 

RQ ± 0.31; n=6; *p<0.05; ANOVA) and protein (b; 0.87 pg/ml ± 0.26; n=6; 

***p<0.001; ANOVA). Pretreatment o f  mixed glia with lL-4 did not attenuate the 

LPS-induced increase in TN Fa mRNA expression (a; 17.28 RQ ± 8.58; n=6; 

ANOVA) and TN Fa protein concentration (b; 2833 pg/ml ± 244.8; n=6; ANOVA). 

T N Fa mRNA expression and protein concentration was sim ilar in control-treated 

samples which were incubated in the presence and absence o f IL-4.

59



Figure 3.18 shows that LPS induced a significant increase in mean CD40 

m RNA expression (a; 7.17 RQ ± 1.26; n=6) and CD l lb mRNA expression (b; 1.13 

RQ ± 0 .1 5 ;  n=6) compared with control-treated mixed glia (a; 2.56 RQ ± 0.70; n=6; 

**p<0.01; ANOVA) and (b; 0.75 RQ ± 0.09; n=6; **p<0.01; ANOVA). Pretreatment 

o f  mixed glia with lL-4 (20ng/ml) did not attenuate the LPS-induced increase in 

CD40 mRNA expression (a; 16.17 RQ ± 5.05; n=6; ANOVA) and CDl lb  mRNA 

expression (b; 1.30 RQ ± 0 .1 5 ;  n=6; ANOVA). CD40 and CDl lb  mRNA expression 

was similar in control-treated samples which were incubated in the presence and 

absence o f  IL-4.
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3.4. Discussion

The objectives o f  this study were to examine the modulatory effect o f 

rosiglitazone on LPS-induced changes in mixed glia, m icroglia and astrocytes and to 

determine whether its action is IL-4 dependent. The data indicate that rosiglitazone 

attenuates the LPS-induced increase in IL -ip  in mixed glia and astrocytes but not in 

microglia. This effect o f  rosiglitazone was mim icked by IL-4, which was released 

from astrocytes in response to rosiglitazone.

In this study, dose response analysis revealed that pretreatment o f  cells with 

rosiglitazone for 24h at a concentration o f  20 and lOOfaM significantly attenuated the 

LPS-induced increase in IL -ip  from mixed glia. Therefore the concentration chosen 

for future experim ents was 20jj,M. Different in vitro concentrations o f  PPARy 

agonists, including rosiglitazone, varying from 10-100|jM  have been used in previous 

studies in the literature. W oster and Com bs (2007) found that pretreatment o f  

m icroglia with 10|iM and 50|iM  o f  rosiglitazone attenuated LPS-induced increases in 

TN Fa, whereas Storer and colleagues (2005), found that pretreatment o f  primary 

mouse microglia and astrocytes with rosiglitzone at 50|aM, 200|^M and 300|iM  

attenuated LPS-induced increases in IL -ip , TN Fa and lL-6 respectively (Storer et al., 

2005; W oster and Combs, 2007).

The action o f  rosiglitazone was first assessed in vitro in mixed glia obtained 

from the cortex o f  neonatal rats. LPS which is a widely-accepted model o f  

inflammation induced a significant increase in IL -ip , w ithout affecting cell viability, 

as has been extensively shown in vitro in both mixed glia (Loane et al., 2009) and in 

microglial and astrocyte cell cultures (Kim et al., 2004; Storer et al., 2005). 

Pretreatment with rosiglitazone attenuated this increase in supernatant concentration 

o f  IL -lp  and this was accom panied by a significant decrease in IL-1|3 mRNA. This is 

consistent with published data; where oral adm inistration o f  rosiglitazone for a three 

week period attenuated the aged-related increase in IL -ip  m RNA in the rat 

hippocampus, pretreatment o f  mixed glia with rosiglitazone attenuated the LPS- 

induced increase in 1L-1(3 m RNA (Loane et al., 2009).
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In addition to IL - ip ,  activated glial cells also release other pro-inflammatory 

cytokines including T N F a  and IL-6. The present data show  that pretreatment o f  

mixed glia with rosiglitazone attenuated the LPS-induced increases in T N F a  and lL-6 

m R N A . In contrast it did not attenuate the increase in the supernatant concentration 

o f  either T N F a  or IL-6. The results would suggest that rosiglitazone may be acting to 

attenuate cytokine m R N A  expression and not cytokine release, an similar differences 

in the abilityto attenuate T N F a  and IL - ip  m R N A  and protein are obsereved in the 

literature. Evidence in the literature shows that pretreatment o f  cultured astrocytes 

with ISdPGJa attenuated the LPS/IFN-y-induced increase in T N F a, IL - ip  and lL-6 

m R N A  (Giri et al., 2004). However, Storer and colleagues (2005) investigating the 

anti-inflam m atory action o f  rosiglitazone in m icroglia and astrocytes found at a dose 

o f  50 |iM , no attenuation in IL-6 or T N F a  concentration  was recorded, but there is 

evidence reporting that other PPARy agonists such as 15dPGJ2, can attenuate T N F a  

and IL-6 production in astrocytes (Giri et al., 2004) and m icroglia (Bernardo et al., 

2000).

In addition to the release o f  pro-inflam matory cytokines, activated microglia 

express a num ber o f  cell surface molecules, these include M H C  1 and II, CD40, 

C D l Ib, com plem ent receptors  and intracellular adhesion molecules (M inagar et al., 

2002). In this study a significant increase in both G D I lb  and C D 40 m R N A  was 

recorded following LPS stimulation in the same m ixed glia that showed changes in 

cytokines. Increased expression o f  CD40 and C D l  lb  m R N A  have been recorded in 

microglia in response to LPS treatment (Qin et al., 2005; Roy et al., 2006). It is 

important to note that G D I lb ,  is also expressed constitutively at moderate levels in 

resting microglial cells (Dziennis et al., 1995) but activation triggers an increase in 

expression. Pretreatment with rosiglitazone significantly attenuated the expression o f  

both o f  these markers. Interestingly pretreatment with rosiglitazone appears to 

increase GDI lb  m R N A  expression when com pared to control-treated glial cells, 

how ever this did not reach statistical significance. Investigations into the role o f  

rosiglitazone as an anti-inflammatory agent have show n that rosiglitazone 

downregulated  the microglial expression o f  GD40 in the hippocam pus o f  an animal 

model o f  epilepsy (Sun et al., 2008). Similarly in a m ouse model o f  PD rosiglitazone
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treatment decreased the expression o f C D l I b  in the hippocampus (Schintu et al., 

2009).

In this study, FACS analysis o f mixed glial cells revealed that they consist of 

approximately 70% astrocytes and 30% microglia. The precise cell population 

responsible for pro-inflammatory cytokine production is only partly understood and is 

likely to be stimulus-dependent (Ledeboer et al., 2000). For example, it has been 

proposed that in LPS-activated mixed glial cultures it is mainly the astocytic cells that 

produce NO and IL-ip (Vincent et al., 1996). it has also been suggested that TNFa 

and lL-6 are produced primarily by microglial cells under these conditions (Lee et al., 

1993a). However the ability of primary astrocytes to express IL-6 in response to a 

combination o f IL-ip and TNFa or LPS has been demonstrated (Benveniste et al., 

1990). To further assess this question, isolated microglial and astrocytic cell cultures 

were prepared and the production o f pro-inflammatory cytokines induced by LPS was 

investigated, and the modulatory effect o f rosiglitazone on LPS-induced changes was 

investigated in both cell types.

The data show that treatment with LPS induced a significant increase in IL- 

ip , lL-6 and TNFa in the supernatant obtained from isolated microglia. This is 

consistent with extensive evidence from the literature both in isolated microglial cell 

cultures and microglial cell lines (Ledeboer et al., 2000; Luna-Medina et a l ,  2005; 

Petrova et al., 1999). Interestingly pretreatment with rosiglitazone attenuated the 

LPS-induced increase in IL-6 and TNFa, but not IL-ip in these cells. Evidence in the 

literature supports these data, where pretreatment of isolated microglia with different 

PPARy agonists attenuates the release o f pro-inflammatory cytokines and 

chemokines. Pretreatment o f BV2, the microglial cell line, with the PPARy agonists 

NPOOl 11 and NPOl 138, both of which are heterocyclic thiazolidinediones, attenuated 

the LPS-induced increase in TNFa and lL-6 (Luna-Medina et al., 2005). In a similar 

manner pretreatment o f primary mouse microglial cells with 15dPGJ2, rosiglitazone 

and pioglitazone attenuated the LPS-induced increase in TNFa and IL-6, but also IL- 

P which differs from this study (Storer et al., 2005). The ability o f rosiglitazone to 

attenuate the increase in IL-ip may be due to the differences in the experimental set 

up. Storer and colleagues (2005) used LPS (2|xg/ml) compared with LPS (l|ag/ml),
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and they used rosiglitazone at a higher concentration (50|iM ). The resuhant IL -ip  

production was higher in that study (160pg/mi) compared with this study (lOOpg/ml).

In astrocytes, LPS induced a significant increase in IL-1(3, IL-6 and TN Fa in 

supernatant; which was significantly attenuated by pretreatment with rosiglitazone, 

which is consistent with the evidence from the literature. Rosiglitazone has 

previously been shown to attenuate LPS-induced release o f  IL-1, lL-6, TN Fa from 

astrocytes (Storer et al., 2005) and other PPARy agonists; NPOOl 11 and NPOl 138 

(Luna-M edina et al., 2005) and 15dPGJ2 (Giri et al., 2004) exerted similar effects. 

This attenuation o f  the production o f the pro-inflammatory cytokines was mirrored by 

a decrease in their m RNA expression o f  the same cytokines (TNFa, IL -ip  and lL-6) 

(Giri et al., 2004). Interestingly in this study, LPS induced an increase in the 

supernatant concentration o f  IL-6 in both astrocytes and microglia but failed to 

induce an increase in IL-6 m RNA expression in both cell types. While the experiment 

was repeated twice, the inability to detect any change in IL-6 mRNA in both cell 

types in response to LPS suggests a problem with the primer used in the PCR 

reaction, and would benefit the data greatly if  it was repeated.

PPARy agonists have been shown to result in a downregulation o f pro- 

inflammatory cytokine secretion, in particular at the mRNA level which is suggested 

to be mediated through its ability to modulate transcription factors for genes involved 

in the inflamm atory response including API ,  STAT-1 and N Fk B (Jiang et al., 1998; 

Ricote et al., 1998). Pascual and colleagues (2005) suggest that PPARy agonists block 

N FkB dependent gene expression in macrophages through co-repressor interference. 

Inflammatory genes are normally repressed through the association o f  the co

repressors present in the promoters o f these genes. Pretreatment o f  m acrophages with 

rosiglitazone followed by LPS stimulation, inhibited iNOS gene expression and they 

propose this occurs due to the binding o f  rosiglitazone with its PPRE. This activates 

the ligand binding dom ain o f  PPARy which undergoes a SUM Oylation with the 

nuclear receptor co-repressor (NCoR)-histone deacetylase-3 (HDAC3), on the 

inflammatory gene promoter. This prevents the removal o f  the co-repressor and 

therefore inhibits gene activation (Pascual et al., 2005).
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Giri and colleagues (2004) present evidence that the ability o f  15dPGJ2 to 

attenuate LPS/lFNy induced increases in iNOS and N F kB activity were not altered by 

the PPARy antagonist GW 9662 or by overexpression o f  PPARy, which suggest a 

PPARy independent mechanism o f  this m odulatory effect. Treatm ent o f  astrocytes 

with ISdPGJi m odulated the LPS/IFNy-induced increase in pro-inflamm atory 

cytokine expression (IL -ip , TN Fa, IL-6, iNOS) by inhibiting IkB kinase (IKK) 

activity which results in the inhibition o f  IkB degradation and therefore in turn 

prevents the translocation o f  p65 to the nucleus, thereby regulating the N Fk B 

pathway (Giri et al., 2004). They also state that in astrocytes 15dPGJ2 inhibited the 

recruitment o f  coactivator compounds such as p300/CREB-binding protein, which is 

required for maximal N F kB activity (Giri et al., 2004). Another novel PPARy 

independent mechanism o f  the anti-inflam m atory action o f  PPARy agonists was 

suggested following work in m icroglia and astrocytes investigating JAK-STAT 

signalling in the inflammatory response. Treatm ent o f  microglia and astrocytes with 

rosiglitazone (20|iM ) and ISdPGJo (10|a.M) inhibited the LPS and IFNy induced 

phosphorylation o f  JAK 1 and JAK2 as well as STA Tl and STATS. They 

subsequently examined the effect o f  this on MCP-1 and IP -10, two chemokines 

whose expression requires the activation o f  JAK STAT signalling. IFNy and LPS 

rapidly increased the transcription o f  both genes, but this induction was inhibited by 

ISdPGJi and rosiglitazone (Park et al., 2003).

While the mechanism o f  lL-1 maturation and release is incompletely 

understood, it is known that the activation o f the IL-1(3 inflamm asom e complex is 

required for the cleavage o f  inactive p ro-IL -ip  by caspase 1 to active IL -ip  which is 

released from the cell (Ferrari et al., 2006). As rosiglitazone attenuates the LPS- 

induced increase in IL-1(3 in the supernatant o f  glial cells it suggests a possible ability 

o f  PPARy agonists to modulate protease or caspase activity, in particular caspase 1 

and this is an avenue that might merit further investigation.

The present data highlight one difference between microglia and astrocytes.

Rosiglitazone attenuated the LPS-induced increases in all three cytokines in

astrocytes but the LPS-induced increase in IL -ip  release from m icroglia was not

blocked by rosiglitazone pretreatment. This difference in the response o f  different cell
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types leads to the question o f  how rosiglitazone is exerting its m odulatory effect on 

the inflammatory profile o f  glial cells in the brain.

The importance o f  maintaining the balance o f pro- and anti-inflam m atory 

cytokines in the brain has been highlighted previously. It has been show n that the 

increase in pro-intlam m atory cytokines lL-1 and lL-6 which have been reported with 

age and in neurodegenerative diseases is accom panied by a decrease in the anti

inflammatory cytokines IL-4 and lL-10. This apparent imbalance in pro- and anti

inflammatory cytokines is thought to contribute to the deficit in LTP (Lynch et al., 

2007; M aher et al., 2005; Nolan et al., 2005). Consistently, evidence has indicated 

the importance o f lL-4 as a regulator o f  inflammation in the brain and it has been 

reported that IL-4 downregulates 1L-1(3 protein in tissue prepared from  aged rats 

(M aher et al., 2005).

Previous data suggested that rosiglitazone may act in an IL-4 mediated 

manner (Loane et al., 2009) and therefore its effect on IL-4 production was 

investigated in mixed glia, isolated astrocytes and isolated microglia. The data show 

that rosiglitazone induced a significant increase in IL-4 in mixed glia and astrocytes, 

but not in m icroglia suggesting that the source o f  IL-4 is probably astrocytes. The 

ability o f  rosiglitazone to induce an increase in IL-4 mirrors data observed in vivo 

which demonstrated that the age-related decrease in IL-4 concentration in the 

hippocampus was restored to concentrations observed in the hippocam pus o f  young 

animals pretreated orally with rosiglitazone (Loane et al., 2009). This finding 

suggests that the possible anti-inflam matory action o f  rosiglitazone m ay be mediated 

through the production o f  the anti-inflam matory cytokine IL-4. If rosiglitazone exerts 

its modulatory effects by inducing IL-4 then it follows that it will fail to exert any 

action in IL-4''^' mice. This was investigated by analysing the effect o f  rosiglitazone 

on LPS-induced changes in mixed glia prepared from C57 wildtype and lL-4'^' mice. 

The data show that LPS significantly increased IL -ip  in cells prepared from both C57 

and IL-4'^' mice. Pretreatment with rosiglitazone significantly attenuated the LPS- 

induced increase in IL -ip  in cells prepared from C57 mice but not in IL-4'^' mice, 

confirm ing that the anti-inflam m atory action o f  rosiglitazone is lL-4 dependent. This 

was further confirmed by previous data (Loane et al., 2009), and in this study it was
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dem onstrated that rosiglitazone attenuated the LPS-induced increase in MHCII 

m RNA in wildtype, but not IL-4'^' mice (Loane et al., 2009). It is noted that 

rosiglitazone treatm ent induced an increase in the supernatant concentration o f  IL -ip  

in IL-4'^‘ mice in the absence o f  LPS, but this increase did not reach statistical 

significance.

It must be predicted that if  IL-4 mediates the effect o f  rosiglitazone that then 

lL-4 will mimic its effects. To investigate this, mixed glial cells were pretreated with 

recom binant IL-4 (20ng/m l) and as previously observed, LPS induced a significant 

increase in the supernatant concentrations o f  IL -lp , TN Fa and IL-6. Pretreatment 

with IL-4 attenuated the LPS-induced increase in supernatant concentration o f IL -ip  

but not T N Fa or IL-6. However, it has been shown that pretreatment o f  co-cultures o f 

rat astroglial and microglial cells with IL-4 (5-50 U/ml) induced a dose dependent 

suppression o f LPS-induced IL-6 and TN Fa concentration (Chao et al., 1993; 

Ledeboer et al., 2000). The authors report that IL-4 (5 or 50 U/ml) significantly 

attenuated the LPS-induced increase in TN Fa (5 U/ml) and IL-6 (50 U/ml) but failed 

to attenuate IL -ip  at either concentration (Ledeboer et al., 2000). It was also reported 

that pretreatm ent o f m icroglia with IL-4 (3ng/ml) attenuated LPS-induced increase in 

TN Fa (Chao et al., 1993). Both soluble and membrane bound IL-4 receptor have 

been found in astrocytes (Brodie et al., 1998) however m icroglia in culture have been 

shown to express lL-4 receptor but do not express lL-4 when evaluated by RT-PCR 

(Suzum ura et al., 1994). However lL-4 pretreatment failed to attenuate the LPS- 

induced increase in both markers o f microglial activation CD40 and CD 11b. The 

ability o f  lL-4 to attenuate m arkers o f microglial activation has been demonstrated 

before both in vitro and in vivo, adm inistration o f IL-4 (200ng/m l) attenuated Ap 

induced increase in M HC II in cultured cortical glia (Lyons et al., 2007b). lL-4 

adm inistration attenuated the IFNy-induced increase in M HC II m RNA in the 

hippocam pus (Clarke et al., 2008).

It has long been established that the role o f  PPARy agonists in controlling 

lipid and glucose m etabolism occurs in a PPARy dependent m echanism  but the data 

presented here suggests that lL-4 plays an important role in the anti-inflam matory 

actions. It is known that the binding o f  a PPARy agonist to the nuclear receptor
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results in a conform ational change in PPARy such that it binds to the DNA and 

recruitment o f  transcriptional activators occurs. This results in an increase in gene 

expression. PPARy regulates the expression o f  numerous genes in adipocytes and it is 

this role that is important as a treatment for type II diabetes. In adipocytes, PPARy 

regulates the expression o f  numerous genes involved in lipid metabolism such as aP2, 

acyl-CoA synthase, LPL and CD36. These genes are important in the control o f lipid 

uptake into adipocytes but whether alterations in transcription o f  one or more o f  these 

genes plays a role in the anti-inflammatory action o f  PPARy agonists is not clear.

Early evidence showed that the anti-inflammatory action o f  PPARy agonists 

was in fact mediated through activation o f PPARy (Jiang et a l ,  1998; Ricote et al., 

1998). Treatment o f  peritoneal macrophages and monocytes with the endogenous 

PPARy agonist ISdPGJa (0.1|o,M) attenuated IFNy induced macrophage activation 

(Ricote et al., 1998) and the production o f  pro-inflammatory cytokines by monocytes 

(Jiang et al., 1998). In one study the authors tested the hypothesis that PPARy 

activation was m ediating this action (Luna-M edina et al., 2005). HT22 cells were 

transfected with a reporter construct containing three consensus PPARy response 

elements (PPRE-tk-luc) and in these cells an increase in luciferase activity would 

represent activation o f  PPARy. They reported a significant increase in luciferase 

activity following treatm ent with two PPARy agonists NPOOl 11 and NPOl 138. They 

subsequently investigated whether the anti-inflam matory action o f these agonists was 

also mediated through PPARy activation. Astrocytes and microglia were treated with 

the PPARy antagonist GW 9662 and with NPOOl 11 (50|iM ) or NP00138 (50|iM ), 

followed by LPS treatm ent (10|o,g/ml). The PPARy agonists attenuated the LPS- 

induced increase in IL-6, TN Fa and nitrite production, and this attenuation was 

significantly reversed by GW 9662, indicating a PPARy dependent action (Luna- 

M edina et al., 2005).

In contrast, numerous reports have previously suggested that the anti

inflammatory effects o f  PPARy agonists are independent o f PPARy activity. Castrillo 

and colleagues (2000) demonstrated that 15dPGJ2 inhibited TN Fa and lL-6 secretion 

in a murine microglial cell line that is known to express negligible PPARy. It was 

also demonstrated that rosiglitazone had an anti-inflammatory action in BV2 murine
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m icroglia cell line, despite undetectable levels o f  PPARy transcripts (Park et al., 

2003). Further evidence o f  the PPARy-independent m echanism  in modulating pro- 

inflamm atory cytokine secretion is the dem onstration that 15dPGJ2, troglitazone and 

ciglitazone attenuated LPS-induced and IFN-y-induced increases in cytokines in 

m acrophages prepared from wildtype and PPARy-deficient mice. Recent evidence 

from this lab suggests also that rosiglitazone acts in a m anner which is independent o f 

PPARy, as the presence o f the PPARy antagonist GW 9662 failed to reverse the ability 

o f  rosiglitazone to attenuate the LPS-induced increase in IL -ip  in mixed glial cells 

(Loane et al., 2007). The suggestions for an alternative PPARy independent 

m echanism  are that it may work through the m odulation N F kB activation (Petrova et 

al., 1999). Others have suggested that 15dPGJ2 and rosiglitazone-induced 

transcription o f  suppressor o f  cytokine signalling (SOCS) 1 and 3 are responsible for 

the anti-intlam m atory effects (Benveniste, 1998; Storer et al., 2005).

The results presented here suggest that rosiglitazone has the ability to 

modulate the release o f  pro-inflam m atory cytokines from mixed glia, isolated 

m icroglia and astrocytes. The evidence suggests that it does so in an IL-4 dependent 

manner since lL-4 mimics many o f the effects o f  rosiglitazone and its actions are 

absent in cells prepared from lL-4'^‘ mice. Im portantly, the data indicate that 

astrocytes are responsible for the increase in lL-4 but the m echanism  by which 

rosiglitazone increases lL-4 rem ains to be established.
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Figures



Figure 3.1. R osiglitazone dose-dependently attenuated the LPS-induced  
increase in IL -ip  in cortical mixed glial cultures .

LPS ( l |ig /m l)  induced a significant increase in m ean IL-1|3 protein 
concentration in supernatant o f m ixed glia (***p<0.001, versus control- 
treated glia). Pretreatm ent with rosiglitazone (20 |iM  and 100|aM) 
significantly  attenuated the LPS-induced increase (**'p<0.01, versus LPS- 
treated glia). V alues are presented as m eans (±SEM ; n=6) and expressed as 
p g lL -ip /m l.
LPS (I |ig /m l) or rosiglitazone (20|aM) treatm ents did not alter the viability 
o f  m ixed glial cells (ANOVA; versus control-treated glia).

(a) 2-w ay A N OV A ; F (l,21)=47.85; p<0.001, rosig litazone •
F (l,21)=1 .37 ; p=0.2556, rosiglitazone F (l,21)=12.39 ; p<0.01, rosig litazone

F (l,21)=27 .52; p<0.01, Interaction^ff^^, F (I,21 )= I6 .80 ; p<0.001.
(b) 2-w ay A N OV A ; F (l,4)=0.49; p=0.5225, rosiglitazone^ff^^, F (l,4)=0.02;

p=0.9066, Interaction^ff^^, F (l,4 )=2 .16 ; p=0.215.
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Figure 3.2. Rosiglitazonc attenuated the LPS-induced increase in IL -ip  
in cultured mixed glia.

LPS ( l | ig /m l)  induced a significant increase in mean IL -ip  m R N A  
expression and supernatant concentration o f  IL-1(3 in mixed glia, compared 
with controls (a; ***p<0.001; b; ***p<0.001; ANOVA). Pretreatment o f  
mixed glia with rosiglitazonc (20|iM) significantly attenuated the LPS- 
induced increase in IL-1(3 mRNA and supernatant concentration o f  IL-1|3 (a; 
''*p<0.01; b; ''p<0.05; ANOVA; versus LPS-treated glia). Rosiglitazonc 
(20|iM) pretreatment did not significantly affect IL-ip  m RNA expression or 
protein concentration. Values are presented as means (±SEM; n=6) and 
expressed as IL -ip i^-actin  (RQ) or pg IL-ip/ml.

(a). 2-way ANOVA; F(l,16)=46.82; p<0.001, rosiglitazone^ff^^,, F (l,1 6 )= l 1.43;
p<0.01, Interaction^ff^^., F (l,16)=10.93; p<0.01.
(b). 2-way ANOVA; F (l,20)=19.21; p<0.001, rosiglitazone^.ff^^, F (l,20)=5.88; 
p<0.05, Interaction^ff^.^., F (l,20)=5.47; p<0.05.

72



IL
-lp

 
(p

g/
m

l)

+
Control

+ LPS 
Rosiglitazone

b

200n

Control Rosiglitazone

73



Figure 3.3. Rosiglitazone attenuated the LPS-induced increase in IL-6 
mRNA in cultured mixed glia.

LPS (l |ag/m l) induced a significant increase in mean IL-6 m RNA expression 
and supernatant concentration o f  IL-6 in mixed glia, compared with controls 
(a; ***p<0.001; b;**p<0.01; ANOVA). Pretreatment o f  mixed glia with 
rosiglitazone (20|j.M) significantly attenuated the LPS-induced increase in 
IL-6 m R N A  (a; *'^p<0.01; ANOVA; versus LPS-treated glia) but not 
supernatant concentration o f  lL-6 (b; ANOVA; versus LPS-treated glia). 
Rosiglitazone (20^.M) pretreatment did not significantly affect IL-6 mRNA 
expression or supernatant concentration o f  IL-6. Values are presented as 
means (±SEM; n=6) and expressed as IL-6:p-actin (RQ) or pg IL-6/ml.

(a). 2-way ANOVA; F(l,16)=29.66; p<0.001, rosiglitazone^ff^^, F(l,16)=12.24;
p<0.01, Interaction^ff^^, F(l,16)=10.24; p<0.01.
(b). 2-way ANOVA; F(l,35)=15.52; p<0.01, rosiglitazone^ff^^, F(l,35)=0.01;
p=0.912, Interactionpffj,|,j F(l,35)=0.03; p=0.8721.
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Figure 3.4. R osiglitazone attenuated the LPS-induced increase in T N F a  
m RNA in cultured mixed glia.

LPS (l|ig /m l) induced a significant increase in mean TNFa mRNA 
expression and supernatant concentration o f TNFa in mixed glia, compared 
with controls (a; ***p<0.001; b;**p<0.01; ANOVA). Pretrealment o f mixed 
glia with rosiglitazone (20|iM) significantly attenuated the LPS-induced 
increase in TNFa mRNA (a; *p<0.01; ANOVA; versus LPS-treated glia) but 
not the supernatant concentration of TNFa (b; ANOVA; versus LPS-treated 
glia). Rosiglitazone (20|aM) pretreatment did not significantly affect TNFa 
mRNA expression or supernatant concentration. Values are presented as 
means (±SEM; n=6) and expressed as TNFa:3-actin (RQ) or pg TNFa/ml.

(a). 2-way ANOVA; F(l,15)=21.34; p<0.001, rosiglitazone^ff^^, F (l,15)=6.06;
p<0.05, Interaction^ff^^, F(l,15)=3.18; p=0.0947.
(b). 2-way ANOVA; F(l,20)=8.80; p<0.01, rosiglitazone^ff^^, F (l,20)=0.42;
p=0.5219, Interaction^ffpj,, F(l,20)=0.88; p=0.3586.
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Figure 3.5. Rosiglitazone attenuated the LPS-induced increase in CD40 
and C D l lb  in cultured mixed glia.

LPS (l|^g/m l) induced a significant increase in mean CD40 mRNA and 
CDl lb  mRNA expression in mixed glia, compared with controls (a; 
***p<0.001; b; *p<0.05; ANOVA). Pretreatment o f mixed glia with 
rosiglitazone (20jaM) significantly attenuated the LPS-induced increase in 
CD40 and CD l lb  mRNA (a; "'^p<0.01; b; '''^VO-OOl; ANOVA; versus LPS- 
treated glia). Rosiglitazone (20|iM) pretreatment did not significantly affect 
CD40 or CD l lb  mRNA expression. Values are presented as means (±SEM; 
n=6) and expressed as CD40:P-actin (RQ) or CDl lb:3-actin (RQ).

(a). 2-way ANOVA; F(l,15)=22.64; p<0.001, rosiglitazonej.ff|.j,, F (l,15)=9.82;
p<0.01, Interaction|.ff^^, F(l,15)=8.36; p=0.0112.
(b). 2-way ANOVA; LPS f̂f^ ,̂ F(l,23)=5.52; p<0.05, rosiglitazone^ff^.^, F(1,23)=I8.13; 
p<0.001, Interaction^ff^^, F(l,23)=0.33; p=0.4729.
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Figure 3.6. Rosiglitazone attenuated the LPS-induced increase in IL -ip  
m RNA in cultured microglia.

LPS ( l |ig /m l)  induced a significant increase in m ean IL-1(3 m R N A  
expression and supernatant concentration o f  IL -ip  in m icroglia, com pared 
w ith controls (a; ***p<0.001; b; **p<0.01; ANOVA). Pretreatm ent o f  
m icroglia w ith rosiglitazone (20|j,M) significantly attenuated the LPS- 
induced increase in IL-1(3 mRNA (a; ''*^p<0.001; AN OV A versus LPS- 
treated m icroglia) but not supernatant concentration o f IL -ip  (b; A N O V A  
versus LPS-treated microglia). Rosiglitazone (20|iM ) pretreatm ent did not 
significantly affect IL -ip  mRNA expression or protein concentration. 
Values are presented as means (±SEM ; n=6) and expressed as IL -ip :P -actin  
(RQ) or pg IL -1 p/ml.

(a). 2-way ANOVA; F(l,20)=138.21; p<0.001, rosiglitazonej.ff^^, F(l,20)=45.52; 
p<0.001, Interactioii|.ff|.j,, F(l,20)=57.95; p<0.001.
(b). 2-way ANOVA; LPŜ ff̂ ,̂ F(l,20)=13.65; p<0.01, rosiglitazone^ff^^, F(l,20)=0.72; 
p=0.4093, Interaction^ff^j., F(l,20)=0.79; p=0.3858.
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Figure 3.7. Rosiglitazone attenuated the LPS-induced increase in IL-6 in 
cultured microglia.

LPS ( l |jg /m l)  induced a significant increase in supernatant concentration o f 
IL-6 in m icroglia, com pared with controls (b; ***p<0.001; AN O V A ). LPS 
failed to increase IL-6 m RNA in isolated m icroglia, com pared w ith controls 
(a; A N O V A ). Pretreatm ent o f  m icroglia with rosiglitazone (20|iM ) 
significantly  attenuated the LPS-induced increase in supernatant 
concentration o f  IL-6 (b; '*p<0.05; AN O V A  versus LPS-treated m icroglia). 
Rosiglitazone (20^M ) pretreatm ent did not significantly affect IL-6 m RN A  
expression or protein concentration. Values are presented as m eans (±SEM ; 
n=6) and expressed as IL-6:P-actin (RQ) or pg IL-6/ml.

(a). 2-way ANOVA; F(l,19)=0..01; p=0.9240, rosiglitazone^ff^^, F (l,19)=1.03; 
p=0.3226, Interaction^ffpj,, F(l,19)=0.05; p=0.8219.
(b). 2-way ANOVA; F(l,20)=70.39; p<0.001, rosiglitazone^ff^^, F (l,20)=7.01; 
p=0.0155, Interaction^ff^^, F(l,20)=2.74 p=0.1133.
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Figure 3.8. R osiglitazone attenuated the LPS-induced increase in T N F a  
in cultured m icroglia.

LPS (l|ig /m l) induced a significant increase in mean TNFa mRNA 
expression and supernatant concentration o f TNFa in microglia, compared 
with controls (a; ***p<0.001; b; ***p<0.001; ANOVA). Pretreatment o f 
microglia with rosiglitazone (20|iM) significantly attenuated the LPS- 
induced increase in TNFa mRNA and supernatant concentration o f TNFa (a; 
'^**p<0.001; b; ^*'*p<0.001; ANOVA versus LPS-treated microglia). 
Rosiglitazone (20(aM) pretreatment did not significantly affect TNFa mRNA 
expression or protein concentration. Values are presented as means (±SEM; 
n=6) and expressed as TNFa:P-actin (RQ) or pg TNFa/ml.

(a). 2-way ANOVA; F(l,16)=53.73; p<0.001, rosiglitazonej.ff^^, F(l,16)=17.04;
p<0.001, Interaction^ffj.^, F(l,16)=41.95; p<O.OOI.
(b). 2-way ANOVA; F(l,20)=94.82; p<0.001, rosiglitazone^ff^^, F (l,20)=309.60;
p<0.001, Interactionj.ff^j,, F(l,20)=5.25; p<0.05.
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Figure 3.9. Rosiglitazone attenuated the LPS-induced increase in CD40 
and C D l lb  in cultured microglia.

LPS ( l | ig /m l)  induced a significant increase in mean CD40 and C D l lb  
m R N A  expression microglia, compared with controls (a; ***p<0.001; b; 
***p<0.001; ANOVA). Pretreatment o f  microglia with rosiglitazone (20|iM) 
significantly attenuated the LPS-induced increase in CD40 m R N A  and 
CD l lb  m RN A  (a; '^p<0.05; b; '^'*p<0.01; ANOVA versus LPS-treated 
microglia). Rosiglitazone (20|iM) pretreatment did not significantly affect 
CD40 or C D l lb  mRNA expression. Values are presented as means (±SEM; 
n=6) and expressed as CD40;(3-actin (RQ) and CD l Ibi^actin (RQ).

(a). 2-way ANOVA; F(1,18)=5I.62; p<0.001, rosiglitazone^.ff^^, F (l,18)=14.39;
p<0.05, Interaction^ffj.^, F (l,18)=4 .l 1; p=0.0576.
(b). 2-way ANOVA; LPS f̂f^ ,̂ F(l,19)=8.77; p<0.001, rosiglitazone^fj^^, F(l,19)=2.09; 
p=0.1697, Interactionj,ff^^,. F(l,19)=36.74; p<0.01
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Figure 3.10. Rosiglitazone attenuated the LPS-induced increase in IL -ip  
in cultured astrocytes.

LPS (l|ig /m l) induced a significant increase in mean IL -ip  mRNA 
expression and supernatant concentration o f IL -ip  in astrocytes, compared 
with control-treated astrocytes (a; *p<0.05; b; ***p<0.001; ANOVA). 
Pretreatment o f astrocytes with rosiglitazone (20|j.M) significantly attenuated 
the LPS-induced increase in supernatant concentration o f IL-1(3 (b; 
''^^p<0.001; ANOVA versus LPS-treated astrocytes) but not IL -ip  mRNA 
concentration (a; ANOVA versus LPS-treated astrocytes). Rosiglitazone 
(20|iM ) pretreatment did not significantly affect IL -ip  mRNA expression or 
protein concentration. Values are presented as means (±SEM; n=6) and 
expressed as lL-ip:P-actin (RQ) or pg IL-lp/m l.

(a). 2-way ANOVA; F (l,14)=8.61; p<0.05, rosiglitazonej.ff|.|., F (l,14)=0.28; 
p<0.05, Interaction^ff^j., F (l,14)=0.13; p=0.7258.
(b). 2-way ANOVA; F(l,14)=263.53; p<O.OOI, rosiglitazone^ff^,., F (l,14)=37.14;
p<0.001, Interaction^ff^^, F (l,14)=41.94; p<0.001.
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Figure 3.11. R osiglitazone attenuated the LPS-induced increase in IL-6 
in cultured astrocytes.

LPS ( l|ig /m l)  induced a significant increase in supernatant concentration o f 
IL-6 in astrocytes, com pared with controls (b; ***p<0.001; ANOVA). LPS 
failed to induce an increase in IL-6 m RNA expression in astrocytes (a; 
ANOVA). Pretreatm ent o f astrocytes with rosiglitazone (20 |iM ) significantly 
attenuated the LPS-induced increase in supernatant concentration o f  IL-6 (b; 
''p<0.05; A N O V A  versus LPS-treated astrocytes). Rosiglitazone (20|aM) 
pretreatm ent did not significantly affect IL-6 m RN A  expression or 
supernatant concentration. Values are presented as m eans (±SEM ; n=6) and 
expressed as IL-6:P-actin (RQ) or pg IL-6/ml.

(a). 2-way ANOVA; F (l,14)=0.01; p=0.9379, 
p=0.8906, Interaction^ff^j., F(l,14)=0.04; p=0.8385.
(b). 2-way ANOVA; F(l,12)=97.08; p<O.OOI,
p<0.05, Interactionj.ffp|., F (1,12)=I6.7I; p<0.01.

rosiglitazone^ff^^, F( 1 ,14)=0.20; 

rosiglitazone^ff^j, F( 1,12)=8.74;
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Figure 3.12. Rosiglitazone attenuated the LPS-induced increase in TNFa  
in cultured astrocytes.

LPS (l|ig /m l) induced a significant increase in TNFa niRNA expression and 
supernatant concentration o f TNFa in astrocytes, compared with controls 
(a;***p<0.001; b; ***p<0.001; ANOVA). Pretreatment o f astrocytes with 
rosiglitazone (20|iM ) significantly attenuated the LPS-induced increase in 
supernatant concentration o f TNFa (b; '''*''p<0.001; ANOVA versus LPS- 
treated astrocytes). Rosiglitazone (20|aM) pretreatment did not significantly 
affect TNFa mRNA expression or protein concentration. Values are 
presented as means (±SEM; n=6) and expressed as TNFa/p-actin (RQ) or pg 
rN Fa/m l.

(a). 2-way ANOVA; F(l,14)=29.55; p<0.001, rosiglitazone^fj^^, F(l,14)=0.39;
p=0.5422, Interactioii|.ff^j,, F(l,14)=0.21; p=0.6544.
(b). 2-way ANOVA; F(l,14)=204.65; p<0.001, rosiglitazone^„^^, F(l,14)=36.25;
p<0.001, Interaction^ff^j,, F(l,14)=35.55; p<0.001.
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Figure 3.13. Rosiglitazone induced a significant increase in IL-4 in 
mixed glia and astrocytes.

Rosiglitazone (20 |iM ) pretreatm ent induced a significant increase in 
supernatant concentration o f  IL-4 in m ixed glia and astrocytes, com pared 
with control-treated m ixed glia and astrocytes (a; *p<0.05; b; *p<0.05; 
AN OV A and S tudent’s t test respectively). Pretreatm ent o f  m icroglia w ith 
rosiglitazone (20|o.M) failed to increase supernatant concentration o f  lL-4 (c; 
S tudent’s / test control-treated m icroglia). LPS ( l|ig /m l)  treatm ent did not 
significantly  affect IL-4 concentration. V alues are presented as m eans 
(±SEM ; n=6) and expressed as pg IL-4/m l.

(a). 2-way ANOVA; F(l,8)=0.16; p=0.6978, rosiglitazone^ff^^, F(l,8)=8.59
p<0.05, Interactionj,ff |̂., F(l,8)=0.01; p=0.9409.
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Figure 3.14. Rosiglitazone attenuated the LPS-induced increase in IL -ip  
in C57BL/6 mixed glia and but not IL-4' '̂ mixed glia.

LPS ( l|ig /m l)  induced a significant increase in m ean IL-1(3 concentration in 
m ixed glia, com pared with control-treated glia obtained from  the cortex o f 
C57BL/6 and IL-4'^‘ m ice (***p<O.OOI; ANOVA). Pretreatm ent o f  C 57B L/6 
m ixed glia w ith rosiglitazone (20|aM) significantly attenuated the LPS- 
induced increase in IL-1(3 ('^*p<0.01; ANOVA versus LPS-treated m ixed 
glia) but rosiglitazone pretreatm ent failed to attenuate this increase in IL -4 ''' 
m ixed glia (ns; AN OV A versus LPS-treated m ixed glia). Rosiglitazone 
(20|^M) pretreatm ent did not significantly affect IL -ip  protein concentration. 
Values are presented as m eans (±SEM ; n=6) and expressed as pg IL -ip /m l.

C57BL/6, 2-way ANOVA; F(l,29)=178.68; p<0.001, rosiglitazone^.ff|,j,,
F (l,29)=8.78; p<0.01, Interaction^ff^^, F(l,29)=9.65; p<0.01.
IL-4-/-, 2-way ANOVA; F(l,20)=10.84; p<0.001, rosiglitazone^fj^^,
F (l,20)=0.67; p=0.4243, Interaction^„^^, F(l,20)=0.99; p=0.3308.
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Figure 3.15. IL-4 attenuated the LPS-induced increase in IL-ip in 
cultured mixed glia.

LPS (l|a.g/ml) induced a significant increase in mean IL -ip  mRNA 
expression and supernatant concentration o f  IL - ip  in mixed glia, compared 
with control-treated mixed glia obtained from the cortex o f  neonatal rats (a; 
*p<0.05; b; ***p<0.001; ANOVA). Pretreatment o f  mixed glia with IL-4 
(20ng/ml) significantly attenuated the LPS-induced increase in supernatant 
concentration o f  IL -ip  (b; *p<0.05; AN O V A  versus LPS-treated mixed glia) 
but not IL - ip  m R N A  expression (a; A N O V A  versus LPS-treated mixed 
glia). IL-4 (20ng/ml) pretreatment did not significantly affect IL-1(3 m RNA 
expression or supernatant concentration o f  IL-1[3. Values are presented as 
means (±SEM ; n=6) and expressed as IL-1 P:P-actin (RQ) or pg IL-1 p/ml.

(a). 2-way ANOVA; F(l,20)=197.75; p<0.001, IL-4̂ ffee, F(l,20)=4.88; p=0.067, 
Interaction^ff^j., F(l,20)=3.28; p=0.08.
(b). 2-way ANOVA; LPS,ff„, F(l,14)=5.95; p<0.05, F(l,20)=0.71; p=0.4104, 
lnteraction|.ff^j,, F(l,20)=0.68; p=0.4188.
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Figure 3.16. IL-4 failed to attenuate the LPS-induced increase in IL-6 in 
cultured mixed glia.

LPS ( l |jg /m l)  induced a significant increase in m ean IL-6 m RNA expression 
and supernatant concentration o f IL-6 in mixed glia, com pared w ith controls 
(a; *p<0.05; b; ***p<0.001; ANOVA). Pretreatm ent o f  m ixed glia w ith IL-4 
(20ng/m l) did not significantly attenuate the LPS-induced increase in IL-6 
m RN A  expression or supernatant concentration o f IL-6 (a and b; A N O V A  
versus LPS-treated m ixed glia). IL-4 (20ng/m l) pretreatm ent did not 
significantly affect IL-6 m RNA expression or supernatant concentration o f 
IL-6. V alues are presented as means (±SEM ; n=6) and expressed as IL -6 :(3- 
actin (RQ) or pg IL-6/ml.

(a). 2-way ANOVA; F(l,20)=5.45; p<0.05, F(l,20)=0.33; p=0.5718,
Interaction^ff^^, F(l,20)=0.77; p=0.3907.
(b). 2-way ANOVA; F(l,19)=476.40; p<0.001, IL-4^ff,„ F(l,19)=2.92; p=0.1039, 
Interaction^ff^^, F(l,19)=2.78; p=0.1ll7 .
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Figure 3.17. IL-4 failed to attenuate the LPS-induced increase in TNFa  
in cultured mixed glia.

LPS (l|ig /m l) induced a significant increase in mean TN Fa mRNA 
expression and supernatant concentration o f  TNFa in mixed glia, compared 
with controls (a; *p<0.05; b; ***p<0.001; ANOVA). Pretreatment o f mixed 
glia with IL-4 (20ng/ml) did not significantly attenuate the LPS-induced 
increase in TNFa mRNA expression or supernatant concetration (a and b; 
ANOVA versus LPS-treated mixed glia). IL-4 (20ng/ml) pretreatment did 
not significantly affect IL-6 mRNA expression or supernatant protein 
concentration. Values are presented as means (±SEM; n=6) and expressed as 
TNFa:P-actin (RQ) or pg TNFa/ml.

(a). 2-way ANOVA; F(l,19)=7.02; p<0.05, IL-4^ffe,, F(l,19)=0.27; p=0.6088,
Interaction^ff^^, F(l,20)=0.00; p=0.9464.
(b). 2-way ANOVA; F(l,20)=211.04; p<0.001, IL-4^ff,„ F(l,20)=0.13; p=0.7202, 
Interaction^ffj^, F(l,20)=0.13; p=0.7202.
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Figure 3.18. IL-4 failed to attenuate the LPS-induced increase in CD40 
and C D l lb  in cultured mixed glia.

LPS (l|ag/m l) induced a significant increase in mean CD40 and C D l l b  
mRNA expression in mixed glia, compared with controls (a; **p<0.01; b; 
**p<0.01; ANOVA). Pretreatment o f mixed glia with lL-4 (20ng/ml) did not 
significantly attenuate the LPS-induced increase in CD40 or CDl lb  mRNA 
expression (a and b; ANOVA versus LPS-treated mixed glia). IL-4 
(20ng/ml) pretreatment did not significantly affect CD40 or C D l l b  mRNA 
expression. Values are presented as means (±SEM; n=6) and expressed as 
CD40:p-actin (RQ) or CD l lb:P-actin (RQ).

(a). 2-way ANOVA; F (l,19 )= l 1.97; p<0.01, F (l,19)=4.82; p=0.0507,
lnteractioii|,ff^i,, F (1,I9)=2.39; p=O.I388.
(b). 2-way ANOVA; LPS.ff,,, F (l,39)=10.27; p<0.01, F (1,39)=I.18; p=0.2841,
Interaction^ff^^, F (l,39)=0.05; p=0.8298.

104



a

Control

2n

Oa:

Control IL-4

105



Chapter 4

Assessment of the anti-inflammatory properties of a 
novel PPARy agonist, MDG79, on glial cells



4.1. Introduction

In the previous chapter evidence o f  the ability o f  rosiglitazone to attenuate the 

LPS-induced increase in pro-inflam m atory cytokines in vitro was presented and its 

ability to modulate LPS-induced increases in markers o f  microglial activation was 

also demonstrated. However like all drugs PPARy agonists have side effects, and 

despite the ability o f  rosiglitazone to modulate neuroinflam m ation and its success in 

the treatm ent o f  type II diabetes, recent reports suggest that adm inistration o f  

rosiglitazone is associated with an increased risk o f  myocardial infarction (N issen and 

W olski, 2007).

These reports have indicated the need for new PPARy agonists that could 

provide the same beneficial effects in inflamm ation and diabetes but w ithout the 

negative cardiovascular side effects. Researchers are developing and testing new 

drugs sim ilar in structure to glitazones for their potential use in this area. The 

M olecular Design Group in Trinity College Dublin has identified a com pound which 

is structurally different from rosiglitazone but one that also binds to PPARy, called 

MDG79. In preliminary investigations using M DG79, it was shown that MDG79 

modulates neuronal damage against the neurotoxin MPP^ in dopaminergic cell lines 

(Davey et a i, unpublished).

The aim o f  this study was to assess whether or not the novel PPARy agonist, 

M DG79, modulated LPS-induced changes in pro-inflamm atory cytokines and 

markers o f  microglial activation in mixed glial cultures. An additional aim was to 

determine whether or not the m odulatory role o f  M DG79 on LPS-induced changes in 

mixed glia was PPARy-dependent.

4.2. Methods

Mixed glial cells were prepared from one day old W istar rats, cultured for 10- 

14 days and treated with the PPARy agonist M DG79 at four concentrations; 10, 20, 

50 and IOO)j,M in the presence and absence o f  LPS (I|a,g/ml). Analysis o f  supernatant 

cytokine concentrations were assessed by ELISA, and cytokine m RNA expression,
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markers o f  PPARy activity and microglial marker mRNA expression were assessed 

by Q-PCR (see sections 2.3., 2.4. and 2.5 for specific details).

Mixed glia were also prepared from one day old W istar rats, cultured for 10- 

14 days and treated with the PPARy antagonist GW 9662 and agonist MDG79 in the 

presence or absence o f  LPS (l|j,g/ml). As before, analysis o f supernatant cytokine 

concentrations were assessed by ELISA, and cytokine m RNA expression and 

microglial m arker m RNA expression were assessed by Q-PCR (see sections 2.3., 2.4. 

and 2.5 for specific details).

Data are expressed as means ± standard error o f the mean. Data were analysed 

by 1-way ANOVA and if  significant changes were detected post hoc comparisons 

were performed using Newman Keuls test.

4.3. Results

Anti-inflam m atory effects o f  M DG79 in vitro.

The focus continues on PPARy agonists as potential anti-infiammatory 

therapeutics in neurodegenerative disease. As shown in the previous chapter 

rosiglitazone, a well established PPARy agonist, has the ability to modulate LPS- 

induced inflammatory changes in vitro. More recently emphasis has been put on the 

developm ent o f  novel and structurally-different PPARy agonists. These agonists are 

designed to be more specific and to bind more tightly to the PPARy receptor, but little 

is known about their ability to modulate inflammatory cytokines in the brain. The aim 

o f this study was to establish whether M DG79, a novel PPARy agonist, might 

modulate LPS-induced changes in mixed glial cells.

The ability o f  M DG79 to modulate LPS-induced changes in IL -ip  mRNA and 

protein was investigated. Figure 4.1a shows that mean 1L-1(3 mRNA expression was 

increased in LPS-treated glia compared with control-treated glia and this difference 

was statistically significant (ANOVA; F=15.19, p<0.001). Post-hoc tests after a
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significant 1-way ANOVA showed that M DG79 (!00|j,M ) significantly attenuated 

this LPS-induced increase in IL -ip  mRNA (^**p<0.001). Figure 4.1b shows that the 

mean supernatant concentration o f  IL -ip  in LPS-treated glia was increased compared 

with control and this difference was statistically significant (ANOVA; F=12.13, 

p<0.001). Post-hoc tests following the ANOVA also showed that M DG79 alone 

(100|j,M) significantly increased IL -ip  compared with control (***p<0.001). Post-hoc 

analysis also showed that M DG79 pretreatment attenuated the LPS-induced increase 

in IL -ip  in a dose-dependent manner; lO^M (^^p<0.01), 20fxM (^*^p<0.001), 50)o,M 

('""'p<0.001) and 100|aM ( " " V q.OOI).

Figure 4.2 shows that LPS induced a significant increase in mean TN Fa 

mRNA expression (a; 12.27 RQ ±  2.295; n=6) and supernatant concentration o f 

TN Fa (b; 15.53 pg/ml ± 3.295; n=6) in mixed glia, compared with controls (a; 2.078 

RQ ± 0.5483; ***p<O.OOI; n=6; AN OVA) and (b; 0.3958 pg/ml ± 0.22; *p<0.05; 

n=6; ANOVA). Pretreatment o f  mixed glia with M DG79 (lOOfaM) significantly 

attenuated the LPS-induced increase in TN Fa mRNA (a; 1.783 RQ ± 0.5882; 

^^*p<0.001, n=6; AN OVA) and supernatant concentration o f  T N Fa (b; 0.0608 pg/ml 

± 0.032; *'p<0.05; n=6; ANOVA). Pretreatment o f  mixed glia with rosiglitazone 

(20fiM) significantly attenuated the LPS-induced increase in TN Fa mRNA (5.513 

RQ ± 1.836; **p<0.05; n=6; ANOVA). But did not significantly affect the LPS- 

induced increase in supernatant concentration o f  TN Fa (b; 9.134 pg/ml ± 1.678; n=6; 

ANOVA). MDG79 (100|a.M) pretreatment did not significantly affect TNFa.

Figure 4.3 shows that LPS induced a significant increase in mean IL-6 mRNA 

expression (a; 15.78 RQ ± 2.98; n=6; ANOVA) and supernatant concentration o f  lL-6 

(b; 376.3 pg/ml ± 66.53; n=6; AN OV A) in mixed glia, compared with controls (a; 

1.406 RQ ± 0.1420; ***p<0.001; n=6; ANOVA) and (b; 90.08 pg/ml ± 34.4; 

**p<0.01; n=6; ANOVA). Pretreatment o f  mixed glia with M DG79 (lOOfxM) 

significantly attenuated the LPS-induced increase in lL-6 m RNA (a; 2.537 RQ ± 

0.9750; *^p<0.01; n=6; ANOVA) and supernatant concentration o f  IL-6 (b; 78.46 

pg/ml ± 7.831; ^^p<0.01; n=6; ANOVA). Pretreatment o f  mixed glia with 

rosiglitazone (20|iM ) significantly attenuated the LPS-induced increase in IL-6 

mRNA (a; 4.63 RQ ± 1.443; ***p<0.01; n=6; A N OV A) but not supernatant
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concentration (b; 205.12 pg/ml ± 56.18; n=6; ANOVA). MDG79 (100|iM ) alone did 

not significantly affect lL-6 mRNA expression or supernatant concentration o f IL-6.

Figure 4.4 shows that LPS induced a significant increase in mean CD40 

m RNA (a; 6.950 RQ ± 1.2; n=6; ANOVA) and C D l lb  mRNA (b; 15.98 RQ ± 2.257; 

n=6; A N OV A) expression in mixed glia, compared with controls (a; 1.182 RQ ± 

0.2841; **p<0.01; n=6; AN OVA) and (b; 0.7713 RQ ± 0.1208; ***p<0.001; n=6; 

ANOVA). Pretreatment o f  mixed glia with M DG79 (100|a.M) significantly attenuated 

the LPS-induced increase in CD40 mRNA (a; 0.44 RQ ± 0.273; ^*^p<0.001; n=6; 

ANOVA) and CD l lb  (b; 2.162 RQ ± 0.8210; ™ p<0.001; n=6; ANOVA). 

Pretreatment o f  mixed glia with rosiglitazone (20|j,M) also significantly attenuated the 

LPS-induced increase in CD40 mRNA (a; 2.408 RQ ± 0.8984; ^**p<0.01; n=6; 

ANOVA) and C D l lb  mRNA (b; 2.035 RQ ± 0.4161 ;" ''V 0 .0 0 1 ; n=6; ANOVA). 

M DG79 (100|iM ) alone did not significantly affcct CD40 or CD) lb  mRNA 

expression.

M DG79 and P PA Ryactivation

The results above show that MDG79 does indeed have the ability to modulate 

LPS-induced inflammatory changes in vitro in mixed glial cells. It has the ability to 

attenuate mRNA expression and supernatant concentration o f  pro-inflammatory 

cytokines in a m anner which is similar to rosiglitazone.

The next objective o f  this study was to establish if  this ability to attenuate pro- 

inflammatory cytokines was dependent on, or independent of, PPARy activation. Two 

downstream  gene products o f PPARy activation were assessed, CD36 mRNA and 

LPL mRNA. Figure 4.5 shows that pretreatment o f  mixed glia with M DG79 at the 

three concentrations (10, 20 and 100|iM) did not significantly affect CD36 mRNA (a; 

0.23 RQ ± 0.11; 0.23 RQ ± 0.12; 0.23 RQ ± 0.13) or LPL mRNA (b; 0.45 RQ ± 0.08; 

0.44 RQ ±  0.05; 0.46 RQ ±  0.07) expression compared with controls (a; 0.33 RQ ± 

0.23; b; 0.68 RQ ± 0 .10 ; n=6; ANOVA).

109



To further assess the role o f  PPARy activation mixed glia were pretreated with 

M DG79, in the presence or absence o f  a PPARy antagonist GW 9662, and LPS.

Figure 4.6a shows that mean IL -ip  mRNA expression was increased in LPS- 

treated glia compared with control-treated glia and this difference was statistically 

significant (ANOVA; F=13.26, p<0.001). Post-hoc tests after a significant 1-way 

ANOV A showed that M DG79 (100|j.M) significantly attenuated the LPS-induced 

increase in 1L-1(3 m RNA (**p<0.05). Post-hoc tests showed no significant difference in 

I L- i p  mRNA in M D G 79/LPS-treated glia compared with M D G 79/LPS/G W 9662- 

treated glia, which suggested that the ability o f  M DG79 to attenuate the LPS-induced 

increase in IL- ip mRNA was not PPARy dependent. Figure 4.6b shows that the mean 

supernatant concentration o f  IL- ip  in LPS-treated glia was increased compared with 

control-treated glia and this difference was statistically significant (ANOVA; 

F=10.26, p<0.001). Post-hoc tests following the ANOVA also showed that MDG79 

(100|iM ) significantly increased IL- ip compared with control (***p<0.001). Post-hoc 

analysis also showed that M DG79 (100|aM) pre-treatm ent significantly attenuated the 

LPS-induced increase in IL- ip (^^p<0.01). The ability o f  M DG79 to attenuate this 

LPS-induced increase in IL- lp was found to be independent o f  PPARy as post hoc 

tests showed no significant difference in the supernatant concentration o f  IL- ip  in 

M DG79/LPS-treated glia compared with M DG79/LPS/GW 9662-treated glia.

The ability o f  M DG79 to m odulate LPS-induced changes in IL-6 mRNA and 

protein was investigated, and the dependence o f  this on PPARy was also investigated 

by treating in the presence o f  the PPARy antagonist GW 9662. Figure 4.7a shows that 

mean IL-6 mRNA expression was increased in LPS-treated glia compared with 

control-treated glia and this difference was statistically significant (ANOVA; 

F=6.645, p<0.01). Post-hoc tests after a significant ANOVA showed that MDG79 

(100|iM ) significantly attenuated the LPS-induced increase in lL-6 m RNA (*p<0.05). 

Post-hoc test showed no significant difference in IL-6 mRNA expression in 

M DG79/LPS-treated glia compared with M DG79/LPS/GW 9662-treated glia, which 

suggested that the ability o f  M DG79 to attenuate the LPS-induced increase in lL-6 

mRNA expression was not PPARy dependent. Figure 4.7b shows that mean 

supernatant concentration o f  lL-6 in LPS-treated glia was increased compared with
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control and this difference was statistically significant (ANOVA; F= 10.33; p<0.001). 

Post-hoc tests following the ANOVA showed that MDG79 (lOO^M) significantly 

attenuated the LPS-induced increase in IL-6 (^^^p<0.001). The ability o f MDG79 to 

attenuate this LPS-induced increase in IL-6 was found to be independent o f  PPARy 

as post hoc tests showed no significant difference in supernatant concentration lL-6 in 

M DG79/LPS-treated glia compared with M DG79/LPS/GW 9662-treated glia

The ability o f  M DG79 to modulate LPS-induced changes in CD40 and 

C D l l b  mRNA expression, and whether this was dependent on PPARy was 

investigated. Figure 4.8a shows that mean CD40 m RNA expression was increased in 

LPS-treated glia compared with control-treated glia and this difference was 

statistically significant (ANOVA; F= 18.52, p<0.001). Post-hoc tests after a 

significant 1-way ANOVA showed that MDG79 (lOOfiM) significantly attenuated 

this LPS-induced increase in CD40 mRNA (*^*p<0.001). Post-hoc tests also showed 

that CD40 mRNA expression was significantly different in LPS/M DG79/GW 9662- 

treated glia compared with M DG79/LPS-treated glia ( p<0.01) which suggested that 

MDG79 modulates CD40 mRNA expression in a PPARy dependent manner. Figure 

4.8b shows that mean C D l l b  mRNA expression was increased in LPS-treated glia 

compared with control-treated glia and this difference was statistically significant 

(ANOVA; F = 1 1.37, p<0.001). Post-hoc tests after a significant 1-way ANOVA 

showed that M DG79 significantly attenuated this LPS-induced increase in C D l l b  

mRNA (^*^p<0.001). The ability o f  M DG79 to attenuate this LPS-induced increase in 

C D l l b  was found to be independent o f  PPARy as post hoc tests showed no 

significant difference in C D l l b  expression in M DG79/LPS-treated glia compared 

with M DG79/LPS/GW 9662-treated glia.
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4.4. Discussion

The aims o f  this study were to investigate the potential o f  a novel PPARy 

agonist, M DG79, to modulate LPS-induced increases in pro-inflamm atory cytokines 

and m arkers o f  microglial activation in mixed glial cultures, to compare its ability to 

m odulate these changes with that o f  rosiglitazone, and to investigate the dependency 

o f  any m odulatory effect on PPARy activation.

Pretreatment o f  mixed glia with M DG79 (100)j,M) significantly attenuated the 

LPS-induced increases in IL -ip , IL-6 and TN Fa mRNA expression in a similar 

m anner to that o f rosiglitazone (20|aM). The ability o f  M DG79 to attenuate the 

m RNA expression o f  pro-inflamm atory cytokines suggests that it may act to 

m odulate transcription o f  pro-inflamm atory cytokines. As mentioned in the previous 

chapter, PPARy agonists can modulate the transcription in both PPARy-dependent 

and independent mechanisms, ultimately preventing the activation o f  the pro- 

inflam m atory transcription factors N F kB and the JAK STAT signalling pathways.

Pretreatment with M DG79 attenuated the supernatant concentration o f  IL -ip  

and lL-6 at 20 and 50|j,M, a m uch lower concentration than required to  attenuate the 

m RNA expression o f both cytokines. However supernatant concentration o f TN Fa 

was significantly attenuated at a concentration o f 100fj.M. In contrast, pretreatment 

with rosiglitazone did not attenuate the LPS-induced increase in the supernatant 

concentration o f  lL-6 and TN Fa, confirming the data in Chapter 3. The results 

identify a differential effect o f  M DG79 at the mRNA and protein level and uncover a 

possible difference between M DG79 and rosiglitazone. The importance o f  the 

proteolytic cleavage o f  cytokines, particularly IL -ip  and IL-18, as a potential 

m echanism  in the control o f  inflamm ation has been realised in recent times (M artinon 

and Tschopp, 2004; M edzhitov, 2007). Inflamm asom es are protein com plexes that 

activate pro-inflam m atory caspases. For example, activation o f  caspase 1 is required 

for processing two m em bers o f  the lL-1 fam ily o f  cytokines, IL -ip  and IL-18 

(M artinon and Tschopp, 2004). These cytokines are stored in an inactive form, such 

as p ro -lL -ip , and require cleavage by caspase 1 to the active form which is 

subsequently secreted. The ability o f  M DG79 to attenuate supernatant concentration
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of  IL -ip  suggests that it may involve an interaction with the inflammasome but 

further investigation is required to explore this possibiHty.

An increase in the supernatant concentration o f  IL -ip  was observed in 

supernatants obtained from MDG79-treated, compared with control-treated, mixed 

glia. This was unexpected, as neither TN Fa nor IL-6, nor the expression o f  markers 

o f  glial activation were increased with pretreatment o f  MDG79. Only one study in the 

literature presents evidence o f  a PPARy agonist-induced increase in pro-inflammatory 

cytokines. The study was conducted in pigs where injection o f  rosiglitazone (3mg/kg) 

in combination with LPS (lOOfig/kg) induced a significantly greater increase in TNFa 

and lL-6 mRNA and protein concentration in the spleen and thymus compared with 

LPS-injected animals (Liu et al., 2009).

In the brain, microglia express cell surface markers and the expression of 

certain markers such as CD40, CDl lb and MHCII can be upregulated in response to 

stress, age or stimuli such as LPS (Loane et al., 2009; Minagar et al., 2002; Schintu et 

al., 2009; Sun et al., 2008). In this study a significant increase in CD40 and CD l lb 

mRNA in response to LPS (l|ig /m l) was observed which supports the data presented 

in the previous chapter. Pretreatment with the highest concentration o f  MDG79 

significantly attenuated the LPS-induced increase in the expression o f  both CD40 and 

CDl lb mRNA expression. This corresponds with the ability o f  rosiglitazone to 

attenuate the expression o f  both CD40 and CDl lb, and it is well established in the 

literature that PPARy agonists modulate LPS- and IFNy-induced increases in MHCII, 

CD40 and CDl lb  (Bernardo and Minghetti, 2006; Loane et a!., 2009; Schintu et al., 

2009).

MDG79 is clearly able to attenuate the LPS-induced increase in pro- 

inflammatory cytokines whether the anti-inflammatory action o f  MDG79, and indeed 

PPARy agonists, is PPAR-dependent remains to be established

In this study 1 investigated whether MDG79 had an affect on PPARy 

activation by examining changes in CD36 and LPL mRNA which are two gene 

products o f  PPARy activation (Berger and Moller, 2002). CD36 is a class B 

scavenger receptor, its function is to scavenge oxidised LDL particles and take up
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cholesterol into m acrophages; and its expression has been shown to be dependent on 

PPARy activation (Hodgkinson and Ye, 2003). Evidence in the literature shows that 

the PPARy agonists; 15dPGJ2, ciglitazone and rosiglitazone, increase CD36 mRNA 

expression in m acrophages and that the dependence o f CD36 expression on PPARy 

activation is demonstrated as treatm ent o f J774 cells and NIH-3T3 (both cell types do 

not express PPARy) with troglitazone failed to induce an increase in CD36 mRNA 

expression (Chawla et al., 2001; Hodgkinson and Ye, 2003).

No change in CD36 m RNA expression in response to M DG79 treatment was 

observed in mixed glia, which suggests that the abilty o f  M DG79 to modulate 

inflamm atory cytokines in mixed glia is PPARy independent. This is rem iniscent o f 

the findings o f  Loane and colleagues (2009) who reported that in the hippocampus o f  

rosiglitazone-treated anim als CD36 mRNA and protein were unaffected by 

rosiglitazone treatm ent (Loane et al., 2009). In order to further examine this LPL 

expression in the same mixed glia cells was assessed. LPL is a reliable marker o f 

PPARy activation, for example, pioglitazone has been shown to increase LPL mRNA 

in white adipose tissue and in adipocytes via the stim ulation o f PPARy (Bogacka et 

al., 2004; K ageyam a et al., 2003). No change in LPL mRNA expression in response 

to treatm ent o f  mixed glia with M DG79 was observed.

These data therefore indicate that M DG79 appears to act in a manner

independent o f  PPARy activation, at least if  the proxy markers o f  two downstream

gene products is an acceptable m easure o f  activation. To further investigate and

obtain confirm atory data 1 examined whether the PPARy antagonist, GW 9662,

abrogated the m odulatory effect o f  M DG79 on LPS-induced changes. GW 9662 is a

potent, selective, and irreversible antagonist o f  PPARy (Leesnitzer et al., 2002). The

data indicate that GW 9662 failed to modulate the inhibitory effect o f  M DG79 on

LPS-induced m RNA expression and supernatant concentration o f  IL -ip  and lL-6 in

mixed glia. This further suggests that the m odulatory role o f  M DG79 was

independent o f  PPARy. Num erous reports in the literature have previously reported

that the anti-infiam m atory effects o f  PPARy agonists are independent o f  PPARy

activity. Castrillo and colleagues (2001) reported that 15dPGJ2, and other non-

thiazolidinedione PPARy agonists, inhibited TN Fa and lL-6 secretion in a murine
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microglial cell line that expresses negligible PPARy (Castrillo et a!., 2001). It was 

shown that GW9662 failed to reverse the attenuation o f  the LPS-induced increase in 

IL-ip  by rosiglitazone in mixed glia (Loane et al., 2009) and that rosiglitazone 

exhibited an anti-inflammatory action in the murine microglial cell line, BV2, despite 

undetectable levels o f  PPARy transcripts (Park et al., 2003).

However GW9662 did modulate the inhibitory effect o f  MDG79 on LPS- 

induced mRNA expression o f  CD40 and C D l l b .  This suggests that MDG79 

downregulates the expression o f  the cell surface proteins CD40 and C D l l b  in a 

PPARy dependent mechanism and therefore it might be tentatively proposed that 

while expression o f  cell surface markers can be modulated by PPARy activation, 

modulation o f  inflammatory cytokines can not. The ability o f  PPARy agonists to 

attenuate the TN Fa and IFNy induced increase in CD40 mRNA expression has been 

demonstrated in human renal proximal tubular epithelial (HK-2) cells, and this 

attenuation was partly abrogated by GW9662 (Zhang et al., 2006). Bernardo and 

colleagues (2005) demonstrated that the attenuation in MHC 11 expression by 

microglia is PPARy dependent, and interestingly experiments in microglia by the 

same authors indicate that an NSAID, a flubriprofen derivate HCT1026, attenuated 

NO release from activated microglia. The anti-inflammatory affect was abrogated by 

treatment with GW9662 but the drug itself did not alter PPARy expression (Bernardo 

et al., 2005). As Landreth and colleagues note, there is no common consensus on 

what is the dominant mode o f  PPARy action, and it is probable that PPARy agonists 

act through multiple pathways to affect disease pathophysiology in both humans and 

animal models o f  disease (Landreth et al., 2008).
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Chapter 4 
Figures



Figure 4.1. MDG79 attenuated the LPS-induced increase in IL-ip in 
cultured mixed glia.

a.) Relative quantification o f IL -ip  mRNA in mixed glia pre-treated with 
MDG79 (10-100|j,M) in the presence or absence o f LPS (l|ig /m l). Data are 
expressed as the fold difference in IL -ip  relative to control (RQ), and data 
are presented as means (±SEM; n=4-6). ***=p<0.001, Newman Keuls post 
hoc test, LPS-treated versus control. *'^'^=p<0.001, Newman Keuls post-hoc 
test, LPS/MDG79 100|iM treated versus LPS-treated.b). Supernatant 
concentration o f IL -ip  measured by ELISA in mixed glia pre-treated with 
MDG79 (10-1 OOjaM) in the presence or absence o f LPS (1 |ag/ml). Data are 
expressed as pglL -ip/m l and presented as means (±SEM; n=4-6). 
***=p<0.001, Newman Keuls post-hoc test, control versus LPS-treated. 
***=p<0.001, Newman Keuls post-hoc test, control versus MDG79-treated. 
'*^=p<0.01, ^^^=p<0.001, Newman Keuls post-hoc test, LPS-treated versus 
LPS/M DG79-treated (10-100)aM).

(a). 1-way ANOVA; F(l,39)=15.19; p<0.001,
(b). 1-way ANOVA; F(l,40)=12.13; p<0.001.
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Figure 4.2. MDG79 attenuated the LPS-induced increase in TNFa in 
cultured mixed glia.

LPS (l|ag/m l) induced a significant increase in mean TNFa inRNA 
expression and supernatant concentration o f TN Fa in mixed glia, compared 
with controls (a; ***p<0.001; b; *p<0.05; ANOVA). Pretreatment o f mixed 
glia with MDG79 (lOOjaM) significantly attenuated the LPS-induced 
increase in TNFa mRNA and supernatant concentration (a; '*''*p<0.001; b; 
^p<0.05; ANOVA versus LPS-treated mixed glia). MDG79 (100|iM ) 
pretreatment did not significantly affect TN Fa mRNA expression or 
supernatant concentration. Values are presented as means (±SEM; n=6) and 
expressed as TNFa;P-actin (RQ) or pg TNFa/ml.

(a). 1-way ANOVA; F(l,37)=6.284; p<0.001,
(b). 1-way ANOVA; F(l,37)=5.032; p<0.01.
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Figure 4.3. MDG79 attenuated the LPS-induced increase in IL-6 in 
cultured mixed glia.

LPS (l|ag/m l) induced a significant increase in mean IL-6 mRNA expression 
and supernatant concentration of IL-6 in mixed glia, compared with controls 
(a; ***p<0.001; b;**p<0.01; ANOVA). Pretreatment o f mixed glia with 
MDG79 (100p.M) significantly attenuated the LPS-induced increase in lL-6 
mRNA (a; '''*p<0.01) and pretreatment with MDG79 (20, 50 and lOOjiM) 
attenuated supernatant concentration o f  IL-6 (b; "p<0.05; ^''p<0.01; ANOVA 
versus LPS-treated mixed glia). MDG79 (100|o,M) pretreatment did not 
significantly affect IL-6 mRNA expression or supernatant concentration of 
IL-6. Values are presented as means (±SEM; n=6) and expressed as 1L-6:P- 
actin (RQ) or pg lL-6/ml.

(a). 1-way ANOVA; F(l,38)=8.956; p<0.001,
(b). 1-way ANOVA; F(l,37)=6.075; p<0.001
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Figure 4.4. MDG79 attenuated the LPS-induced increase in CD40 and 
C D l l b  in cultured mixed glia.

LPS (l^g /m l) induced a significant increase in mean CD40 and C D l l b  
mRNA expression in mixed glia, compared with controls (a; **p<0.01; b; 
***p<0.001; ANOVA). Pretreatment o f mixed glia with MDG79 (100|aM) 
significantly attenuated the LPS-induced increase in CD40 mRNA and 
C D l l b  (a; *''^p<0.001; b; *^^p<0.001; ANOVA versus LPS-treated mixed 
glia). MDG79 (100|iM ) pretreatment did not significantly affect CD40 or 
C D l lb  mRNA expression. Values are presented as means (±SEM; n=6) and 
expressed as CD40;(3-actin (RQ) or CD l lb;(3-actin (RQ).

(a). 1-way ANOVA; F(l,31)=4.761; p<0.01,
(b). 1-way ANOVA; F(l,36)=12.12; p<0.001,
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Figure 4.5. MDG79 treatment did not change CD36 or LPL mRNA  
expression in cultured mixed glia.

Treatment o f mixed glia with MDG79 (10, 20 or lOO^M) did not 
significantly change CD36 mRNA or LPL mRNA expression (a and b; 
ANOVA versus control-treated mixed glia). Values are presented as means 
(±SEM; n=6) and expressed as CD36:P*actin (RQ) or LPL:|3-actin (RQ).

(a). 1-way ANOVA; F(l,14)=0.090; p=0.9640.
(b). 1-way ANOVA; F(l,19)=1.995; p=0.1553.
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Figure 4.6. GW9662 did not reverse the ability of MDG79 to attenuate 
the LPS-induced increase in IL-ip.

a).Relative quantification o f IL -ip  mRNA in mixed glia pre-treated with 
MDG79 (100|aM), or MDG79 (100|aM) in combination with GW9662 
(20|iM), in the presence or absence of LPS (l|ag/ml). Data are expressed as 
the fold difference in IL -ip  mRNA relative to control (RQ) and data are 
presented as means (±SEM; n=5-6). **=p<0.01, Newman Keuls post-hoc 
test, LPS-treated versus control. '*=p<0.05, Newman Keuls post-hoc test, 
LPS-treated versus MDG79/LPS-treated. b). Supernatant concentration of 
IL -ip  measured by ELISA in mixed glia pre-treated with MDG79 (100|.iM) 
or MDG79 (100|iM ) in combination with GW9662 (20|j,M), in the presence 
or absence o f LPS (l|ag/ml). Data are expressed as pglL -ip/m l and presented 
as means (±SEM; n=5-6). ***=p<0.001, Newman Keuls post-hoc test, LPS- 
treated versus control. ***p<0.001, Newman Keuls post-hoc test, MDG79- 
treated versus control, "*=p<0.01, Newman Keuls post-hoc test, 
MDG79/LPS-treated versus LPS-treated.

(a). 1-way ANOVA; F(l,18)=13.26; p<O.OOI.
(b). 1-way ANOVA; F(l,30)=10.26; p<0.001.
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Figure 4.7. GW9662 did not reverse the ability of MDG79 to attenuate 
the LPS-induced increase in lL-6.

a). Relative quantification o f IL-6 mRNA in mixed glia pre-treated with 
MDG79 (100|aM), or MDG79 (100|aM) in combination with GW9662 
(20p.M), in the presence or absence o f LPS (Ijag/ml). Data are expressed as 
the fold change in IL-6 mRNA relative to control (RQ) and presented as 
means (±SEM; n=6). **=p<0.01, Newman Keuls post hoc test, LPS-treated 
versus control. *= p<0.05, Newman Keuls post-hoc test, MDG79/LPS-treated 
versus LPS-treated. b). Supernatant concentration o f lL-6 measured by 
ELISA in mixed glia pre-treated with MDG79 (100|xM) or pre-treated with 
MDG79 (100 (xM) in combination with GW9662 (20|iM), in the presence or 
absence o f LPS (lja.g/ml). Data are expressed as pgIL-6/ml and presented as 
means (±SEM; n=6). ***=p<0.001, Newman Keuls post-hoc test LPS- 
treated versus control. '''^*=p<0.001, Newman Keuls post-hoc test, LPS- 
treated versus MDG79/LPS-treated.

(a). 1-way ANOVA; F(l,20)= 6.645; p<0.01.
(b).l-w ay ANOVA; F(l,29)=10.33; p<0.001.
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Figure 4.8. GW9662 did reverse the ability of MDG79 to attenuate the 
LPS-induced increase in CD40 and but not C D llb

a). Relative quantification o f CD40 mRNA in mixed glia pre-treated with 
MDG79 (100|iM ), or pre-treated with MDG79 (lOOjaM) in combination with 
GW9662 (20|aM), in the presence or absence o f LPS (l|ag/m l). Data are 
expressed as the fold change in CD40 relative to control (RQ), and presented 
as means (±SEM; n=6). ***=p<0.001, Newman Keuls post-hoc test, LPS- 
treated versus control. ^*''=p<0.001, Newman Keuls post-hoc test LPS- 
treated versus MDG79/LPS-treated. 58=p<0.01, Newman Keuls post-hoc 
test, M DG79/LPS-treated versus MDG79/GW 9662/LPS-treated.
b). Relative quantification o f C D l lb  mRNA in mixed glia pre-treated with 

MDG79 (100|xM), or pre-treated with MDG79 (100|aM) in combination with 
GW9662 (20|aM), in the presence or absence o f LPS (l)ig/m l). Data are 
expressed as the fold change in C D l l b  relative to control (RQ), and 
presented as means (±SEM; n=6). **=p<0.01, Newman Keuls post-hoc test, 
LPS-treated versus control treated. '^''*=p<0.001, Newman Keuls post-hoc 
test, M DG79/LPS-treated versus LPS-treated.

(a). 1-way ANOVA; F(l,23)=18.52; p<0.001.
(b).l-w ay ANOVA; F (l,21)= l 1.37 p<0.001.
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Chapter 5

Microglial activation in EAE prior to and after the 
onset of clinical symptoms



5.1. Introduction

Multiple sclerosis (MS) and its animal model EAE are chronic demyelinating 

diseases o f  the CNS. It is generally agreed that MS and EAE begin with acute 

inflammatory lesions characterised by the breakdown o f  the BBB (McFarland and 

Martin, 2007). This allows the migration o f  CD4^ T cells into the brain, the 

presentation o f  antigen to the T cells by microglia and the subsequent recruitment o f  

B cells, macrophages, dendritic cells and microglia that amplifies the inflammatory 

response and the demyelination o f  the axons.

The antigen in EAE and MS is one o f  the myelin proteins that form the 

insulating sheath along the axon, which include MBP, PLP and MOG. The principle 

behind the disease model is the development o f  an immune response to the myelin 

peptide and the disease progression is enhanced by a combination o f  adjuvant (CFA) 

and mycobacterium which results in the appearance o f  clinical symptoms that permit 

the monitoring o f  disease progression.

It is well established that CD4^ T cells, particularly Thl and T h l7  cells play 

an important role in EAE disease progression, both IL-6 and T N Fa cytokines 

produced by T cells are found in the lesions o f  the MS brain. Importantly though, the 

extent o f  axonal damage in EAE correlates with the number o f  microglia7macrophage 

at the lesion site (Kuhlmann et al., 2002). Activated microglia contribute to disease 

pathology as they function not only as antigen presenting cells but also produce pro- 

inflammatory cytokines. Cytokines such as TNFa, and IL -ip  produced by microglia 

have the potential to enhance inflammation in the brain and spinal cord by promoting 

the destruction o f  myelin (Martin and Near, 1995). Activated microglia have been 

shown to express a number o f  immunologically relevant molecules including CD40 

(Tan et al., 1999). CD40 is a member o f  the TNF receptor family o f  cell surface 

proteins. Microglia expressing CD40 interact with CD40L positive T cells and the 

interactions play a role in the activation o f  cells o f  the monocytic lineage and 

contribute to the inflammatory process (Alderson et al., 1993).

Recent reports have highlighted the importance o f  cell-cell interactions in the 

regulation o f  microglial activation. One such system involves the CD200-CD200R
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interaction. CD200, wiiicli is expressed on neurons, interacts with its receptor, which 

is expressed on cells o f  the myeloid lineage, primarily microglia. Evidence in the 

literature suggests that the CD200-C200R interaction exerts an inhibitory signal to 

microglia that suppresses their proliferation and activation and the subsequent 

production o f  NO and cytokines thus protecting neurons from the inflammatory 

damage that occurs in AD, MS and in EAE (Meuth et al., 2008b). Studies conducted 

in CD200"'^' mice identified that EAE disease onset occurred earlier in CD200'^', 

compared with wildtype, mice and that this was accompanied by increased microglial 

activation (Hoek et al., 2000). Similarly experiments have shown that antibody 

mediated blockade o f  CD200R leads to an aggravated clinical course and outcome o f  

EAE in rats and selective elevation o f  CD200 on CNS neurons which, in turn, 

resulted in diminished accumulation o f  macrophages and microglia in the CNS, and 

reduced expression o f  pro-inflammatory cytokines (Chitnis et al., 2007).

Cognitive decline has been reported in MS patients in particular the ability to 

learn and remember new information (Thornton et al., 2002). The presence o f  

demyelinating lesions in the hippocampus o f  MS patients has been documented and 

may be the cause o f  the underlying cognitive decline (Geurts et al., 2007). Further 

evidence has shown that there is selective hippocampal atrophy in EAE in the CAl 

region which is associated with deficits in memory encoding and retrieval (Sicotte et 

al., 2008).

The aim o f  this study was to monitor pro-inflammatory cytokine production in 

EAE both prior to and after the onset o f  clinical symptoms both in the spleen, spinal 

cord and hippocampus. A second aim was to investigate the role o f  CD200 in EAE 

and to establish whether changes in CD200 were correlated with changes in 

microglial activation in this condition as well as others.

5.2. Methods

Mice (C57BL/6) were injected subcutaneously with 150|o,g 

myelinoligodendrocyte glycoprotein ( M O G 3 5 . 5 5 ) ,  CFA and Mycobacteria tuberculosis 

at Day 0 and an intraperitoneal injection o f  PT at Day 0 and Day 2. Clinical scores
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were assessed daily and disease severity was graded as follows: grade 0 -  normal; 

grade 1 -  flaccid tail; grade 2 -  wobbly gait; grade 3 -  hind limb weakness; grade 4 -  

hind limb paralysis; grade 5 -  tetraparalysis/death.

Mice were sacrificed at predeterm ined tim e points to allow  the disease 

progression to be assessed. The tim e points were 0.5, 3, 5, 7, 10, and 21 days post 

M OG injection. The spinal cord, hippocam pus and spleen were rem oved and stored 

for later analysis. A nalysis o f  m icroglial m arkers, neuronal m arkers and cytokine 

m RNA were assessed by PCR and cytokine concentrations were assessed by ELISA 

(see sections 2.3., 2.4. and 2.5. for specific details). Data are expressed as means ± 

standard error o f  the mean. A 1-way ANOVA was performed to determ ine whether 

significant differences existed and post-hoc com parisons using New m an Keuls post- 

hoc tests were performed in the event o f  main effects o f  EAE during the timecourse,

5.3. Results

EAE was induced in C57BL/6 mice and clinical symptoms were scored.

Clinical scores for EAE were assessed daily for the duration o f  the study. 

Figure 5.1 shows the appearance o f clinical scores o f EAE 7 days post MOG 

injection. Average clinical scores increased in the mice at each day post 

immunisation. None o f  the anim als in the control group developed any clinical 

symptom s o f EAE and therefore did not score above 0 throughout the study.

Glial cells and cytokine production in the spinal cord during EAE

Figure 5.2 shows that IL -ip  mRNA expression was significantly increased in

the spinal cord 5 days (a; 5.74 RQ ± 0.98; n=6), 10 days (a; 26.85 RQ ± 6.89; n=6)

and 21 days (a; 20.51 RQ ± 3.02; n=6) post MOG injection compared with controls

(a; 1.05 RQ ± 0.2; n=6; **p<0.01, ***p<0.001; ANOVA). Figure 5.2 indicates that

IL-ip concentration was significantly increased in the spinal cord 10 days (b; 83.23

pg/mg ± 17.01; n=6) and 21 days (b; 71.95 pg/mg ± 8.61; n=6) post M OG injection

compared with controls (b; 26.64 pg/mg ± 9.16; n=6; ***p<0.001; ANOVA).
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Figure 5.3 shows that neither IL-6 mRNA expression (Figure 5.3a) nor IL-6 

concentration (Figure 5.3b) changed significantly at any o f  the time points post MOG 

injection.

TN Fa m RNA expression was investigated in the spinal cord o f  mice 0.5-21 

days post-M OG injection. Figure 5.4a shows that TN Fa mRNA was increased in 

EAE and this difference was statistically significant (ANOVA, F=6.809, p<0.001). 

Post-hoc test after a significant 1-way ANOVA showed that TN Fa mRNA expression 

10 days post-M OG injection was significantly different when compared with control 

(***p<0.001). Figure 5.4b shows that TN Fa protein concentration was decreased in 

EAE and this difference was statistically significant (ANOVA, F=3.553, p<0.01). 

Although differences TN Fa are apparent from the graph, no significant differences 

were detected by post hoc comparisons between control and any time point. The 

inability to detect significant differences by post hoc tests may be due to the high 

variability in o f  the data in the 21 day time point.

Figure 5.5 shows that CD40 mRNA expression increased over time following 

MOG injection. Expression was significantly increased in the spinal cord 7 days (a; 

3.47 RQ ± 0.49; n=6) and 21 days (a; 6.53 RQ ± 0.24; n=6) post MOG injection 

compared with controls (a; 1.18 RQ ±  0.63; n=6; *p<0.05, ***p<0.001; ANOVA). 

Data suggests that one factor which modulates microglial activation is CD200 and 

interestingly Figure 5.5 also shows that CD200 m RNA expression was significantly 

decreased in the spinal cord 21 days (b; 0.599 RQ ± 0.119; n=6) post MOG injection 

compared w hh controls (b; 1.08 RQ; n=6; *p<0.05; ANOVA). This indicates that an 

inverse relationship between CD40 mRNA and CD200 mRNA exists.

lL-4 m RNA expression was investigated in the spinal cord o f  mice 0.5-21 

days post-M OG injection. Figure 5.6 shows that lL-4 m RNA expression was 

unchanged in EAE (ANOVA; F=1,336, p=0.2897).

Glial cells and cytokine production in the hippocampus during EAE.

IL -ip  m RNA expression was analysed in the hippocampus o f mice 0.5-21

days post-M OG injection. Figure 5.7a shows that IL -ip  m RNA expression was
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increased in the h ippocam pus o f  EA E m ice and th is difference w as statistically  

significant (A N O V A , F=5.288, p<0.01). Post-hoc tests after a s ign ifican t 1-way 

A N O V A  show ed that IL - ip  m R N A  was significantly  increased com pared  w ith 

control 5 and 7 days post-M O G  injection  (*p<0.05 and **p<0.01 respectively). 

F igure 5.7b show s that IL-1(3 protein  concentration  w as decreased  in the 

h ippocam pus o f  EA E m ice and th is d ifference was statistica lly  sign ificant (A N O V A , 

8.624, p<0.001). Post-hoc tests after a significant 1-way A N O V A  show ed tha t IL - ip  

pro tein  w as sign ificantly  decreased com pared  w ith  contro l, 10 and 21 days post- 

M O G  injection (*p<0.05 and **p<0.01 respectively).

lL-6 m R N A  expression  and protein w as investigated  in the h ippocam pus o f  

m ice 0.5-21 days post M O G  injection. F igure 5.8a show s that lL-6 m R N A  increased 

in E A E  and this d ifference w as statistically  significant (A N O V A ; F =2.573, p<0.05). 

Post-hoc tests after a significant 1-way A N O V A  show ed no significant d ifferences 

betw een specific tim e points and the control. F igure 5.8b show s that lL -6 pro tein  was 

unchanged in EA E (A N O V A ; F=2.202; p=0.058).

F igure 5.9 show s that T N F a  m R N A  expression  w as significantly  increased in 

the h ippocam pus 5 days (a; 67.98 RQ  ±  21.12; n=6) 10 days (a; 37.2 RQ ± 10.74; 

n=6) and 21 days (a; 60.79 RQ ±  7.28; n=6) post M O G  injection com pared  w ith 

con tro ls (a; 2.87 RQ  ± 0.92; n=6; *p<0.05, **p<0.01; A N O V A ). F igure 5.9 indicates 

that T N F a concentration  w as not significantly  changed in the h ippocam pus at any 

tim e point post M O G  injection com pared w ith controls.

F igure 5.10 show s that C D 40 m R N A  expression  w as significan tly  increased 

in the h ippocam pus 7 days (a; 3.09 RQ ± 0 .6 1 ;  n=6) and 21 days (a; 2 .99  RQ ±  0.45; 

n=6) post M O G  injection  com pared w ith  contro ls (a; 0.88 RQ  ± 0 .25; n=6; *p<0.05, 

A N O V A ). F igure 5.10 indicates that C D 200 m R N A  expression  w as significantly  

decreased in the h ippocam pus 3 days (b; 0.25 RQ ±  0 .93; n=6), 5 days (b; 0 .22 RQ ±  

0 .14; n=6), 7 days (b; 0.29 RQ ± 0.24; n=6), 10 days (b; 0.05 RQ ± 0 .03) and 21 days 

(b; 0.09 RQ ± 0.006; n=6) post M O G  injection com pared w ith controls (b; 0 .77 RQ ± 

0.08; n=6; *p<0.05, **p< 0 .01 ; A N O V A ).
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Figure 5.11 shows that C D l lb  mRNA expression was significantly increased 

in the hippocam pus 7 days (a; 3.09 RQ ± 0.61; n=6) and 21 days (a; 1.92 RQ -t 0.11; 

n=6) post MOG injection compared with controls (a; 1.33 RQ ± 0 .1 9 ; n=6; *p<0.05; 

ANOVA). it is also evident in Figure 5.11 that lL-4 mRNA expression was 

significantly decreased 3 days (b; 0.53 RQ ± 0.09; n=6), 5 days (b; 0.30 RQ ± 0.16; 

n=6), 7 days (b; 0.196 RQ ± 0.08; n=6) 10 days (b; 0.09 RQ ± 0.07; n=6) and 21 days 

(b; 0.06 RQ ± 0.02; n=6) post MOG injection compared with controls (0.73 RQ ± 

0.27; n=6; *p<0.05; ANOVA).

Cytokines in the spleen during EAE

Figure 5.12 shows that IL -lp  mRNA expression was significantly increased in 

the spleen 10 days (a; 133.4 RQ ± 47.03; n=6) post MOG injection compared with 

controls (a; 4.09 RQ ± 0.86; n=6; ***p<0.001; ANOVA). Figure 5.12 indicates that 

IL- ip was significantly increased in the spleen 3 days (b; 53.58 pg/mg ± 9.26; n=6) 

post M OG injection compared with controls (b; 3.81 pg/mg ± 8.81; n=6; *p<0.05; 

ANOVA). Thus the earliest change observed after MOG injection is the increase in 

lL-1 p in the spleen.

Figure 5.13 shows that TN Fa m RNA expression was significantly increased 

in the spleen 10 days (a; 42.49 ± RQ ± 21.3; n=6) post MOG injection compared with 

controls (a; 5.42 RQ ± 2.90; n=6; *p<0.05, ANOVA). Figure 5.13 indicates that 

TN Fa concentration was not significantly changed in the spleen at any time point 

post MOG injection compared with controls (b; 16.61 pg/mg ± 3.68; n=6; ANOVA).

Figure 5.14 shows that lL-6 mRNA expression was unchanged in the spleen 

at any time point post MOG injection (a; 14.60 RQ ± 2.21; n=6) but, perhaps 

surprisingly, IL-6 concentration was decreased in the spleen 7 days (b; 4.67 pg/mg ± 

0.46; n=6), 10 days (b; 5.51 pg/mg ± 0.94; n=6) and 21 days (b; 2.82 pg/mg ± 0.65; 

n=6) post MOG injection compared with controls (b; 14.60 pg/mg ± 2.21; n=6;

***p<0.001).

Figure 5.15 shows that C D l lb  m RNA expression was significantly increased

in the spleen 10 days (a; 777.4 RQ ± 3 6 1 ;  n=6) post MOG injection compared with
137



controls (a; 38.08 RQ ± 36.16; n=6; *p<0.05; ANOVA). Changes in CD40 mRNA 

expression paralleled these changes in C D l l b  mRNA but these did not reach 

statistical significance (b; 1.31 RQ ± 0 .1 7 ; n=6; ns; ANOVA).

Discussion 5.4.

The aims o f  this study were to exam ine the expression o f  pro-inflammatory 

cytokines over the course o f  disease progression both in the hippocam pus and spinal 

cord and in the spleen. The data indicates that there was an increase in the mRNA 

expression o f  the pro-inflam m atory cytokines 1L-1(3 and TN Fa prior to the onset o f 

clinical symptoms. This was accom panied by an increase in microglial activation in 

the spinal cord at the onset o f  clinical symptom s and the increase in pro-inflamm atory 

cytokine expression and concentration was greatest at the peak o f  disease severity, 

which corresponded with a decrease in CD200 and lL-4 expression in the 

hippocampus.

Clinical symptoms o f  the disease were first observed 6-7 days post MOG 

injection, characterised by a limp or flaccid tail in many animals. The clinical 

symptoms progressed steadily with disease, with a wobbly gait observed in the 

m ajority o f  animals 10 days after imm unisation and the disease progressed over the 

following days to hind limb weakness and paralysis and, at day 21 post-M OG 

injection, animals were sacrificed. A large num ber o f  EAE models exist making 

comparisons o f outcom es across different protocols difficult and, even within similar 

models, varying doses o f  antigen or origin o f  the antigen can compound the variance. 

However one comm on time point in each EAE model is the onset o f  clinical 

symptoms and it can serve as a marker from which comparisons can be made.

Interestingly, in this study the increase in pro-inflam m atory cytokine

expression in the spinal cord precedes the developm ent o f  clinical symptoms. Both

IL- i p and TN Fa mRNA expression in the spinal cord were significantly increased 5

days post-imm unisation while clinical symptom onset occurred, at the earliest, at 6

days post-immunisation. Both pro-inflamm atory cytokines have previously been
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show n to be important in the instigation o f  au to im m une pathology, as b locking or 

removal o f  1L-1(3 and T N F u  resulted in a delayed onset o f  d isease (Jacobs et al., 

1991; M urphy et al., 2002). In Lewis rats in which EA E  was induced subsequent 

treatment for 15 consecutive days with s lL - lR ,  an lL-1 antagonist,  significantly 

delayed the onset o f  EA E  (Jacobs et al., 1991). Similarly, the onset o f  clinical 

sym ptom s o f  E A E w as delayed by 5 days in T N F ’̂ ' mice com pared with wildtype 

mice (M urphy et al., 2002). T he origin o f  this early elevation in pro-inflam m atory 

cytokines in the C N S is still debated as evidence exists for both T cell-derived and 

glial cell-derived cytokines.

In C 57BL /6  mice in which EA E  was induced increases in T N F a  are 

associated with activated m icroglia in the CNS. FACS analysis revealed that 3 days 

prior to the onset o f  clinical sym ptom s microglia, CD45'°'^ M ac l^  cells, were the 

primary source o f  the increased M a d  ̂ -derived T N F a. (Juedes et al., 2000). A further 

study docum ented  the distribution, extent and timing o f  m ajor inflam m atory changes 

in EA E. M icroglial activation and T cell infiltration, were followed by 

im m unolabelling  for Iba-1, a m arker o f  activated m icroglia and CD 3, a m arker o f  T 

lymphocytes, in control mice and mice with EA E  (B row n and Saw chenko, 2007). 

Exam ination o f  the C N S at various intervals both pre- and post-onset o f  clinical 

sym ptom s in EA E revealed consistent themes in the distribution and timing o f  

inflam m atory changes. Iba-1 positive m icroglia were present in the m eninges, plial 

surfaces, olfactory bulbs and circum ventricular organs prior to developm ent o f  

clinical sym ptoms. This  was accom panied  by increased T  cell num bers  throughout 

the brain parenchym a, though the m agnitude o f  T cell recruitment was modest 

relative to microglial activation, but there was no evidence o f  staining in the spinal 

cord. At the onset o f  clinical sym ptom s there w as an increase in microglial activation, 

in the meninges, plial surfaces, olfactory bulbs, c ircum ventricular organs and the 

spinal cord; infiltration o f  T cells in the spinal cord was also observed (B row n and 

Saw chenko, 2007). The present data  also indicate an increase in the marker o f  

microglial activation, C D 40  m R N A  expression, in the spinal cord at onset o f  clinical 

symptoms.
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It has been proposed by others though that the source o f  T N Fa involved in the 

initiation o f  EAE is blood-borne leukocytes (Murphy et al., 2002). Experiments 

conducted using bone marrow chimeras from wildtype, and TNF'^', m ice to test 

whether TN Fa was essential for induction and developm ent o f  EAE showed that 

greater than 99% o f  TN Fa present was derived from blood-derived leukocytes. The 

authors proposed that T N Fa derived from leukocytes interacts with glial cells which  

in turn produce chem okines that initiate accumulation o f  T cells and leukocytes, and 

initiation o f  disease (Murphy et al., 2002). In this study an increase in the pro- 

inflammatory T hl cytokine, IL -ip , 3 days post MOG injection was observed in the 

spleen, but this was not accompanied by changes TNFa. The spleen is an important 

lymphoid organ and site o f  T cell activation in response to M O G 3 3 . 3 5  (Juedes et al., 

2000). An increase in IL -ip  and T N Fa m RNA expression in the spleen follow ing the 

onset o f  clinical sym ptom s was also observed and this was accompanied by an 

increase in expression o f  a marker o f  macrophage/m onocyte activation in the 

periphery, C D l lb.

Accom panying this neuroinflammation in EAE, there is evidence that 

significant axonal loss occurs before clinical symptoms develop after challenge with  

M O G 3 5 . 5 5 .  Jones and colleagues (2008) reported that there was significant axonal loss 

in the spinal cord o f  m ice with EAE, quantified by Toludine blue staining and manual 

counting, 3 days prior to the onset o f  clinical symptoms. They also reported that this 

was accompanied by an increase in both CD3^ T cells and lba-1 positive microglia. 

Staining for T cells and m icroglia was greatest at the onset o f  the disease and the 

authors noted that peak neurodegeneration or axonal loss occurred 20-30 days post 

MOG injection (Jones et al., 2008). Papadopoulos and colleagues (2006) focussed on 

the tim ing o f  axonal loss, its relationship with inflammation and dem yelination, and 

spinal cord volum e changes with regard to pathological features and neurological 

deficit in EAE (Papadopoulos et al., 2006). They presented evidence that showed  

axonal loss began early in the course o f  progressive EAE coinciding with the time o f  

peak inflammation in the spinal cord. Inflammation was assessed by 0 X 4 2  staining 

for microglia, m onocytes and macrophages, and they showed that 0 X 4 2  

immunoreactivity exhibited a strong association with axonal loss (Papadopoulos et 

al., 2006). This is supported by another study in which a close association between
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degree o f  axonal loss and m icroglial/macrophages activity was observed in Lewis 

rats. Using amyloid precursor protein (APP) im m unocytochemistry as a marker o f  

acute axonal damage, they found a correlation between APP imm unoreactivity and 

microglial accum ulation in the brain and spinal cord (Kornek et al., 2000).

EAE/M S causes widespread damage well beyond the traditionally defined 

white m atter lesions, leading to diffuse changes in the brain as well as the spinal cord 

(Sicotte et al., 2008). Recent evidence suggests that in addition to the focal lesions, 

diffuse inflammatory and degenerative processes take place throughout the MS brain 

(Zeis et al., 2008). MS patients have decreased brain volumes, ventricular atrophy as 

well as spinal cord atrophy (M iller et al., 2002). Interestingly, little is known about 

the effect o f MS on the hippocampus, although loss o f  cognition is one o f  the earliest 

manifestations o f  the disease (Rao et al., 1991a; Rao et al., 1991b) and demyelinating 

lesions and areas o f  signal abnorm ality have been identified in the hippocampus using 

MRl (Roosendaal et al., 2008). Experimental in vivo imaging studies have reported 

metabolic abnorm alities in the MS hippocampus (Paulesu et al., 1996) and an MR 

spectroscopy study showed increased concentration o f  myo-inositial suggestive o f  

gliosis in the MS hippocam pus (Geurts et al., 2006). Importantly, volume loss in the 

CA l region o f  the hippocam pus in RRMS is associated with worsening performance 

in screening tests o f verbal learning (Sicotte et al., 2008).

Here increases in the mRNA expression o f  two markers o f  activated m icroglia 

GDI lb  and GD40, in the hippocampus, 7 days post-M OG injection were 

demonstrated and this matches the expression o f  CD40 mRNA in the spinal cord 

from the same animals, indicating microglial activation in two CNS regions at the 

onset o f  disease symptoms. In addition to this, an increase in the mRNA expression 

o f the pro-inflamm atory cytokines IL -ip , lL-6 and T N Fa was observed in the 

hippocampus 21 days post MOG injection. Peak concentrations o f  IL -ip  and TN Fa 

mRNA were recorded in the spinal cord 21 days post MOG injection, however this 

was not accom panied by an increase in IL-6 which is consistent with evidence by 

Juedes and colleagues (2000) who, using FACS analysis, did not detect any 

significant changes in lL-6 protein in CNS o f  mice with EAE (Juedes et al., 2000). 

This in contrast to studies showing that lL-6 is involved in the initiation o f  EAE
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where lL-6''^' mice have been shown to be resistant to developm ent o f  clinical 

sym ptom s o f  the disease (Eugster et al., 1998; M endel et al., 1998).

In the spinal cord, the peak increase in the pro-inflamm atory cytokines IL -ip  

and TN Fa, at the peak o f  clinical severity o f  the disease corresponds with the 

expression o f  CD40 mRNA. Interestingly this is accom panied by a decrease in the 

expression o f  the CD200 mRNA.

A decrease in CD200 expression is probably a significant factor in 

m aintenance o f  m icroglia in a quiescent state and an inverse relationship between 

m icroglial activation and CD200 expression has been reported. Lyons and colleagues 

(2007), reported that m icroglial activation in the hippocampus o f  aged and A(3-treated 

rats was accom panied by decreased expression o f  neuronal CD200 (Lyons et al., 

2007a). This is further em phasised in studies involving CD200'^’ mice. Hoek and 

colleagues (2000) reported increased microglial activation in CD200'^‘ mice, 

exhibited by increased C D l lb  and CD45 expression, in com parison to wildtype mice, 

and the presence o f  microglial aggregation in the spinal cord which is characteristic 

o f  m icroglia involved in an inflammatory response (Hoek et al., 2000). In a model o f  

EAE, onset o f clinical symptoms was significantly advanced by three days in CD200' 

compared with wildtype mice, and this was accom panied by increased expression o f 

CD68, which is an indicator o f  microglial activation (Hoek et al., 2000). Consistent 

with these findings it has been reported that antibody-m ediated blockade o f  CD200R 

leads to enhanced EAE (M euth et al., 2008b).

In this study a decrease in CD200 m RNA expression was also observed in the 

hippocam pus, which, although was accom panied by an increase CD40 mRNA 

expression, in addition corresponded with a decrease in the expression o f  the anti

inflammatory cytokine IL-4 mRNA. The importance o f  Th2 type cytokines in 

controlling the progression o f  the disease has been highlighted before with evidence 

showing that lL-4 and lL-10 have the ability to downregulate EAE severity and 

disease progression (M cCombe et al., 1998; Racke et al., 1994; Rott et al., 1994). 

This is strengthened by data showing that lL-10'^' mice are more susceptible to EAE 

and develop an increased disease severity. Similarly, spontaneous recovery from  EAE 

has been associated with an increased production o f  IL-4 in the CNS (Khoury et al.,
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1992). In this study, it is important to note that lL-4 protein was not measured due to 

a difficulty in detecting lL-4 protein using a standard ELISA  kit

T he decrease in lL-4 m R N A  corresponded with the decrease in C D 200 

m R N A  at every tim epoin t o f  the disease. Evidence from this lab has previously 

show n the im portance o f  IL-4 in modulating C D200 expression and that the anti

inflam m atory action o f  lL-4 m ay be mediated through C D 200 (Lyons et al., 2007a). 

Treatm ent o f  neurons in culture with IL-4 increased C D 200 m R N A  expression and 

ICV injection o f  lL-4 increased CD 200 staining in the hippocam pus (Lyons et al., 

2007a).

T he data presented highlights the importance o f  pro-inflammatory cytokines 

IL-1 and T N F a  in E A E  prior to the onset o f  clinical sym ptoms. This was 

accom panied by increased expression in markers o f  microglial activation, CD40, at 

the onset o f  disease. A t peak o f  disease severity both microglial activation and pro- 

inflam m atory cytokine production were increased to maximal levels in both the 

spinal cord and hippocam pus. The results suggest that targeting o f  microglia and their 

pro-inflam m atory cy tokines as a possible m echanism  o f  control o f  disease 

progression. The increase in microglial activation was accom panied by a decrease in 

C D 200 m R N A  expression, em phasising the importance o f  C D 200 in the regulation o f  

microglial activation. This was accom panined by a decrease in IL-4, which supports 

previous work w hich  suggests the potential o f  IL-4 as a m odulator o f  CD 200 

expression and a potential role o f  targeting the m icroglia involved in EAE disease 

progession.
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Chapter 5 
Figures



Figure 5.1. Clinical scores o f  C57BL/6 mice with EAE.

M ice (C 57B L/6) were injected subcutaneously w ith 150 |ag 
m yeinoligodendrocyte glycoprotein (M O G 3 5 .5 5 ), Com plete F reund’s 
adjuvant (CFA ) and M ycobacteria tuberculosis at Day 0 and an 
intraperitoneal injection o f  Pertusis Toxin (PT) at Day 0 and Day 2. 
Control anim als were injected with saline i.p. C linical scores were assessed 
daily and disease severity was graded as follows: grade 0  -  norm al; grade 1

-  flaccid tail; grade 2 -  wobbly gait; grade 3 -  hind limb weakness; grade 4
-  hind limb paralysis; grade 5 -  tetraparalysis/death. M ice were sacrificed 
at the tim e points, day 0.5, 3, 5, 7, 10 and 21. (n = 6  per tim e point).
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Figure 5.2. IL-ip was significantly increased in the spinal cord during 
EAE.

IL -ip  mRNA expression was significantly increased in spinal cord 5, 10 
and 21 days after MOG injection (a; **p<0.01 ;***p<0.001; ANOVA; 
versus control). IL-1(3 protein concentration was significantly increased 10 
and 21 days after MOG injection (b; ***p<0.001; ANOVA; versus control). 
Data are presented as means (± SEM; n=6) and expressed as lL-1 P:P-actin 
(RQ) or pg IL-ip/m l.

(a) 1-way ANOVA; EAE f̂j .̂ ,̂ F (l,36)=17.16; p<0.001
(b) l-w ay ANOVA; EAE^„^^, F (l,90)=20.14; p<0.001
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Figure 5.3. IL-6 was not significantly changed in the spinal cord during 
EAE.

IL-6 mRNA expression or protein concentration were not significantly 
changed in spinal cord at any time point after MOG injection (a and b; 
ANOVA; versus control). Data are presented as means (± SEM; n=6) 
expressed as lL-6:P-actin (RQ) or pg IL-6/ml.

(a)l-w ay ANOVA; EAE^„^ ,̂ F(l,21)=0.9037; p=0.5177
(b)l-way ANOVA; EAE f̂f^ ,̂ F(l,36)=0.1.465; p=0.2238
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Figure 5.4. TNFa in the spinal cord during EAE.

a). Relative quantification o f TNFa mRNA in the spinal cord o f EAE mice 
at 0.5-21 days post-MOG injection. Data are expressed as the fold change 
in TNFa relative to control (RQ) and presented as means (± SEM; n=4-6). 
***=p<O.OQl Newman Keuls post-hoc test, EAE day 10 versus control.
b).TNF protein concentration measured by ELISA in the spinal cord o f 
EAE mice at 0.5-21 days post-MOG injection. Data are expressed as TNFa 
(pg/mg) and presented as means (± SEM; n=4-6).

(a)l-w ay ANOVA; EAE^ff^^, F(l,31)=6.809; p<0.001
(b)l-w ay ANOVA; EAE^ff^^, F(l,37)=3.553; p<0.01
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Figure 5.5. CD40 mRNA expression was significantly increased in the 
spinal cord during EAE and CD200 was significantly decreased.

CD40 mRNA expression was significantly increased in spinal cord 7 and 21 
days after MOG injection (a; *p<0.05; ***p<0.001; ANOVA; versus 
control). CD200 mRNA expression was significantly decreased in spinal 
cord 21 days after MOG injection (b; *p<0.05; ANOVA; versus control). 
Data are presented as means (± SEM; n=6) expressed as CD40;P-actin (RQ) 
or CD200:P-actin (RQ).

(a)l-way ANOVA; F(l,28)=2.123; p<0.05
(b)l-way ANOVA; EAÊ ff^̂ , F(l,36)=2.728; p<0.05
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Figure 5.6. IL-4 mRNA expression was unchanged in the spinal cord 
during EAE.

Relative quantification o f IL-4 mRNA in the spinal cord o f EAE mice at 0.5- 
21 days post-MOG injection. Data are expressed fold change in lL-4 mRNA 
relative to control (RQ), and presented as means (± SEM; n=4-6).

a) 1-way ANOVA; EAE^„^^, F(l,25)= l.336; p=0.2897

154



IL-
4 

m
RN

A 
(R

Q
)

155



Figure 5.7. IL -ip  mRNA was significantly increased in the 
hippocampus, and IL -ip  protein was significantly decreased during 
EAE.

a). Relative quantification o f IL -ip  mRNA in the hippocampus o f EAE mice 
at 0.5-21 days post-MOG injection. Data are expressed as the fold change in 
IL -ip  relative to control (RQ) and presented as means (± SEM; n=4-6). 
*=p<0.05, Newman Keuls post-hoc test, EAE day 5 post-injection versus 
control. **p<0.01, Newman Keuls post-hoc test, EAE day 7 post-injection 
versus control, b). IL -ip  protein by ELISA in the hippocampus o f EAE mice 
at 0.5-21 days post-MOG injection. Data are expressed as IL-1(3 (pg/mg) and 
presented as means (± SEM; n=6). *=p<0.05, Newman Keuls post-hoc test 
EAE day 10 post-injection versus control. **=p<0.01, Newman Keuls post- 
hoc test EAE day 21 post-injection versus control. . .

(a), l-w ay ANOVA; EAE^ff^^, F(l,29)=5.288; p<0.01
(b). 1-way ANOVA; EAE^„^^, F(l,41)=8.624; p<0.001
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Figure 5.8. IL-6 mRNA and protein in the hippocampus during EAE.

а). Relative quantification o f IL-6 mRNA in the hippocampus o f EAE mice 
at 0.5-21 days post-MOG injection. Data are expressed as the fold change in 
IL-6 mRNA relative to control (RQ) and presented as means (± SEM; n=4-
б). b). IL-6 protein by ELISA in the hippocampus o f EAE mice at 0.5-21 
days post-MOG injection. Data are expressed as pgIL-6/mg and presented as 
means (± SEM; n=6)..

(a). 1-way ANOVA; EAÊ .ff|,̂ ,, F(l,36)=2.573; p<0.05
(b). 1-way ANOVA; EAE^„^.^, F(l,41)=2.272; p=0.058
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Figure 5.9. TNFa mRNA was significantly increased in the hippocampus 
during EAE.

TNFa mRNA expression was significantly increased in hippocampus 5, 10 and 21 
days after MOG injection (a; *p<0.05; **p<0.01; ANOVA; versus control). TNFa 
protein concentration was not significantly different at any time point after MOG 
injection (b; ns; ANOVA; versus control). Data are presented as means (± SEM; 
n=6) expressed as TNFa:P-actin (RQ) or pg TNFa/ml.

(a). 1-way ANOVA; F(l,41)=3.873; p<0.01
(b). 1-way ANOVA; EAE^„^^, F(1,41)=1.I35; p=0.3630
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Figure 5.10. CD40 expression was significantly increased in the 
hippocampus and CD200 was signiflcantly decreased in the 
hippocampus during EAE.

CD40 mRNA expression was significantly increased in hippocampus 7 and 
21 days after MOG injection (a; *p<0.05; ANOVA; versus control). CD200 
mRNA expression was significantly decreased 3, 5, 7, 10, 21 days after 
MOG injection (b; *p<0.05; **p<0.01; ANOVA; versus control). Data are 
presented as means (± SEM; n=6) expressed as CD40:P-actin (RQ) or 
CD200:(3-actin (RQ).

(a) 1-way ANOVA; EAE f̂f^ ,̂ F(l,41)=3.108; p<0.05.
(b) 1-way ANOVA; EAE f̂f^ ,̂ F (l,25)=6.119; p<0.01.
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Figure 5.11. C D l lb  mRNA expression was significantly increased and 
IL-4 mRNA expression significantly decreased in the hippocampus 
during EAE.

C D l l b  mRNA expression was significantly increased in hippocampus 7 
and 21 days after MOG injection (a; *p<0.05; ANOVA; versus control). IL- 
4 mRNA expression was decreased 3, 5, 7, 10 and 21 days after MOG 
injection (b; *p<0.05; ANOVA; versus control). Data are presented as 
means (± SEM; n=6) expressed as IL-4:(3-actin (RQ) or CDl lb:P-actin 
(RQ).

(a) l-w ay ANOVA; EAE^„^^, F(l,34)=3.497; p<0.05.
(b) l-w ay ANOVA; F(1,25)=5.I12; p<0.01.
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Figure 5.12. IL -ip  was significantly increased in spleen during EAE.

IL -ip  mRNA expression was significantly increased in spleen 10 days after 
MOG injection (a; ***p<0.001; ANOVA; versus control). IL -ip  protein 
concentration was increased significantly 3 days after MOG injection (b; 
*p<0.05; ANOVA; versus control). Data are presented as means (± SEM; 
n=6) expressed as IL-ip:(3-actin (RQ) or pg IL-ip/m l.

(a). 1-way ANOVA; EAE^ff^^, F(l,39)=6.294; p<0.001
(b). 1-way ANOVA; EAE^ff^^, F(l,40)=5.293; p<0.001
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Figure 5.13. TNFa was significantly increased in the spleen during EAE.

TNFa mRNA expression was significantly increased in the spleen 10 days after 
MOG injection (a; *p<0.05; ANOVA; versus control). TN Fa protein concentration 
was not significantly different at any time point after MOG injection (b; ANOVA; 
versus control). Data are presented as means (± SEM; n=6) and expressed as 
TNFa:(3-actin (RQ) or pg TNFa/ml.

(a). 1-way ANOVA; EAE ĵj^ ,̂ F (l,38)=3.317; p=0.0118
(b). 1-way ANOVA; EAE^„^ ,̂ F (l,37)=2.204; p=0.0693
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Figure 5.14. IL-6 was significantly decreased in the spleen during EAE.

IL-6 mRNA expression was not significantly different in the spleen at any 
time point after MOG injection (a; ANOVA; versus control). IL-6 protein 
concentration was significantly decreased 7,10 and 21 days after MOG 
injection (b; ***p<0.001; ANOVA; versus control). Data are presented as 
means (± SEM; n=6) and expressed as lL-6:P-actin (RQ) or pg IL-6/ml. .

(a). 1-way ANOVA; F(1,4I)=1.187; p=0.3349
(b). 1-way ANOVA; EAE^„^^, F(l,39)=10.95; p<0.001
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Figure 5.15. C D l lb  mRNA expression was significantly increased in the 
spleen during EAE.

C D l l b  mRNA expression was significantly increased 10 days after MOG 
injection in the spleen (a; *p<0.05; ANOVA; versus control) but CD40 
expression was unchanged at any time point (b; ANOVA; versus control). 
Data are presented as means (± SEM; n=6) and expressed as CDl lb:P-actin 
orCD 40:P-actin (RQ).

(a) 1-way ANOVA; EAE^„^^, F(l,36)=3.034; p<0.05.
(b) 1-way ANOVA; EAE^f,^^, F(l,33)=1.568; p=0.1943.
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Chapter 6

Rosiglitazone and IL-4, potential modulators of 
microglial activation and EAE disease progression



6.1. Introduction

Although infiltration and proliferation o f T cells are reported to be important 

in the initiation o f  MS and EAE, the pathological features o f  neurodegenerative 

conditions have also been attributed to activated m icroglia and astrocytes in the CNS. 

N eurointlam m ation associated with disease pathology has been shown to involve the 

increase in pro-inflamm atory cytokines IL -ip , IL - 6  and TN Fa accom panied by a 

decrease in anti-inflam matory cytokines, IL-4 and lL-10. Previous work from this lab 

has shown that deficits in cognitive function and inflam m ation in age and in response 

to LPS are associated with a decrease in the hippocampal concentration o f  IL-4, and 

that reversing this decrease in lL-4 abrogates the inflam m ation (Loane et al., 2009; 

Lynch et al., 2007). Recovery from EAE has been associated with increased 

production o f  lL-4 (Khoury et al., 1992) and treatm ent with lL-4 has been shown to 

suppress EAE (Racke et al., 1994). One aim o f this study was to examine the role o f 

lL-4 in CNS inflamm ation in EAE which was assessed using mice deficient in the IL- 

4 gene (IL-4''^').

Based on the evidence that MS and EAE are inflamm atory diseases associated 

with activated glial cells, interventions targeting the activated glia may prove to be 

beneficial in the modulation o f disease progression. Current drugs on the market for 

the treatm ent o f  MS focus on modulating the immune response, glatiram er acetate, or 

suppressing the immune response, m itoxantrone. As rosiglitazone has previously 

been shown to modulate glial cell activation, decrease pro-inflam m atory cytokine 

production and increase lL-4, it may serve to m odulate glial driven inflamm ation in 

EAE. The aim o f  this study was to examine the ability o f  rosiglitazone to modulate 

EAE disease progression and the subsequent microglial activation and inflammation 

in the CNS associated with the disease.

6.2. M ethods

Mice (C57BL/6 and IL-4"'^) were injected subcutaneously with 150|ig 

m yelinoligodendrocyte glycoprotein (M O G 3 5 .5 5), CFA and M ycobacteria tuberculosis 

at Day 0 and an intraperitoneal injection o f  PT at Day 0 and Day 2. Clinical scores
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were assessed daily and disease severity was graded as follows; grade 0 -  normal; 

grade 1 -  flaccid tail; grade 2 -  wobbly gait; grade 3 -  hind limb weakness; grade 4 -  

hind limb paralysis; grade 5 -  tetraparalysis/death.

Mice were sacrificed 21 days post MOG injection and the spinal cord and 

hippocampus were removed. Analysis o f  spinal cord and hippocampal tissue for 

microglial markers, neuronal markers and cytokine mRNA was assessed by PCR, 

CD200 expression was assessed by W estern Immunoblotting and cytokine 

concentrations were assessed by ELISA (see sections 2.3., 2.4., 2.5 and 2.6. for 

specific details).

Mice (C57BL/6) were pretreated orally with rosiglitazone (6mg/kg/day) for 

three weeks. Mice were then divided into two groups. The first group was injected 

subcutaneously with 150|ag myelinoligodendrocyte glycoprotein ( M O G 3 5 . 5 5 ) ,  CFA 

and M ycobacteria tuberculosis at Day 0 and an intraperitoneal injection o f  PT at Day 

0 and Day 2. The second group were injected subcutaneously with saline at Day 0 

and a further intraperitoneal injection o f  saline at Day 0 and Day 2. Clinical scores 

were assessed daily and disease severity was graded as follows: grade 0 -  normal; 

grade I -  flaccid tail; grade 2 -  wobbly gait; grade 3 -  hind limb weakness; grade 4 -  

hind limb paralysis; grade 5 -  tetraparalysis/death.

Mice were sacrificed 21 days post MOG or saline injection and the spinal 

cord was removed. Analysis o f  spinal cord for m icroglial markers, neuronal markers 

and cytokine mRNA was assessed by PCR and cytokine concentrations were assessed 

by ELISA (see sections 2.3, 2.4. and 2.5. for specific details).

Data are expressed as means ± standard error o f  the mean. A 2-way ANOVA 

was performed to determine whether significant differences existed between 

conditions and. post hoc Newman Keuls test was performed in the event o f main 

effects o f  time post injection, and or rosiglitazone or strain. A 2-way repeated 

measures ANOVA was used in the analysis o f clinical score data (Figure 6.1 and 

Figure 6.9), and post hoc test performed as above if  required.
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6.3. Results

EAE was induced in C57BL/6 and lL-4'^' mice, and clinical symptoms were scored.

Clinical scores were compared in wildtype (C57BL/6) and IL-4'^" mice. A 

two-way repeated m easures ANOVA was performed to examine the effect o f  EAE, 

IL-4 and their interaction. Figure 6.1 shows a main effect o f  tim e (post injection with 

M OG) (ANOVA; F=3.996, p<0.001). There was no main effect o f  IL-4''' (ANOVA; 

F=1.107, p=0.3061) but a significant interaction between IL-4'^' and EAE (ANOVA; 

F=1.95, p<0.01). Post hoc tests were performed and showed no significant 

differences between groups. Interpretation o f  the interaction from the graph, would 

suggest at the end o f  the experim ent disease severity is greater in C57BL/6 compared 

with IL-4'^'

Microglial activation and cytokine production in the spinal cord during EAE

Figure 6.2 shows that IL -ip  m RNA expression was significantly increased in 

the spinal cord o f  wildtype mice with EAE (a; 8.53 RQ ± 3.49; n=6) com pared with 

control wildtype mice (a; 0.72 RQ ± 0.24; n=6; *p<0.05; ANOVA). IL- lp mRNA 

expression was significantly increased in IL-4'^' mice with EAE (a; 27.08 RQ ±  9.90; 

n=6) compared to wildtype mice with EAE (a; 8.53 RQ ± 3.49; n=6; *p<0.05; 

ANOVA).

It is also evident from Figure 6.2 that 1L-1(3 concentration was increased in 

EAE (b; 919pg/mg ± 188.83; n=12) compared with wildtype mice (b; 381.55pg/m g ± 

63.42; n=12; ***p<0.001; ANOVA). Further to this there was a significant increase 

in IL- ip concentration in spinal cord o f  IL-4'^‘ mice with EAE (b; 1164 pg/mg ± 

283.2; n=6) compared with wildtype mice with EAE (b; 674 ± 94.47; n=6; ^p<0.05; 

ANOVA). IL- ip concentration was decreased in control IL-4"^' mice (b; 234.7pg/mg 

± 51.27; n=6) compared with wildtype mice (b; 528.4 ± 75.65; n=6; **p<0.01; 

ANOVA).
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Figure 6.3 shows that TNFa mRNA expression was similar in spinal cord of 

wildtype mice (a; 0.803 RQ ± 0.104; n=6) and lL-4'^' mice (a; 0.5 RQ ± 0.23; n=6) 

and was not significantly increased in either wildtype (a; 2373 RQ ± 133.4; n=6) or 

lL-4'^‘ (a; 303.4 RQ ± 249.2; n=6) mice with EAE. TNFa protein concentration was 

also similar in both the spinal cord o f wildtype mice (b; 60.81pg/mg ± 19.59; n=6) 

and lL-4‘̂ ‘ mice (b; 49.77pg/mg ± 23.71; n=6). As observed at the mRNA level, there 

was no significant change in TNFa protein concentration in the spinal cord of 

wildtype (b; 115.4pg/mg ± 17.18; n=6) or IL-4'^' (b; 34.39pg/mg ± 18.4; n=6) mice 

with EAE.

Figure 6.4 shows that there was a significant increase in CD40 mRNA 

expression in spinal cord o f wildtype mice with EAE (a; 3.346 RQ ± 1.304; n=6) 

compared with wildtype control (a; 0.406 RQ ± 0.07; n=6; *p<0.05;

ANOVA).CD200 mRNA expression was significantly decreased in the spinal cord of 

wildtype mice with EAE (b; 0.49 RQ ± 0.12; n=6) compared with wildtype control 

(1.2 R Q ± 0 .08 ; n=6; ***p<0.001; ANOVA).

Microglial activation and cytokine production in the hippocampus during EAE.

Figure 6.5 shows that there was a significant increase in IL -ip mRNA 

expression in the hippocampus o f wildtype mice (a; 72.66 RQ ± 33.11; n=6) with 

EAE compared with control (a; 4.641 RQ ± 1.154; n=6; *p<0.05; Student’s t test).

There was a significant increase in IL-ip concentration in the hippocampus of 

mice with EAE (b; 25.30pg/mg ± 2.87; n=6; ***p<0.001; ANOVA) compared with 

wildtype mice. IL-ip concentration was similar in the hippocampus o f wildtype (b; 

3.78pg/mg ±1.1;  n=6) and IL-4'^' (b; 1.88pg/mg ± 0.26; n=6) mice,

Figure 6.6 shows that TNFa mRNA expression was significantly increased in 

the hippocampus o f wildtype mice with EAE (a; 955.9 RQ ± 359.4; n=6) compared 

with control wildtype mice (a; 2.8 RQ ± 1.09; n=6; *p<0.05; ANOVA). There was no 

further increase in TNFa mRNA in IL-4'^' mice with EAE (a; 10904 RQ ± 10417; 

n=6; ANOVA) compared with control.
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There was no significant difference in TNFa concentration in hippocampus of 

wildtype mice with EAE (b; 64.06pg/mg ± 7.704) and IL-4'^’ mice with EAE (b; 

146.9pg/mg ± 78.6) compared with wildtype control (b; 89.48pg/mg ± 24.45; n=6) 

and lL-4'^'control (b; 83.21 pg/mg ± 26.86; n=6) mice

Figure 6.7a shows that there was a significant increase in CD40 mRNA in the 

hippocampus o f mice with EAE (a; 1.08 RQ ± 0.24; n=12) compared with control 

wildtype mice (a; 0.46 RQ ± 0.08; n=6; **p<O.OI; ANOVA). CD40 mRNA 

expression was not further increased in the hippocampus o f lL-4'^' mice with EAE (a; 

1.43 arbitrary units ± 0.36; n=6) compared with control. CD40 mRNA expression 

was similar in hippocampus o f wildtype control (a; 0.46 RQ ± 0.08; n=6) and control 

lL-4" -̂ (a; 0.40 R Q ± 0.09; n=6) mice.

Figure 6.7b shows that CD200 mRNA expression was significantly decreased 

in the hippocampus o f wildtype mice with EAE (b; 0.69 RQ ± 0.1; n=6) compared to 

wildtype control (b; 1.31 RQ ± 0.9; n=6, **p<0.01, ANOVA). CD200 mRNA 

expression was significantly decreased further in [L-4 '̂ ' mice with EAE (0.46 RQ ± 

0.04; n=6) compared with wildtype EAE mice (b; 0.69 RQ ± 0 . 1 ;  n=6; **p<0.05; 

Student's / test).

Figure 6.8 shows that expression o f CD200 protein was decreased in 

hippocampus of control IL-4 ''' mice (1.25 RQ ± 0.11; n=6) compared with control 

wildtype mice (2.02 RQ ± 0.47; n=6; ANOVA; **p<0.01). Expression o f CD200 

protein was decreased in the hippocampus o f wildtype mice with EAE (1.12 RQ ± 

0.12; n=6; ANOVA; **p<0.01) compared with wildtype control. There was a further 

decrease in expression CD200 concentration in the hippocampus o f IL-4'^' mice with 

EAE (0.699 RQ ±0 .17 ; n=6; Students’ t test; ^p<0.05) compared with wildtype EAE 

mice.

EAE was induced in C57BL/6 mice treated with rosiglitazone

Previous evidence has indicated that rosiglitazone exerts anti-inflammatory

effects and that it attenuates the age-related decrease in IL-4. The effect o f

rosiglitazone was investigated on EAE. Clinical scores were recorded daily post
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M OG injection in mice administered control and rosiglitazone diets. A tw o-way 

repeated measures A N O V A  was performed to exam ine effect o f  EA E, rosiglitazone 

and their interaction. Figure 6.9 shows a main effect o f  time (post injection with 

M O G ) ( F = l 36.61, p<0.001) but no effect o f  rosiglitazone (F=2.17, p=0.17) or no 

interaction o f  rosiglitazone with E A E  (F = l .5, p=0.08).

Figure 6.10 show s that IL - ip  m R N A  expression (a; 18.07 RQ ±  3.67; n=6) 

and IL - ip  protein concentration  (b; 76.84 pg/m g ±6.12; n=6) were significantly 

increased in the spinal cord o f  mice with E A E com pared  with m R N A  expression (a; 

0.28 RQ ±  0 .15; n=6; A N O V A ; ***p<0.001) and protein concentration (b; 50.52 

pg/mg ±  8.24; n=6; *p<0.05; S tuden t’s t test) in controls. Treatm ent o f  mice orally 

with rosiglitazone for 3 weeks (6m g/kg/day) significantly attenuated the EAE- 

induced increase in 1L-1|3 m R N A  (a; 5.55 RQ ±  1.70; n=6; S tudent’s t test; *p<0.05) 

but no attenuation w'as observed in IL - ip  concentration (b; 61.11 pg/m g ±  4.96; n=6).

Figure 6.11 show s that there was a significant increase in T N F a  m R N A  

expression (a; 14.98 RQ ± 5.54; n=6) and protein concentration (b; 215.7 pg/m g ± 

91.64; n=6) in the spinal cord o f  mice with E A E com pared to m R N A  expression (a; 

0.45 RQ ± 0.12; n=6; ***p<0.001; A N O V A ) and protein concentration (b; 66.42 

pg/mg ±  14.41; n=6; *p<0.05; A N O V A ) in spinal cord o f  controls. Treatm ent with 

rosiglitazone did not significantly attenuate the EA E-induced increase in T N F a  

m R N A  (a; 10.13 RQ ± 1.47; n=6; A N O V A ) or protein (b; 132 pg/m g± 9.1; n=6; 

A N O V A ).

Figure 6.12 show s that there was a significant increase in C D 40 m R N A  

expression in the spinal cord o f  mice with E A E  (a; 5.92 RQ ± 2.45; n=6) com pared 

with controls (a; 0.98 RQ ± 0 .3 1 ;  n=6; **p<0.01; A N O V A ). T reatm ent o f  mice with 

rosiglitazone did not significantly attenuate the E A E induced increase in CD40 

m R N A  (a; 9.17 RQ ± 5.36; n=6; A N O V A ).

Figure 6.12 also show s that C D 200  m R N A  expression was significantly 

decreased in the spinal cord o f  EA E mice (b; 0.81 R Q  ±  0.08; n=6) com pared with 

controls (b; 1.55 RQ ±  0.17; n=6; ***p<0.001; A N O V A ). Treatm ent with 

rosiglitazone did not significantly attenuate the EAE-induced decrease in C D200
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mRNA expression (b; 0.97 RQ ± 0.12; n=6; ANOVA). H ow ever rosiglitazone 

significantly increased CD200 mRNA expression in the spinal cord (b 2.04 RQ ± 

0.11; n=6; *p<0.05; AN OVA) compared with control.

Figure 6.13 shows that there was no significant difference in IL-4 mRNA 

expression in the spinal cord o f mice with EAE (0.63 RQ ± 0 .1 9 ; n=6) compared with 

control mice (1.14 RQ ± 0.14; n=6; ns, AN OVA). Treatm ent with rosiglitazone did 

not significantly attenuate the decrease in lL-4 m RNA in mice with EAE (1.53 RQ ± 

0.56; n=6; ns; ANOVA), and rosiglitazone did not significantly affect lL-4 mRNA 

expression (3.19 RQ ± 1.4; n=6; ns; ANOVA) in controls.
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6.4. Discussion

The aim o f  this study was to investigate the role o f  IL-4 in EAE and its role in 

modulating the pro-inflam m atory activity o f  microglia. As rosiglitazone modulates 

microglial- driven inflamm ation in an IL-4-dependent manner, the effect o f 

rosiglitazone to m odulate EAE was also investigated. The results indicate that there 

was an increase in IL -ip  in the spinal cord and hippocampus o f  wildtype mice with 

EAE and this was further increased in the spinal cord o f  IL-4'^' mice with EAE. This 

was accom panied by a significant decrease in CD200 expression in the spinal cord 

and hippocam pus o f  wildtype mice with EAE which was decreased further in the 

hippocampus o f  lL-4'^‘ mice in which EAE was induced. Rosiglitazone treatm ent did 

not significantly m odulate the severity o f  the disease but rosiglitazone treatm ent did 

attenuate the increase in IL-1P mRNA in the spinal cord.

In vitro studies (Chapter 3) have shown the importance o f  m aintaining the 

balance o f  pro- and anti-inflam m atory cytokines in the CNS, and how lL-4 has the 

ability to modulate microglial activation and the associated pro-inflamm atory 

cytokine production. Pro-inflam matory cytokines are believed to play a crucial role in 

this pathogenic process o f EAE as they promote and sustain the developm ent o f  

m yelin-specific T cells, and promote the recruitment o f  myelinotoxic monocytes and 

macrophages into the CNS. Blockade and regulation o f the pro-inflamm atory 

cytokines has been considered an effective therapeutic strategy for EAE. Strategies 

include the blockade o f  IFNy/TNF by a soluble receptor or by a blocking antibody, 

but also regulation can be achieved by m odulator cytokines such as IL-10, TGF-P and 

IL-4 (Falcone et al., 1998; Ho et al., 2006; Rott et al., 1994). Racke and colleagues 

(1994) have shown that lL-4 induced immune deviation can be used as a therapy in 

EAE (Racke et al., 1994), and spontaneous recovery from EAE has been associated 

with an increased production o f  IL-4 in the CNS (Khoury et al., 1992).

In this study the aim was to examine the role o f  IL-4 in EAE disease 

progression using mice deficient in the IL-4 gene. Clinical scores were recorded over 

the course o f  disease progression post MOG injection, but no significant difference 

between groups was observed. Falcone and colleagues (1998) reported that disease 

onset occurred one day earlier and was more severe in IL-4'^' mice with EAE,
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compared with wildtype mice, in an acute bout o f EAE (Falcone et al., 1998) and this 

is supported by evidence that EAE induced in lL-4'^' mice was more severe in these 

mice than in wildtype mice (C57BL/6), but the authors found no delay in the onset o f 

the disease (Bettelli et al., 1998). Evidence presented by Liblau and colleagues (1997) 

who compared the clinical course o f EAE induced by imm unisation with mouse 

spinal cord hom ogenate in three mouse mutants for the lL-4 gene; IL-4'^', lL-4^^' and 

lL-4^^^ mice o f  the PL/J background, indicated that there was no significant 

difference in the frequency, severity and duration o f  EAE between the littermates 

(Liblau et al., 1997). Together the results suggest that the role o f  this cytokine in the 

regulation o f  EAE is quite complex.

A role for IL-4 as a m odulator o f  neuroinflam m ation in age, Ap and LPS- 

driven inflamm ation has been reported (M aher et al., 2005; Nolan et al., 2005). In 

EAE, adm inistration o f  lL-4 prior to the onset o f disease, and lL-4 administration 

during disease progression, has been shown to modulate and even halt its progression. 

Systemic adm inistration o f  lL-4 (Ijig  every 8h) to mice with EAE resulted in the 

amelioration o f  the disease, a shift towards Th2 cell proliferation and a decrease in 

the CNS levels o f the pro-inflamm atory cytokines IFNy and TN Fa (Racke et al., 

1994). However, IL-4 was administered systemically which supports the argument 

that the effect o f  IL-4 was observed on the peripheral T cells rather than the resident 

CNS cells (Furlan et al., 2001).

Experiments conducted using viral vector adm inistration o f  lL-4 showed that 

lL-4 can inhibit EAE through a mechanism exerted at the CNS level. Injection o f  a 

viral vector containing the IL-4 gene into the CNS o f  Biozzi AB/H mice after the 

onset o f  disease in a relapsing rem itting model o f EAE, altered the progression o f the 

disease (Furlan et al., 2001). The alteration was characterised by a shorter duration o f 

the first attack, a longer rem ission period and a decreased severity and duration o f  the 

relapse in the lL-4-treated group. Interestingly the lL-4-treated group had decreased 

mRNA levels o f  the pro-inflamm atory chemokines MCP-1 and RANTES, which was 

accompanied by increased IL-4 and lL-10 mRNA in the spinal cord. The authors also 

report a trend toward a decrease o f  TN Fa and IL -lp  m RNA in spinal cord o f lL-4 

treated anim als (Furlan et al., 2001). The authors provide further evidence o f  this lL-4
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treatment to attenuate a mouse model o f  chronic progressive EAE in a separate study 

where lL-4 administration in a viral vector reduced demyelination and axonal loss in 

EAE mice, while increasing the number o f  infiltrating T reg cells. The authors 

suggested that lL-4 was involved in T reg recruitment, through the release o f  

chemokines capable o f  recruiting T reg cells with suppressant functions (Butti et al., 

2008). The use o f  chemokine inhibitors has given insight into possible mechanism of 

IL-4 in EAE. While chemokines recruiting T reg cells are beneficial in the control of 

symptoms o f  EAE, inhibitors o f  the the matrix degrading enzyme MMP has proven to 

be protective in a chronic relapsing disease model (Liedtke et al., 1998). MMP 

inhibitors decreased demyelination and glial scarring associated with the disease and 

downregulated T N Fa mRNA expression which was accompanied by increased 

expression o f  lL-4 on microglia like cells and astrocytes (Liedtke et al., 1998).

In this study, an increase in IL-1(3 mRNA and protein in both the spinal cord 

and hippocampus o f  mice with EAE was observed. Interestingly, there was a further 

increase in IL-1(3 mRNA and protein in the spinal cord o f  IL-4 '̂ ' mice with EAE, 

which is similar to the results o f  Falcone and colleagues (1998) who reported an 

increase IL -ip  mRNA expression in the spinal cord o f  lL-4'^' mice with EAE, 

compared with wildtype mice (Falcone et al., 1998). This supports the role o f  11.-4 in 

maintaining the balance o f  pro- and anti-inflammatory cytokines in the CNS and is 

consistent with previous reports which showed that the neuroinflammatory changes in 

the hippocampus o f  aged rats was associated with a decrease in lL-4 and an increase 

in IL-1 p (Nolan et al., 2005).

The increase in IL -ip  in EAE is coupled with an increase in the expression o f  

CD40 mRNA in both the hippocampus and spinal cord. Increased CD40 expression, 

an indicator o f  microglial activation, has been associated with a number o f  CNS 

inflammatory diseases such as MS and AD (Calingasan et al., 2002; Gerritse et al., 

1996) and CD40 deletion renders an animal resistant to EAE disease progression 

(Chen et al., 2006). However in this study CD40 expression was not further increased 

in the CNS o f  lL-4'^‘ mice with EAE. This concurs with the earlier work reported in 

chapter 3, where treatment o f  mixed glia with IL-4 failed to attenuate the LPS- 

induced increase in CD40 mRNA. Both results suggest that the ability o f  IL-4 to
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attenuate microglial activation appears to be independent o f  this marker o f  microglia 

activation.

Early reports have proposed that the ability o f  lL-4 to attenuate microglial 

activation and pro-inflammatory cytokine release is mediated through its interactions 

with the MAPKs, in particular ERK. However it has recently been suggested that the 

modulatory effect o f  lL-4 on microglial activation is driven by its ability to increase 

CD200 expression (Lyons et al., 2007a). CD200 is expressed on neurons and 

previous work, both in vivo and in vitro, has highlighted the importance o f  CD200- 

CD200R interaction in modulating microglial activation (Lyons et al., 2007a; Lyons 

et al., 2009)

The results from this study indicate that the increase in CD40 mRNA 

expression and IL -ip  both in the spinal cord and hippocampus o f  mice with EAE, are 

associated with a decrease in the expression o f  CD200. Interestingly in the 

hippocampus the decrease in CD200 mRNA and protein expression in mice with 

EAE was further decreased in the hippocampus o f  lL-4 '̂ ' mice with EAE, providing 

further evidence o f  a role for IL-4 in the expression o f  CD200.

Earlier results (Chapter 3) show the ability o f  PPARy agonists to modulate 

inflammation. Their ability to modulate the release o f  both pro- and anti

inflammatory cytokines from glial cells has focussed the research on their potential 

role in neuroinflammatory disease, in this study, oral administration o f  rosiglitazone 

did not significantly modulate the clinical score o f  mice with EAE when compared to 

the untreated mice with EAE. Feinstein and colleagues (2002) report that treatment o f  

mice with rosiglitazone (5-10 mg/day), 3 days prior to EAE induction and each day 

for the course o f  the disease, in a chronic monophasic model o f  EAE did not reduce 

the maximum clinical score, but reduced average clinical scores 14 days after 

immunisation, and this reduction was sustained until recovery (Feinstein et al., 2002). 

Despite the inability o f  rosiglitazone to attenuate clinical severity o f  EAE, other 

PPARy agonists have shown the ability to modulate clinical symptoms. The PPARy 

agonists, pioglitazone and troglitazone, have been shown to ameliorate EAE in a 

MOG-induced mouse model (Feinstein et al., 2002; Niino et al., 2001a). 

Administration o f  troglitazone (1 OOmg/kg/day) 1 day prior to EAE induction and
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throughout the disease significantly delayed the onset o f  clinical symptoms and also 

reduced disease severity as maximal clinical scores were significantly reduced (Niino 

et al., 2001a). Subsequent experiments by these authors suggested that troglitazone 

was most effective when administered at the onset o f  clinical symptoms o f  the 

disease rather than in the induction phase o f  the disease. Interestingly they also report 

that expression o f  the pro-inflammatory cytokines TN Fa and IL -ip  in the spinal cord 

o f  troglitazone-treated mice was significantly lower than in untreated animals with 

EAE. This corresponds with the present data which shows that the increase in IL -ip  

and T N Fa mRNA and protein, in the spinal cord o f  mice with EAE and the increase 

in IL -ip  mRNA was significantly attenuated in the rosiglitazone-treated group. Niino 

and colleagues (200!) suggest that amelioration in EAE was attributable to the 

attenuation o f  pro-inflammatory cytokine gene expression (Niino et al., 2001a).

Research by Natarajan and Bright (2002) using the natural PPARy agonist 

15dPGJ2, has highlighted further the ability o f  PPARy agonists to modulate microglia 

and have elaborated on how microglial activation is a potential mechanism for the 

progression/development o f  EAE. Administration o f  15dPGJ2 (lOOjag) or ciglitazone 

(100|ig) to SJL/J mice in a progressive EAE model delayed the onset o f  the disease 

and reduced the maximal clinical score; they report that this corresponded with a 

decrease in inflammation and demyelination in the spinal cord (Natarajan and Bright, 

2002). This inhibition o f  EAE by the PPARy agonists was associated with a decrease 

in lL-12 production and differentiation o f  neural antigenic specific Thl cells; IL-12 is 

important in the pathogenesis o f  EAE and it has been shown previously that 

inhibition o f  IL-12 reduces the clinical symptoms o f  the disease. The authors 

performed in vitro experiments which indicated that PPARy agonists inhibited the 

JAK STAT signalling cascade by blocking the IL-12-induced phosphorylation o f  

JAK thereby preventing activation o f  STAT3 and STAT4; this resulted in a reduction 

in IL-12-induced proliferation and Thl differentiation in T cells (Natarajan and 

Bright, 2002). The combination o f  evidence suggests that PPARy agonists may 

modulate EAE in part through their effect on CNS glia.

The variation in ability o f  PPARy agonists to modulate EAE may, in part be 

due to the method o f  administration o f  the drug. In this study the drug was dissolved
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to the desired concentration in vegetable oil and the pellets o f  lab chow were coated 

with the suspension dispensed, which is similar to the method used by others 

(Feinstein et al., 2002). However the PPARy agonists can be administered by i.p. 

injection or by gavage also. As the disease progresses, the animals mobility is 

impaired and they display sickness behaviour and reduced food intake, which is 

paralleled by a decrease in body weight. Administration o f  drugs by i.p. injection or 

gavage may prove more efficient as the intake o f  drug in these situations is 

consistent. The ability o f  PPARy agonists to penetrate the BBB is limited, recent 

reports from GlaxoSmithKline the manufacturer o f  Avandia, which is the leading 

rosiglitazone brand, indicated that rosiglitizone binds with high affinity to serum 

proteins which reduces levels o f  the drug crossing the BBB and this reduces the 

effective concentration o f  the drug in the CNS. It would also be interesting to repeat 

the experiment with a larger number o f  animals, as the interaction o f  rosiglitazone 

and EAE as assessed by two-way ANOVA was close to statistical significance

(p=0.08).

There any many factors that can play a role in the modulation o f  microglial 

activation, but cell-cell interaction is a mechanism o f  particular interest. The CD200- 

CD200R interaction as described above has been highlighted in EAE recently. In this 

study there was a significant decrease in CD200 mRNA expression in the spinal cord 

o f  mice with EAE, which was accompanied by a significant increase in CD40 mRNA 

expression. Rosiglitazone treatment significantly increased CD200 mRNA in the 

spinal cord o f  control mice. This is a novel finding as no evidence has been reported 

before for the ability o f  a PPARy agonist to modulate CD200 mRNA expression and 

it is suggested here that this may serve as a potential mechanism for their anti

inflammatory action. However this requires further detailed investigation. Despite the 

effect, rosiglitazone treatment failed to reverse the EAE-induced decrease in CD200 

which was accompanied by decrease in IL-4 mRNA. Interestingly rosiglitazone 

treatment increased, albeit not significantly, IL-4 mRNA in the spinal cord o f  control- 

treated mice, it failed to reverse the decrease in IL-4 mRNA with EAE.

The data presented here emphasise the important link between CD200 and 

microglial activation. Although no significant difference in clinical symptoms was
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observed in IL-4 '̂ ' mice with EAE, compared with controls, a particular interesting 

observation is that the decrease in CD200 in M OG-treated anim als is exaggerated in 

IL-4'^' mice. This provides further evidence for IL-4 in the expression o f  CD200, a 

possible target for the control o f  microglial activation in MS and EAE.

187



Chapter 6 
Figures



Figure 6.1. Clinical scores in EAE in IL-4 ‘̂ ' and C57BL/6 mice.

Clinical scores assessed daily (graded as follows: grade 0 -  norm al; grade 1
-  flaccid tail; grade 2 -  wobbly gait; grade 3 -  hind limb w eakness; grade 4
-  hind limb paralysis; grade 5 -  tetraparalysis/death) in m ice (C57BL/6 and 
lL-4'^') injected subcutaneously with 150|ag m yelinoligodendrocyte 
glycoprotein (M O G 3 5 .5 5 ), Com plete F reund’s Adjuvant (CFA) and 
M ycobacteria tuberculosis at Day 0 and an intraperitoneal injection o f  
Pertussis Toxin (PT) at Day 0 and Day 2. Data are expressed as clinical 
score and presented as m eans (± SEM ; n= 6 ).

2-way RM ANOVA; F(l,441)=339.6; p<0.001, F(l,441)=1.107;
p=0.3061, Interaction^ff|,j,, F(l,441)=1.95; p=0.007
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Figure 6.2. IL -ip  was increased in the spinal cord during EAE and IL- 
ip  was significantly increased further in spinal cord of IL-4‘̂  mice with 
EAE.

IL -ip  mRNA expression and protein concentration were significantly 
increased in spinal cord o f EAE mice (a; *p<0.05; b;***p<0.001; ANOVA 
versus wildtype). IL -ip  mRNA expression and protein concentration were 
further increased in IL-4'^‘ mice with EAE compared to wildtype EAE mice 
(a; '*p<0.05; b; '^p<0.05; ANOVA; versus wildtype EAE mice). IL -ip
protein concentration was significantly decreased in IL-4'^‘ mice (b; 
**p<0.01; ANOVA; versus wildtype control). Data are presented as means 
(± SEM; n=6) and expressed as IL-1 P:P-actin (RQ) or pg IL-ip/m g.

(a)2-way ANOVA; EAE^„ .̂ ,̂ F (l,18)=8.19; p<0.05, Strain^„^^, F (l,18)=2.27; p=0.149, 
Interactioii|.ffj.|,, F (l,18)=2.45; p=0.1347
(b)2-way ANOVA; EAE^„^^, F (l,21)=16.41; p<0.001, S t r a i n ^ , F ( 1 , 2 I ) = 0 . 8 5 5 ;  
p=0.46, Interactioii|.ff^^,, F (l,21)=8.72; p<0.001
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Figure 6,3. TNFa was not significantly increased in the spinal cord 
during EAE.

TNFa mRNA expression or protein concentration were not significantly 
increased in spinal cord o f mice with EAE (a and b; ANOVA; versus 
wildtype control). TNFa mRNA expression or protein concentration were 
not increased in IL-4'^' mice with EAE (a; ANOVA; versus wildtype EAE). 
Data are presented as means (± SEM; n=6) and expressed as TNFa;P-actin 
(RQ) or pg TNFa/mg.

(a)2-way ANOVA; EAE .̂„^ ,̂ F (l,9)=3.35; p=0.1044, Strain̂ .ff .̂̂ , F (l,9)=0.05; p=0.8283, 
Interaction|.ffp^, F(l,9)=8.267; p=0.05
(b)2-way ANOVA; EAE^„^ ,̂ F (l,14)=1.66; p=0.2184, Strain .̂ff^ ,̂ F (l,14)=2.99; 
p=0.059, Interaction^ffi,^,, F (l,14)=1.44; p=0.2494
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Figure 6.4. CD200 expression was significantly decreased in the spinal 
cord during EAE.

CD40 mRNA expression was significantly increased in spinal cord o f EAE 
mice (a; *p<0.05; ANOVA; versus wildtype control). CD200 mRNA 
expression was significantly decreased in EAE (b; ***p<0.001; ANOVA; 
versus wildtype control). Data are presented as means (± SEM; n=6) and 
expressed as CD40:P-actin (RQ) or CD200:[3-actin (RQ).

(a )  2-way ANOVA; EAE,„,^,, F (l,15)=4.9; p<0.05, Strain^„^^, F (l,15)=3.74; p=0.0723, 
Interaction F(l,15)=3.63; p=0.0766.
(b) 2-way ANOVA; EAE^„^ ,̂ F (l,22)=1.59; p<0.001, Strain^ff^^, F (l,22)=1.09; 
p=0.3071, Interaction F (l,22)=0.60; p=0.4455.
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Figure 6.5. IL-lp was significantly increased in the hippocampus 
during EAE,

IL -ip  mRNA expression and protein concentration were significantly 
increased in hippocampus o f EAE mice (a; *p<0.05; Student’s t test; b; 
***p<0.001; ANOVA; versus wiltype control). IL-1(3 mRNA expression 
and protein concentration were not further increased in IL-4''' mice with 
EAE (a and b; ANOVA; versus wildtype EAE). Data are presented as 
means (± SEM; n=6) and expressed as IL-ip;P-actin (RQ) or pg IL-ip/m g.

(a)2-way ANOVA; EAE f̂,^ ,̂ F(1.36)=0.07; p=0.7876, Strain .̂ff^ ,̂ F (l,3 6 )= 3 .1 1; p=0.862, 
lnteractionj,ffj.^, F (l,36)=0.31; p=0.5795
(b)2-way ANOVA; EAE^ff„, F(l,26)=37.65; p<0.001, Strain^„^^, F (l,26)=0.71;  
p=0.4073, Interactionj.ffj.j,, F (1,26)=0.0I; p=0.9303
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Figure 6.6. TNFa mRNA was significantly increased in the 
hippocampus during EAE.

TNFa mRNA expression was significantly increased in hippocampus of 
mice with EAE (a; *p<0.05; ANOVA; versus wildtype control). TNFa 
protein concentration did not significantly change in the hippocampus of 
mice with EAE (b; ANOVA; versus wildtype control). TN Fa mRNA 
expression was not significantly increased in IL-4'^' mice with EAE mice (a; 
ANOVA; versus wildtype EAE). Data are presented as means (± SEM; 
n=6) or expressed as TNFa:(3-actin (RQ) or pg TNFa/mg.

(a)2-way ANOVA; EAE^„^ ,̂ F (l,9)=3.35; p<0.05, Strain^„^^, F (l,9)=0.05; p=0.8283, 
Interactionj,ff^^, F (l,9)=8.267; p=0.05
(b)2-way ANOVA; EAE^„^ ,̂ F (l,14)=1.66; p=0.2184, Strain^ f̂^ ,̂ F (l,14)=2.99; 
p=0.059, Interaction^ff^.^, F (1,I4)=1.44; p<0.2494
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Figure 6.7. CD40 expression was significantly increased in the
hippocampus during EAE and CD200 expression was decreased.

CD40 mRNA expression was significantly increased in hippocampus mice 
with EAE (a; **p<0.01; ANOVA; versus wildtype control). CD200 mRNA 
expression was significantly decreased in EAE (b; **p<0.01; ANOVA; 
versus wildtype control) and further decreased in lL-4'^' mice (b; ''p<0.05; 
Student’s / test; versus wildtype EAE). Data are presented as means (± 
SEM; n=6) and expressed as CD40:P-actin (RQ) or CD200:P-actin.

(a)2-way ANOVA; EAE^„^ ,̂ F (l,20)=7.78; p<0.05, Strain^„^^, F (l,20)=0.197; p=0.1753, 
Interaction F (i,20)=2.7; p=0.1158.
(b)2-way ANOVA; EAE^„^ ,̂ F (l,14 )= 73 .91; p<0.001, Strain .̂ff^ ,̂ F (l,14)=6.04; p<0.05, 
Interaction F(I,14)=0.21; p=0.6543.
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Figure 6.8. CD200 protein expression was significantly decreased in the 
hippocampus during EAE.

A representative western immunoblot for CD200 proten expression (a). 
CD200 protein expression was significantly decreased in hippocampus in 
IL-4'^' mice (b;**p<0.01; ANOVA; versus control). CD200 protein 
expression was decreased in C57 mice with EAE (b; **p<0.01; ANOVA; 
versus control) . CD200 protein expression was further decreased in IL-4''' 
with EAE (b; ''p<0.05; Student’s t test; versus wildtype EAE). Data are 
presented as means (± SEM; n=6) and expressed as CD200/actin (arbitrary 
units).

2-way ANOVA; EAE f̂f^ ,̂ F (l,20)=8.887; p<0.01, Strain^„^^, F (l,20)=5.899; p<0.05, 
Interaction F (l,20)=0.52; p=0.4792.
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Figure 6.9. Clinical scores of C57BL/6 mice with EAE treated with 
rosiglitazone.

Clinical scores were assessed daily (graded as follow s: grade 0 -  norm al; 
grade 1 -  flaccid tail; grade 2 -  w obbly gait; grade 3 -  hind lim b weakness; 
grade 4 -  hind lim b paralysis; grade 5 -  tetraparalysis/death) in C57BL/6 
m ice treated orally w ith or w ithout rosiglitazone for three w eeks 
(rosiglitazone; 6 m g/kg/day) and subsequently both groups were injected 
subcutaneously with 150 |ag m yelinoligodendrocyte glycoprotein (M O G 3 5 . 
5 5 ), Com plete F reund’s A djuvant (CFA ) and M ycobacteria  tuberculosis at 
Day 0 and an intraperitoneal injection o f  Pertusis Toxin (PT) at Day 0 and 
Day 2. D ata are expressed as clinical scores and presented as m eans (± 
SEM ; n= 6 ).

2 -w ay  A N O V A ; F ( l ,21 0 )= 1 36 .6 1 ;  p<0.001, Rosiglitazone^.ff^.^, F (l ,21 0 )= 2 .17 ;
p=0.1711 , Interaction F (l ,21 0 )= 1 .5 ;  p=0.0802.
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Figure 6.10. Pretreatment with rosiglitazone significantly attenuated the 
increase in IL-ip  mRNA in the spinal cord of mice with EAE.

IL-1(3 m RN A  expression and protein concentration w ere significantly 
increased in spinal cord o f  EAE m ice (a; ***p<0.001; A N O V A ; b; *p<0.05; 
S tudent’s t test; AN O V A ; versus w ildtype control). IL-1(3 m RN A  expression 
was attenuated by rosiglitazone (6m g/kg/day) pretreatm ent (a; *p<0.05; 
S tudent’s t test; versus EAE). Pretreatm ent w ith rosiglitazone (6m g/kg/day) 
failed to attenuate the increase in I L- i p  protein (b; AN O V A ; versus EAE). 
Data are presented as m eans (± SEM ; n=6) and expressed as IL -ip ;p -ac tin  
(RQ) or pg IL -1 p/mg. .

(a)2-way ANOVA; EAE f̂f^ ,̂ F(l,22)=11.98; p<0.001, Rosiglitazone^ff^^^, F(l,22)=3.13; 
p=0.09, Interaction^ff|.j,, F (l,22)=2.94; p =0.11066.
(b)2-way ANOVA; EAE^„^ ,̂ F (l,18)= 1 .81; p=0.1952, Rosiglitazone^ff^^, F(l,18)=0.00; 
p=0.9960, lnteraction^ff^.j., F (l,18)=4.05; p=0.0593.
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Figure 6.11. TNFa was increased in the spinal cord during EAE and 
rosiglitazone treatment did not attenuate this increase.

TNFa mRNA expression and protein concentration were significantly 
increased in spinal cord o f EAE mice (a; ***p<0.001; b; *p<0.05; ANOVA; 
versus control). Pretreatment with rosiglitazone (6mg/kg/day) failed to 
attenuate the increase in TNFa mRNA expression and protein concentration 
(a and b; ANOVA; versus EAE mice). Data are presented as means (± SEM; 
n=6) and expressed as TNFa;P-actin (RQ) or pg TNFa/mg. .

(a)2-w ay ANOVA; EAE f̂f^ ,̂ F(l,19)=22.95; p<0.001, Rosiglitazone^ff^.^, F (l,19)=0.85; 
p=0.3677, Interaction^ffj.^, F (l,19)=0.93; p=0.3467
(b) 2-way ANOVA; EAE f̂fj.j., F (l,18)=6.05; p<0.05, Rosiglitazone^ff^.^., F (l,18)=0.31; 
p=0.5843, Interaction^ff^^, F (l,18)=3.5; p=0.0778.
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Figure 6.12. CD40 was significantly increased in the spinal cord and 
CD200 was decreased in spinal cord during EAE.

CD40 mRNA expression was significantly increased in spinal cord o f mice 
with EAE (a; **p<0.01; ANOVA; versus control). CD40 mRNA expression 
was not attenuated by rosiglitazone (6mg/kg/day) pretreatment (a; ANOVA; 
versus EAE). CD200 mRNA expression was significantly decreased in EAE 
(b; ***p<0.001; ANOVA; versus control). Pretreatment with rosiglitazone 
(6mg/kg/day) significantly increased CD200 mRNA expression (b; *p<0.05; 
ANOVA; versus control). Data are presented as means (± SEM; n=6) and 
expressed as CD40;(3-actin (RQ) or CD200:P-actin.

(a)2-w ay ANOVA; EAÊ jf̂ .̂ , F(l,23)=1.78; p<0.01, Rosiglitazonej.ff^^, F (l,23)=0.85; 
p=0.3706, Interaction^ff|,j,, F(1,23)=0.3I; p=0.5683

(b)2-way ANOVA; EAE f̂,^ ,̂ F (l,18)=51.78; p<0.001, Rosiglitazone^ff^^, F (l,18)=6.72; 
p<0.05, Interaction^ffpj,, F (l,18)=1.76; p=0.2013.
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Figure 6.13. IL-4 was not significantly decreased in the spinal cord 
during EAE.

IL-4 mRNA expression was significantly decreased in spinal cord o f mice 
with EAE (ns; ANOVA; versus control). IL-4 protein concentration was not 
significantly changed by rosiglitazone pretreatment (ns; ANOVA; versus 
control). Data are presented as means (± SEM; n=6)and expressed as pg IL- 
4/mg.

2-way ANOVA; F(l,15)=1.43; p=0..2499, Rosiglitazone^ff^^., F(l,15)=2.62;
p=0.1261, Interaction^ffj.^., F(l,15)=0.40; p=0.5347.
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Chapter 7 

General Discussion



7.1. General Discussion

The overall objective o f  this study was to understand the mechanism by which 

microglial activation can be modulated as this is believed to play an important role in 

the pathogenesis o f  neurodegenerative diseases. This study focussed on the role o f  

rosiglitazone as an anti-inflammatory agent and analysis was carried out to evaluate 

its effect in vitro and in vivo. The specific mechanism by which rosiglitazone might 

exert its effect was investigated and its effect on different glial cell types was also 

assessed.

The data show that rosiglitazone has the ability to modulate inflammation in 

mixed glial cells. LPS, which exerts a profound neuroinflammatory effect, induced a 

significant increase in IL -ip  in mixed glia and pretreatment o f  mixed glia with 

rosiglitazone attenuated both the LPS-induced increase in the mRNA expression o f  

IL -ip  and the release o f  IL-ip. Activated glial cells also release other pro- 

inflammatory cytokines such as TN Fa and lL-6 and the data show that pretreatment 

o f  mixed glia with rosiglitazone attenuated the LPS-induced increase in IL-6 and 

TN Fa mRNA. Significantly it also inhibited the LPS-induced increase in expression 

o f  two markers of microglial activation CD40 and CD l lb.

The ability o f  PPARy agonists to modulate inflammation in the CNS has been 

demonstrated both in vitro and in vivo, but the exact mechanism by which the 

modulation occurs is debated. Studies in mixed glia, microglia and astrocytes have 

shown that PPARy agonists can modulate the expression o f  pro-inflammatory 

cytokines, and this has been demonstrated to be mediated through PPARy-dependent 

or PPARy-independent mechanisms; in the latter case interaction with the 

transcription factors NFkB, API and the JAK STAT pathway have been 

hypothesised.

As well as attenuating the mRNA expression o f  inflammatory cytokines 

including IL-ip , rosiglitazone attenuated the LPS-induced increase in IL -ip  release 

from cultured glia. This corresponds with previous reports both in vitro  and in vivo o f  

the ability o f  rosiglitazone to modulate cytokine concentrations (Loane et al., 2009). 

Thus PPARy agonists not only modulate pro-inflammatory cytokine transcriptional
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activity but a lso  the translation or release o f  pro-inflam m atory cytok in es. R ecent 

research has focussed  on  the role o f  caspase 1 in the cleavage o f  p ro -lL -ip  to form  

IL- i p  (Ferrari et al., 2 0 0 6 ). The data presented here m ay indicate a possib le  

m odulatory role o f  rosig litazon e on caspase 1 or perhaps up-stream  o f  this at the level 

o f  the in flam m asom e. R ecent w ork has show n the im portance o f  P 2X 7 receptor 

activation  on c a sp a se -1 activity. P 2X 7, a purinergic receptor and ligand gated ion  

channel, is activated by A T P and e lic its  both c leavage  o f  mature I L- i p  through a 

c a sp a se -1 dependent process and its subsequent release. It is p ossib le  to m easure 

P 2X 7 receptor exp ression  by w estern im m unoblotting or f lo w  cytom etry and w ould  

be interesting to identify  i f  rosiglitazone had any e ffec t on the exp ression  o f  this 

receptor. The activ ity  o f  the receptor could  be m onitored by m easuring the activ ity  o f  

dow nstream  products o f  P 2X 7 receptor activation  such as M A P K , PL A 2 and 

phospholipase D. It w ou ld  be interesting in future experim ents a lso , to investigate  

w hether rosig litazone alters c a sp a se -1 activ ity  w hich  can be assessed  by a caspase 1 

im m unoassay.

A s a m ixed  g lia l cell population contains both astrocytes and m icroglia , the 

ability o f  rosig litazone to m odulate L PS-induced changes in both individual cell typ es  

w as exam ined . In astrocytes, pretreatment w ith rosig litazone attenuated the LPS- 

induced increase in the supernatant concentration o f  IL-1(3, w hich  mirrors the result 

obtained in m ixed  glial c e lls , h ow ever in isolated m icroglia , rosig litazone  

pretreatment failed  to attenuate the L PS-induced increase in IL- ip.  T his identifies a 

cell associated  d ifferential e ffect o f  rosig litazone and it can be concluded  that the 

ability o f  rosig litazone to inhibit IL- i p  release from  m ixed  gl ia can be attributed to its 

action on astrocytes.

H ow ever pretreatm ent w ith  rosiglitazone attenuated the L P S-induced  increase  

in T N F a and IL-6 in both astrocytes and m icroglia , but no attenuation w as reported in 

m ixed g lia  ce lls , w h ich  m atches data in the literature in astrocytes and m icroglia  

(Bernardo et al., 2000; Giri et al., 2 0 04). The distinct d ifferen ces in the ab ility  o f  

rosiglitazone to attenuate the pro-inflam m atory cytok in es in isolated m icroglia  and 

astrocytes com pared w ith  m ixed  glial cultures su ggests that the iso lation  o f  ce ll types 

m ay result in ch an ges in the phenotype o f  the ce lls , a loss o f  ce ll-c e ll com m unication
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th a t  m ay  a l te r  th e ir  r e sp o n se  to  ro s ig li tazone .  O n e  p o ss ib le  c o n c lu s io n  is th a t  the  

s tudy  o f  m ix ed  glial ce l ls  is m o re  re lev an t  th an  the  s tu d y  o f  ind iv idua l  cell types .

P rev io u s  w o rk  has  s h o w n  tha t  the  age , A p  a n d  L P S - in d u c e d  in c rea se s  I L - i p  

w e re  a sso c ia ted  w ith  a dec rease  in the  a n t i - in f la m m a to ry  c y to k in e s  IL -4  an d  IL -10  

(C la rk e  et al., 2 0 0 8 ;  K a v a n a g h  et al., 2004 ; L o an e  et a l . ,  2009) .  It has  b een  repo r ted  

th a t  m a in ta in in g  the  ba lan ce  o f  p ro - in f la m m a to ry  and  a n t i - in f la m m a to ry  c y to k in e s  is 

im portan t ,  as  rev e rs in g  the  age-  and  A ^ -re la te d  d e c rease  in IL-4 , a t ten u a ted  the  

inc rease  in I L - i p  (L o a n e  et al., 200 9 ;  N o la n  et al., 2 005) .  In th is  s tu d y ,  ro s ig l i ta zo n e  

ind u ced  an  inc rease  in the  su p e rn a tan t  c o n c e n tra t io n  o f  IL-4 in m ix e d  g l ia  and 

a s trocy tes ,  h o w e v e r  it d id  no t  inc rease  IL-4 in  m ic rog lia .  T h is  su g g e s ts  tha t  the  

p oss ib le  m o d u la to ry  ro le  o f  ro s ig l i tazone ,  o n  p ro - in f la m m a to ry  c y to k in e  sec re t ion ,  in 

p a r t icu la r  I L - ip ,  m a y  be m ed ia ted  by inc reased  IL-4 , an d  tha t  the  so u rce  o f  th e  IL-4 

is a s trocy tes .  R ecen t ly  p u b l ish ed  da ta  c o n f i rm s  the  ab il i ty  o f  a s t ro cy te s  to  p ro d u ce  

IL-4 (P ark  et al., 2009) .  It is no ted  tha t the  levels  o f  IL-4 in b o th  m ic ro g l ia  and 

a s trocy tes  are  q u ite  low , and  w o u ld  be s t re n g th e n e d  by  k n o w le d g e  o f  the spec if ic i ty  

o f  the  IL-4 E L IS A  assay . T h is  cou ld  be a ch iev ed  by m e a su r in g  lL -4  co n c e n tra t io n  in 

s u p e rn a tan t  o f  m ix e d  glia  f rom  l L - 4 ' '  m ice , a resu lt  tha t  w o u ld  s t re n g th e n  the 

c o n c lu s io n s  o f  the  c u rren t  w o rk  and  o f  fu ture  s tudies.

T h e  po ten tia l  im p o r ta n c e  o f  IL-4 in m e d ia t in g  the  m o d u la to ry  e ffec t  o f  

ro s ig l i tazone  w a s  in v es t ig a ted  fu r the r  in m ix ed  g lia  o b ta in ed  f rom  w ild ty p e  m ic e  and  

m ice  de f ic ien t  in IL-4. T h e  da ta  s h o w  tha t  ro s ig l i ta zo n e  a t ten u a ted  the  L P S - in d u c e d  

increase  in I L - i p  in m ix ed  g lia  o b ta in ed  from  w ild ty p e  m ice ,  bu t no a t ten u a t io n  w as  

o b se rv e d  in m ix ed  g l ia  f ro m  IL-4'^' m ice , e m p h a s is in g  the  ro le  fo r  IL -4  in m e d ia t in g  

the  ac t ion  o f  ro s ig l i tazone .  I f  th is  is true, it w o u ld  be ex p e c te d  th a t  t re a tm e n t  o f  m ixed  

g lia  d irec t ly  w ith  IL-4  w o u ld  m im ic  the  m o d u la to ry  e f fec t  o f  ro s ig l i ta zo n e .  T h e  

resu lts  o f  th is  s tu d y  s h o w  tha t  t re a tm e n t  o f  m ix ed  g lia  w ith  lL -4  d id  a t ten u a te  the  

L P S - in d u c e d  in crease  in I L - ip ,  w h ich  m ir ro r  the  resu lts  o b ta in ed  fo r  ro s ig l i ta zo n e  

t rea tm en t.  W hile  th e  use  o f  glial ce lls  f ro m  lL -4  ' ' '  m ice  is u sefu l ,  t re a tm e n t  o f  m ixed  

g lia  w ith  an t ib o d ie s  for  IL-4  o r  lL -4  re c e p to r  b lo ck in g  an t ib o d ie s  w o u ld  p ro v id e  

fur ther  insigh t into the  ab il i ty  o f  ro s ig l i ta zo n e  to  m o d u la te  in f la m m a t io n  in an  lL -4  

d e p e n d e n t  m an n e r ,  and is so m e th in g  that w o u ld  m er i t  fu r the r  inves t iga tion .
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Rosiglitazone attenuated the LPS-induced increase in the expression of the 

markers of microglial activation CD40 and CDl lb, in both mixed glia and isolated 

microglia. However treatment o f mixed glia with lL-4 did not attenuate the increase 

in CD40 and CDl lb expression. This means that the modulation of pro-inflammatory 

cytokines by rosiglitazone occurs by a different mechanism to that responsible for the 

modulation of cell surface expression of CD40 and CDl lb. Previous reports have 

shown the ability of IL-4 to inhibit IFNy-induced increases in CD40 expression. The 

authors reported that the inhibition occurred at the transcriptional level whereby IL-4 

activated the transcription factor STAT-6 which bound to CD40 promoter inhibiting 

its expression (Nguyen and Benveniste, 2000). Although LPS, not IFNy, was the 

inflammatory stimulus in this study, this mechanism may underlie the change in 

CD40 described here. An alternative possibility is that NFkB activation may play a 

role since Qin and colleagues (2005) report that LPS induced CD40 expression in 

microglia through the activation of the transcription factors NFkB and STAT-la. 

Previous evidence from this lab has shown the ability of rosiglitazone to attenuate the 

age-related increase in pro-inflammatory cytokines and markers o f microglial 

activation. It would be interesting to compare the ability of rosiglitazone to attenuate 

inflammatory markers in vitro, as demonstrated here, directly with the ability of 

rosiglitazone to modulate LPS-induced inflammation in vivo. Administration of LPS 

intracerebrally to animals treated orally with rosiglitazone or IL-4 may provide 

insight into the mechanism by which rosiglitazone mediates its anti-inflammatory 

properties in vivo.

Evidence has emerged that although rosiglitazone has the ability to function

well in the treatment of diabetes and demonstrates anti-inflammatory properties in the

brain, it has been associated with an increased risk of myocardial infarction in

patients. These initial reports have led to the search for novel PPARy agonists that

can exert similar effects to rosiglitazone without the cardiotoxicity. In this study a

novel PPARy agonist MDG79 was investigated for its ability to modulate LPS-

induced changes in mixed glial cells. MDG79, which is probably BBB permeable,

was required at a higher concentration than rosiglitazone to attenuate the LPS-

induced increase in TNFa and IL-6 and the expression of the markers o f microglial

activation CD40 and CDl lb. However MDG79 attenuated the LPS-induced increase
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in IL -ip  at a concentration similar to rosiglitazone. To examine whether its actions 

are PPARy-dependent the effect o f MDG79 on CD36 and LPL expression was 

assessed; these are two gene products o f PPARy activation. MDG79 did not increase 

the expression o f either, which suggested that the modulatory role o f MDG79 was 

independent o f PPARy activation. To further assess this, a PPARy antagonist 

GW9662 was used. Interestingly GW9662 failed to reverse the ability o f MDG79 to 

attenuate the LPS-induced increase in pro-inflammatory cytokines, suggesting that 

MDG79 operates independent o f PPARy, but GW9662 did reverse the ability o f 

MDG79 to attenuate the LPS-induced increase in CD40 and C D l l b  mRNA 

expression. This raises the issue o f whether PPARy agonists can in fact modulate the 

expression of cell surface proteins and pro-inflammatory cytokines in two different 

ways. Previous work has shown that the attenuation in expression o f CD40 by 

rosiglitazone was PPARy-dependent. Sun and colleagues (2008) showed that 

rosiglitazone attenuated the increase in CD40 expression in the hippocampus o f mice 

in a model of epilepsy and that treatment with PPARy antagonists T0070907 reversed 

the rosiglitazone-induced attenuation (Sun et al., 2008). This raises the issue, as 

pointed out by Landreth, that there is no common consensus on what is the dominant 

mode o f PPARy action. Although rosiglitazone attenuated the pro-inflammatory 

cytokine expression and release in a PPARy-independent manner, possibly mediated 

by IL-4, it appears that the ability o f PPARy agonists to modulate the expression of 

cell surface markers of microglial activation is PPARy-dependent.

Inflammation, microglial activation and increased pro-inflammatory cytokines 

are associated with neuroinflammation and neurodegenerative disease. One such 

disease is MS, and much o f our understanding o f the inflammatory process associated 

with MS comes from research using the animal model o f MS, EAE. In this study, 

microglial activation and pro-inflammatory cytokine production were examined in 

the CNS prior to, and following, onset o f clinical symptoms o f the disease. The data 

showed an increase in the IL-1|3 and TNFa mRNA expression in the spinal cord prior 

to the onset o f clinical symptoms, which was accompanied by an increase in CD40 

mRNA expression at the onset o f symptoms. Both pro-inflammatory cytokines have 

been shown to be important in the onset o f disease as blocking or removal o f these
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pro-inflamm atory cytokines delayed the onset o f  disease (Jacobs et al., 1991; M urphy 

et al., 2002). Pro-inflammatory cytokine expression and concentration o f cytokines 

were increased in the spinal cord at the peak o f  disease. The origin o f  the source o f 

these cytokines involved in the onset o f  EAE is still debated as evidence for both glial 

cell-derived and T cell-derived cytokines is suggested. Here we show an increase in a 

m arker o f  microglial activation, CD40, which is consistent with cytokines being glial 

cell-derived, however future experiments would benefit greatly from the use o f  

double-labelling experiments, using confocal microscopy or light microscopy, for 

these cytokines and their colocalisation with markers o f microglial activation such as 

CD40, C D l l b  and MHC 11, which would provide a cell specific indication o f  the 

cells responsible for cytokine production in EAE.

Loss o f  cognition is one o f the earliest m anifestations o f MS, but little 

research has focussed on the effect o f MS on the hippocampus. In this study analysis 

o f  changes in the hippocampus was included and an increase in the mRNA 

expression o f two markers o f  microglial activation, CD40 and CD l lb  are reported at 

the onset o f clinical symptoms. This corresponds with the increase in CD40 mRNA in 

the spinal cord at the same time point, indicating microglial activation in two distinct 

regions o f  the CNS at the onset o f  clinical symptoms. This study also showed an 

increase in the expression o f  the pro-inflammatory cytokines, TN Fa, lL-6 and IL -ip , 

in the hippocampus at the peak o f disease severity, which was associated with the 

increase in CD40 mRNA expression.

Cell-cell interactions play an important role in the maintenance o f  microglia 

in a quiescent state. One protein expressed on neurons that interacts with m icroglia is 

CD200. Its interaction with CD200 receptor which is expressed on m icroglia has 

been shown to decrease microglial activation (Hoek et al., 2000; Lyons et al., 2007a). 

In this study the data indicate a decrease in CD200 expression in the spinal cord and 

hippocampus over the course o f  EAE which was associated with the increase in 

CD40 mRNA expression. Previous work by Hoek and colleagues (2000) has shown 

the importance o f  CD200 in EAE, where onset o f clinical symptoms o f  EAE occurred 

earlier in CD 200‘'̂ ', compared with wildtype, mice and that this was accom panied by 

an increase in the expression o f  CD68, a m arker o f  microglial activation (Hoek et al.,
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2000). Interestingly in this study, the decrease in CD200 in the hippocam pus was 

associated with a decrease in anti-inflam matory cytokine IL-4 at every time point o f  

the disease. Evidence in the literature shows the importance o f  IL-4 in m odulating 

CD200 expression and that the anti-inflam matory action o f  IL-4 may be mediated 

through CD200 (Lyons et al., 2007a; Lyons et al., 2009). Therefore any potential 

therapeutic benefit o f  IL-4 in MS may be associated with CD200 expression and this 

may be an additional, more specific target.

With respect to the importance o f  the anti-inflam m atory cytokines in 

m aintaining the balance o f  pro- and anti-inflam m atory cytokines in the brain the 

current data showed that IL-4 mRNA expression was decreased in the hippocam pus 

over the course o f EAE disease progression, which corresponded with the increase in 

pro-inflammatory cytokines and markers o f  microglial activation. This suggests that a 

potential target for the treatm ent o f inflamm ation associated with EAE may be to 

address the deficit in IL-4.

To further investigate the role o f  lL-4 in EAE, we assessed the direct effect o f  

lL-4 on EAE by inducing EAE in mice deficient in the IL-4 gene. The data shows no 

significant differences in clinical symptoms were recorded between IL-4‘ ‘ mice and 

wildtype mice with EAE. There are disparities in the literature on the role o f lL-4 in 

EAE. It has been reported that disease occurred earlier (Falcone et al., 1998) and was 

more severe in lL-4‘̂ ' mice (Bettelli et al., 1998; Falcone et al., 1998), however 

Liblau and colleagues (1997) reported no difference in the frequency, severity, and 

duration o f EAE in IL-4'^', IL-4^'^' and IL-4"^^  ̂ mice (Liblau et al., 1997). Here, the 

data show that there was an increase in 1L-1(3 expression and protein in the spinal 

cord and hippocampus with EAE, which was increased further in the spinal cord 

obtained from l L - 4 m i c e .  This emphasised the role o f  lL-4 in m odulating the pro- 

inflammatory cytokine IL- i p which has been demonstrated previously in the 

literature. However it is important to note that this further increase in expression was 

not observed for other cytokines or glial markers m easured in lL-4'^' mice with EAE 

which suggests that careful consideration o f all cytokines must be considered for 

therapies, as not all inflammatory markers are m odulated in a sim ilar manner.
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This study also confirmed that there was an increase in CD40 mRNA 

expression in mice with EAE, and this was associated with a decrease in the 

expression o f  CD200. Interestingly, in the hippocampus the decrease in 

CD200mRNA and protein expression in mice with EAE was further decreased in the 

hippocampus o f  lL-4‘̂ ' mice with EAE, providing further evidence o f  a role for IL-4 

in the expression o f  CD200, and a possible target for the control o f  m icroglial driven 

inflammation in MS and EAE.

As rosiglitazone has been shown to increase IL-4 in mixed glia, and in vivo it 

has reversed the age related deficit in IL-4 (Loane et al., 2009), the ability o f  

rosiglitazone to modulate EAE was investigated. Rosiglitazone was administered to 

mice for three weeks prior to MOG injection, and as the disease progressed. 

Interestingly, mice with EAE that were treated with rosiglitazone were not 

significantly different in clinical score than non-treated mice with EAE. Feinstein and 

colleagues (2002) have previously found that the PPARy agonist pioglitazone 

ameliorated clinical symptom s in a mouse model o f  EAE and this is supported by 

another study which demonstrated that troglitazone delayed the onset o f  EAE and 

significantly reduced maximal clinical scores o f the disease (Niino et al., 2001a). The 

apparent variation in the ability o f  different PPARy agonists to m odulate EAE may 

be, in part, due to the method o f administration o f  the drug. In the current study, the 

drug was administered in a similar method to Feinstein and colleagues (2002) where 

it was dissolved in vegetable oil and the food pellets were coated w ith the suspension. 

However this method does not guarantee that all o f  the drug is consumed by the 

animal, especially in late disease when voluntary intake o f  food is lower. 

Adm inistration o f  the drug by gavage or i.p. injection is clearly more efficient as the 

intake o f  the drug in these situations is consistent. There is also debate over the ability 

o f these drugs to penetrate the BBB. In EAE the BOB barrier is com prom ised but a 

drug, such as M DG79, with sim ilar anti-inflam matory effects to rosiglitazone but one 

which is more BBB permeable may be o f  greater benefit in the treatm ent o f  EAE. 

Although no significant difference was observed in the clinical score rosiglitazone 

treatment did attenuate the increase in IL -ip  in the spinal cord o f  mice with EAE, 

which reiterates the ability o f  rosiglitazone to modulate IL -ip  in an inflamm atory 

environment. Interestingly, rosiglitazone treatm ent also increased the expression o f
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CD200 in the spinal cord, which is the first report in the Hterature o f  this, but 

rosigHtazone treatm ent failed to reverse the decrease in CD200 in mice with EAE.

The most important findings o f  this study are that the PPARy agonists 

rosiglitazone and M DG79 can modulate microglial activation in vitro and that. The 

data suggest that the ability o f  rosiglitazone to increase IL-4 may be an important 

contributory factor in the mechanism o f action o f  rosiglitazone, although other 

m echanism s cannot be ruled out. Additional experiments are required to uncover the 

precise m echanism s by which rosiglitazone acts in the brain and to provide an 

understanding o f  its potential benefit, and the benefit o f  other PPARy agonists, in 

conditions like MS.
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Appendix I: Tables 

Table 1

Elisa antibody concentrations

Species Cytokine Diluent Capture

Antibody

Standards Detection Antibody

Rat IL-lp 1%BSA Goat anti-rat 

0.8|ag/ml in 

PBS

0-2000pg/ml Biotinylated anti-rat 

350ng/ml in diluents

Rat IL-6 1% BSA Mouse anti-rat 

4,0|ag/ml in 

coating buffer

0-4000pg/ml Anti-rat 

400ng/ml in diluents

Rat TNFa 1% BSA Mouse anti-rat 

4.0^g/ml in 

coating buffer

0-4000pg/ml Anti-rat lOOng/ml in 

diluent

Rat lL-4 1% BSA Mouse anti-rat 

2|ig/ml in PBS

O-lOOOpg/ml Anti-rat 50ng/ml in 

diluent

Mouse IL-lp 1% BSA Rat anti-mouse 

4|j,g/ml in 

Diluent

O-lOOOpg/ml Anti-mouse 600ng/ml 

in diluents

Mouse lL-6 1% BSA Rat anti-mouse 

2 \xg !m \ in PBS

O-lOOOpg/ml Anti-mouse 200ng/ml 

in diluents

Mouse TNFa 1%BSA Goat anti

mouse 

0.8|o.g/ml in 

PBS

0-2000pg/mI Goat anti-mouse 

200ng/ml in diluents



Table 2 

PCR Primers

Species Gene Name Gene Description Taqman Gene 

Expression Assay 

Number

Rat IL-1(3 Interleukin-1 beta Rn00580432_ml

Rat IL-6 lnterleukin-6 Rn00561420_ml

Rat TNFa Tumour necrosis factor 

a

Rn99999017_ml

Rat CDl lb CDl lb Rn00709342_ml

Rat CD40 CD40 Rn01423583_ml

Mouse IL-ip Interleukin-1 beta Mm00434228_ml

Mouse lL-6 lnterleukin-6 Mm00434228_ml

Mouse TNFa Tumour necrosis factor 

a

Mm00443258_ml

Mouse lL-4 lnterleukin-4 Mm00445259_ml

Mouse CDl lb C Dl l b Mm01271265_ml

Mouse CD40 CD40 Mm00441891_ml

Mouse CD200L CD200 ligand Mm00487740_ml



A p p en d ix  II: Mean Data

Variable Units

Rat Mixed Glial Cells

Control LPS

Rosiglitazone
5nM

Rosiglitazone
20|iM

Rosiglitazone
lOOiaM

lL -lp (pg /m l) 136.6±46.45 111±174.3 921.2±209.9 436.4±110.4 100.5±30.40

T able  I R aw  data from dose response curve, LPS and rosig litazone-treated  ra t m ixed glia. 
V alues are expressed a m eans ±  SEM .

Rat Mixed Glial Cells
Variable Units

Control LPS Rosiglitazone Rosiglitazone + 
LPS

IL -lp mRNA
(RQ)

1.486±0.3869 67.04±14.40 1.008±0.4327 23.85±3.221

IL-lp
(pg/ml) 7.402±L968 106.2±28.91 2.918±1.191 n.84±4.834

IL-6 mRNA
(RQ)

1.406±0.1420 I5.78±2.98 0.9106±0.2358 4.643±1.448

lL-6
(pg/ml) 24.08±16.19 2934±784,1 65.81±22.28 3304±913.5

TNFa
(RQ)

2.078±0.5483 12.27±2.295 1.000±0.422 5.513±L836

TNFa
(pg/ml) 111.7±I4.I8 441.6±112.4 64.90±8.595 402±75.96

C D l l b
(RQ)

0.9345±0.04542 2.317±0.1892 1.873±0.3411 1.274±0.08646

CD40
(RQ)

I.I82±0.2841 6.950±1.2 1.03±0.021 2.408±0.8989

Table II  Raw  data from LPS and rosig litazone treated m ixed glia. V alues are expressed  as 
m e a n s i SEM



Rat Microglia
Variable Units

Control LPS Rosiglitazone Rosiglitazone + 
LPS

IL-ip mRNA
(RQ)

5.342±2.111 279.8+26.55 17.61±7.498 76.32±6.109

IL-1(3
(pg/ml) 2.927±0.423 62.78±12.46 0.161±0.031 101.1±34.15

IL-6 mRNA
(RQ)

2.575±1.018 3.575±1.450 4.487±L796 4.284±1.806

IL-6
(pg/ml)

290.2±25.65 595.7±27.13 260.1±34.33 464.9±33.58

TNFa
(RQ)

2.457±0.5974 31.25±3.046 7.307±2.342 9.148±1.540

TNFa
(pg/ml) 112.8±16.59 598.9±20.19 59.06±12.05 304.9±34.56

C D l l b
(RQ)

0.6843±0.0099 3.696±0.4716 2.231±0.3816 1.196±0.1943

CD40
(RQ)

0.9462±0.1093 9.282±1.067 2.287±-0.4990 4.862±1.055

T able III R aw  data from LPS and rosi g litazone-treated  rat m icroglia. V alues are expressed as
m eans ±  SEM .

Rat Astrocytes
Variable Units

Control LPS Rosiglitazone Rosiglitazone + 
LPS

IL-lp mRNA
(RQ)

1.235±0.5928 45.57±16.98 4.204±2.950 30.91±17.22

IL-ip
(pg/ml) 0.056±0.012 125.55±11.07 1.03±0.06 44.44±2.323

lL-6 mRNA
(RQ)

12.68±7.382 13.65±8.571 15.29±6.643 13.14±7.361

IL-6
(pg/ml)

0.068±0.023 4435±609.8 263.9±140.8 2141±177.8

TNFa
(RQ)

1.049±0.4365 12.19±2.194 1.414±0.1059 14.62±4.2

TNFa
(pg/ml)

1.03±0.07 587.3±50.82 1.894±1.9 217.2±12.73

C D l l b
(RQ)

0.7668±0.1231 4.246±0.8724 1.114±0.3313 5.4±L798

CD40
(RQ)

0.7720±0.2345 1.717±0.6574 1.107±0.2960 1.548i0.3485

T able IV  R aw  data from  LPS and rosig litazone-treated  rat astrocytes. V alues are expressed as 
m eans ±  SEM .



Variable Units Rat Mixed Glia
Control LPS IL-4 IL-4 + LPS

IL -lpm R N A
(RQ)

0.7415±0.09247 31.76±3.399 0.3722±0.0437 39.77±2.339

IL-lp
(pg/mi) 0.056±0.021 855.8±85.30 0.211±0.I4 636.9±66.52

IL-6 mRNA
1 (RQ)

3.99I±L604 6.88U 2.158 3.391±1.I64 9.761±2.672

IL-6
(pg/ml) 7.572±7.572 6404±299.2 20.35±4.56 7476±524

TNFa
1 (RQ)

1.I16±0.3101 I4.28±4.451 3.422±0.7824 I7.28±8.58I

TNFa
(pg/ml) 0.871±0.263 2979±316.4 2.56±L28 2833±244.8

CDl lb
(RQ)

0.747±0.08894 1.132±0.1475 0.8589±0.I287 I.299±0.I480

CD40
(RQ)

2.566±0.6970 7.168±1.259 4.132±1.358 16.I7±5.051

T a b le  V R aw  data from  LPS and IL-4-treated rat m ixed glia. V alues are expressed  as m eans ±  
SEM.



Variable Units Rat Mixed Glia
Control LPS Rosiglitazone Rosiglitazone+LPS

IL-4 (pg/ml) 9.451±3.584 10.39±0.8857 17.64±L975 19.02±1.375
Rat Microglia Rat Astrocytes

Control Rosiglitazone Control Rosiglitazone
IL-4 (pg/ml) 7.526±1.297 9.462±2.074 6.768±0.7821 10.02±1.630

Table VI R aw  data from  LPS and rosig litazone-treated  m ixed glia, m icrog lia  and astrocytes. 
V alues are expressed  as m eans ±  SEM .

Mouse Mixed Glia
Variable C57BL/6 lL-4'-

Units
Control LPS Rosi Rosi

+LPS Control LPS Rosi Rosi
+LPS

IL-ip 2.968± 23.75± 3.149± 16.09±1.5 3.300±L9 27.38±2.9 11.42±3.4 26.00±3.9
(pg/ml) 0.7172 1.99 0.509 90 30 75 12

Table VII R aw  data from  LPS and rosig litazone-treated  C 57B L /6 and l L - 4 m i c e .  V alues are 
expressed as m eans ±  SEM .



Variable
Units

Rat Mixed Glia

Control LPS MDG79
MDG79

lOuM
LPS

MDG79
20
LPS

MDG79
SO îM
LPS

MDG79
100|iM

LPS
IL -lp

mRNA
(RQ)

1.49±0.39 67.07±14.4 2.5±1.5 45.3±6.3 63±7.6 46.2±7.3 3.6±0.76

IL -lp
(pg/ml) 60.6±18.3 I27.1±22.7 183±20.9 68.7±16.I 23.5±5.19 27.68±5.36 47.5±12

2.5±0.98
IL-6

mRNA
(RQ)

1.41±0.14 15.8±3.0 1.5±0.32 9.2±1.4 10.2±1.6 6.8±2.4

IL-6
(pg/ml) 90.1±34.4 376.3±66.5 83.1±20.6 224.1±43.6 159.1 ±26.06 I25.5±39.3 78.5±7.83

TNFa
(RQ)

2.08±0.55 12.3±2.3 2.9±1.2 I0.9±1.7 l l . I ± L 4 13.2±3.3 1.8±0.59

TN Fa
(pg/ml) 0.40±0.35 15.5±3.3 1.33±0.33 14.9±4.5 I1.6±4.02 11.7±3.1 0.08±0.002

C D l I b
(RQ)

0.77±0.12 15.98±2.3 1.7±0.42 13.6±1.16 17.7±3.4 12.3±3.2 2.2±0.82

CD40
(RQ)

1.2±0.28 6.95±1.2 1 0.72±0.27 4.09±l.47 3.13±0.84 3.09±1.48 0.44±0.29

Table  VIII R aw  data from LPS and M D G 79-treated  rat m ixed glia. V alues are expressed  as 
m eans ±  SEM .

Variable Units
Rat Mixed Glia

Control MDG79 (20nM) M DG79(50nM ) M DG79(100nM )

LPL (RQ) 0.325±0.23 0.233±0.11 0.233±0.12 0.232±0.11

C D36(RQ) 0.69±0.105 0.45±0.085 0.44±0.057 0.454±0.083

Table IX R aw  data from M D G 79-treated  rat m ixed glia. V alues are expressed  as m eans ±  SEM.



Rat M ixed  Glia

Variable
Units

Control LPS MDG79 MDG79/LPS MDG79/GW9662/LPS

IL-IP(RQ) 3.64 ±2.78 43.69 ±8.9 2.54 ± 1.46 24.49 ±3.65 26.93 ±0.63

IL-ip (pg/ml) 20.39 ±6.95 155.9 ± 
25.31

179.5 ±35.71 15.37±9.82 7.14±2.51

IL-6 (RQ) 25.98 ± 14.44 225 ±51.64 1.46±0.314 1023 ±27.41 148.8 ±85.23

IL-6 (pg/ml) 103.5 ±56.38 1176± 191.4 83.14 ±20.59 429.9 ± 114.2 578.8 ±80.03

CD40 (RQ) 0.488 ±0.28 4.543 ±0.73 0.722 ± 0.274 1.32 ±0.558 6.315± 1.511

CDl Ib(RQ) 0.6343 ± 
0.158

13.8 ±2.86 1.68±0.419 0.53 ±0.39 4.56±0.14

Table X Raw data from LPS, MDG79 and GW9662-treated rat mixed glia. Values are expressed 
as means ±  SEM.



Spinal C ord of C57BL/6 m ice  w ith  EAE I

Variable
Units

Control
Time post MOG injection (days)

0.5 3 5 7 10 21

IL-ip
mRNA

(RQ)

1.05U0.
2038

2.106±0.39
53

l.715±0.49
86

5.740±0.9
841

3.201±1.30
7

26.85±6.8
93

20.513.02

1

IL-lp
(pg/ml)

26.64±9.
157

17.76±1.82
3

8.792±3.78
2

23.38±3.3
37

32.52±10.2
6

83.23±I7.
01

71.95±8.6
10

IL-6
mRNA

(RQ)

0.8023±
0.1327

0.4245±0.0
185

1.609±1.04
9

3.320±1.7
83

0.8833±0.4
348

1.110±0.3
383

I.178±0.1
460

lL-6
(pg/ml)

37.25±7.
447

35.27±8.75
17.78±7.I5

6
27.03±2.3

14
18.67±6.86

2
32.49±6.3

59
32.5±3.96

1

TNFa
(RQ)

l.657±0.
5361

2.117±0.32
48

1.656±0.63
03

5.345±1.0
80

2.413±0.80
03

47.89±18.
69

27.85±6.7
82

TNFa
(pg/ml)

75.86±7.
415

43,23±6.05
6

30.85±1.87
6

29.24±0.6
64

0.785 ± 
0.04

36.89±5.27
8

0.823 ± 
0.09

26.73±5.8
83

85.78±18.
68

CD200
(RQ)

1.085 ± 
0.09

0,8937 ± 
0.07

0 . 9 I 5 ±
0.08

0.85 ± 
0.09

0.598 ± 
0.12

CD40
(RQ)

1.177±0.
6258

0.9530±0.3
891

0.4394±0.2
330

4.399±1.8
07

3.470±0.48
52

6.275±2.5
67

6.530±0.2
360

Table XI R aw  data from spinal cord o f  C 57B L /6 m ice induced w ith  EAE. V alues are expressed  
as m eans ±  SEM .



Hippocampus of C57BL/6 mice with EAE

Variable
Units

Control
Time post MOG injection (days)

0.5 3 5 7 10 21

IL-ip
mRNA
(RQ)

6.917±
3.448

28.91±11.
119

443.1±420.
6

3417±1366 8247±5748 1693±847.7 248.7±46.4

IL-ip
(pg/ml)

59.16±
2.75

71.69±13.
36

78.05±6.23
8

65.09±10.6
5

49.36±5.27
5

31.23±5.58
3

16.81±1.676

IL-6
mRNA
(RQ)

0.8653
±0.170

1

0.4040±0.
0439

1.517±0.81
27

6.069±3.18
0

5.161±2.17
3

3.149±1.07
8

3.441±0.459
6

lL-6
(pg/ml)

18.03±
2.646

12.47±2.4
01

20.41±2.86
0

27.01±4.78
1

18.40±1.53
8

17.08±2.79
6

15.35±3.152

TNFa
(RQ)

2.873±
0.9213

11.72±2.2
32

10.05±6.08 67.98±21.1
2

65.76±31.9
5

37.2±10.74 60.79±7.282

TNFa
(pg/ml)

38.72±
6.142

26.29±5.6
08

40.81±3.79
8

39.71±6.24
6

33.88±13.1
4

32.38±2.65
5

23.02±2.422

CD200
(RQ)

0.7735
±0.077

22

0.3698±0.
1352

0.2464±0.0
9318

0.2213±0.1 
386

0.2836±0.2
395

0.04489±0.
02536

0.08735±0.0
06075

CD40
(RQ)

0.8833
±0.246

2

0.7165±0.
1481

0.5840±0.1
493

2.035±0.54
68

4.710±2.60
9

6.780±2.70
7

2.991±0.451
5

CDI l b
(RQ)

1.325±
0.1931

1.572±0.1
723

1.480±0.19
69

1.940±0.39
83

3.091±0.61
34

1.914±0.16 
11

1.921±0.110 
9

lL-4
(RQ)

0.7307
±0.269

3

0.5328±0.
0853

0.3038±0.1
581

0.1962±0.0
7908

0.1038±0.0
5492

0.08504±0.
07270

0.05666±0.0
1790

Table XII Raw data from the hippocampus o f  C57BL/6 mice induced with EAE. Values are 
expressed as means ± SEM.



Spleen of C57BL/6 mice with EAE

Variable
Units

Control
Time post MOG injection (days)

0.5 3 5 7 10 21

IL-lp
mRNA

1 (RQ)

4.090±0.8
5721

5.I59±1.4
17

15.46±6.0
69

35.50±14.
08

38.51±13.7
6

133.4±47.0
3

12.4±2.270

IL-lp
(pg/ml)

3.81±8.81
8

35.12±4.7
48

53.58±9.2
60

26.82±3.2
96

16.78±2.74
2

11.62±2.01
3

19.90±1.74
5

lL-6
mRNA
(RQ)

20.54±8.8
87

8.964±3.5
96

14.31±5.6
02

40.60±13.
87

36.46±28.5
3

3.664±1.79
4

39.16±30.1
8

IL-6
(pg/ml)

14.60±2.2
14

]3.42±i,6
94

12.99±I.O
27

9.952±1.8
95

4.667±0.46
38

5.505±0.93
77

2.824±0.65
43

TNFa
(RQ)

5.42l±2.9
04

6.425±2.5
73

5.402±2.4
74

5.573±5.0
69

18.09±13.2
3

42.49±21.3
6

5.862±1.93
5

7.384±3.07
6

TNFa
(pg/ml)

16.6]±3,6
75

14.56±3.5
56

26.64±8.4
09

8.78l±8.4
09

9.796±4.32
8

1.934±1.80
7

C D l l b
(RQ)

38.08±36.
16

25.24±12.
27

I5.48±5.6
86

73.07±66.
83

365.1±270.
4

777.4±361
13.88±5.19

1

CD40
(RQ)

1.312±0.1
723

9.324±4.4
12

4.641 ±2.4
7.150±6.3

75
5.942±3.38

0
40.09±29.6

8
2.607±1,20

2

T a b le  X II I  R aw  data from  spleen o f  C 57B L /6 m ice w ith EAE. V alues are expressed  as m eans ± 
SEM .



Appendix III: List o f Company Addresses

AGB Scientific Ltd
Dublin Industrial Estate
Finglas
Dublin 11

Alexis Corporation (UK) Ltd
P.O. Box 6757 
B ingham ,

N ottingham  N G 13 8LS 
UK

BD Biosciences

Bio-Rad Laboratories Ltd 
2350 Q um e Drive,
M aylands Avenue,
San Jose 
CA

USA

DIFCO
The Danby Building
Edm und Hailey Road
O xford Science Park, Oxford 0 X 4  4IX?
England

GE Healthcare Life Sciences
A m ersham  Place 
Little Chalfont 
Buckingham shire 
HP7 9N A , UK

HYCOR
A n Agilent Technologies Division 
Pentlands Science Park 
Bush Loan, Penicuik 
Edinburgh EH26 OPL 
United Kingdom

Alcan
A lcan International N e tw ork  UK  Limited 
Pechiney H ouse - the G rove 
Slough -  Berkshire S L l IQ F  
UK

Applied Biosystem s,
Frankfurter Street 129b 
Biosciences

64293 Darmstadt 
G erm any

Cam bridge BioScience Ltd

24-25 Signet Court 
N ew m arket  Road 
Cam bridge CB5 SLA 
United Kingdom

Gibco
Gibco Ltd.,
3 Fountain Drive, 
Linchinnnan Drive, 
Paisley PA4 9RF 
Scotland

Harlan UK
Bicester
Olac
UK

Invitrogen
Invitrogen Ltd 
3 Fountain Drive, 
Linchinnnan Drive, 
Paisley PA4 9RF 
Scotland



Jencons, a VWR Division
Unit 15, The Birches 
Willard Way
Imberhorne Industrial Estate 
East Grinstead 
West Sussex RH19 IXZ 
UK

Macherey-Nagel
Labquip (Ireland)Ltd.,
12 The Business Centre, 
Fonthill Industrial Park 
Clondalkin 
Dublin 22

NUNC

Thermo Fisher Scientific,

Kamstrupvej 90,
Postbox 280,
DK-4000,
Roskilde,
Denmark

Pierce

Pierce Biotechnologies

3747 N. Meridian Road 

P.O. Box 117 

Rockford IL 61105

Kaketsuken
1-6-1 Okubo, 
Kumamoto-shi, 
Kumamoto 860-8568, 
Japan

Nanodrop Technologies Inc
3411 Silverside Rd,
Bancroft Bldg,
Willmington,
Delaware, USA

Pail Corporation Ltd

Rosanna Rd

Tipperary Town 
Co Tipperary 
Ireland

Promega,

Promega,

2800 Woods Hollow Road 

Madison WI 5371 1 

USA

USA



R&D Systems,

R&D Systems,

614 McKinley Place NE 

Minneapolis 

MN 55413 

USA

Sarstedt

Starstedt Ltd., 

Sinnottstown Lane, 

Drinagh,

Wexford,

Ireland.

Sigma

Sigma-Aldrich Company Ltd. 

Fancy Road,

Poole,

Dorset BH12 4GH 

UK

Whatman

Whatman Pic 

Whatman House,

St. Leonard’s Road, 

Maidstone,

Kent ME16 0LS



A ppendix  IV: List o f  Solutions

Cell culture media

D ulbecco ’s M odified Eagles M edium  (D M E M ) (G IB C O , UK) w as supplem ented with 10% 

heat activated (56°C for 60m in) Foetal C a lf  Serum (FCS), lOOmM L -G lutam ine (Gibco, UK), 

100|ig/ml penicillin /streptomycin  (Gibco, UK).

Neurobasal m edium  (N B M ) was supplem ented with 10% heat activated (56°C for 60min) 

FCS, lOOmM L-G lutam ine (Gibco, UK), 100|j,g/ml penicillin/streptomycin (Gibco, UK).

Phosphate-buffered saline (PBS) 20X

320g Sodium  chloride (NaCl, 1.4M, Sigma, UK)

46g di-Sodium hydrogen phosphate (N a2H P 0 4 , 0 .08M, Sigma, UK)

8g Potassium dihydrogen phosphate (KH2PO4, 0.01 M, Sigma, U K)

8g Potassium  chloride (KCl, 0 .03M, Sigma, UK)

Dissolved in 2L dH 20 , pH 7.0

ELISA Assay diluent 

100ml IX  PBS

Ig Bovine Serum Album in (Sigma, UK)

ELISA wash buffer

500ml 20X PBS 

9.5LdH20  

5ml Tw een 20



ELISA substrate solution

5ml colour reagent A; stabilized peroxide solution (R & D  Systems, UK) 

5ml colour reagent B; stabilized chrom ogen solution (R & D  Systems, UK)

ELISA stopping solution (IM )

26.6ml 18.8M (H 2 S O 4 )

473.4m l dH jO

Krebs solution containing calcium  

Krebs solution

3 .9 7 5 g N aC l 

0 .095g KCl 

0 .08g KH2PO4 

0.135g M gS04 

0.67g N aH C O j 

0.9g Glucose

M ake up to 500ml with d H 2 0  and pH to 7.3

Calcium (stock)

2.94g C aC l2 in 20ml dH20 

Store at 4°C



Krebs solution containing calcium

A d d  2 0 0 |i l  C a C l2 to  100ml K reb s  so lu t io n  (1 :5 0 0  d i lu t ion )  ju s t  b e fo re  use, fo r  w a s h in g  or 

sho r t  te rm  storage.

F or  lo n g  te rm  sto rage , add  10%  D M S O  to K r e b s /C a C b ,  snap  freeze  t is sue  in l iqu id  N 2 and 

s to re  at -80°C.

Cell Lysis Buffer

lO m M  T ris-H C l,

5 0 m M  sod ium  ch lo r id e  (N aC l) ,  

lO m M  sod ium  p y ro p h o sp h a te  (N a4P2 0 7 ),

5 0 m M  sod ium  f luoride  (N aF ) ,  

d isso lv ed  and  f iltered  in 1L d H 2 0 ,  pH  7.4.

+

l % l G E P A L ( N P - 4 0 ) ,

Im M  so d iu m  o r th o v an ad a te  (N a 3V 0 4 ),

Im M  p h en y im e th y lsu lp h o n y l  f luo ride  (P M S F ) ,

Im M  pro tease  in h ib ito r  cockta il .

Tris-buffered saline (TBS)

3 1 .5 2 g 2 0 m M  T ris -H C l;  pH  7.5,

87 .66g  1 5 0 m M N a C i ,

d isso lved  in 1L d H 2 0  (1 OX) o r  1OL d H .O  (1 X), pH  7.6.

TBS-Tween (TBS-T)

TBS B u ffe r  (1 X ) w ith  0 .0 5 %  T w een .
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A bstract

Increased  expression o f  proin llam m atory  cytokines, like in terleuk in-1 (J (IL -l[ i) , is a feature o f the aged brain and it is generally  accepted that 
the prim ary  cell source o f  these cytokines is activated m icroglia. In hippocam pus o f  aged rats, the increase in IL -1 (3 is accom panied  by m icroglial 
activation and im paired long-term  potentiation (LTP). Peroxisom e proliferator-activated receptors (PPARs) possess anti-inflam m atory prop
erties that target m icroglia. In this study the PPA R'/ agonist, rosiglitazone, was orally adm inistered to young and aged rats, and we report 
that the age-related increases in NO and IL-1(3 production w ere attenuated in hippocam pus o f rosig litazone-treated  aged rats and that this 
was associated with a restoration o f  LTP. In addition, treatm ent with rosig litazone increased interleukin-4 (IL -4) m RNA and reversed the 
age-related  decrease in hippocam pal IL-4 concentration. Significantly, while rosiglitazone attenuated the LPS-induced increase in M H CII and 
I L - ip  concentration in glia prepared from  w ildtype m ice, it failed to exert an effect in glia prepared from  I L - 4 " '' m ice, thereby suggesting 
that the anti-inflam m atory actions o f  rosig litazone are m ediated by its ability to increase lL -4  expression.
©  2007 Elsevier Inc. All rights reserved.

Keywords: Age; H ippocam pus; M icroglia; Interleukin-13 (IL-1[3); Interleukin-4 (IL-4); Long-term potentiation (LTP); Peroxisome proliferator-activated 
receptor gamma (PPAR7 ); Rosiglitazone

1. Introduction

Aged animals exhibit an inllainmatory phenotype with 
evidence of an impaired capacity of aged mice to elicit 
a functional T helper type 2 cell response (Smith et al., 
2001). The evidence suggests that the inflammatory phe
notype extends to the brain; thus an age-related increase in 
hippocampal concentration of proinflammatory cytokines, 
accompanied by decrease in anti-inflammatory cytokines 
has been described (Maher et al., 2005; Martin et al., 2002; 
Nolan et al., 2005). This apparent imbalance in pro- and anti
inflammatory cytokines contributes to the deficit in LTP, 
because restoring the balance, for example by eicosapen-

• Corresponding author Tel.: +353 I 8968531; fax: +353 I 6793545.
E-mail address: lynchma@ tcd.ie (M.A. Lynch).

' Present address: Department o f Neuroscience, Georgetown University 
M edical Center, Washington, DC 20057, USA.

0197-4580/$ -  see front matter © 2007 Elsevier Inc. All rights reserved, 
doi: 10.1016/j.neurobiolaging.2007.09.001

taenoic acid (EPA) (Lynch et al., 2007; Martin et al., 2002), 
leads to an improved ability of aged rats to sustain LTP. 
A key contributor to the age-related deficit in LTP is the 
increase in IL -ip  concentration (Lynch and Lynch, 2002) 
and consistent with the evidence that IL-1 (J is derived largely 
from activated microglia (Davies et al., 1999; Li et al., 1997; 
Minogue et al., 2003), an age-related increase in microglial 
activation has been documented (Griffin et al., 2006).

Peroxisome proliferator-activated receptors (PPARs) are 
ligand-activated nuclear receptors, which are key regulators 
of lipid and glucose metabolism, energy homeostasis and 
adipocyte and macrophage differentiation (Kliewer et al., 
1999). One subtype, PPAR7 , is expressed particularly in hip
pocampus and entorhinal cortex (Berger and Moller, 2002; 
Kainu et al., 1994) and its expression in neurons and glia has 
been described in vitro and in vivo (Bernardo et al., 2003; 
Cristiano et al., 2001; Inestrosa et al., 2005; Moreno et al., 
2004; Park et al., 2004). There is now compelling evidence to
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indicate that PPA R 7  activation  m odu la tes brain in llam m ation  
(B ernardo  and M inghetti, 2006); thus the endo g en o u s ligand 
IS -d e o x y -A '^ - '^ '-p ro s tag lan d in  J2 (15d-PG J2) and syn thetic  
th iazo lid ined iones inh ib it L P S -induced  m icrog lia l activation  
(B ernardo  et al., 2000) and reduce  L P S -induced  iN O S ac ti
vation (K im  et al., 2002; Petrova e t al., 1999) and C O X -2 
expression  (Petrova e t al., 1999) w hile p ro tec ting  neurones 
against L PS- and A p -in d u ced  cell death  in vitro  and  in vivo  
(H eneka e t al., 2000). S im ilarly  activation  o f  PPA R 7  atten
uates A (3-stim ulated activation  o f  m icrog lia  (C om bs et al., 
2 0 0 0 ) and the secre tion  o f  in flam m atory  cy tok ines from  
m onocytes and m icrog lia  (C om bs et al., 2001, 2000).

In add ition  to these  e ffects, PPA R 7  activation  has been 
show n to inh ib it the up-regu la tion  o f  stress-activated  kinases, 
JN K  and p38, w hich  occu r as a resu lt o f  ischem ic stress 
(K handoudi et al., 2002; L ennon  et al., 2002), Signifi
cantly , activation  o f  JN K  and p38 have a negative im pact 
on LTP (B arry  et al., 2005; K elly  e t al., 2003); thus the 
age-re la ted  im pairm en t in LTP is assoc iated  w ith increased  
JN K  activation  (N olan et al., 2005) w hile  the A 3 - and LPS- 
induced im pairm en t o f  LTP is a ttenuated  by inhib ition  o f 
JN K  (M inogue  et al., 2003; W ang et al., 2004). In con trast, 
the PPA R 7 agonists ro sig litazone  and p iog litazone  activate 
E R K  (W ada et al., 2006) w hich  has been  show n to be  a key 
facto r in triggering  LTP (B ozon et al., 2003; G ooney and 
Lynch, 2001 ; M cG ahon et al., 1999). T herefo re , it cou ld  be 
p red ic ted  that PPA R 7  activation  m igh t a ttenuate  A |3-induced 
and age-dependen t deficits in LTP, and the ev idence  indicates 
that trog litazone, c ig litazone  and 15d-PGJ2 a ttenuated  the 
A p -m ed ia ted  decrease  in LTP in C A l in vitro  (C oste llo  et 
al., 2005).

T his study  set ou t to  assess w hether trea tm en t o f  aged rats 
w ith rosig litazone  m ig h t affect LTP, and to exam ine  w hether 
this trea tm en t m odulates the age-re la ted  neuro inflam m atory  
changes w e have p rev iously  identified. T h e  ev idence  ind i
cates that ro sig litazone  a tten u ated  the increase  in IL-1(3 
con cen tra tio n  in h ip p o cam p u s o f  aged rats and that this was 
not a co n sequence  o f  any change  in PPA R 7  activation  but 
was p robab ly  due to its ab ility  to increase  h ippocam pal IL- 
4 , w hich dow n-regu la tes I L - ip  expression  in vivo  and  in 
vitro.

2. Methods

2.1. A n im a ls

M ale W ista r rats (B ioR esources U nit, T rin ity  C ollege, 
D ublin , Ireland) o f  m ean age 4  m on ths (2 5 0 -3 5 0  g) o r 22 
m onths (4 5 0 -5 5 0  g) w ere  used  in these  experim ents. A nim als 
w ere housed  in pairs (22 -m on th -o ld  rats) o r groups o f  four 
to six (4 -m on th -o ld  ra ts) under a 12h  ligh t schedu le , am b i
en t tem pera tu re  w as co n tro lled  be tw een  22 and 23 °C  and 
rats w ere m ain tained  under ve terinary  superv ision  th ro u g h 
ou t the study. T hese  ex p erim en ts w ere perform ed  under a 
license issued  by the D ep artm en t o f  H ealth  (Ireland) and in

accordance  w ith the gu idelines laid dow n by the  local eth ical 
com m ittee.

F ood in take w as m easu red  for 2 w eeks p rio r to the period 
o f  ex p erim en tal trea tm en t to estab lish  daily  food intake. At 
the end o f  this period , y oung  and aged  rats w ere random ly 
assigned  to con tro l g roups w hich  received norm al labora
tory chow  (R ed M ills , Ireland) o r ex p erim en tal g roups to 
w hich rosig litazo n e  m aleate  (3 m g/ra t/day ; A lex is B io ch em 
icals L td., U K ) w as added. T rea tm en t con tin u ed  for 8 w eeks. 
Food w as freshly  p repared  and rats w ere o ffered  th e ir full 
d aily  req u irem en t each  day.

In a separa te  study  4 -m on th -o ld  rats (2 5 0 -3 5 0  g) w ere 
random ly  assigned  to a g roup  that received 3 m g/ra t pe r day 
ro sig litazone  fo r 3 w eeks or laborato ry  chow  (contro l trea t
m ent). A t the end  o f  the trea tm en t period, ra ts w ere further 
subdiv ided  in to  con tro l- and L P S -treated  groups. R ats w ere 
an aesth etized  w ith u rethane  (1.5 g/kg) and in jec ted  in traperi- 
toneally  w ith 5 |xl sa line  o r LPS (1 0 0 |j.g /k g ; S igm a, U K ) 
and 3 h  later the  ab ility  o f  rats to susta in  LTP in perforan t 
p a th -g ra n u le  cell sy napse  w as assessed  (see below ).

In a final study, a g roup  o f  4 -m o n th -o ld  rats w ere 
an aesthetized  and subdiv ided  into those  that w ere  injected 
in tracereb roven tricu larly  (2 .5  m m  poste rio r and 0.5 m m  lat
eral to B regm a) w ith  5 |xl o f  sa line  o r reco m b in an t IL-4 
(20  M-g/ml; R & D  S ystem s, U K ). T hree  hours a fte r treatm ent 
ra ts w ere k illed  by cerv ica l d isloca tion  and decap ita tion . 
T h e  brains w ere rap id ly  rem oved , hem isected , and stored  in 
K rebs buffer (118 m M  N aC l, 4.7 m M  KCl, 1.2 m M  K H 2PO 4, 
1.2 m M  M g S 0 4 , 4 .2  m M  N aH C O s, 2 m M  C a C h , 10 m M  g lu 
cose; pH  7.4) co n ta in in g  10% dim ethy l su lfox ide  (D M SO ) 
at - 8 0 ° C  until req u ired  for analysis as p rev iously  described  
(M inogue  e t al., 2003).

2.2. In duction  o f  L T P  in vivo

On the  day o f  the  experim en t, ra ts w ere an aesth etized  by 
in traperitonea l in jection  o f  u rethane (1.5 g /kg ); the absence 
o f  a pedal reflex w as co n sid ered  to be an in d ica to r o f  deep  
anaesthesia . T h e  ab ility  o f  ra ts to  susta in  LTP in perforan t 
p a th -g ra n u le  cell sy napses, in response  to te tan ic  stim u la tion  
o f  the pe rfo ran t path  w as assessed  as p rev iously  described  
(C larke e t al., 2007). In brief, ra ts w ere  p laced  in a s te reo 
tax ic  fram e, a b ip o la r s tim u la ting  e lectrode  w as positioned  
in the pe rfo ran t path  (4 .4  m m  lateral to lam bda) and a un ip o 
lar reco rd ing  e lec tro d e  w as positioned  in the dorsal cell body 
reg ion  o f  the den ta te  gyrus (2.5 m m  lateral and 3.9 m m  p o ste 
rio r to B regm a). Test shocks w ere  delivered  at 30  s in tervals, 
and a fte r a stab iliza tio n  period , responses w ere  reco rded  for 
1 5 m in  before , and 45 m in  after, tetanic s tim u la tion  (th ree  
trains o f  s tim u li; 250  H z for 200 m s; 30 s in te rtra in  interval). 
T h e  stim u lus in tensity  req u ired  to  induce a sp ike was s im i
lar in all trea tm en t g roups (0 .5 -1  m A ) and the  sam e stim ulus 
streng th  w as used  du ring  de livery  o f  the te tan ic  stim ula tion . 
R esponses w ere  assessed  by m easu ring  the slope o f  the e x c i
tatory p o stsy n ap tic  po ten tial (epsp) in the m iddle  one-th ird  
o f  the rising  ph ase  o f  the  epsp  and m ean and S .E .M . values
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for each treatm ent group in 30 s bins were calculated and 
are presented. At the end o f the experim ent, rats were killed 
by cervical dislocation and tissue was stored as described 
(M inogue et al., 2003).

2.3. Preparation o f  prim ary glial cultures

M ixed glial cultures were prepared from the cortices o f 1- 
day-old W istar rats, C57/BL6 (wildtype) mice and IL-4~^“ 
back crossed onto C57/BL6 mice (Kuhn et al., 1991) (BioRe- 
sources Unit, Trinity College, Dublin, Ireland), as previously 
described (Nolan et al., 2005). Briefly, dissected tissue was 
roughly chopped and added to pre-warm ed D ulbecco’s m od
ified Eagle medium (DM EM ) containing fetal bovine serum, 
penicillin (100 U/ml) and streptom ycin (100 U/ml) (all Gibco 
BRL, Ireland). Tissue was triturated, the suspension was fil
tered through a sterile mesh filter (40 (im), centrifuged at 
2000 X g for 3m in  at 20 °C and the pellet resuspended in 
warmed DMEM. Resuspended cells were plated in 24-well 
plates at a density o f 2.5 x  10^ cells and incubated for 2 h  
before addition of warmed DM EM . Cells were grown at 
37 °C  in a humidified 5% C 0 2 :9 5 % air environm ent and 
m edia was changed every 3 days. Fourteen days after prepa
ration, the mixed glial cells were pre-treated with either 
rosiglitazone (20 |xM) or GW 9662 (20 jjlM ; Sigma, UK). The 
concentration of GW 9662 used in this study was chosen 
because we have previously shown that this concentration 
blocks the protective effects o f EPA, w hich is a natural 
PPAR 7  ligand, in mixed glial cells (M inogue et al., 2007), 
and that simi lar concentrations attenuate the protective effects 
o f TZD  agonists (Luna-M edina et al., 2005). The follow
ing day the cells were incubated in the presence or absence 
of LPS (1 |jLg/ml; Sigma, UK), and incubated for a further 
24 h. The supernatant was removed and stored for analy
sis o f IL - ip  concentration, and the cells were harvested in 
either R A l lysis buffer (M acherey-Nagel Inc., Germany) for 
assessm ent o f mRNA expression, or lysis buffer (10 mM 
Tris-H C l, 50 mM NaCI, lO m M  Na4 P 2 0 7 -IOH2 O, 50 mM 
NaF, 1 mM PMSF, 1 mM N a3 V0 4 , 5 |xg/ml pepstatin A, 
2 |j.g/ml leupeptin, 2 (j-g/ml aprotinin; pH 7.4, containing 1% 
NP-40) for assessm ent o f protein expression. In other exper
iments, mixed glial cells were treated with recom binant IL-4

(200 ng/m l) or control media and were harvested in R A l lysis 
buffer after 24 h. This mixed glial cell preparation contained 
approximately 63% astrocytes.

2.4. Analysis o f  IL - I^  and IL-4 concentration

The concentrations o f IL-1(3 and IL-4 were assessed 
in supernatant obtained from glial cultures as well as in 
hippocam pal homogenates. Analysis was carried out by 
enzym e-linked im m unosorbent assay (R&D Systems, UK) as 
per m anufacturer’s instructions and as previously described 
(Nolan et al., 2005). A bsorbance was read at 450 nm, val
ues were expressed as pg/ml (supernatant) and in the case of 
hom ogenates, values were corrected for protein concentra
tion and expressed as pg/m g protein.

2.5. Analysis o f  total NO

A colorim etric kit (Assay D esigns Inc., USA) was used 
to determ ine total nitric oxide (NO) levels in hippocam 
pal hom ogenates, as per m anufacturer’s instructions. Values 
were corrected for protein and final NO concentrations were 
expressed as nM /mg protein.

2.6. Analysis o f  mRNA expression

RNA was extracted from snap-frozen hippocam pal tissue 
and harvested mixed glial cells using a NucleoSpin RNAII 
isolation kit (M acherey-Nagel Inc., Germany). cDNA syn
thesis was performed on 1-3 n-g total RNA using a High 
Capacity cDNA RT kit (Applied Biosystems, USA) as per 
m anufacturer’s instructions. Equal concentrations o f cDNA 
w ere used for RT-PCR amplification. The primer pairs listed 
in Table 1 were used to m easure target rat and mouse gene 
expression.

The PCR cycling conditions were as follows: 96 °C for 
5 min followed by 3 2 ^ 0  cycles o f 94 °C for 1 min, Ta  (°C) 
for 1 min, and 72 °C for 2 min. The reaction was stopped 
by final extension for 10 min at 72 °C. To measure rat IL-4 
mRNA expression a rat IL-4/18S gene Dual-PCR kit (M axim 
Biotech. Ltd., USA) was used and PCR was performed as 
per m anufacturer’s instructions. PCR product (lOjjul) from

Table 1
RT-PCR primer properties

Target gene Primer sequence 7-a r c )

Rat
MHCIl S: 5'-CAG TCA CAG AAG GCG TTT ATG-3'; A: 5'-GAT CGC AGO CCT TGA ATG ATG-3' 58
IL -ip S: 5 '-G CA  CCT TCT TTT CCT TCA TC -3 '; A: 5'-CTG  ATG TAC CAG TTG GGG AA-3' 59
PPAR7 S: 5 -TCA GCT CTG TGG ACC TCT CTG TGA T-3'; A: 5'-CAA GGC ACT TCT GAA ACC GAC AGT A-3' 62
LPL S: 5 '-CCT AAG GAC CCC TGA AGA CA-3'; A: 5 '-GAA TTA CTG GCT TGG ATC CAG C-3' 58
CD36 S: 5 '-G CC  TGG TTG AGA TGG TCT TAC TTG -3'; A: 5'-CTA TAA ATG AAA GGG CCA CCC CAG-3' 61
3-Actin S: 5'-AGA AGA GCT ATG AGC TGC CTG ACG-3'; A: 5 '-CTT CTG CAT CCT GTC AGC GAT GC-3' 65

M ouse
MHCIl S: 5'-CCA ATG TCG TCA TCT CCC TG -3'; A: 5'-CTG  GAC TGG CAG TCA GGA ATT C-3' 58

S = sense primer; A = anti-sense primer; = annealing temperature.
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each sam ple  v/as loaded  on to  1.5% agarose  gels, bands v.'ere 
separated  by ap p licatio n  o f  90  V, pho tographed  under U V  
light and quan tified  using  d en sitom etry  (L abw orks, U V P 
B io lm ag in g  S ystem s, U K ). T h e  target gene w as norm alized  
to  m R N A  expression  o f  the p -ac tin  o r 18S endogenous co n 
trol genes. T here  w ere  no o bservab le  changes in endogenous 
contro l m R N A  expression  in any treatm ent group.

2.7. W estern im m u n o b lo t ana lysis

R at h ippocam pal tissue w as h om ogen ized  in lysis buffer 
(see above) and assessed  for expression  o f  iN O S and C D 36 
protein by gel e lec tro p h o resis  and im m unoblo tting . To assess 
PPAR 7  expression  a n uclear fraction  w as p repared  from  
rat h ippocam pal tissue  using  a ProteoExtract®  Subcellu lar 
P ro teom e E x traction  kit (M erck  B iosc iences, U K ) as per 
m an u factu re r’s instructions. T issue sam ples w ere equalized  
for pro tein  co n cen tra tio n  and 10 ĴLg w as added  to N uPA G E 
LD L  sam ple  buffer (Invitrogen, U K ) conta in ing  N uPA G E 
reducing  agent, heated  at 70  °C  for lO m in , and loaded on to  
10% N uPA G E N ovex  B is-T ris gels. P ro te ins w ere separated  
by app lication  o f  200  V constan t, w et-transferred  (X C ell II 
B lot m odule; Inv itrogen , U K ) on to  n itrocellu lose  m em brane

(30  V constan t) and incubated  overn igh t in b lock ing  buffer 
(5%  bov ine serum  a lbum in (B SA ) in T ris buffered  sa line  
(100  m M  T ris -C l, 150 m M  N aC l; pH  7.5) con ta in ing  0 .05%  
T w een-20  (T B S-T )).

M em branes w ere incubated  w ith an tibodies for iN O S 
(1:1000; B D  T ransduction  L aboratories, U K ), C D 36 
(1 :1000; C aym an  C h em icals, U SA ), PPA R 7  (1 :10 ,000; 
M erck  B iosc iences, U K ) or actin  (1 :10 ,000; S igm a, U K ) 
in T B S -T  co n ta in in g  2%  B S A  fo r 2 h at room  tem peratu re. 
M em branes w ere w ashed  ( 4 x 1 5  m in in T B S -T ), incubated  
in the ap p ro p ria te  horserad ish  perox idase  con jugated  
secondary  an tibod ies (an ti-m ouse  IgG  o r an ti-rabb it IgG , 
1:1000; S igm a, U K ) fo r 1 h at room  tem peratu re. M em branes 
w ere w ashed (4  x  15 m in ) and p ro tein  com plexes w ere v isu 
alized  using  SuperS ignalW est D ura  E x tended  D uration  
S ubstra te  (P ierce, U SA ). Im m unob lo ts w ere exposed  to  film 
(A m ersham  B iosc iences, U K ) and p rocessed  using  a Fuji 
X -ray processor. P ro te in  bands w ere quan tita ted  by densito - 
m etric  analysis using  L abw orks softw are  (U V P B io lm ag in g  
S ystem s, U K ). L abw orks p rov ides a single  value (in a rb itrary  
units) rep resen ting  the  d ensity  o f  p ro tein  bands, and the data  
p resen ted  rep resen ts the density  o f  target pro tein  d iv ided  by 
the density  o f  the en d o g en o u s actin  in each  sam ple.

(a) (b)

pActin

Rosi
Young Aged

1 , 0 i

c  
3  
S ' 0.5-

€
< Jm

+

Young
+ Rosi

Aged

300

 ̂ 200 

i
C

O  100- z

0-1

Young
+ Rosi

Aged

Young Aged

Fig. 1. R osig lilazone a llenualcs ihe agc-re la ied  increase in p ro innam m alory  m ed ia lo rs in ihe ral h ippocam pus. MHCIT m RN A  expression  (a), N O  concen tration  
(b), IL -P  m RN A  ex p ress ion  (c) and  IL-1 p  concen tra tion  (d) w ere sign ifican tly  increased  in h ippocam pal tissue  p repared  from  aged, com pared  w ith young, rats 
( * p < 0 .0 5 ; *** /7< 0 .001 ; A NO V A); w ith the excep tion  o f  M H C II m R N A , these changes w ere  sign ifican tly  a ttenuated  in tissue p repared  from  aged rats w hich  
w ere trea ted  w ith ro s ig litazone  (* p < 0 .0 5 \ '^ p < 0 .0 1 ;  A NO V A). D ata are expressed  as m e a n s iS .E .M . o f  at leas t six  observations. S am p le  m icrographs are 
show n in (a) and (c).
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2.8. Sta tistical analysis (a) Age ± Rosi on LTP

D ata w ere analyzed using either Student’s r-test for inde
pendent m eans or a one-way analysis o f variance (ANOVA) 
followed by post hoc Student N ew m an-K euls test to deter
mine w hich conditions w ere significantly different from each 
other. D ata are expressed as means with standard errors and 
deem ed statistically significant when p < 0 .0 5 .

3. Results

We analysed m icroglial activation in hippocam pal tis
sue prepared from control-treated and rosiglitazone-treated 
young and aged rats by assessing MHCTI mRNA, total NO 
production and IL-1(5 expression. The representative m icro
graph show n in Fig. 1 a indicates that there was an age-related 
increase in M HCII mRNA (com pare lanes 1 and 2 (control 
and rosiglitazone-treated; young) with lanes 3 and 4 (control 
and rosiglitazone-treated; aged)). A nalysis o f the mean data 
obtained from densitom etric analysis indicated that mean 
M HCII mRNA expression was significantly increased in hip
pocam pal tissue prepared from aged, com pared with young, 
control-treated rats (***p<  0.001; ANOVA); this age-related 
change was not significantly affected by rosiglitazone treat
ment.

We dem onstrate that the significant age-related increase 
in M H CII mRNA was accom panied by parallel changes 
in NO production (* p < 0 .0 5 ; ANOVA; Fig. lb ), IL-1(3 
mRNA (***/7<0.001; ANOVA; Fig. Ic) and IL-1(3 protein 
(***p< 0 .001 ; ANOVA; Fig. Id). However, in contrast with 
M HCII mRNA, the data showed that the increases in each of 
these m easures were significantly attenuated in tissue pre
pared from aged rats, which were treated with rosiglitazone 
C p < 0 .0 5 ;  ■^■^;7<0.01; ANOVA; tissue prepared from aged 
control-treated vs. aged rosiglitazone-treated rats).

Previous evidence has indicated that LTP is depressed 
in perforant path-granule cell synapses o f aged rats; inter
estingly the decline in excitatory postsynaptic potential 
(epsp) slope was greater in the last 15m in of the record
ing period. The data presented here (Fig. 2a) confirms 
this and shows that rosiglitazone attenuated the age-related 
decrease in LTR A nalysis o f the mean changes at 45 min 
post-tetanic stim ulation revealed a significant decrease in 
epsp slope in aged control-treated rats (95.38 ± 6 ,6 7 )  com 
pared with the other three groups (young control-treated 
128.44 ± 5 .6 1 , young rosiglitazone-treated 129.84 ± 4 .9 5 , 
aged rosiglitazone-treated 118.65 ± 3 .7 3 , m ean ± S .E .M .; 
* * * p < 0 .0 0 l; ANOVA). This age-related im pairm ent in LTP 
was significantly attenuated in rosiglitazone-treated aged rats 
(■'■">< 0.001; ANOVA).

We dem onstrate that intraperitoneal injection of LPS 
resulted in a deficit in LTP in 4-m onth-old rats (as previously 
shown (Barry et al., 2005)) and rosiglitazone treatm ent 
attenuated this LPS-induced im pairm ent in LTP (Fig. 2b); 
although there was some evidence o f a modest decline in
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F ig . 2. R osig litazone a ttenuates the age-re la ted  and L P S -induced  deficits 
in LTP in perfo ran t p a th -g ran u le  cell synapses. Tetanic stim ulation  (tim e 
0 ) resu lted  in an im m ed ia te  and  su sta ined  increase in the m ean popula tion  
exc ita to ry  postsynap tic  poten tia l (ep sp ) s lope  in young  con tro l-trea ted  and 
young  ro s ig litazone-trea ted  rats in both  experim en ts (a  and  b). T he responses 
to te tan ic  stim u la tion  w as a ttenuated  in aged  (a) and  L P S -trea ted  (b) rats, but 
aged and L P S -trea ted  rats, w hich  rece ived  rosig litazone sustained  LTP in a 
m anner s im ila r to the con tro l-trea ted  an im als. S am p le  epsp  record ings for 
(a). Pre- (5  m in  befo re; 1 ,3 ,5 ,  7) and  post- (a fte r 40 m in; 2, 4, 6, 8) te tan ic 
s tim u la tion  traces are  p resen ted  fo r ra ts  tha t w ere  con tro l-trea ted  ( 1 ^ )  o r 
ro s ig litazone-trea ted  (5 -8 ) , and  w ere  young  (1, 2 , 5, 6) o r aged (3, 4, 7, 8). 
S am ple  ep sp  record ings fo r (b). Pre- (1, 3, 5, 7 ) and  post- ( 2 ,4 ,  6, 8) tetanic 
stim ulation  traces are  p resen ted  fo r ra ts  tha t w ere  con tro l-trea ted  (1 -4 )  o r 
ro s ig litazone-trea ted  (5 -8 ) , and  those w hich  received  saline ( I ,  2, 5, 6) o r 
LPS  (3, 4, 7, 8) ICV  in jection . T he sca le  bars rep resen t 0.1 m V  and 5 ms.

epsp slope for the duration of the experiment. Analysis o f the 
mean changes at 45 min post-tetanic stimulation revealed a 
significant decrease in epsp slope in LPS control-treated rats 
(84.41 ±  7.82) com pared with the other three groups (saline 
control-treated 121 .74±  11.06, saline rosiglitazone-treated 
1 2 2 .48±  19.58, LPS rosiglitazone-treated 126.91 ± 7 .0 4 , 
m ean ± S .E .M .; ***/?< 0.001; ANOVA). This LPS- 
related im pairm ent in LTP was significantly attenuated 
in LPS-injected rats that had been rosiglitazone-treated 
(+++;? <0 .001; ANOVA).
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Fig. 3. R osig litazone a ttenuates  L P S -induced  changes in m ixed glial ce lls . M H C II m RN A  expression  (a), iN O S pro te in  exp ress ion  (b), I L - ip  m R N A  expression  
(c) and I L - I p  co ncen tra tion  (d) in m ixed glial ce lls w ere sign ifican tly  increased  by LPS  ( I  fxg/ml; * p < 0 .0 5 \  * * * p < 0 .0 0 1 ; A N O V A); these  changes w ere 
significantly  attenuated  in cc lls  pre-trea ted  w ith rosig litazone (20  ĴLM; '*‘/7 < 0 .0 5 ; ■*^/?<0.01; '*~*'*p<0.00\ \ A N O V A ). D ata  are expressed  as m eans ±  S .E .M . o f  
at least six  observations. Sam ple m icrographs are show n in (a)-<c).

We assessed  the e ffects o f  ro sig litazone  in cu ltu red  glial 
cells and show  that incubation  o f  cells in the p resence  o f 
LPS increased  M H C II expression  (com pare  lanes 1 and  2 
o f  sam ple  m icrograph ; Fig. 3a) and that ro sig litazone  par
tia lly  a ttenuated  the L P S -induced  change (lane 4), w ithou t 
exerting  any m arked effect w hen included  in the  in cu b a
tion  m edium  alone (lane 3). T he m ean  data ind ica te  that 
the L P S -induced  increase  in M H C II m R N A  w as sta tistica lly  
significant (* * * p <  0 .001; AN OVA ; Fig. 3a) and that ro sig li
tazone partially  but sign ifican tly  a ttenuated  tlie L P S -induced  
change (■̂■*'/7 < 0 .0 1 ; ANOVA ). LPS sim ilarly  increased  iN O S 
protein  expression  and I L - ip  m R N A  (Fig. 3b and c, 
respec tive ly) and, as in the case  o f  M H C II m R N A , ro sig li
tazone partially  a tten u ated  th is increase. A nalysis o f  m ean 
data  ind ica ted  a sign ifican t L P S -induced  increase  in both 
m arkers (* p < 0 .0 5 ;  * * * p <  0 .001; AN OVA ) and show  that 
co incubation  in the p resence  o f  ro sig litazone  sign ifican tly  
a ttenuated  the  L PS -induced  changes C ^p< 0.05 ; ANOVA). 
I L - ip  co n cen tra tio n  in su p ern atan t p repared  from  L PS- 
treated  cells  (263 .60  ±  41 .22  pg /m l) w as sign ifican tly  g rea ter 
than  co n tro l-trea ted  cells  ( 2 0 .8 8  ±  2 .16  pg/m l, * * * p <  0 .0 0 1 ; 
ANOVA; Fig. 3d) and w e show  that this effec t w as sig 
nificantly  a tten u ated  in cells p re-treated  w ith rosig litazone  
(123.83 ±  23.33 pg /m l, m ean ±  S .E .M ., n =  18, < 0 .001;
ANOVA).

A nalysis o f  PPA R 7  m R N A  expression  in h ip p o cam 
pal tissue p repared  from  y oung  and aged con tro l-trea ted  
and ro sig litazone-treated  rats revealed  no treatm ent-re lated  
changes (Fig. 4a), but analy sis  o f  PPA R 7  p ro tein  ex p res
sion ind icated  that, w hile  there  w ere  no age-re la ted  changes 
in h ippocam pal sam ples p repared  from  co n tro l-trea ted  rats 
(com pare  lanes I and 3 o f  sam ple  m icrograph; Fig. 4b), 
expression  w as sign ifican tly  increased  in sam ples p re 
pared  from  aged  ra ts w hich  received  rosig litazone  (lane 
4; V < 0 0 5 ;  A N OVA ; Fig. 4b). W e investigated  ex p res
sion o f  proxy m arkers o f  PPA R 7  activation , lipoprote in  
lipase  (L PL ) m R N A  ex pression , and C D 36 m R N A  and 
protein  expression . T h e  da ta  ind icate  that expression  o f 
these  w ere  unaffected  by age o r rosig litazone  trea tm en t 
(Fig. 4 c -e ,  respectively). T h ese  da ta  suggest that the action 
o f  rosig litazone  w as indep en d en t o f  its ab ility  to m o d u 
late PPA R 7  and to  ex p lo re  this w e analyzed  the  effect 
o f  ro sig litazone  on the L PS -induced  increase  in I L - ip  in 
cu ltu red  m ixed g lia  in the p resence  and absence  o f  the 
PPA R 7  an tagonist, G W 9662 . Fig. 4 f  show s that IL-1|3 was 
sign ifican tly  increased  in supernatan t p repared  from  L PS- 
treated  cells  (135 .74  ±  20 .74  pg /m l, * * * p < 0 .0 0 1 ; ANOVA) 
and that this was sign ifican tly  a ttenuated  in cells p re 
treated  w ith rosig litazo n e  (48 .02  ±  4 .68  pg/m l, 0 .001; 
ANOVA ). H ow ever, the p resence  o f  the PPAR-y antago-
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F ig . 4 . T h e  e ff e c t  o f  ro s ig l i ta z o n e  in  th e  h ip p o c a m p u s  is  P P A R 7 - in d e p e n d e n t.  T h e re  w a s  n o  e v id e n c e  o f  a g e -a s s o c ia te d  c h a n g e s  in  P P A R 7  m R N A  e x p re s s io n  

(a ) , P P A R 7  p ro te in  (b )  o r  in  th e  p ro x y  m a rk e rs  o f  PPA R -^ a c tiv a tio n , h p o p ro te in  h p a s e  (L P L )  m R N A  e x p re s s io n  (c ) ,  C D 3 6  m R N A  (d )  a n d  C D 3 6  p ro te in  (e ) . 

R o s ig l i ta z o n e  e x e r te d  n o  s ig n if ic a n t  e f f e c t  o n  th e s e  m e a s u re s  a l th o u g h  PPAR"y p ro te in  w a s  s ig n if ic a n tly  in c re a se d  in h ip p o c a m p a l  tis s u e  p re p a re d  f ro m  a g e d , 

r o s ig l i t a z o n e - tr e a te d ,  c o m p a re d  w ith  a g e d  c o n tr o l - t re a te d ,  ra ts  (*p  <  0 .0 5 ;  A N O V A ). ( f)  T h e  L P S - in d u c e d  in c re a s e  in  m e a n  IL -1 (5 c o n c e n tr a t io n  in  m ix e d  g lia l 

c e l ls  ( * * * p < 0 .0 0 1 ;  A N O V A ) w a s  s ig n if ic a n tly  a tte n u a te d  in c e l l s  p r e - t rc a te d  w ith  r o s ig l i ta z o n e  C ^ ^ f x O .O O l ;  A N O V A ) b u t c o in c u b a t io n  w ith  th e  PPA R-y 

a n ta g o n is t ,  G W 9 6 6 2 ,  d id  n o t  a ff e c t  th e  r o s ig l i t a z o n e - m e d ia te d  c h a n g e .  D a ta  in  (a ) ,  (b )  a n d  ( 0  a re  e x p re s s e d  a s  m e a n s  ±  S .E .M . o f  a t le a s t  s ix  o b s e rv a tio n s .

nist, GW9662, in the incubation medium failed to affect 
the rosiglitazone-mediated attenuation in IL -ip  concentra
tion (32.12 ±  7.35 pg/ml, mean ±  S.E.M., n = 12), suggesting 
that the protective effect of rosiglitazone is independent of its 
ability to modulate PPAR7 activity.

In an effort to explore the possible mechanism by which 
rosiglitazone exerts its neuroprotective effects, and in the 
context of our previous observation that IL-4 appears to 
exert significant anti-inflammatory effects in the brain, we 
assessed the effect of rosiglitazone on IL-4. The data 
show that, whereas IL-4 mRNA expression was similar 
in tissue prepared from young and aged control-treated 
and young rosiglitazone-lrcatcd rats, it was significantly 
increased in tissue prepared from aged rosiglitazone-treated, 
compared with aged control-treated animals C p <0.05; 
ANOVA; Fig. 5a). Analysis of IL-4 concentration revealed 
a significant age-related decrease in hippocampal tissue pre
pared from aged, compared with young, rats (33.12 ± 3 .0 4  
and 49.09 ±  6.02pg/mg, respectively, *p<0.05; ANOVA; 
Fig. 5b); the data indicate that the age-related decrease

in IL-4 protein concentration was significantly atten
uated by rosiglitazone treatment (57.33 ±  1.73 pg/mg, 
m ean±S .E .M ., n - 6 ,  *p<0.05\  ANOVA), so that mean 
IL-4 concentration in hippocampus of aged, rosiglitazone- 
treated rats was similar to that in tissue obtained from young 
animals.

We considered that the age-related decrease in IL-4 may 
contribute to the increase in IL-I(3 mRNA and protein and 
consistent with this, we report that IL-1 (3 mRNA was signif
icantly decreased in hippocampal tissue prepared from rats 
which received an intracerebroventricular injection of IL-4 
(*p<0.05; Student’s r-test for independent means; Fig. 5c), 
while addition of IL-4 to mixed glial cells also signifi
cantly decreased IL -ip  mRNA (*p<0.05; Student’s ?-test 
for independent means; Fig. 5d). These data suggest that IL- 
4 may mediate the effect of rosiglitazone, and to address 
this, cultured glial cells were prepared from wildtype and 
IL-4“ “̂  mice and treated with LPS in the presence and 
absence of rosiglitazone. The data presented in Fig, 6a 
indicate that treatment with LPS significantly increased
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Fig. 5. Rosiglitazone increases IL-4 expression. IL-4 mRNA expression (a) 
was unaffecied, bul IL-4 conceniraiion (b) was significantly decreased in 
hippocampal tissue prepared from aged rats. Treatment o f aged rats with 
rosiglitazone significandy increased IL-4 mRNA expression and signifi
cantly reversed the age-related decrease in IL-4 concentration {'^;?<0.05; 
ANOVA). (c) Intracerebroventricular injection o f IL-4 (20^g/m l) signifi
cantly reduced IL - I3 mRNA expression compared to saline-injected rats 
(*p<0.05; Student’s /-test for independent means), (d) Treatment of mixed 
glial cells with IL-4 (200ng/ml) aLso significantly decreased IL - lp  mRNA 
(*p<0.05; Student’s /-test for independent means). Data are expressed as 
means ±  S.E.M. of at least five observations. Sample micrographs are shown 
in (a), (c) and (d).

M H CII mRNA expression in cells prepared from wildtype 
and IL -4 “ “̂  mice (***p<0,001 ; ANOVA; Fig. 6a). Pre- 
trcalmcni o f cells w iih rosiglitazone significantly attenuated 
the LPS-induced change in cells prepared from wildtype 
mice C^p<0,05; ANOVA), In contrast, rosiglitazone treat-

Fig. 6. Rosiglitazone attenuates the LPS-induced increases in MHCII 
mRNA expression and IL - ip  production in mixed glial cells prepared from 
wildtype, but not in IL-4 mice. Treatment o f mixed glial cells pre
pared from wildtype and IL -4 “ “̂  mice with LPS (1 jig /m l) significantly 
increased MHCII mRNA expression (a; ***/?< 0.001; ANOVA) and IL -I p 
concentration (b; ***/?< 0.001; ANOVA). Pre-treatment with rosiglitazone 
(20p.M) significantly attenuated these changes in cell prepared from w ild
type Cp <0.05; ANOVA), but not IL -4 “ “̂  mice ("^^>0.05; ANOVA). Data 
are expressed as means ±  S.E.M. o f at least six observations. A sample 
micrograph is shown in (a).

menl failed to exert any significant effect on the LPS-induced 
increase in M H C II mRNA in cells prepared from IL-4“ ^~ 
mice. In parallel, we report that treatment o f cells from both 
wildtype and IL -4 “ “̂  mice with LPS significantly increased 
IL - lp  concentration ANOVA; Fig. 6b), and
that whereas pre-treatment with rosiglitazone significantly 
attenuated this effect in cells prepared from wildtype mice



928 D.J. Loane et al. /Neurobiology o f  Aging 30 (2009) 920-931

C p < 0 .0 5 ;  A N O V A ), there  w as no  effec t o f  ro sig litazone  
on the  L P S -in d u ced  ch an g e  in cells p repared  from  
m ice.

4. Discussion

W e set ou t to investiga te  w he th er rosig litazo n e  exerted  
an ti-in flam m ato ry  effec ts in the h ip p o cam p u s o f  the aged  
rat and  to  assess w h e th er trea tm en t w ith rosig litazo n e  m ight 
re sto re  LTP, w hich  has been show n to be im paired  in per- 
fo ran t p a th -g ra n u le  cell synapses o f  aged  rats. W e report 
that ro sig litazo n e  a tten u ates the  ag e-re la ted  increase  in IL- 
i p  and  that th is is acco m p an ied  by a partial re sto ration  o f  
LTP. T h e  ev idence  su g gests that th is e ffec t is m ediated  by a 
ro s ig litazo n e-in d u ced  increase  in IL-4.

T h e  da ta  p resen ted  show  that trea tm en t o f  ra ts w ith  rosig li
tazone  a tten u ated  the ag e-re la ted  increases in IL-1(5 m R N A  
and p ro te in  and the  asso c ia ted  increase  in N O  production  in 
h ip p o cam p u s, su g g estin g  that ro sig litazo n e  d ow n-regu la tes 
m icrog lia l activation , the  p rim ary  cell sou rce  o f  IL-1(3 and 
NO . In co n trast, ro sig litazo n e  trea tm en t did no t affect the 
ag e-re la ted  increase  in expression  o f  the  cell su rface m arker 
M H C II, w h ich  is co n sid ered  to be a re liab le  ind ica to r o f  
m icrog lia l activation . T h is  su g g ests that the action  o f  ro sig li
tazone is to  targe t transcrip tion  o f  in flam m ato ry  genes w hich 
supports the p roposa l that m odu la tion  o f  in flam m ato ry  gene 
expression  m ed ia tes the ability  o f  PPA R 7  agon ists like  p iogli- 
tazone to reduce  the severity  o f  E A E  (F e in ste in  et al., 2002). 
In add ition  to  its n eu ropro tective  e ffec ts in E A E , there  is a 
w ealth  o f  ev idence  in d ica tin g  that PPA R 7  agon ists reduce 
infarct vo lum e in m odels o f  ischem ia  (A llah tavakoli e t al., 
2006; L uo  et al., 2006 ; Z hao  et al., 2006) and th is has been 
co up led  w ith  their ab ility  to reduce  m icrog lia l activation  and 
therefore  in flam m ation  (Sundarara jan  e t al., 2005). T h e  ab il
ity o f  rosig litazo n e  to a ttenuate  the ag e-re la ted  increase  in 
N O  desc rib ed  here is c o n sis ten t w ith  p rev ious reports in d i
cating  that cen tra l in jec tion  o f  P PA R 7  ag o n is ts  inh ib ited  the 
L P S -induced  and IF N ^-in d u ced  iN O S expression  (H eneka 
et al., 2 0 0 0 ), w h ile  oral adm in istra tion  decreased  m icrog lia l 
activation  and iN O S m R N A  in h ip p o cam p u s o f  10-m on th -o ld  
A P P V 7 I7 I m ice  (H en ek a  et al., 2005).

U ntil recen tly  the ev idence  fo r ro s ig lita zo n e ’s ab ility  to 
cross the  b lo o d -b ra in  b a rrie r (B B B ) w as lim ited  and the q u es
tion o f  how  it exerts its cen tra l p ro tec tive  e ffec ts in aged  brain 
were no t understood . D ata  from  a nu m b er o f  g roups ind icated  
age-re la ted  changes in B B B  p erm eab ility ; fo r exam ple  it has 
been show n  that pe rm eab ility  is increased  in aged , com pared  
with y o ung , ra ts (B ake and S ohrab ji, 2004) and that a s im 
ilar increase  occurs in m ice, w ith m ore  p ro found  changes 
observed  in A poE~^~ m ice (H afez i-M o g h ad am  et al., 2007) 
and e a rlie r  p e rm eab ility  changes (i.e. at 4 -1 0  m on ths o f age) 
observed  in T g 2 5 7 6  m ice (U jiie  et al., 2003). T hese  data  su g 
gest that access o f  rosig litazo n e  to the b rain  in aged  ra ts m ight 
be increased  due to  increased  BB B  perm eability . In fact. 
S trum  et al. (2007) recen tly  de tected  rosig litazo n e  in the  C N S

o f  2 1 -m on th -o ld  m ice at su ffic ien tly  h igh concen tra tions to 
cau se  transac tiva tion  o f  the m o u se  PPA R 7  recep to r (S trum  
et al., 2007). T h is  is the first dem o n stra tio n  that rosig litazone  
pen etra tes  the C N S w here  it ex erts its p ro tective  effects.

O n e  o f  the  m ost sign ifican t findings o f  th is study is 
that ro sig litazo n e  trea tm en t a tten u ates the  age-re la ted  and 
L P S -in d u ced  inh ib ition  o f  LTP. T h e  age-re la ted  increase in 
I L - ip  and deficit in LTP, a rc  co n sis ten t w ith the previously 
desc rib ed  observation  o f  an inverse  re la tionsh ip  betw een 
h ippocam pal I L - ip  co n cen tra tio n  and LTP (G riffin e t al., 
2006 ; M artin  e t al., 2002) and su p p o rt the evidence. T his 
a sso c ia tion  has been  u n d ersco red  in o th er experim ental con
d itio n s; for exam ple  in ra ts trea ted  w ith L PS (L onergan  et 
al., 20 0 4 ), o r am ylo id-(3(i^o) (M in o g u e  e t al., 2003) and in 
ra ts exposed  to irrad ia tion  (L ynch et al., 2003), and is fur
ther em p h asized  by the finding that ro sig litazone  treatm ent 
d ecreases the age-re la ted  in crease  in I L - ip  and, in parallel, 
re sto res  LTP. In teresting ly  bath  ap p lication  o f  trog litazone, 
c ig litazo n e  and 15d-PG J2 have been  show n to a ttenuate  the 
A fi-in d u ced  inh ib ition  o f  LTP in a r e a C A l in vitro, a lthough 
15d-PG J2, but no t tro g litazone  o r c ig litazone , reduced  LTP 
(C o ste llo  et al., 2005). LTP is co n sid ered  to be a b io logical 
sub stra te  for learn ing  and m em o ry  in ra ts and the resto ra
tive action  o f  ro sig litazone  obse rv ed  here  is consisten t with 
the finding that ro sig litazo n e  a tten u ates  the deficits in spa
tial w ork ing  and re ference  m em o ry  observed  in m iddle-aged  
m ice w hich overexpress hum an  am ylo id  p recu rso r protein 
(P edersen  e t al,, 2006). T h ese  da ta  suggest that rosig litazone  
m ay be im portan t therap eu tica lly  in age-assoc ia ted  neurode- 
genera tive  d iseases such as A lz h e im er’s d isease. C onsisten tly  
em erg in g  ev idence  from  c lin ica l tria ls dem onstra tes that 
ro sig litazo n e  m ay  a ttenuate  co g n itive  decline  in patien ts w ith 
ea rly -o n se t A lzh e im er’s d isease  (R isn er et al., 2006; W atson 
e t al., 2005).

W e observed  that the L P S -induced  increases in I L - ip  
m R N A  and pro tein , and a lso  the  increase  in iN O S ex p res
sion , in glia , w ere a ttenuated  by rosig litazone . T he data  show  
that ro sig litazo n e  a lso  a tten u ated  the  L P S -induced  increase  
in M H C II m R N A  in vitro, w hich  co n trasts w ith its lack o f  
effec t on this m easure  in vivo. T h ese  data  are consisten t with 
an ex tensive  literatu re  in d ica tin g  that PPA R 7  agonists inhibit 
L PS an d /o r IFN -y-induced p ro in flam m ato ry  cy tok ine expres
sion  in vitro. For exam ple, ro sig litazo n e  (L uo et al., 2006) 
and the PPA R 7  agon ist, N C X  221 6  (B ernardo  et al., 2006), 
bo th  a ttenuate  the L P S -induced  increases in T N F a  and IL-1 p  
in m icrog lia l cu ltu res, w h ile  15d-PG J2 inh ib its L PS-induced  
iN O S m R N A  and pro tein  in B V 2 cells  (Petrova et al., 1999). 
S im ila r  findings w ere  reported  in m acrophages w here  the evi
den ce  suggested  that the PPAR"y-induced effects resu lt from  
inh ib ition  o f  genes involved in the in flam m atory  response  
in c lud ing  A P1,STA T-1 and N F k B  (R ico te  et al., 1998). C o n 
sisten t w ith o u r observation , PP A R 7  activation  by 15d-PG J2, 
has been show n to a ttenuate  IF N 7 -induced  M H C II ex p res
sion (assessed  by 0 X 6  sta in ing ) in cu ltu red  rat m icroglia , 
w h ile  the increase  in iN O S in duced  by bo th  LPS and IF N 7  

w as a lso  a tten u ated  (B ern ard o  et al., 2000). H ow ever, it is
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unclear w he th er endo g en o u s P G J2 con cen tra tio n s are likely 
to reach b io log ically  sign ifican t co n cen tra tions in vivo.

O ur data  show s that n e ither age no r ro sig litazone  affected 
PPA R 7  m R N A  expression  and sim ila rly  we observed  no 
age-re la ted  change in p rotein  expression  a lthough  ro sig lita 
zone increased  PPAR-y in h ippocam pal tissue prepared  from  
aged rats. W e investigated  PPA R 7  activation  by assessing  
changes in C D 36 and  L PL  expression . C D 36  is a class B 
scavenger receptor, one  function  o f  w hich  is to scavenge ox i
d ized  L D L  particles. Its expression  has been  show n to be 
d ep enden t on  PPA R 7  activation  (H odgk inson  and Ye, 2003); 
thus w hile  trog litazone  did not up-regu la te  C D 36  m R N A  in 
contro l J774  cells and N IH -3T 3 cells  (w hich  do not express 
PPA R 7 ) it s ign ifican tly  increased  it in PPA R-^-transfected 
cells. S im ilarly , ro sig litazo n e  increased  C D 3 6  in w ild type 
but not PP A R ^-defic ien t m acrophages (C haw la et al., 2001). 
T he data p resen ted  here  ind icate  that C D 36 m R N A  and p ro 
tein w ere unaffected  by ro sig litazone  trea tm en t suggesting  
that the actions o f  ro sig litazone  in h ippocam pus w hich  we 
describe  here  are in d ependen t o f  PPA R 7  activation . T his is 
supported  by the finding that ro sig litazone  trea tm en t also 
failed to exert any effec t on L P L  m R N A  expression , a lthough 
it has been show n to be re liab ly  up-regu la ted  by PPA R 7  a c ti
vation (B ogacka  et al., 2004; K ageyam a et al., 2003) and is 
PP A R ^-dependen t, since tro g litazone-induced  expression  o f 
the L PL  gene (and C D 36) w as m in im ally  induced  in pe ri
toneal m acrophages p repared  from  PPA R 7  cond itional gene 
knockout m ouse (A kiyam a et al., 2002).

T he p resen t da ta  suggest that ro sig litazone  acts in a 
m anner, w hich  is independen t o f  PPA R 7  activation ; to 
obtain  confirm atory  data, w e ex am ined  w hether the  PPA R 7  

an tagonist, G W 9662, abrogated  the effec t o f  ro sig litazone  
in vitro. T he data  ind ica te  that it fa iled  to  m odulate  the 
inh ib ito ry  effect o f  ro sig litazone  on L P S -induced  IL-I(3 in 
glia. A n u m b er o f  stud ies have identified  actions o f  PPA R 7  

agonists w hich are independen t o f  PPA R 7  activation; for 
exam ple  it was show n that 15d-PG J2, trog litazone  and cig li- 
tazone a ttenuated  L P S -in d u ced  and IF N ^-in d u ced  increases 
in p ro in d am m ato ry  cy tok ines and iN O S and C 0 X 2  expres
sion  to a sim ilar ex ten t in w ild type  and PPA R 7 -defic ient 
m acrophages (C haw la  et al., 2001), and that the inhib itory  
effect o f  15d-PG J2 on L P S -induced  changes in B V2 cells was 
independen t o f  PPA R 7  activation , but due to m odulation  o f 
N FkB  activation  (Pe trova  et al., 1999). O thers have suggested  
that 15d-PG J2- and rosig litazo n e-in d u ced  transcrip tion  o f  
su p p re sso ro fcy to k in e  s igna lling  (SO C S) 1 and 3 and the sub 
sequen t reduction  in p h o sp hory la tion  o f  JA K 1, JA K 2, STATl 
and STAT3 in g lia  are  responsib le  fo r their an ti-in flam m atory  
effects (Park  e t al., 2003). H ow ever, expression  o f  SO C S 1 and 
SO C S3 m R N A  w as assessed  in th is study but rosig litazone  
trea tm en t had no e ffec t on e ith e r (d a ta  not show n).

P rev ious ev idence  from  this labora to ry  h igh ligh ts the 
im portance  o f  IL -4  as a regu la to r o f  inflam m ation  in brain, 
particu larly  h ippocam pus and we have reported  that IL -4 
d ow n-regu la tes IL-1 (J p rotein  in tissu e  prepared  from  aged  
ra ts (Lynch et al., 2007). W e considered  that rosig litazone

m ight exert its an ti-in llam m ato ry  effects in h ippocam pus 
by up -regu lating  IL -4  and the ev idence p resen ted  here is 
consisten t w ith this p roposal. F irst IL -4 m R N A , a lthough 
unchanged  w ith age, w as increased  in tissue  prepared  from  
aged, ro sig litazone-treated  ra ts and second , the  age-re la ted  
decrease  in IL -4  co n cen tra tio n  in h ip pocam pus, w hich  con
firms previous data  (Lynch e t al., 2007; M ah er et a l ,  2005) 
was reversed  in tissue prepared  from  ro sig litazone-treated  
rats. C onsisten t w ith p rev ious findings, w e d em o n stra te  that 
in jection  o f  rats w ith IL -4  d ecreased  T L -ip  m R N A , w hile 
trea tm en t o f g lia  w ith IL -4  exerted  a sim ila r effect (Lynch 
et al., 2007). A lthough  this is the first report ind icating  
that PPA R 7  activation  stim u la ted  an increase  in IL -4  in 
b rain  tissue, c ig litazo n e  has been  reported  to  increase  IL-4 
concen tra tion  in sp leen  (G elinas et al., 2005) and piogli- 
tazone to exert a sim ila r effect in heart (H asegaw a et al., 
2005).

In an e ffo rt to co n so lid a te  the finding that the action o f 
rosig litazone  is m ed ia ted  by IL -4 , we investiga ted  the m od
u latory  effect o f  ro sig litazo n e  on  L P S -induced  changes in 
g lia  p repared  from  w ild type  and IL-4~^“  m ice. W e dem o n 
stra te  that w hile  rosig litazo n e  a tten u ated  the  L P S-induced  
increases in M H C II m R N A  and IL - l( i  co n cen tra tio n  in cells 
p repared  from  w ild type  m ice, this effect w as absen t in cells 
p repared  from  IL-4~^“  m ice. T he data  p resen ted  here d em o n 
stra te  that ro sig litazone  exerts a pow erful an ti-in llam m ato ry  
effect in brain o f  aged  ra ts and that, assoc iated  w ith this there 
is a resto ration  o f  LTP. We suggest that the rosig litazone- 
induced  increase  in IL -4  to g eth e r w ith the  finding that the 
anti-in flam m atory  effect o f  ro sig litazo n e  w as absent in IL- 
4 “ ^~ m ice prov ides s trong  ev idence  o f  a p ivo ta l ro le  for IL-4 
in m ed ia ting  the effec t o f  rosig litazone.
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Maintenance of the balance between pro- and anti-inflam m atory cytokines In the brain, vi'hich is affected 
by the activation state of microglia, is important for maintenance of neuronal function. Evidence has 
suggested that IL-4 plays an important neuromodulatory role and has the ability to decrease lipopolysac- 
charide-induced microglial activation and the production of IL -ip . W e have also demonstrated that 
CD200-CD200R interaction is involved in immune homeostasis in the brain. Here, we  investigated the 
anti-inflam m atory role of IL-4 and. using in vitro and in vivo analysis, established that the effect of lipo
polysaccharide was more profound in IL-4^'". compared w ith  w ildtype, mice. Intraperitoneal injection of 
lipopolysaccharide exerted a greater inhibitory effect on exploratory behaviour in lL-4 ' , compared w ith  
wildtype, mice and this was associated w ith  evidence of microglial activation. W e demonstrate that the 
increase in microglial activation Is inversely related to CD200 expression. Furthermore, CD200 was 
decreased in neurons prepared from IL-4 ^ mice, whereas stimulation w ith  IL-4 enhanced CD200 
expression. Importantly, neurons prepared from wildtype, but not from IL-4 ' , mice attenuated the lipo- 
polysaccharide-induced increase in pro-inflammatory cytokine production by glia. These findings suggest 
that the neuromodulatory effect o f IL-4, and in particular its capacity to maintain microglia in a quiescent 
state, may result from its ability to upregulate CD200 expression on neurons.

®  2009 Elsevier Inc. All rights reserved.

1. Introduction

Neuro in flam m atory changes, characterized by m icroglial 
activa tion  and increased production o f p ro-in flam m atory media
tors, have been reported in the brain o f aged animals 
(Lynch et al., 2007; Lyons et al., 2007b) and In animal models of 
Alzheimer's disease and Parkinson's disease (Chen et al., 2005; 
McGeer and McGeer, 1998). S im ilar changes occur fo llow ing  trea t
m ent o f rats w ith  am yloid-p (Ap) or lipopolysaccharide (LPS; 
Clarke et al., 2007; Lyons et al., 2007b; Nolan et al., 2005) and in 
these experim ental conditions, there is a deterioration in neuronal 
function w ith  specific evidence o f an inverse correlation between 
hippocampal concentration o f  the p ro-in flam m atory cytokine, 
interleukin-1 p (IL -ip ), and a b ility  o f rats to sustain long-term  
potentia tion (LTP) (Maher et al., 2005).
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In aged rodents, the reported increase In hippocampal concen
tration of lL - ip  is accompanied by a decrease in IL-4 (Lynch 
et a l„ 2007; Maher et a l„ 2005) and, s im ila rly, the age-related 
increase in IL-6 (Ye and Johnson, 1999) is accompanied by a de
crease in  release o f the an ti-in flam m atory cytokine IL-10 from  
brain slices (Ye and Johnson, 2001). W h ile  lL-10 suppresses synthe
sis o f pro-in flam m atory cytokines in brain (Strle et al., 2001), IL-4 
decreases IL-1 p mRNA synthesis and IL-1 p release from  glia (Loane 
et al., 2009; Lynch et al., 2007). lL-4 also attenuates the Ap-induced 
increase in markers o f m icroglia, MHC class II, CD86 and ICAM 
expression and hippocampal concentrations o f lL-1 p and TNFa 
(Clarke et al., 2007; Lyons et al., 2007b). These data are consistent 
w ith  the demonstration tha t IL-4 modulates m icroglia l activation 
(Benveniste et al., 2004), w hether stim ulated by LPS or TNFot 
(Iribarren et al., 2005; K itamura et al., 2000; Zhao et al., 2006). 
The inh ib ito ry  effects o f IL-4 on TNFa-induced expression in 
m icroglia l cells have been a ttribu ted  to its stim ulating  effect on 
ERK (Iribarren et al., 2005), however, our findings suggest that 
the m odulatory effect o f IL-4 on m icroglia l activation is driven by 
its ab ility  to  increase in CD200 expression (Lyons et al., 2007a). 
CD200 is a glycoprotein that is expressed on the surface o f neurons 
and other cells and interacts w ith  its receptor, CD200R, w hich is
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expressed on cells o f th e  m ye lo id  lineage, in c lud ing  m icrog lia  (B ar
clay et al., 2 0 0 2 ). Engagem ent o f  C D 200R  has been show n to con
tr ib u te  to the  m ain ten an ce  o f  m ic ro g lia  in a qu iescent state  
(Lyons et al., 2 0 0 7 a ). C onsistent w ith  this, an activated  m acro
p h ag e/m icrog lia l ph en o typ e  w as observed in  C D 2 0 0 “ '“ m ice fo l
lo w in g  facial nerve transection , in co llagen -induced  a rth ritis  

(H o e k  et al.. 2 0 0 0 ) and in  e x p e rim e n ta l a u to im m u n e  uveoretin itis  
(B roderick  et al.. 2 0 0 2 ).

Since there  are s ign ifican t a n ti- in fla m m a to ry  roles for C D 200  
and IL -4  in the  cen tra l nervous system , w e  sought to fu rth e r  ex 
p lore  these roles. W e  investigated  th e  e ffec t o f LPS on glia prepared  
from  w ild ty p e  and IL -4 -^ “ m ice and com pared  the  effects o f in tra -  
periton ea l a d m in is tra tio n  o f LPS on in fla m m a to ry  responses in h ip 
pocam pus o f w ild ty p e  and lL -4 '^ '  m ice. W e  found th a t the  effect o f  

LPS in vitro  and in vivo  w as m ore  p ro found in lL -4  ^̂  m ice and th a t 
exp lo ra to ry  behav iou r w as a ffected to a g re a te r e x te n t in IL -4 “  ̂
m ice. The findings, coup led w ith  evidence o f  m icro g lia l activation  

in the h ippocam pus o f IL -4  ' m ice, suggest th a t the  effect o f  
IL -4  m ay  be a ttr ib u te d  to the  decrease in expression o f C D200.

2. Materials and methods

2.1. Animals

C 57B L/6 m ice ( 6 - 7  w eeks o ld ) w e re  purchased from  H arlan  UK  
Ltd. lL -4 -d e fe c tiv e  ( IL -4 “ “̂ ) m ice w e re  o rig in a lly  purchased from  
B&K U niversal, UK and w e re  bred un der SPF conditions. A nim als  
had free access to food and w a te r, w e re  housed in groups o f 3 - 6  in 
a contro lled  e n v iro n m e n t (te m p e ra tu re : 2 0 - 2 2  °C; 12 :1 2  h lig h t/ 
dark  cycle) and m a in ta in e d  u n d e r v e te r in a ry  supervision fo r the  
du ra tio n  o f the  e xp e rim e n t. For in vitro  exp erim ents , on e -d ay -o ld  
rats o r m ice w ere  used. A ll exp erim en ts  w e re  carried  ou t un der a l i 
cence from  the D e p a rtm e n t o f H ea lth  and C h ild ren  ( Ire la n d ) and  
w ith  eth ica l approva l from  T r in ity  C ollege E thical C om m ittee .

In one series o f exp erim ents , w ild ty p e  and IL -4 “ “̂ m ice w e re  in 
je c te d  in tra p e rito n e a lly  (i.p .) w ith  LPS (5 0  |ig /m o u s e) and a fte r 4  h 
an im als  w ere  k illed , th e  brains w e re  rap id ly  rem oved and h ippo 
cam pus and cortex  dissected free and stored as described for la te r  
analysis (Lyons et al., 2 0 0 7 a ). In a para lle l s tudy, LPS-treated and  
co n tro l-tre a ted  an im a ls  w e re  assessed fo r evidence o f sickness 
b ehav iou r and for e xp lo ra to ry  behav iou r in the  open field .

2.2. Preparation o f  cells

P rim ary  cortical g lia l cells and neurons w e re  prepared from  
on e-d ay -o ld  C 57B L/6  and lL -4 ^  m ice or from  on e-d ay -o ld  rats  
as previous ly  described (Lyons et al., 2 0 0 7 a ). Briefly, cortical tissue  
w as chopped, incubated  fo r 5 m in  in  5% CO2  a t 3 7  °C in w a rm  fil te r -  
s terilized  D ulbecco’s M o d ifie d  Eagle M e d iu m  (D M E M ; S ig m a -  
A ldrich , U K ) s u p p lem en ted  w ith  p e n ic illin  (1 0 0  | il /m l;  Gibco, U K), 
s trep to m ycin  ( lO O ji l /m l;  Gibco. U K ) and FBS (10% w /v ; Gibco, 
U K). A single cell suspension w as prepared  by tr itu ra tin g  tissue, 
f ilte r in g  though a 5 0  ji l s terile  ny lo n  m esh f ilte r  (BD Biosciences, 
USA), cen trifug ing  at 2 0 0 0 g  for 3 m in  at 2 0  °C, and resuspending  
the  pe lle t 1 m l w a rm  filte r-s te r iliz e d  c u ltu re  m ed ia . Tissue w as  
tr itu ra te d  and resuspended glia  w e re  counted , equal num bers o f 
cells w e re  p lated  on to  p o ly -i-ly s in e -c o a te d  coverslips and in cu 
bated  for 2 h in 5% CO2  a t 3 7  °C to a llo w  th e  cells to  adhere. A fte r  

2 h the  cells w e re  flooded w ith  4 0 0  ji l w a rm  filte r-s te r ilize d  c u l
tu re  m ed ia  and incubated  fo r 3 days in 5% CO2  a t 3 7  °C. C ultu re  
m edia  w as rep laced w ith  fresh c u ltu re  m ed ia  every  3 days for 
1 2 -1 4  days u n til cells w e re  ready  for trea tm en ts . In this m ixed  
glia l cu ltu re , b e tw e e n  70% and 80% o f cells w e re  astrocytes and 
the  rem a in d e r w e re  m ic ro g lia  w h ic h  is consistent w ith  previous  
reports  (Cao et al., 2 0 0 7 ).

To p repare  neurons, cortices w e re  in cu bated  in PBS c o n ta in in g  
tryp s in  (0.25% , Gibco, U K ) fo r 2 0  m in  a t 3 7  °C, tissue was tr itu ra te d  
in PBS co n ta in in g  T ryp s in  in h ib ito r  (0.1%, Sigm a, UK) and DNase  
(0 .2  m g /m l, Sigm a, U K), f ilte re d  tho ugh  a s terile  m esh f il te r  and  
cen trifuged  (2 0 0 0 g  fo r 5 m in  at 2 0  °C). The p e lle t was resuspended  
in neurobasal m e d iu m  (N B M ) sup p lem en ted  w ith  h e a t-in a c tiv a ted  
horse serum  (10%  v /v . Sigm a, UK), p e n ic illin  (1 0 0  ( il /m l, Gibco, UK), 
s tre p to m y c in  (1 0 0  ( il /m l, Gibco, U K), g lu ta m a x  (2  m M ; Sigm a, UK) 
and th e  a n ti-o x id a n t B27 (1% w /v ; G ibco, U K ) and cells (1 .5  x lO**) 
w e re  p lated  in T 2 5  flasks and in cu bated  in  a h u m id ified  a tm o 
sphere c on ta in ing  5% CO2 a t 3 7  °C fo r 2 h p rio r to  being  flooded  
w ith  p re -w a rm e d  N B M . A fte r 4 8  h, cytosine arab inofu ranoside  
(5  n g /m l; Sigm a, UK) w as  included  in th e  cell m ed iu m  to preven t 
the  p ro life ra tio n  o f  n o n -n e u ro n a l cells. C u ltu re  m ed ia  was  
exchanged every  3 days and cells w e re  g ro w n  in cu ltu re  fo r about 
12 days.

In one series o f exp erim ents , ra t g lia l cells w e re  co -trea ted  w ith  

neurons and LPS (1 0 0  n g /m l); p r im a ry  neuron al cells w e re  added  
in suspension in D M E M  in a ra tio  o f  1 :8  neurons:g lia  and after 
2 4  h, s uperna tan t w as taken  and frozen  fo r la te r  analysis. In an 
o th er series o f  exp erim ents , w e  assessed th e  effect o f blocking  
C D 200 lig an d :recep to r in te ra c tio n  by in c lu d in g  a b locking CD200  
an tib o d y  (5  (ig /m l, Serotec); neurons w e re  incubated  in the  pres
ence or absence o f an a n ti-C D 2 0 0  o r an isotype contro l (5  [ig /m l, 
Santa C ru z) fo r 4  h and then  added to g lia  in a c o -tre a tm e n t regim e  
in  the  presence o r absence o f LPS, A fte r  2 4  h, s uperna tan t w as  
taken  and frozen  fo r la te r  analysis.

In another series o f experim ents , m ouse glia l cells w ere  incubated  
w ith  or w ith o u t LPS (1 0 0  n g /m l), and in  the presence o f neurons pre
pared from  w ild ty p e  m ice or neurons prepared from  IL -4   ̂ n ice ; 
neurons w e re  added in suspension in D M E M  at a ratio  o f 1 :8 neu- 
rons:glia, and a fter 2 4  h, supernatant w as  taken and frozen for later 
analysis.

2.3. Analysis o f cytokines by ELISA

The concentrations o f IL - ip , IL -6  and TNFot w e re  assessed in 
sam ples o f s u perna tan t p repared  fro m  c u ltu re d  glia and in sanples  
o f h ippo cam pa l hom ogenate  prepared  from  con tro l-trea tec  and  
LPS-treated w ild ty p e  and IL -4 ^  m ice; th e  m ethods used have  
been described in d e ta il e lsew here  (Lyons et al., 2 0 0 7 a ). Bnefly, 
stored h ippo cam pal slices w e re  th a w e d , rinsed, hom ogenized in 
ice-cold  Krebs so lu tion  and e q u a lized  fo r p ro te in  concentr.tions  

(B radfo rd , 1 9 7 6 ). S tandards or sam ples (1 0 0  | i l )  o f th is hom og-nate  
and o f s u p ern a tan t p repared  from  c u ltu re d  cells w e re  added t) 9 6 -  

w e ll p lates. Plates w e re  coated w ith  goat a n ti-ra t IL - ip  a n tijo d y , 
(1 0 0  111; 1 n g /m l in PBS co n ta in in g  1% BSA, pH  7 .3; R8iD Systems), 
rat a n ti-m o u s e  IL - ip  a n tib o d y  (1 0 0  ^1; 4  | ig /m l in PBS con tan ing  
0.1% BSA, pH  7 .3 ; R&D System s), ra t  a n ti-m o u se  T N F a  ard rat 
a n ti-m o u se  IL -6  (1 0 0  n l; 0 .8  n g /m l fo r TNFot. 1 |ig /m l for IL-> (BD  

Pharm igen, USA), incubated  overn ig h t, w ashed and incubattd  for 
1 h w ith  assay d ilu e n t (3 0 0  n l; PBS c o n ta in in g  1% BSA, and ).05%  
NaNs, or PBS c on ta in ing  10% FBS fo r IL -6  and T N F a ). A fte r w s h in g  
in PBS, tr ip lic a te  sam ples and standards (1 0 0  [il; 0 -1 0 0 0  pg /n l, re 
co m b in an t ra t IL - ip  and re c o m b in a n t m ouse IL - ip , o r 0 -20 1 0  pg / 
m l rec o m b in a n t m ouse TN F a , or 0 - 5 0 0 0  p g /m l recom linan t 
m ouse IL -6 ) w e re  added, in cu ba tion  proceeded fo r 2 h and sanples  
w e re  w ashed  and incubated  fo r 2 h in  th e  presence o f  detection 
a n tib o d y  (1 0 0  |il;  3 5 0  n g /m l b io tin y la te d  goat a n ti-ra t IL ip  in 

PBS co n ta in in g  1% BSA. 4 0 0  n g /m l b io tin y la te d  ra t a n ti-m o ise  IL- 
ip  in  PBS con ta in ing  0.1% BSA, 1 5 0  n g /m l b io tin y la te d  rat a n ti
m ouse T N F -a  or 1 n g /m l b io tin y la te d  ra t a n ti-m o u s e  IL -6  d lu ted  
in 1% BSA). D etection  reagent (1 0 0  fil; HRP con jugated  s tre ita v i-  
din; 1 :2 0 0  d ilu tio n  in  PBS c o n ta in in g  1% BSA for a n ti-ra t IL-1 p, 
1 :2 0 0  d ilu tio n  in PBS co n ta in in g  0.1% BSA for a n ti-m o u se IL -1  p 
or 1 :2 50  d ilu tio n  assay d ilu e n t fo r lL -6  and TNFot) w as ,dded.
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incu lbation continued for 20  m in, samples were washed and 
subsitrate solution ( 1 0 0 | il; 1:1 m ixture  o f H2O2 and te tram ethyl- 
benz id ine) was added. Samples were incubated in the dark for 
2 0 -3 0  m in  and the reaction was stopped using 50 )il 1 M H2SO4. 
Platc5S were read at 450 nm and cytokine concentrations were esti- 
matced from  the appropriate standard curve and expressed as 
pg/rmg prote in for homogenate and pg/m l fo r supernatants.

2.4. /4na/ysis o f IL -lji, CD40 and CD200 mRNA

Tco assess IL-1 p, CD40 and CD200 mRNA expression, a PCR mas- 
te rm iix  was prepared containing Taqman Universal PCR M asterm ix 
(Appilied Biosystems, Darmstadt, Germany), mouse (5-actin RNA 
and rat p-actin as the endogenous controls (Applied Biosystems, 
Darrmstadt, Germany) and specific primers for the target genes 
(TaqlMan® Gene Expression Assays. Applied Biosystems, Darms
tadt, Germany: IL-1 p. M m 00434228_m l; CD200 Mm004877 
4 0 _ m l: CD40, Mm0041895_m 1; IL -ip  Rn00580432_m1). cDNA 
was d ilu ted (2 | il cDNA and 8 ^1 RNA-free H2O) and added in tr ip 
lica te  to  wells in a 96-w e ll plate, M asterm ix fo r the target genes 
(15 [ j l )  was added to each w e ll giving a to ta l reaction volume o f 
(25 p il/w e ll) and concentration o f cDNA as (200 pg/well). Plates 
were centrifuged at 2000g for 1 m in and real-tim e PCR was per
form ed. The PCR consisted o f 40 cycles w ith  the fo llow ing  condi
tions: 2 m in at 50 °C, 10 m in  at 95 °C and for each cycle 15 s at 
95 °C fo r denaturation and 1 m in  at 60 °C for transcrip tion and to 
ensure complete extension o f the PCR product (7300 real-tim e 
PCR system, Applied Biosystems. US). IL-1 p. CD40 and CD200 
mRNA was determ ined using the efficiency-corrected comparative 
CT m ethod and compared w ith  (i-actin. the values were normalized 
to an endogenous contro l and the relative differences between 
samples were expressed as a ratio. Values are expressed as relative 
quantities o f specific genes (7300 real-tim e PCR software. Applied 
Biosystems. US).

2.5. Analysis o f behaviour

W ild type  and IL -4 '^* m ice were either injected i.p. w ith  LPS 
(200 )il. 50 ng /m l) or sterile saline (200 f-il) and were assessed for 
clin ica l signs o f sickness behaviour prio r to. and 3 h after. LPS injec
tion  (Kentner et al.. 2007; Nemzek et al.. 2004). In b rie f sickness 
behaviour was evaluated according to  signs w hich include animal 
appearance, food and w ater intake, natural behaviour and pro
voked behaviour. M ice were removed from  the home cage and 
assessed before and after saline or LPS adm in istration. A score of 
0 was assigned to animals w hich exhibited 'norm a l’ behaviour 
and a score o f 3 to animals exh ib iting  a substantial deviation from  
normal behaviour (Kentner et al.. 2007: Nemzek et al.. 2004). If  a 
score o f 3 was atta ined more than once, an extra po in t was allotted. 
In th.s study, a m axim um  score o f 20 could be attained and an 
overall score o f 0 -4  indicated norm al behaviour: 5 -9  required 
careful m on ito ring  and possible analgesic treatm ent; 10-14 in d i
cated suffering; 15-20  indicated severe distress; the m axim um  
mean score in th is study was <10 .

Todeterm ine exploratory behaviour, mice were released in to  the 
same side o f the outer corner o f a square (60 cm w id th  x 60 cm 
length X 43 cm height: marked in a 5 x 5 g rid) open fie ld  arena for 
3 m ir in  a noise-, lig h t- and tem perature-controlled room. Ind iv id 
ual m ce were videotaped w ith  a camera mounted on the ceiling c ir
ca 2 n  above the centre o f the floor o f the open field. A c tiv ity  was 
recorted using a video camera and advanced m otion-recognition 
softw ire  package (Mediacruise Software, Canopus Corporation, 
UK). The total distance moved and the tim e spent in the 16 border 
squarts compared w ith  the nine centre zone squares was analysed. 
A singe tria l was carried out p rio r to  saline or LPS adm in istra tion and 
tw o  fir th e r tria ls were carried out 2 and 4 h after in jection.
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Fig. 1. IL-4 ^ mice exhibit enhanced LPS-induced inflammatory cytokine produc
tion in vitro. LPS (1 |ig /m l) significantly increased IL -ip  (a), TNFa (b) and IL-6 (c) in 
mixed glia prepared from wildtype and lL-4  ̂ mice ("p  < 0.01; "p < 0.001: ANOVA; 
n = 4 -8 ; LPS vs respective control); the effect was significantly greater in cells
prepared from IL-4  ̂ mice (**p < 0.01; 
LPS in wildtype mice).

" p  < 0.001: ANOVA: LPS in IL-4"'^ mice vs

2.6. CD200 immunofluorescent staining

Cultured cells (on cover slips) were fixed in ice-cold ethanol, 
blocked w ith  10% goat serum and incubated overnight at 4 °C w ith  
mouse monoclonal CD200 antibody (1 :200; Abeam pic, UK). Cover 
slips were washed and incubated w ith  Alexa 488 secondary an ti
body (1:4000; CD200, Molecular Probes Inc., UK), washed and 
mounted (Vectashield, Vector Laboratories, UK). Samples were 
viewed by confocal m icroscopy (Zeiss Ltd., UK). Negative control 
experiments were performed by replacing the prim ary antibody
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w ith  a mouse IgG antibody (Santa Cruz Biotechnology, US) and 
using equal gain settings during acquisition and analysis.

2.7. Statistical analysis

Data were analysed, as appropriate, using e ither Student's t-test 
for independent means, or analysis o f variance (ANOVA) followed 
by post-hoc Student Newm an-Keuls test to  determ ine w hich con
d itions were s ign ificantly d ifferent from  each other. Data are 
expressed as means ± SEM, where the n values represent the num 
ber o f observations per treatm ent group.

3. Results

3.1. Enhanced LPS-induced inflammatory cytokine in the hippocampus 
and in glia from  IL-4^^^ mice

W e assessed the effect o f LPS on m ixed glia prepared from  w ild 
type and IL-4‘ “̂  mice and show that, w h ile  LPS increased lL-1 p,TNFa 
and IL-6 in cells prepared from  w ild type  mice (F(3, 18) = 47.65, 
p < 0 .0 1 ; F(3, 19) = 50.41, p <  0,001; F(3, 46) = 84.22, p <  0.001, 
respectively: Fig. 1), the e ffe c to f LPS was sign ificantly greater in cells 
prepared from  IL-4  ̂ , compared w ith  w ild type, mice 
(F (3 ,18) = 47.65, p < 0 .0 1 : F (3 ,19) = 50.41, p< 0 .01 ; F(3,46) = 
84.22, p < 0.001, respectively). In addition to this effect, i.p. in jection 
o f LPS led to a significant increase in IL-1 p concentration in hippo
campal and cortical homogenates (F(3,79) = 8.22, p< 0 .05 ; 
F(3, 23) = 10.94, p < 0.05; Fig. 2a and b) and the LPS-induced change

in tissue prepared from  IL-4“ ^' mice was s ign ificantly greater tihan 
that in w ild typ e  mice (F(3, 79) = 8.22, p< 0 .0 5 ; F(3, 23) = 10.i,94, 
p < 0 .0 1 ; Fig. 2a and b). Unstim ulated cortical IL - ip  concentrattion 
was s ign ificantly  greater in lL -4 “ ' , compared w ith  w ild typ e  m iice 
(F(3, 23 )=  10.94, p<  0.05).

3.2. Enhanced sickness behaviour and reduced exploratory behaviiour 
in LPS-treated IL-4  ̂ mice

It has been suggested tha t the key factor triggering sickmess 
behaviour is IL - ip  and here we demonstrate that LPS (50 |ig / 
mouse) induced sickness behaviour in w ild type  and lL-4^^“ rmice 
(Fl[l 1, 50) = 38.33, p < 0.001; ANOVA: pre- vs post-in jection o f LPS 
in both groups o f mice; n = 8; Fig. 2c) but that the effect was sig;n if- 
icantly greater in IL-4 ^ mice (F(l 1, 50) = 38.33, p < 0.001). An.aly- 
sis o f the exploratory behaviour o f contro l-treated and LPS-tre;ated 
w ild type  and IL-4"^“  mice revealed that the distance covered b\y all 
animals was s im ila r in the firs t tr ia l (i.e., p re-in jection o f LPS) but 
decreased in the second and th ird  trials compared w ith  the Ifirst 
(Fl[l 1. 56) = 20.50, p <  0.001; Fig. 2d). Exploratory behaviour was 
not s ign ificantly affected by LPS in w ild type  mice, but it  was sig;nif- 
icantly  decreased in IL -4"^ ' mice (F(l 1, 56) = 20.50, p < 0 . 0 0 1 for 
control-treated vs LPS-treated IL-4 mice). The mean tim e S|pent 
in  the outer zone (i.e., w ith in  12 cm o f the walls o f the open fiie ld) 
was sign ificantly greater during tria ls 2 and 3 in LPS-treated IL -4 "^ “ 
mice compared w ith  trials 2 and 3 in contro l-treated IL-4^^“  m ice  
(F(7, 56) = 93.61, p < 0.001; Fig. 2e), and compared w ith  trials 2 and 
3 in both groups o f w ild typ e  mice.
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Fig. 2. IL -4"'“  mice exhibit enhanced LPS*induced inflammatory cytokine production and sickness behaviour in vivo. Intraperitoneal injection of LPS significantly increased 
IL-1 p concentration in hippocampal (a) and cortical (b) tissue prepared from wildtype and IL-4’ '"  mice (*p < 0.05; ANOVA; n *  12): the effect was significantly greater In 
tissue prepared from IL-4 mice(*p < 0.05; < 0.01; ANOVA; LPS in IL-4'^ mice vs LPS in wildtype mice). Basal cortical IL-1 p concentration was significantly greater in IL-

compared w ith  w ildtype mice (*p < 0.05; ANOVA). (c) LPS significantly increased the clinical score for sickness behaviour in w ildtype and IL-4"' mice (*“ p < 0.001; 
ANOVA; pre-injection vs post-injection) and it was significantly greater in LPS-treated lL -4 "'" mice compared w ith  LPS-treated w ildtype mice (***p < 0.001; ANOVA; n *  8). 
(d) Exploratory behaviour was decreased in all animals w ith  fam iliarity (i.e.. in trials 2 and 3 compared w ith  trial 1; *’*p < 0.001; ANOVA; n « 8). but whereas the effect o f LPS 
(50 |ig/mouse) was minimal in wildtype mice, it significantly reduced exploration in IL-4’ ’̂ mice (^^^p < 0.001; ANOVA). (e) Time spend In the outer zone o f the open field 
was significantly increased in LPS-treated lL-4 '  , compared w ith  wildtype mice {^^^p < 0.001; ANOVA).
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Fig. 3 ).  Enhanced LPS-induced in flam m ation  In lL-4  ' m ice correlates w ith  a 
reducced expression o f C D 200 in vivo. In traperiton eal in jection o f LPS sign ificantly  
Increa.'Sed C D40 m RNA (a ) and s ign ificantly  decreased C D 200 m RNA (b ) in 
hippoccampus prepared from  w ild ty p e  and IL -4  ' m ice ( 'p < 0 .0 5 :  " p < 0 .0 1 ;  
ANOVjA; n “  6). CD200 m RNA w as also sign ificantly  reduced in  tissue prepared  
contro )l-treated  IL-4  ' . com pared w ith  w ild typ e , m ice ( 'p  < 0 .05: ANO VA; n -  5).

effect o f neurons on the LPS-induced increase in IL-1 (3 protein was 
partia lly  inh ib ited  by includ ing anti-CD200 antibody during incu
bation; thus LPS sign ificantly increased lL - ip  (F(6, 56) = 67.35, 
p < 0.001; Fig. 4b) and th is effect was attenuated by addition of 
neurons (/^(6, 56) = 67.35, p < 0.001; LPS + neurons vs LPS alone), 
and the fu rthe r add ition  o f the anti-CD200 antibody blocked the 
action o f the neurons (F(6, 56) = 67.35, p <  0.001; LPS + neurons 
vs LPS + neurons + anti-CD200; Fig. 4b), however, addition o f an 
isotype contro l d id not block the action o f neurons (P(6, 56) = 
67.35, p < 0.001; LPS + neurons + isotype control vs LPS + neu
rons + anti-CD200), thus showing the specific ity o f the anti- 
CD200 antibody in blocking CD200-CD200R interaction. S im ilarly, 
LPS increased TNFot and lL-6 (F (6 .39) = 36.32, p < 0.001; 
F(6, 54) = 34.28, p < 0.001; Fig. 4c and d, respectively); addition of 
neurons partia lly  attenuated these changes (F(6 ,39) = 36.32, 
p < 0.001; F(6, 54) = 34.28, p < 0.001; LPS + neurons vs LPS alone), 
and the fu rthe r addition o f anti-CD200 antibody reversed the effect 
o f neurons (F(6, 39) = 36.32, p < 0.001; F(6, 54) = 34.28, p < 0,001; 
LPS + neurons vs LPS + neurons + anti-CD200; TNFa and lL-6, 
respectively).

Consistent w ith  our previously-reported studies (Lyons et al., 
2007a), we found that CD200 expression was decreased on neu
rons prepared from  lL -4 " '“  mice, as shown by a significant de
crease in relative fluorescent in tensity (p = 0.0003, unpaired 
Students' t-test; Fig. 5a). Because o f the importance o f CD200 in 
attenuating the effect o f LPS, we argued that the effect o f neurons 
prepared from  lL-4 ' m ice w ould be reduced compared w ith  neu
rons prepared from  w ild type  mice. Consistent w ith  this, the data in 
Fig. 5b -d  show that the LPS-induced increases in lL-1 p, TNFa and 
lL-6 {F(5, 38) = 31.88, p <  0.001; F(5, 30) = 57.55, p <  0.001;
F{5,37) = 86.83, p < 0.001; respectively) were significantly a ttenu
ated by addition of neurons prepared from  w ild type  mice 
(F(5, 38) = 31.88, p<  0.001; F(5, 30) = 57.55, p < 0. 01;
F(5, 37) = 86.83, p < 0 .0 1 ; LPS + neurons vs LPS alone, for IL -ip , 
TNFa and IL-6, respectively) but not by neurons prepared from  
lL -4 " '-  mice (F(5, 38) = 31.88, p < 0. 001; FI5, 30) = 57.55, p < 0. 
05; F(5, 37) = 86.83, p <  0.01).

3.3. Emhanced LPS-induced CD40 and decreased CD200 expression in 
m icroglia from  IL-4  ̂ mice 4. Discussion

T^le LPS-induced increase in IL-1 p was accompanied by a s ign if
icant increase in m icroglia l activation as revealed by upregulation 
o f CD'40 mRNA in hippocampal tissue prepared from  w ild typ e  mice 
(F(3, 16) = 6.935, p< 0 .05 ; Fig. 3a) and this effect was more pro
nounced in  tissue prepared from  lL -4^ '" mice (F(3, 16) = 6.935, 
p < 0.01). Previous evidence coupled an increase in m icrog lia l acti
va tion  w ith  a decrease in  CD200 (Lyons et al., 2007a) and the data 
prese nted here provide support fo r th is; Fig. 3b shows th a t LPS sig- 
n ifica n tly  decreased CD200 mRNA expression in tissue prepared 
from  w ild typ e  mice (F (3 ,11 ) = 4.736, p<0.05 ), and th a t CD200 
expression was also s ign ifican tly  decreased in tissue prepared from  
IL-4" , compared w ith  w ild typ e  mice (F (3 ,11) = 4.736, p < 0.05). 
There was no significant difference in CD200 mRNA expression 
observed between control and LPS-treated IL-4 ’ ^" mice.

3.4. Neurons attenuate LPS-induced pro-inflammatory cytokine 
production by glia through CD200

To fu rthe r explore the roles o f CD200 and lL-4 in m odulating 
m icroglia l activation, cu ltured glia were incubated in the presence 
and absence o f LPS and in the presence and absence o f neurons, 
w h ich express CD200; LPS sign ificantly increased IL - ip  mRNA 
(F(3, 12) = 5.814, p < 0.01; Fig. 4a) and addition o f neurons s ign ifi
cantly attenuated the LPS-induced change (F(3, 12) = 5.814, 
p < 0.05). In a separate experim ent, we found tha t the attenuating

The results o f th is study demonstrate that IL-4 plays a critica l 
role in  contro lling  m icroglia l activation and that this is mediated 
through m odulation o f CD200 expression. The TLR4 agonist, LPS, 
is a potent activator o f innate im m une cells, including glia and it 
has been reported that LPS can induce IL - ip  and NO secretion by 
cultured glia (Costelloe et al., 2008; Loane et al., 2009; M olina-H ol- 
gado et al., 2000). Here, we found that LPS-induced production of 
the p ro-in flam m atory cytokines lL-1 p, TNFa and lL-6 by m ixed glia 
cells from  C57BL/6 mice, but that th is was significantly potentiated 
in glia from  IL-4"^“  mice. Furthermore, peripheral adm inistration 
o f LPS-induced lL-1 p expression in the hippocampus and cortex 
w hich was sign ificantly enhanced in  lL-4“ ' “ , compared w ith  w ild 
type, mice. It has previously been reported tha t lL-4 can downregu- 
late IL - ip  production by cultured m ixed glial cultures and that 
intracerebroventricu lar in jection o f lL-4 inh ib its  the increase in 
hippocampal lL-1 p concentration in LPS-treated, Ap-treated and 
in aged rats (Loane et al., 2009; Lynch et al., 2007; Lyons et al., 
2007b; M inogue et al., 2007). Taken together w ith  the data o f this 
study, these findings suggest that IL-4 is a m ajor negative regulator 
o f p ro -in flam m atory cytokine production by neuronal cells in vitro  
and in vivo and may have a key function in contro lling  
neuroinflam m ation.

Sickness behaviour has been shown to result from  an increase 
in p ro-in flam m atory cytokine concentration in the brain (Dant- 
zer and Kelley, 2007; Laye et al., 1994; van Dam et al., 1992).
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Fig. 4. Neurons attenuate LPS-induced pro -in flam m ato ry  cytokine production by glia through CD200. LPS s ign ifican tly  increased lL-1 p mRNA (a) in glia ( “ p < 0.01; ANOVA; 
n = 4). The LPS-induced effect was attenuated in the presence o f neurons (*p < 0.05; ANOVA: LPS + neurons vs LPS alone: n » 6). A second experim ent dem onstrated am LPS- 
induced increase in IL - ip  (b). TNFot (c) and IL-6 (d: “ *p < 0.001: n *  10) and the m odulating effect o f neurons w h ich  decreased the LPS-induced change (***p < 0.001; ANOVA; 
LPS + neurons vs LPS alone: n = 10). Incubation in the presence o f anti-CD200 antibody s ign ifican tly  attenuated the m odulating effect o f neurons (*p < 0 .0 5 ; **p< ;0 .0 1 : 
ANOVA; LPS + neurons vs LPS + neurons + anti-CD200; n ■ 10). Substitu tion o f anti-CD200 w ith  an isotype contro l an tibody demonstrated the specific ity o f the in te rac tion  
between CD200 and CD200R (n = 5).

In this study, the LPS-induced increase in hippocampal and 
cortical concentrations of IL-1 p was accompanied by decreased 
motor activity, which is one of the features of sickness behav
iour. Importantly, LPS exerted a greater inhibitory effect on 
exploratory behaviour in IL-4“ ^', compared w ith  wildtype, mice. 
This is consistent w ith  the greater effect of LPS on cytokine pro
duction in IL-4“ “̂  mice and w ith  the hypothesis that anti
inflammatory cytokines can modulate the intensity of sickness 
behaviour. It has been demonstrated that pretreatment of rats 
w ith  IL-4 intracerebroventricularly, blocked LPS-induced sickness 
behaviour (Bluthe et al., 2002). It has also been demonstrated 
that IL-10 can attenuate LPS-induced sickness behaviour (Leon 
et al., 1999) and that LPS-induced sickness behaviour is exacer
bated in IL-10“ “̂ mice (Dantzer et al., 2008). Furthermore, both 
IL-4 and IL-10 can attenuate the LPS-induced increases in 
microglial activation and pro-inflammatory cytokine production, 
and can reverse the LPS-induced defect in LTP (Lynch et al., 
2007; Nolan et al., 2004). Thus, IL-4 alone or in combination 
w ith  IL-10 may play a central role in controlling sickness 
behaviour induced by LPS through induction of pro-inflammatory 
cytokines in the brain.

Activated microglia are thought to be the primary source of 
inflammatory cytokines (Benveniste, 1992) although they are also 
released from other cells, especially astrocytes. Here, we show that 
the LPS-induced increase in pro-inflammatory cytokines was 
accompanied by an increased in expression of CD40 mRNA, which 
is a marker of activated microglia (Benveniste et al., 2004). We 
found that LPS-induced CD40 expression is exacerbated in IL-4“ ' “ 
mice, suggesting that endogenous IL-4 can modulate microglial 
activation, and this is consistent w ith  the observation that lL-4 
can attenuate the increase in microglial activation observed in 
aged rats (Lynch et al.. 2007) as well as Ap- and IFNy-treated rats 
(Clarke et al., 2007; Lyons et al., 2007b). IL-4 also modulates mac
rophage function and regulates production of several mediators 
that are integral to their function, including the pro-inflammatory 
cytokines IL-1, TNF-oi, and IL-6 (Huang et al., 1999). While LPS en
hanced CD40, it decreased CD200 expression on glia, and the ex
tent of change was greater in tissue prepared from IL-4“ ^', 
compared w ith  wildtype, mice. This inverse relationship between 
CD40 and CD200 provides support for recent evidence of an inverse 
relationship between CD200 and other markers of microglia 
activation, including MHCII, ICAM-1 and CD86 in aged rats and in
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Fig. 5. lL-4 mediated neuronal expression of CD200 is required to attenuate LPS-induced pro-inflammatory cytokine production by glia, (a) CD200 was decreased in neurons 
preparred from IL-4 compared with wildtype, mice. The fluorescent image is representative of four independent experiments. LPS significantly increased IL -ip  (b), TNFot (c) 
aud IL--6 (d; *"p < 0.001 ■. n -  10). addition of neurons prepared from wildtype mice attenuated the LPS-induced changes C*p < 0.01: ***p < 0.001; ANOVA: LPS + neurons vs LPS 
alone; n = 6). However, addition of neurons prepared from lL-4“' '  mice failed to attenuate the LPS-induced changes and there was a significant difference between cytokine 
concenitrations in glia incubated in the presence of neurons obtained from IL-4'^“, compared with wildtype mice (*p  < 0.05; **p < 0.01; < 0.001; ANOVA; LPS + neurons
from llL-4 mice vs LPS + neurons from wildtype mice; n -  10).

anim.als treated w ith  Ap (Downer et al„ 2009: Frank et al.. 2006; 
Lyons et al., 2007a). Preliminary evidence suggests that, as in the 
case o f CD200"^“ mice (Hoek et al., 2000), microglial activation is 
enhanced in brain of IL-4“  ̂ , compared w ith wildtype mice, 
althonjgh we have not found any change in the numbers of 
MHCII-positive cells in lL-4“ ~̂ mice (Lyons et al„ unpublished). 
Interestingly, decreased expression of CD200 ligand and protein 
has been reported in Alzheimer’s disease and is associated w ith  
disease pathology, and w ith  specific evidence of marked changes 
in the hippocampus and inferior temporal gyrus correlating w ith 
plaque deposition (Walker et al., 2009). Thus, there is growing 
evidence that downregulation of CD200 is associated w ith  inflam
matory changes and these findings are consistent w ith  the original 
proposal of a significant immunomodulatory role for CD200 (Hoek 
et al., 2000; W right et al., 2000; Frank et al.. 2007).

Since CD200 is expressed on neurons, interaction w ith  CD200R 
on microglia may therefore reduce their activation. Here, we show 
that addition of neurons to LPS-activated microglia attenuated the 
increases in IL-1 p. lL-6 and INF. This is consistent w ith  the inhibitory 
effect of neurons on Ap-induced glial cell activation (Lyons et al.. 
2007a). Interestingly however, the effect of neurons on glial release 
of IL-6 andTNFoiwas less marked than the effect on IL-1 P; the reason 
for this is unclear at this time, but may result from proportionally 
greater release of these cytokines (compared w ith  IL-1 p) from astro
cytes, which have not been reported to express CD200R.

It has been shown that CD200 expression on neurons is en
hanced by lL-4 (Downer et al., 2009; Lyons et al., 2007a) and here 
we confirm this and demonstrate that CD200 was decreased in 
neurons prepared from lL-4“ “̂ mice. Interestingly, the decreased 
CD200 expression which accompanies development of Alzheimer’s

disease is associated w ith  a decrease in expression of IL-4 (Walker 
et al., 2009) and consistent w ith  our data, this study suggested a 
modulatory effect of IL-4 on CD200. The importance of neuronal- 
derived lL-4 in controlling microglial activation was supported by 
the finding that, while neurons prepared from wildtype mice 
attenuate the LPS-triggered release of IL-ip, TNFa and IL-6, neu
rons from IL-4“ “̂  mice failed to do so.

Maintenance of the balance between pro- and anti-inflamma
tory cytokines in the brain is central to regulation of neuronal func
tion (Dantzer et al., 2008; Maher et al., 2005). The data presented 
here indicate that a key role for IL-4 is in the regulation of expres
sion of CD200 on neurons which, by interaction w ith its receptor, 
determines the activation state o f microglia and consequently, pro
duction of inflammatory mediators. Our findings that LPS induces a 
significantly greater neuroinflammatory change in cells and tissue 
prepared from the brain IL-4"'“ mice compared w ith  wildtype 
mice, suggest that lL-4 plays an important role in maintaining glial 
cells in a quiescent state.
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In f lam m ato ry  changes, c h a ra c te riz ed  by an  in c rease  in  p ro- 
in fla m m a to ry  cy tok ine p ro d u c tio n  a n d  u p -reg u la tio n  o f  th e  c o r
re sp o n d in g  signaling  pathw ays, have been  d esc rib e d  in  the  
b ra in s  o f  aged  ra ts  an d  ra ts  t re a te d  w ith  th e  p o te n t  im m u n e  
m o d u la to ry  m olecu le  lip o p o ly sacch arid e  (LPS). T h ese  changes 
have b e e n  coup led  w ith  a d e fic it in lo n g -te rm  p o te n tia tio n  
(LTP) in h ip p o cam p u s. T h e  ev idence  suggests th a t  a n ti- in f la m 
m a to ry  ag en ts , w hich  a tte n u a te  th e  L P S -in d u ced  a n d  ag e-a sso 
c ia ted  in crease  in h ip p o cam p al in te r le u k in -1/3 ( IL -ip )  c o n c e n 
tra tio n , lead  to  re s to ra tio n  o f  LTP. H ere  we re p o r t  th a t 
a to rv a s ta tin , a m em b e r o f  th e  fam ily  o f  ag en ts  th a t  a c t as in h ib 
ito rs  o f  3 -hyd ro x y -3 -m eth y lg lu tary l-C o A  re d u c tase , ex erts 
pow erfu l a n ti- in fla m m a to ry  effects in b ra in  an d  th a t  these  
effects a re  m ed ia ted  by lL -4  a n d  in d e p e n d e n t o f  its  ch o leste ro l- 
low ering  actions. T re a tm e n t o f  ra ts  w ith  a to rv a s ta tin  in creased  
lL-4- c o n c e n tra tio n  in h ip p o cam p al tissu e  p re p a re d  from  LPS- 
tre a te d  a n d  aged  ra ts  a n d  a b ro g a te d  th e  ag e -re la ted  a n d  LPS- 
in d u ced  in creases in p ro - in f la m m a to ry  cy tok ines, in te r fe ro n -y  
(IFMy) a n d  lL-1/3, an d  th e  acco m p an y in g  d e fic it in  LTP. T he 
effect o f  a to rv a s ta tin  on  th e  L P S -in d u ced  in creases in  IF N y a n d  
IL-1/3 was ab sen t in tissu e  p re p a re d  fro m  lL-4~^~ m ice. T he 
increa.se in IL -1/3 in  L P S -trea ted  a n d  aged  ra ts  is a sso c ia ted  w ith  
in creased  m icrog lia l ac tiv a tio n , assessed  by analysis o f  m ajo r 
h is to co m p a tib ility  com plex  II ex p ress io n , an d  th e  ev idence  sug
gests th a t  IF N y  m ay tr ig g e r th is  activ a tio n . W e p ro p o se  th a t  th e  
p rim ary  effect o f a to rv a s ta tin  is to  in crease  IL-4, w h ich  a n ta g o 
nizes th e  effects o f  IFN y, th e  asso c ia ted  in crease  in  m icrog lia l 
activation , an d  th e  su b seq u e n t cascade  o f  events.

The ad v erse  e ffects o f  in fla m m a tio n  in th e  b ra in  have been  
shew n to  in c lu d e  d o w n -rc g u la tio n  o f  sy n ap tic  fu n c tio n . O n e  
m a iife s ta tio n  o f th is  is a d ec rease  in th e  ab ility  o f  ra ts  to  su s ta in  
lo n '- te rm  p o te n tia tio n  (LTP),^ a fo rm  o f  sy n ap tic  p las tic ity  th a t 
is o n s id e r e d  to  be  a p o te n tia l  b io log ical su b s tra te  fo r lea rn in g  
a n c /o r  m em o ry . In flam m ato ry  ch an g es, typ ified  by an  in crease

* T h ; c o s t s o f  p u b lic a tio n  o f  th is  artic le  w^ere d e fra y e d  in p a r t by  th e  p a y m e n t 
o  p a g e  c h a rg e s . This a rtic le  m u s t th e re fo re  b e  h e re b y  m a rk e d  "advertise- 
irent" in a c c o rd a n c e  w ith  18 U.S.C. S ec tio n  1734  so le ly  to  in d ic a te  th is  fact.

' T h fse  a u th o rs  c o n tr ib u te d  eq u a lly  to  th e  w ork .
 ̂To v h o m  c o r r e s p o n d e n c e  s h o u ld  b e  a d d re s s e d . Tel.: 3 5 3 -1 -608 -1770 : Fax: 

3.'3-l -679 -3545 ; E-mail: ly n c h m a@ tcd .ie ,
 ̂Tht a b b re v ia tio n s  u s e d  are: LTP, lo n g - te rm  p o te n tia tio n ; IL-1, in te rleu k in -1 ; 

Aj, p -am y lo id  p e p tid e ; IFN-y, in terferon--y ; BSA, b o v in e  s e ru m  a lb u m in ; 
M-ICII, m a jo r  h is to c o m p a tib il ity  c o m p le x  II; JNK, c -Ju n  N H ^-term inal 
k iiase; TBS, T ris-b u ffe red  sa line ; ANOVA, ana ly sis  o f  va rian ce ; LPS, lip o p o - 
ly a c c h a r id e ; EPSP, ex c ita to ry  p o s ts y n a p tic  p o te n tia l.

in c o n c e n tra tio n  o f  th e  p ro - in f la m m a to ry  cy tok ine , in te r le u 
kin-1/3 (IL-1/3), have b een  o b se rv ed  in aged ra ts  (1 ,2 )  an d  in  ra ts  
t re a te d  w ith  lip o p o ly sacch a rid e  (LPS (3, 4)) o r  /3-am yloid p e p 
tid es { A fi  (5)). In each  o f th ese  c o n d itio n s , L TP is im p a ired  and, 
in so m e  cases, th e  im p a irm e n t is a b ro g a ted  by s tra teg ies  th a t 
re s to re  IL-1/3 c o n c e n tra tio n  to  th e  lo w er va lues o b se rv ed  in 
c o n tro l c o n d itio n s  (4). A ro le  fo r IL-4 in m o d u la tin g  IL-1 j3 p ro 
d u c tio n  h as  b e en  d e m o n s tra te d  (6), a n d  w e  have  o b se rv ed  th a t  
tw o  tre a tm e n ts  w ith  a n ti- in f la m m a to ry  p ro p e rtie s , th e  p o ly u n 
sa tu ra te d  fa tty  acid, e ic o sa p en ta en o ic  acid  (6) a n d  rosig lita- 
zone,'^ ab ro g a te  age- an d  L P S -in d u ced  n e u ro in f la m m a tio n  by 
in creas in g  IL -4 c o n c e n tra tio n  in  h ip p o ca m p u s. T h ese  da ta  
h ig h lig h t th e  p o ten tia l o f  a n ti- in f la m m a to ry  tre a tm e n ts  to  
re s to re  fu n c tio n a l defic its  a sso c ia ted  w ith  in fla m m a tio n  and  
d raw  an  in te re s tin g  paralle l w ith  th e  o b se rv a tio n  th a t  th e  in c i
d e n ce  o f A lzh e im er d isease  is re d u ce d  in in d iv id u a ls  u n d e rg o 
ing  a n ti- in f la m m a to ry  tre a tm e n ts  fo r o th e r  c o n d itio n s  (7).

It seem s likely th a t  th e  in crease  in IL -1 /3 c o n c e n tra tio n  in th e  
b ra in  in in fla m m a to ry  c o n d itio n s  is d e riv ed  fro m  activated  
m icrog lia , a n d  th e re fo re  paralle l ch an g es in  IL-1/3 c o n c e n tra 
tio n  a n d  m icrog lia l a c tiv a tio n  have  b een  id en tified  in  b ra in  o f 
aged  an d  L P S -tre a ted  ra ts  (8). H ow ever, th e  tr ig g e r lead in g  to  
a c tiv a tio n  o f  m ic ro g lia  has n o t b een  iden tified , a lth o u g h  resu lts  
f ro m  several s tu d ie s  have  su g g ested  th a t  o n e  o f th e  m o s t p o te n t 
a c tiv a to rs  o f  m ic ro g lia  in  v itro  is in te r fe ro n -y  (IF N y  (9 -1 1 )) .

R ecen t w o rk  has id en tified  a n ti- in f la m m a to ry  p ro p e rtie s  o f 
3 -h y d ro x y -3 -m e th y lg lu ta ry l co en zy m e  A  re d u c ta se  in h ib ito rs  
{i.e. s ta tin s) th a t  a re  d is tin c t fro m  th e ir  ab ility  to  lo w er ch o le s
tero l. It has b e en  sh o w n  th a t  s ta tin s  re d u ce  A/3 d e p o sitio n  and  
in fla m m a to ry  c h an g es  in m o u se  m o d e ls  o f  A lzh e im er disease 
(1 2 -1 4 ) , b lo ck  paralysis in c h ro n ic  an d  re lap s in g  ex p erim en ta l 
a u to im m u n e  en cep h a lo m y elitis  (15), re d u ce  in fa rc t size in 
ischem ia, a n d  im p ro v e  n eu ro lo g ic  o u tc o m e  by d irec tly  u p -re g 
u la tin g  b ra in  e n d o th e lia l n itr ic -o x id e  sy n th ase  (16). S ta tin s 
have also b een  sh o w n  to  d ec rease  sy m p to m s and  m o rta lity  in 
s tro k e -p ro n e  sp o n ta n eo u s ly  h y p e rten siv e  ra ts  (17).

B ecause o f  th e ir  re p o rte d  a n ti- in f la m m a to ry  effects, it m ig h t 
be  p re d ic te d  th a t  s ta tin s  will c o u n te ra c t th e  in fla m m a to ry  
ch an g es in d u ce d  by age an d  by LPS t re a tm e n t. T o  te s t  th is  p re 
d ic tio n , we in v es tig a ted  th e  effect o f  a to rv a s ta tin  tre a tm e n t on 
th e  ag e-re la ted  an d  L P S -in d u ced  ch an g es in  ra t h ip p o cam p u s. 
W e  re p o rt  th a t  th e  age- a n d  L P S -asso c ia ted  m icrog lia l ac tiva
tio n , in c re ase  in  c o n c e n tra tio n s  o f  IF N y  a n d  IL-1/3, a n d  deficit

■' L oane, D . D e i g h a n ,  B. F„ C larke, R. M., Griffin, R. J., Lynch, A. M., a n d  Lynch, 
M. A. (2007) Neurobiol. Aging, in  p ress .
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IL-4 in Atorvastatin-associated Neuroprotection

in LTP w ere abrogated in ato rvasta tin -treated  rats. Because 
atorvastatin  failed to  a ttenuate  the LPS-induced increases in 
cytokine concentrations in tissue prepared from  IL-4“ “̂  mice, 
we propose th a t the  prim ary action of atorvastatin  may be to 
trigger p roduction  o f IL-4 and thereby prevent th e  IFNy-in- 
duced m icroglial activation.

EXPERIMENTAL PROCEDURES

A nim a ls—Tw enty-four, 2- to  3 -m onth-o ld  male W istar rats 
(BioResources U nit, T rin ity  College, Dublin, Ireland), were 
used in the first study, and 18 aged (22 -24  m onths) and 12 
young (3 - 4  m onths) anim als (Bantham  and Kingman, UK) 
w ere used in the second study. W e also used 24 2- to  5-m onth- 
old C57BL/6 (H arlan UK Ltd.) and C57BL/6 lL-4-defective (IL- 
4 “ “̂ ) mice (B&K Universal, UK). Rats w ere housed in groups of 
2 - 6 , and mice were housed singly, under a 1 2 -h light schedule. 
A m bient tem perature was controlled betw een 22 and 23 °C, 
and anim als were m aintained under veterinary  supervision 
th roughou t the study. These experim ents w ere perform ed 
under a license issued by the D epartm ent o f H ealth  (Ireland) 
and w ith ethical approval from  the local ethical review group.

Atorvasta tin  Treatm ent Regim en—Food and w ater intake 
was assessed daily for 1 week, and anim als were th en  random ly 
assigned to a contro l trea tm en t or a torvasta tin  treatm en t 
group. A torvastatin (5 and 10 m g/kg/day in the case of rats and 
mice, respectively; Lipitor, Pfizer-Parke Davis, Ireland) was 
given orally for 3 weeks in the laboratory chow. In the first and 
th ird  studies, the contro l- and a to rvasta tin -treated  groups of 
ra ts and m ice were subsequently  subdivided in to  those that 
received saline in traperitoneally  and those th a t received LPS 
(100 ixglkg Escherichia coli serotype 0111.B4, Sigm a-Aldrich, 
UK) intraperitoneally  on the day of the experim ent. In the sec
ond study, young and aged rats w ere subdivided into control- 
and ato rvasta tin -treated  groups, and trea tm en t con tinued  for 8 

weeks. Rats and mice were given their daily allowance of food 
and m onitored  to ensure th a t they received their full daily dose 
of atorvastatin. A nim als w ere weighed at intervals th roughout 
th e  study to  ensure th a t sim ilar w eight changes w ere occurring 
in the different trea tm en t groups. A t the end of th e  trea tm en t 
period, mice were killed by cervical dislocation, the  brain was 
rapidly rem oved, dissected on ice, sliced (350 X 350/x m) using 
a M cllwain tissue chopper, and stored  in Krebs buffer con ta in 
ing CaCl2 (1.13 m M ) and 10% M ejSO  at —80 °C as previously 
described (1) until requ ired  for analysis. Rats w ere assessed for 
the ir ability to  sustain LTP.

Induction o f  LTP in Vivo—Young rats w ere anesthetized  by 
in traperitoneal injection of u re thane  (L5 g/kg), and aged rats 
w ere initially given 1 .2  g/kg ure thane  w ith fu rther increm ents 
to  a m axim um  of 2.0 g/kg w hen required. T he absence of a 
pedal reflex was considered to  be an indicator o f deep anesthe
sia. In the case of the experim ents in w hich the  effect o f a to rv
astatin  was assessed on LPS-induced changes, LPS (100 fxg/kg. 
Sigma, UK) o r saline was injected in traperitoneally  and 3 h later 
anim als w ere assessed for their ability to sustain LTP, In some 
experim ents rats w ere injected in tracerebroventricularly  (2.5 
m m  posterior, and 0.5 m m  lateral, to  Bregma) w ith IFN y (50 
ng/m l, 5 /J.1, C hem icon In ternational, Inc.), IL-4 (20 ng/m l, 5 /a1, 
R&D Systems, UK) or both, and 30 m in later these rats were

assessed for their ability to sustain LTP in perforant path-gran- 
ule cell synapses as described previously (1). Briefly, a bipolar- 
stim ulating  electrode and a unipolar-record ing  electrode w ere 
stereotaxically positioned in the perforan t path  (4.4 m m  lateral 
to  lam bda) and  dorsal cell body region of the dentate gyrus (3.9 
m m  po.sterior, and 2.5 m m  lateral, to Bregma), respectively. 
T est shocks were delivered at 30-s intervals, and recorded for 10 
m in before and 45 m in after tetanic stim ulation. The stim ula
tion paradigm  used involved delivery of 3 trains o f stim uli (250 
Hz for 200 ms) w ith an in te rtra in  interval o f 30 s, w hich has 
been show n to induce saturable LTP in perforan t path-granule 
cell synapses in young adult ra ts (18); this stim ulation  paradigm  
has revealed a deficit in LTP in aged rats.

At the end  of the recording period, rats w ere killed by decap
itation, the brains w ere rapidly rem oved, and the hippocam pus 
was dissected. O ne-th ird  o f the hippocam pus was flash-frozen 
in liquid N.  ̂ for later analysis o f mRNA (see below), and slices 
(350 X 350 /xm) w ere p repared  from  the rest o f the tissue using 
a M cllw ain tissue chopper. T hese slices w ere stored in Krebs 
buffer contain ing CaCl2 (1.13 miVi) and 10% Me^SO at —80 °C 
as previously described (1 ) until required  for analysis. Cortical 
tissue was similarly p repared  and stored for later analysis of 
cholesterol.

Analysis o f  IL -lfi, IFN-y, an d  IL-4—T he concentrations of 
IL-1/3, IFN 7 , and IL-4 w ere assessed by enzym e-linked im m u
nosorben t assay (R&D Systems, UK) in the stored  hippocam pal 
slices p repared from  rats (2). IFN 7  and IL-lj8  concentrations 
w ere also assessed in tissue prepared from  w ild-type and 
IL-4“ “̂  mice. Slices were thaw ed, rinsed, hom ogenized, and 
equalized for pro tein  (19). For analysis o f rat tissue the follow
ing antibodies were used to  coat 96-well plates; 1.0 jU-g/ml goat 
an ti-ra t IL-1/3 antibody (R&D Systems, UK), or 2.0 /xg'ml 
m ouse an ti-ra t IFN y antibody, o r 2.0 ^xg/ml m ouse an ti-ra t IL-4 
antibody (diluted in phosphate-buffered  saline, pH 7.3). For 
analysis o f tissue prepared from  mice, 1.25 /xg/ml goat anti- 
m ouse IFN y antibody (BIOSOURCE, UK) or 4 /j,g/ml goat a.iti- 
m ouse IL-1/3 antibody (R&D Systems, UK) w ere used. Plates 
w ere incubated  overnight at room  tem perature , washed, 
blocked, and incubated with standards (0 - 1 0 0 0  pg/m l) or sam
ples for 2 h at room  tem perature . W ells w ere w ashed and incu
bated w ith the following antibodies: 350 ng/m l b iotinyhted 
goat an ti-ra t antibody for IL-1/3, 150 ng /m l biotinylated goat 
an ti-ra t antibody for IFN 7 , or 50 ng/m l biotinylated goat anti- 
ra t antibody for IL-4, each d ilu ted  in phosphate-buffered sa ine 
contain ing 1% BSA and 2% norm al goat serum , or 100 ng/ml 
biotinylated goat an ti-m ouse IL-1/3 antibody, and 125 ng/ml 
biotinylated goat an ti-m ouse IFN 7  antibody (R&D Systems, 
UK). H orseradish peroxidase-conjugated streptavid in  (1:100) 
and substrate solution (1 :1  m ixture of H jO j and te tram etiy l- 
benzidine) w ere added, incubation  con tinued  in th e  dark for 
2 0 -3 0  min, and the reaction was stopped using 1 m  H^JO^. 
A bsorbance was read at 450 nm , and values w ere correctec for 
protein  in the case o f hom ogenates and expressed as pco- 
gram s/m g of protein.

Analysis o f  Expression o fM H C II—W e assessed 0 X 6  m lN A  
expre.ssion as an indicator ofM H C II. T otal RNA was extra :ted 
from  hippocam pal tissue using TRI reagent (Sigma), revirse 
transcrip tion-PC R  was undertaken  (5), and  cDNA syntlesis
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w as perform ed on  1 /xg o f  total RNA using oligo(dT ) prim ers 
(Superscript reverse transcriptase; Invitrogen Ltd., UK). Equal 
a m oun ts o f  cD N A  w ere used for PCR am plification for a total o f  
30 cycles, and the fo llow ing sequ en ces o f  prim ers w ere used: 
upstream  5'-C A G  T C A  CAG  AA G  GCG T T T  A T G -3'; d o w n 
stream , 5 '-T G C  AGG A T C  T G A  CAG CAG G A-3'; and for rat 
j3-actin m R N A  expression: upstream , 5 '-A G A  A G A  G C T ATG  
AG C TG C  CTG  A G G -3'; dow nstream , 5 '-C T T  CTG  CAT  
CCT G TC AG C G A T  G C -3'. T h e  cycling cond itions were  
95 °C for 300 s, 65 °C for 60 s, and 72 °C for 120 s. T he reaction  
w as stop ped  by a final ex ten sion  at 72 °C for 10 m in. T hese  
prim ers generated O X -6  PCR products at 245 bp and /3-actin 
PCR products at 250 bp. Equal vo lum es o f PCR product from  
each sam ple w ere loaded on to  1.5% agarose gels, and bands 
w ere separated by application o f  90 V, photographed, and 
quantified using densitom etry. T he target genes w ere norm al
ized to  |3-actin m R N A  expression  (i.e. the housekeep ing gene). 
N o change in /3-actin m R N A  was observed w ith  treatm ent.

W estern Im m un oblo t Analysis o f  JNK, c-Jun, p3S, a n d  NFkB— 
P hosphorylation o f  JNK, c-)un, p38, and NFkB w as analyzed in 
sam ples prepared from  hippocam pal tissue as described for 
analysis o f JNK phosphorylation  (20); JNK phosphorylation  was 
assessed in nuclear and cy toso lic  fractions and c-)un  p h osp h o
rylation, p38, and NFkB activation in nuclear fractions only. 
T he cytoso lic  fraction w as prepared by h om ogen izin g  hip
pocam pal slices in lysis buffer (com p osition  in m M : 20 HEPES, 
pH 7.4, 10 KCl, 1.5 MgCl.^, 1 EDTA , 1 EGTA, 1 dithiothreitol, 
0.1 phenylm ethylsu lfonyl fluoride, contain ing pepstatin A (5 
fxg/ml), leupeptin  (2 p,g/m l), and aprotinin (2 fj,g/ml)), incubat
ing for 20 m in on  ice, and centrifuging (15,000 X ^ for  10 m in at 
4 °C). T he supernatant (i.e. cytoso lic  fraction) w as suspended in 
sam ple buffer (Tris-H C l, 150 m M ,  pH 6.8; glycerol 10% v/v; SDS, 
4% w/v; /3-m ercaptoethanol, 5% v/v; brom phenol blue, 0.002%  
w/v) to a final concentration  o f  300 /j,g/ml, boiled  for 3 m in, and 
loaded (10 /xg/lane) on to  10% SDS gels. T he nuclear fraction  
was prepared by hom ogen iz in g  hippocam pal slices in Krebs 
solution contain ing 2 m M  CaCl2 , incubating for 15 m in on  ice in 
perm eabilization buffer (com position: 70 m M  KCl, 250 m M  

sucrose, 137 m M  NaCl, 4 .5  m M  N a 2H P0 4 , 1.4 m M  KH^PO^, 100 
/XV phenylm ethylsu lfonyl fluoride, 10 /xg/m l leupeptin, 2 /xg/m l 
aprotinin, 200 / ig /m l d igitonin) and centrifuging (600 X ^ for 15 
min at 4  °C). T he pellet (i.e. nuclear fraction) w as resuspended  
in sample buffer (Tris-H C l, 150 m M ,  pH 6.8; glycerol 10% v/v; 
SDS, 4% w/v; /3-m ercaptoethanol, 5% v/v; brom phenol blue,
0.0J2% w /v) to a final concen tration  o f  10 /xg/m l, boiled for 3 
min, and loaded onto 10% SDS gels. All tissue sam ples were 
eqi.alized for protein concentration , and 1 0 -/il aliquots (1 
m g ml) w ere added to  sam ple buffer (5 /xl; T ris-H C l, 0.5 m M , 

pH5.8; glycerol, 10%; SDS, 10%; /3-m ercaptoethanol, 5%; brom - 
phtnol blue, 0.05% w /v), boiled  for 5 m in, and loaded onto  10% 
SDS gels. Proteins w ere separated by application o f a 30-m A  
corstant current for 2 5 - 3 0  m in, transferred o n to  n itrocellu lose  
strijs (225 m A  for 75 m in), and im m unob lotted  w ith the appro- 
priite antibody.

lo  a ssess JNK activ ity , p ro te in s w ere im m u n o b lo tted  w ith  
an antibody that sp ec ifica lly  targets ph osp h ory la ted  JNK 
(1 :^ 0  in T ris-b u ffered  sa lin e  (T B S )-T w een  (0.05% T w een - 
20) c o n ta in in g  0.1% BSA; Santa Cruz B io tech n o lo g y , Santa
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Cruz, C A ) for 2 h at room  tem p erature . Im m u n oreactive  
bands w ere  d etected  usin g  p ero x id a se -co n ju g a ted  a n ti
m ou se  IgG (Sigm a) and Super Signal ch e m ilu m in e sc en ce  
(P ierce). T o  a ssess ph osp h ory la tion  o f  c-Jun, n itro ce llu lo se  
m em b ran es w ere b lock ed  in TB S c o n ta in in g  5% BSA ov er
n igh t at 4  °C and im m u n o b lo tted  w ith  a m o u se  m o n o c lo n a l 
antibod y (1:300 d ilu tion  in p h o sp h a te -b u ffered  saline- 
T w een  c o n ta in in g  2% non fat dried m ilk . C ell S ignaling) for 
2 h at room  tem p erature. In th e  case o f  p38 , n itro ce llu lo se  
m em b ran es w ere b lock ed  in 2% BSA in TBS o v ern ig h t at 4  °C 
and im m u n o b lo tted  w ith  a m o u se  m o n o c lo n a l antibody  
(1:200 d ilu tio n  in T B S -T w een  co n ta in in g  0.1% BSA, Sigm a) 
for 2 h at room  tem p erature . Im m u n o rea ctiv e  ban ds w ere  
d etected  u sin g  p ero x id a se-co n ju g a ted  a n ti-m o u se  IgG (Sig- 
m a-A ldrich ) and Super Signal c h e m ilu m in e sc en ce  (P ierce). 
In the case  o f  N F kB, n itro ce llu lo se  m em b ra n es w ere b locked  
in 5% BSA in TBS overn igh t at 4  °C and im m u n o b lo tted  w ith  
a rabbit m o n o c lo n a l an tib od y  (1:300 d ilu tio n  in T B S -T w een  
co n ta in in g  0.1% BSA, C ell S ignaling T e ch n o lo g y ) for 2 h at 
room  tem p erature . Im m u n oreactive  b an d s w ere  d etected  
u sin g  p ero x id a se-co n ju g a ted  anti-rabb it IgG (S igm a-A l- 
drich) and Super Signal ch em ilu m in e sc en ce  (P ierce). Blots 
w ere str ipped  (R eblot Plus, C h em ico n ) and rep rob ed  w ith  an 
a n ti-a c tin  an tib od y  (Santa C ruz B io tech n o lo g y ); in th e  case  
o f  JNK, c-Jun, and N F kB, an tib o d ies raised  against the  
u n p h osp h ory la ted  form  w ere  used  to co n firm  equal loading.

C h o lestero l A n a ly s is— N M R  sp ectra  w ere record ed  at 
room  tem p eratu re  on a JEOL E C A 600 N M R  sp ectro m eter  
o p eratin g  at 6 0 0 -H z  p roton  frequency. T h e  sp ectra  w ere  
acquired in  th e  Fourier tran sform ation  m o d e  w ith  32 K data 
poin ts, u sin g  a 45° pu lse  w idth . T he residual m on o d eu ter -  
ated w ater signal at —4.7 ppm  w as su p p ressed  by the app li
ca tion  o f  a c o n tin u o u s and se lec tiv e  seco n d a ry  irradiation  
d uring the relaxation  delay. C h em ical sh ifts w ere  referenced  
to  th e  residual m eth a n o l peak at 3.31 ppm . Spectral a ss ig n 
m en ts w ere m ade by reference  to data already in th e  litera 
ture (21, 22). C h o lestero l w as id en tified  and q u an tified  by its 
ch aracteristic  C -18  m eth yl s in g let at 0 .68  ppm .

Statistical A nalysis— Data were analyzed, as appropriate, using 
either Student’s t test for independent m eans or a two-w ay analysis 
o f variance (AN O V A) followed by post hoc Student Newm an- 
Keuls test to determ ine which conditions were significantly differ
ent from each other. Data are expressed as m eans w ith standard 
errors and deem ed statistically significant w hen p  <  0.05.

RESULTS

A torvasta tin  A ttenuates LPS-induced Inflam m atory Changes— 
M HCII m R N A  expression  and IL-1/3 concentration  w ere sig
nificantly increased in hippocam pal tissue prepared from  LPS- 
injected rats, com pared w ith  controls (’ , /? <  0.05, A N O V A , Fig.
1, fl and ^); b o th  changes w ere attenuated in hippocam pal tissue  
prepared from  atorvastatin-treated rats so that m ean values 
w ere sim ilar in tissue prepared from  control-treated  rats and 
LPS-treated rats, w hich received atorvastatin. Interaction of  
IL-1/3 w ith its receptor IL-IRI has been show n to  trigger 
sequential activation o f  JNK and c-Jun (4, 5), and activation of  
p38 and N F kB (23), therefore expression o f  the phosphorylated  
form s o f these  proteins was assessed in h ippocam pal tissue.
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FIGURE 1. A torvastatin  blocks the  LPS-induced changes In hippocam pus. LPS injection (100 ;ug/kg, intra- 
peritoneally) significantly increased expression  of MHCII mRNA (o), IL-113 concen tra tion  (b), JNK activation in 
cytosolic (c), and  nuclear (d) fractions, and  phosphorylation  of c-Jun on  Serine-63 (e) and  Serine-73 (f, *,p <  0.05, 
ANOVA). These effects w ere blocked in tissue p repared  from anim als trea ted  orally w ith atorvastatin  (5 m g /k g / 
day) for 3 weeks p  <  0.05, ANOVA, versus LPS alone). A torvastatin exerted  no significant effect in saline- 
tre a ted  rats. Data in all cases are expressed  as m eans o f five or six observations (±S.E.). Forc-f, m ean  arbitrary 
values (±S.E.) ob ta in ed  from densitom etric  analysis a re  p resen ted , and sam ple blots are show n {for contro l- 
tre a ted  (lane !), LPS-treated {lane2), a to rvasta tin -trea ted  {lane3), and  LPS plus a to rvasta tin -trea ted  {lane 4) rats; 
in all cases blots w ere s tripped  and  rep robed  w ith to ta l JNK or to ta l c-Jun to  confirm  equal loading o f pro teins.

Expression of phosphorylatcd  JNK (pJNK, expressed as a ratio 
of pJNK to total JNK in cytosolic and nuclear fractions) and p38 
(expressed in a cytosolic fraction a.s a ratio o f phosphorylatcd 
p38 (p-p38) to  actin) w ere significantly increa.sed in tissue p re 
pared  from  L P S -treated , com pared  w ith  co n tro l-trea ted , 
ra ts (*, p  <  0.05, ANOVA, Fig. 1, c and d, and Fig. 2a). These 
increases were attenuated  in LPS-treated rats th a t received a to r
vastatin so th a t the m ean values in these groups w ere sim ilar to 
those in controls and, in the ca.se of cytosolic pJNK, .significantly 
reduced com pared w ith the value in tissue prepared  from  LPS- 
trea ted  rats C  ,p  <  0.05, ANOVA). Expression of to tal JNK and

actin  was unchanged w ith tre a t
m ent. In parallel w ith these changes, 
activation o f c-Jun (expressed as a 
ratio  of c-Jun phosphorylatcd  on 
serine 63 or serine 73 to c-Jun) and 
NFkB (expressed as a ratio of phos- 
phorylated  NFk B to  total NFkB) in 
nuclear fractions obtained from  the 
sam e tissue, w ere significantly 
increased in LPS-treated, com pared 
w ith  contro l, rats (*,/; <  0.05; ** ,p <  
0.01, ANOVA, Figs. le . If, and  2b). 
T hese increases w ere attenuated  in 
L PS-treated rats th a t received a to r
vastatin  so tha t the m ean values in 
these groups were sim ilar to  those in 
contro ls, and, in the case o f NFkB, 
significantly decreased com pared 
w ith  the value in tissue prepared 
from  LPS-treated rats <  0.01, 
ANOVA). Expression of unphos- 
phorylated  NFkB was unchanged 
w ith treatm ent.

A torvasta tin  A ttenua tes the LPS- 
induced  Inhibition o f  LTP —It has 
been consistently  show n that, when 
h ippocam pal IL -1 j3 concentration  is 
increased, LTP is im paired and that 
inhib ition  of JNK (3) and p38 (23) 
antagonizes the LPS-induced inhi
b ition  of LTP, T he present results 
suppo rt these observations ind  
show  that, in parallel w ith the 
increases in IL-1 (3 concentration 
and JNK and p38 activation, LTP is 
im paired  in LPS-treated aninals. 
T hus, high frequency stim ula tio i of 
th e  perforan t path  led to  an im ne- 
d iate and .su.stained increase in pop
ulation  EPSP slope in contro l rats, 
w hereas LTP was m arkedly attenu
a ted  in ra ts injected w ith  LPS (p <  

0.001, ANOVA, Fig. 3a). T here was 
a significant decrea.se in the n ean  
percentage change in population 
EPSP slope in the last 10 min of the 
experim ent com pared w ith the 

m ean value in the 5 m in prior to  stim ulation in th e  LPS-treited 
group (84.46 ±  0.62), com pared  w ith the con tro ls (123.5 ±  
1.16; •*, p  <  0.01, ANOVA, Fig. 3b). M ean population  E’SP 
slope was significantly decreased in rats tha t received ator/as- 
ta tin  (109.6 ±  0.86; *, p  <  0.05, ANOVA, Fig. 3b) com pired 
w ith controls, and a torvasta tin  blocked the inhibitory  effett of 
LPS on LTP so th a t the m ean percentage change in EPSP sope 
in the last 10 m in of th e  experim ent was significantly greater in 
LPS-treated anim als th a t received atorvastatin  (137.0 ±  ].09) 
com pared w ith con tro ls ( " , p  <  0.01, ANOVA) o r anim als ;hat 
received LPS ,p  <  0.01, ANOVA).

+ LPS 
Atorvastatin
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FIGURE 2. A torvastatin  abrogates th e  LPS-induced activation o f p38 and  
N Fk B. LPS in jec tion  (100 n g /k g , in trape ritonea lly ) s ign ificantly increased 
ac tiva tion  o f p38 (a) and NFk B (b) in h ippocam pa l tissue (* p  <  0.05, **  p  <  
0.01.ANOVA, n =  5 o r 6). These effects vj^ere b locked in tissue prepared from  
anim als trea ted  ora lly w ith  a to rvasta tin  (5 m g /kg /day) fo r 3 weel^s (*  ' ,p  <  
0.01, ANOVA, versus LPS alone). A to rvas ta tin  exerted no sign ificant e ffec t in 
sa line-treated rats. Mean a rb itra ry  values (±S.E.) ob ta ined  from  densitom etric  
analysis are presented, and sam ple b lo ts  are show n; in all cases b lo ts  w^ere 
stripped and reprobed w ith  actin  o r to ta l NFkB to  confirm  equal load ing  o f 
proteins.

A torvastatin  Also A ttenuates the LPS-induced Increase in 
IFNy—These data suggest tha t LPS-induced m icroglia l activa
tion  may trigger the cascade o f events leading to in h ib itio n  o f 
LTP and tha t atorvastatin exerts its effccts, bccause it  down- 
regulates m icrog lia l activation o r the trigger leading to activa
tion  o f m icroglia. Because previous evidence indicated tha t 
IF N 7  triggers activation o f m icroglia  in vitro (24) we considered 
that i t  m ight also trigger the response observed here in vivo. 
Mean IF N 7  concentra tion was s ign ificantly  increased in tissue 
prepared from  LPS-treated rats {*,p <  0.05, A N O V A , Fig. 4a), 
and this was attenuated by atorvastatin so tha t IF N y  concen
tra tion was s im ilar in ti.s.sue prepared from  LPS-treated rats that 
received atorvastatin and in tissue prepared from  con tro l- 
treated rats.

FIGURE 3. A torvastatin  reverses the  LPS-induced im pairm ent in LTP.
a, in traperitonea l in jection  o f LPS (100 n g /kg , in traperitonea lly) b locked te t- 
anus-induced LTP in pe rfo ran t path-granule  cell synapses, b u t th is  effect was 
suppressed by atorvasta tin  {ATV-. 5 m g /kg /day) trea tm en t. Data are expressed 
as the  m ean percentage change in pop u la tio n  EPSP slope (relative to  the  
mean popu la tion  EPSP slope in the  5 m in im m ed ia te ly  p rio r to  te tan ic  s tim u
lation). Values are means and bars (deno ting  ±  S.E.) are inc luded at 5-m in 
intervals. Sample record ings in the  5 m in  p rio r to  te tan ic  s tim u la tion  (pre) and 
in the  last 5 m in  o f the  experim ent (post) are g iven fo r rats th a t received saline 
(Saline), LPS, ATV, o r ato rvasta tin  and LPS (.ATV+LPS). b, analysis o f the  mean 
percentage changes in popu la tion  EPSP slope in the  last 10 m in  o f the  exper
im en t com pared w ith  the  m ean value in the  5 m in  prio r to  te tan ic  stim u la tion  
are shown; data reveal a sign ificant decrease in LPS-treated rats com pared 
w ith  contro l rats (**, p  <  0.01, ANOVA); a to rvasta tin  tre a tm e n t s ign ificantly 
a ttenuated  the  LPS-induced effect (^ ^, p  <  0,01, ANOVA, versus LPS alone). 
Mean EPSP slope was s ign ificantly  reduced in saline-treated rats th a t received 
atorvasta tin  (*, p  <  0.05, ANOVA, versus saline). The mean va lue in the  last 10 
m in  o f the  experim ent was s ign ifican tly  reduced in a torvasta tin-trea ted , com 
pared w ith  contro l-trea ted , rats (*, p  <  0.05, ANOVA). Values are presented as 
means o f betw een five  and six observations (±S.E.).

IL-4 M ediates the Effects o f A torvastatin  and Blocks IFNy- 
induced Changes— It has been reported tha t atorvastatin can 
induce a Th2 response characterized by increased secretion o f 
an ti-in flam m atory  cytokines like IL -4  (15); because o f th is and 
because we have previously shown that lL -4  inh ib its  LPS-in
duced changes in  hippocampus (3), we considered that the 
action o f atorvastatin m igh t be mediated by IL-4. W e report 
tha t IL -4  concentration was sign ificantly enhanced in h ip 
pocampal tissue prepared from  atorvastatin-treated compared 
w ith  contro l-trea ted rats [*,p <  0.05, A N O V A , Fig. ^b) bu t that 
IL -4  concentration was sign ificantly decreased in  tissue pre
pared from  LPS-treated rats tha t d id  not receive atorvastatin 
compared w ith  those that d id  {' , p <  0.05, A N O V A , Fig. 4i>). I f  
IL-4 mediates the effects o f atorvastatin, then it m ust be pre
dicted tha t atorva.statin w ill not exert any effect in  tissue pre
pared from  IL -4 ~ '“  mice, and to  check th is we compared its 
effect on LPS-induced changes in  these and w ild-type mice. In
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FIGURE 4. Atorvastatin increases liippocampal IL-4 concentration and 
attenuates the LPS-induced changes in IFNy hippocampal concentra
tions. a, mean IFN7 concentration was increased in tissue prepared from 
LPS-treated, compared with control-treated, rats (*, p <  0.05, ANOVA, n = 
8/9); this effect was attenuated in tissue prepared from atorvastatin-treated 
rats, b, mean IL-4 concentration was significantly increased with tissue pre
pared from atorvastatin-treated compared w ith control-treated, rats (*,P <  
0.05, ANOVA); this effect was significantly reduced in tissue prepared from 
atorvastatin-treated animals that received LPS ( * , p  <  0.05, ANOVA, n =  5). 
c and d, IFN -y and IL-1 p  concentrations were significantly increased in tissue 
prepared from LPS-treated wild-type mice (*, p <  0.05; ***, p <  0.001, 
ANOVA),and aton/astatin significantly attenuated these changes { * ,p <  0.05; 
* * , p  <  0.01, ANOVA, versus LPS alone). In contrast, the effect o f atorvastatin 
(ATV) was absent in tissue prepared from IL-4“ ' “  mice.

parallel w ith  the findings in rats, IF N y  and 1L-Ij8 were s ign ifi
cantly increased in  tis.sue prepared from  LPS-treated w ild -type 
mice (*, p  <  0.05; ***, p  <  0.001, A N O V A , Fig. 4, c and d), and 
atorvastatin s ignificantly attenuated these changes C , p <  0.05;

' ' ,  p  <  0.01, A N O V A ), so tha t mean cytokine values weire 
s im ilar in  tissue prepared from  LPS-treated animals thiat 
received atorvastatin and in contro l-trea ted animals. In coin- 
trast, whereas LPS increased IF N 7  and IL -lj3 , albeit insign ilfi- 
cantly, in samples prepared from  lL -4 “ “̂  mice, there was n o  
evidence o f an effect o f atorvastatin in these animals.

I f  IL -4  mediates the effect o f atorvastatin, and i f  the key LP'S- 
induced action leading to degenerative change is an increase in 
IFN y, then it  must be predicted tha t IL-4, like atorvastatin, w ’ill 
antagonize the effects o f IF N 7 . Intracerebroventricu la r in je ’C- 

tion  o f IF N y  s ignificantly increased hippocam pal M H C II  
m RN A expression, IL -1 ^  concentration, and JNK activa tion  
(**,/) <  O.OI, A N O V A , Fig. 5 ,a -c ) ,  and these effects were atte:n- 
uated in tissue prepared from  rats treated w ith  IF N 7  and lL,-4 
C , p  <  0.05 in the case o f M H C II expression and ,p  <  0.01 
in the case o f JNK activation, A N O V A ). Consistent w ith  o ur 
previous findings, the increases in  m icrog lia l activation, IL - IjS 
concentration, and JNK activation were coupled w ith  a de fic it 
in  LTP. Thus LTP was s ignificantly attenuated in IFN y-trea ted  
rats (Fig. 6 , a and b); the mean percentage changes in popu la 
tion  EPSP slope in the last 10 m in  o f the experim ent (com pared 
w ith  the mean value in the 5 m in  p rio r to s tim ulation), were 
129.9 ±  0.72 in  contro l-trea ted rats and 86.36 ±  0.73 in IFK I7 - 
treated animals (*“ , p  <  0.001, A N O V A , Fig. 6b). IL -4  tre a t
m ent com pletely abrogated the effect o f IF N 7 ; the mean p e r
centage change in population EPSP slope was 135.1 ±  0.81, 
wh ich was not s ignificantly d iffe rent from  that in con tro l- 
treated rats, but was s ignificantly greater than the value 
observed in rats tha t received IF N 7  alone ( ^ ^ ^ ,  p  <  0.001, 
A N O V A . Fig. 6b).

A torvasta tin  Attenuates the Age-related In flam m ato ry  
Changes and the D e fic it in  LTP — Previous studies from  th is  
laboratory have iden tified sim ilarities in signaling events 
between LPS-treated rats and aged rats, in  particu lar signaling 
events triggered by increased 1L-Ij3 concentration (1, 3, 4). 
Here we report that there were significant age-related increases 
in concentrations o f IF N 7  and IL - lj3  and in M H C II m R N A  
expression in hippocampal tissue prepared from  aged, com 
pared w ith  young rats {* ,p  <  0.05; ** ,p  <  0.01, A N O V A , Fig. 7, 
a -c )  and tha t treatm ent w ith  atorvastatin blocked these age- 
related changes so tha t the values in tissue prepared from  h ip 
pocampus o f aged atorvastatin-treated rats were s ignificantly 
decreased compared w ith  those in  tissue prepared from  aged 
rats tha t d id  no t receive atorvastatin C ,p  <  0.05; ,p  <  0.01, 
A N O V A ). A lthough  atorvastatin com plete ly reversed the 
IF N 7 -induced increases in cytokine concentration, its effect on 
M H C II was partial, and, therefore, the mean value in tissue 
prepared from  aged rats tha t received atorvastatin was s ign ifi
cantly greater than in  both groups o f young rats (*, p  <  0.05, 
A N O V A ).

The data show that there was a s ignificant age-related 
decrease in  IL -4  concentration (*, p  <  0.05, A N O V A , Fig. 7d) 
and tha t th is was sign ificantly attenuated by atorvastatin so that 
mean hippocam pal IL -4  concentration was s ign ificantly  greater 
in tissue prepared from  aged rats tha t received atorvastatin 
compared w ith  aged con tro l rats C , p <  0.05, A N O V A , Fig. 7d). 
Im portan tly  the atorvastatin-induced changes were associated 
w ith  rescue o f the age-related defic it in  LTP; LTP was signifi-
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erebroventricular injection o f IFN7(5 ^il; 50 ng/m l) significantly increased expres
sion o f MHCII mRNA (**,p  < 0 .0 1 , ANOVA,n =  5), and th is effect was blocked by 
co-injection w ith  IL-4 (5 /il; 20 ng/m l; * , p  <  0,05, ANOVA), b and c, the IFN-)^ 
induced increases in IL-1 ^  concentration (b) and JNK artiva tion  (c) in h ippocam 
pal tissue prepared from  IFNytrea ted rats were significantly greater than in 
saline-treated rats (** , P  <  0 ,01, ANOVA), whereas the values in hippocampal 
tissue prepared from  IFN^and IL-4 co-injected rats were similar to  those in saline- 
treated controls and, in the  case o f JNK activation, significantly decreased com 
pared w ith  the  value observed in tissue prepared from  rats treated w ith  IFNy 
alone <  0,01, ANOVA), Sample blots indicating changes in phosphorylated 
JNK in hippocampal tissue prepared from  control (tone 1), IFNy- {lane 2), and 
IFN-y-HL-4- (/one 5)-treated rats are presented. Values are presented as means o f 
between five and six observations (±S,E,),
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FIGURE 6, IL-4 abrogates the IFN')^induced inhib ition  o f LTP. a, intracere- 
b roven tricu la r in jec tion  o f IL-4 (5 >j,l: 20 ng /m l) abrogated the  de fic it in LTP 
induced by IFNy (5 fxl; 50 ng /m l) so th a t the  p opu la tion  EPSP slope in 
response to  te tan ic  s tim u la tion  in the  rats trea ted  w ith  IFNy was s ign ificantly 
reduced com pared w ith  th a t in rats trea ted  w ith  saline, or IL-4 and IFNy, 
Sample record ings in th e  5 m in prio r to  te tan ic  s tim u la tion  {pre) and In the  last 
5 m in  o f th e  experim ent (post) are given fo r  contro l-trea ted , IFN-y^treated, and 
IFN-y-HL-4-tveated rats, b, analysis o f th e  m ean percentage changes in  popu 
la tion  EPSP slope in the  last 10 m in o f the  experim ent com pared w ith  the 
mean value in the  5 m in  prio r to  te tan ic  s tim u la tion  revealed a s ign ificant 
decrease in IFN-/-treated rats com pared w ith  contro l-trea ted  rats (***, p  <  
0.001, ANOVA) and a s ign ificant a ttenua tion  o f the  IFN->^induced change in 
rats trea ted  w ith  IFNy and IL-4 ("  ̂*  * ,P <  0.001, ANOVA). Values are presented 
as means o f be tw een fo u r and seven observations (±5.E.),

cantly decreased in  aged, compared w ith  young, rats, whereas 
LTP in aged rats that received atorvastatin was sim ilar to that in 
young animals. The mean percentage changes in population 
EPSP slope in  the last 10 m in  o f the experim ent (compared w ith  
the mean value in the 5 m in  p rio r to s tim ulation) were 118.1 ±  
0,77, 94,36 ±  0.58, and 133.3 ±  0.38 in  young rats, aged con tro l- 
treated rats, and aged rats that received atorvastatin, respec
tively. These values represent a s ignificant difference in aged 
contro l-trea ted rats compared w ith  young rats (**, p  <  0,01, 
A N O V A , Fig, 7f) and between aged contro l-trea ted and aged 
atorvastatin-treated rats ,p  <  0,01, A N O V A , Fig. 7f). EPSP 
slope in young, atorvastatin-treated rats was also decreased 
(123.7 ±  0.39) compared w ith  the value in young, con tro l- 
treated rats (* ',p  <  0.01, A N O V A , Fig. 7f).

A torvastatin  Does N ot Exert A ny Effect on Cholesterol Con
centration in Brain—W e assessed cholesterol concentration in 
samples o f cortica l tissue prepared from  con tro l- and LPS- 
treated young rats tha t d id /d id  no t receive atorvastatin and in 
young and aged, contro l-treated, and atorvastatin-treated, rats. 
Cholesterol was s im ilar in contro l-trea ted and LPS-treated rats 
(37.16 ±  0.3 and 36.37 ±  0.67 mol%), and atorvastatin exerted 
no s ignificant effect on cholesterol (37.16 ±  0.2 and 36.57 ±  
0.41 in contro l-trea ted and LPS-treated rats, respectively). In 
contrast cholesterol was sign ificantly  increased in tissue pre-
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FIGURE 7. Atorvastatin  abrogates age-re lated  changes in the  rat hippocam pus. M ean IFN-yconcentration 
(a), MHCII expression  (b), and  IL-1 /3 concen tra tion  (c) w ere significantly increased  and  m ean  IL-4 concen tration  
(d) was significantly d ecreased  in h ippocam pal tissue p repared  from  aged , com pared  w ith young, rats (*, p  <  
0.05, **, p  <  0.01, ANOVA). A torvastatin tre a tm e n t (ATV; 5 m g/kg/day) for 8 w eeks ab roga ted  th e se  changes 
C ,P <  0.05; '^ '^,p <  0.01, ANOVA, versus LPS alone), e, a m arked deficit in LTP was o bserved  in aged , com pared  
w ith young, rats, and  trea tm en t w ith ATV a tte n u a te d  th e  age-rela ted  change . Sam ple recordings in the  5 min 
prior to  te tan ic  stim ulation (pre) and  in th e  last 5 min of th e  experim ent (post) are given for con tro l-treated  
young  and  ag ed  rats (Con young  and  Con aged, respectively), and  a to rvasta tin -trea ted  young  and  aged  rats 
(ATV young  and  ATV aged, respectively), f, th e  m ean  p e rcen tag e  change  in population  EPSP slope in th e  last 10 
m in of th e  experim ent com pared  with th e  m ean  value in th e  5 min prior to  te tan ic  s tim ulation revealed a 
significant age-re la ted  change  (**, p  <  0.01, ANOVA), w hich was significantly reversed by a torvastatin  ( * ^  , p <  
0.01, ANOVA). M ean EPSP slope w as significantly reduced  in rats th a t received a torvastatin  (*, p <  0.05, ANOVA, 
versus saline). Data are expressed as m eans o f five or six observations (±S.E.).

h y p o th es is  is su p p o rte d  by th e  f in d 
ing th a t  a to rv a s ta tin  fails to  a t t e n u 
a te  th e  L P S -induced  in c reases  in 
IF N 7  an d  IL -ljS  in tissu e  p re p a re d  
fro m  m ice.

O u r  d a ta  d esc rib e  an  ag e-re la ted , 
as w ell as an  L PS-induced , in crease  
in IL-1/3 c o n c e n tra tio n  in th e  h ip 
p o c am p u s  p a ralle led  by in c reased  
m icrog lia l ac tivation , w h ich  is c o n 
s is te n t w ith  th e  view  th a t th e se  cells 
a re  th e  likely  so u rc e  o f  IL-1/3 (6 , 
25, 26). W e  c o n s id e re d  th a t  IF N 7  

m ig h t t r ig g e r  th e  a c t iv a t io n  o f  
m ic ro g lia  in  th e  h ip p o c a m p u s  o f  
L P S - tre a te d  an d  aged  ra ts, because  
it a p o te n t a c tiv a to r o f m icrog lia  in  

v it ro  (24, 27). W e  fo u n d  th a t  h ip 
p o cam p al c o n c e n tra tio n  o f IFM7  

w as in c reased  in parallel w ith  the  
in crease  in m icrog lia l a c tiv a tio n  in 
th e  h ip p o ca m p a l tissue  p rep ared  
fro m  L P S -trea ted  an d  aged  rats, 
w h ereas th ese  changes w ere  also 
o b se rv ed  fo llow ing in tra c e re b r jv -  
e n tr ic u la r  in jec tio n  o f IF N 7 . Recent 
ev idence  from  s tu d ies  in aged  rats 
has in d ica ted  th a t th e  im p a irm en t 
in  L T P  is assoc iated , n o t on ly  v ith  
in c reased  IL -1 p , b u t w ith  an  arrav o f 
ch an g es in p ro -in fla m m a to ry  in d  
a n ti- in fla m m a to ry  cy tok ines, '26, 
27); specifically, an  inverse  co rre la 
tio n  b e tw een  h ip p o ca m p al concen
tra t io n s  o f IL-1/3 an d  IL-4 has been 
id en tified  as b e in g  c ritica l in de  er- 
m in in g  th e  ab ility  o f  aged ra t; to  
su s ta in  LTP (28). S ignificantly , we 
have p rev iously  re p o rte d  lhat 
in creas in g  h ip p o cam p al IL -4 c m -

p a red  fro m  aged (39.97 ±  0.34), c o m p a re d  w ith  y o u n g  (37.89 ±  
0.41), n t s i p  <  0.01, A N O V A ), b u t th e re  w as no  ev id en ce  o f any 
effect o f  a torva.sta tin  tre a tm e n t in  e ith e r  age g ro u p  (38.19 ±  
0.20 an d  40.48 ±  0.43 in  y o u n g  a n d  aged a to rv a s ta tin - tre a te d  
ra ts, respectively).

DISCUSSION

W e se t o u t  to  estab lish  w h e th e r  a to rv a s ta tin , w h ich  is know n  
to  possess a n ti- in ttam m ato ry  p ro p e rtie s , m ig h t m o d u la te  th e  
n e u ro -in flam m ato ry  ch an g es in d u ce d  by LPS a n d  age in  th e  ra t 
h ip p o ca m p u s th a t  lead  to  im p a irm e n t o f LTP. W e  re p o rt th a t  
m icrog lia l ac tivation , IFN y, a n d  IL-1/3 w ere  in c reased  in h ip 
p ocam p al tis su e  p re p are d  from  ag ed  an d  L P S -trea ted  ra ts  an d  
th a t  th ese  ch an g es w ere  acc o m p a n ied  by in h ib itio n  o f  LTP. W e 
h y p o th es ize  th a t th e  p rim ary  a c tio n  o f a torva.sta tin  is to  
in crease  IL -4 an d  th a t  th is  p re v en ts  th e  IF N y -in d u c ed  m ic ro 
glial ac tiv a tio n , w hich  trig g ers  th e  cascade  o f even ts. T h is

c e n tra tio n  reverses th e  ag e-reh ted  
a n d  L P S -induced  defic its in L T P  a n d  th a t  in tra c e re b ro v e n trc u -  
lar in jec tio n  o f  IL-4 p a rtly  a tte n u a te s  th e  a g e-re la ted  deficc in 
L TP (6 , 29).

W e  ad d ressed  th e  possib le  ro le  o f IL -4 h e re  by  asling  
w h e th e r  th e  a to rv a s ta tin - in d u c e d  m o d u la tio n  o f  IL-1/3 vas 
co u p led  w ith  a change  in IL-4, an d  o u r  d a ta  sh o w  th a t  L -4  
c o n c e n tra tio n  w as in d eed  in c re ased  in a to rv a s ta tin - tre a te d  a ts 
th a t  rece ived  LPS an d  th a t  a to rv a s ta tin  tre a tm e n t w as ass>ci- 
a ted  w ith  a reversal o f th e  a g e-re la ted  d ecrease  in IL-4. W e 
d e m o n s tra te  th a t IL-4 a tte n u a te s  th e  IF N y -trig g e red  incre;ses 
in M H C II ex p ress io n  a n d  IL-1/3 c o n c e n tra tio n  and , in  pardlel, 
an tag o n izes th e  IF N y -in d u c ed  in h ib itio n  o f  LTP. T h is  antago
n istic  effect o f  IL-4 o n  IF N y -in d u c ed  ch an g es in d ica te s  th a ith e  
a to rv a s ta tin -in d u c e d  in crease  in IL-4 in h ib its  th e  cascacL of 
ev en ts  trig g ered  by th e  age- a n d  L P S -induced  in crease  in th e  
h ip p o cam p al c o n c e n tra tio n  o f  IF N y a n d  th e  su b seq u e n t m i :ro- 
glial ac tivation . M o reo v er it is in ag reem en t w ith  th e  prevous
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c o rm p e llin g  ev id en ce  in d ic a tin g  th a t  IL-4 p o te n tly  b locks th e  
e fftec ts  o f  IFN y, in c lu d in g  th e  IF N y -in d u c ed  ac tiv a tio n  o fC D 4 0  
in nriicroglial cell line  (24).

1 If th e  ac tio n  o f  a to rv a s ta tin  is m ed ia te d  th ro u g h  IL-4, th e n  it 
fo lllow s th a t  a to rv a s ta tin  will n o t  have th e  sa m e  a n ti- in f la m m a 
t o r y  e ffec ts  in  IL -4 “ “̂  m ice , a n d  th e re fo re  w e c o m p a re d  its 
ab iility  to  a tte n u a te  th e  L P S -in d u ced  c h an g c s  in  w ild -ty p e  an d  
I L— mi ce.  In tra p e r ito n e a l in jec tio n  o f  LPS in c re a sed  b o th  
IFbMy a n d  IL-1/3 in b ra in  tis su e  p re p a re d  fro m  w ild -ty p e  m ice, 
ancd th e s e  e ffec ts w ere  a tte n u a te d  in th e  a to rv a s ta tin - tre a te d  
m itce. In c o n tra s t , a to rv a s ta tin  e x erted  no  effec t on  L PS-in- 
ducced  ch an g cs in  tis su e  p re p a re d  fro m  IL -4 “ ^~ m ice, d e m o n - 
s trra tin g  th a t  th e  effect o f  a to rv a s ta tin  is IL -4 -d e p e n d en t. C o n - 
s is tte n t w ith  th e se  da ta , Y o u sse f a n d  co lleag u es (15) su g g ested  
th a i t  th e  b en efic ia l effec ts o f  a to rv a s ta tin  in  a tte n u a tin g  th e  d e t- 
r im ie n ta l ch an g es a sso c ia ted  w ith  e x p e rim e n ta l a u to im m u n e  
en ccep h a lo m y elitis  w ere  ach iev ed  by u p -re g u la tin g  re lease  o f 
T h '.2 -d e riv ed  cy tok ines, w h ich  in c lu d e  IL-4, fro m  sp lenocy tes.

/M th o u g h  th e  d a ta  p re se n te d  h e re  suggest th a t  th e  a to rv as ta - 
t in  - in d u c e d  in c re ase  in IL -4 is th e  key fa c to r in d ecreas in g  
m iccroglial ac tiv a tio n , th e re  is a lack  o f c o n c o rd a n c e  in th e  lite r- 
a tu ire  re g a rd in g  th e  effect o f  s ta tin s  o n  m ic ro g lia l a c tiv a tio n . O n  
th e ' o n e  h a n d  c e r ta in  s ta tin s  have  b een  r e p o rte d  to  in d u ce  
in f lla m m a tio n , fo r in s ta n c e  lo v a s ta tin  h a s  b e e n  sh o w n  to  
i n c r e a s e  IL -lj3  c o n c e n tr a t io n  in  b ra in  t is su e  o f  t ra n s g e n ic  
m i(ce, w h ic h  o v e re x p re s s  h u m a n  am y lo id  p re c u r s o r  p ro te in  
(.30)}, a n d  T N F a  c o n c e n tr a t io n  in c u ltu re d  h ip p o ca m p a l slices 
(13.). S im ilarly , c e riv as ta tin  an d  flu v asta tin  h av e  b een  re p o rte d  
to  (u p -reg u la te  1L-1)3- a n d  lF N 7- in d u ce d  c h an g e s  in  sm o o th  
m uiscle  (31, 32) an d  h e p a to m a  cells (32). In c o n tra s t ,  s im v as ta 
tin  a n d  lo v asta tin  b lock  th e  A /3-induced  in c rease  in  IL-1/3 p ro 
d u c tio n  in m o n o cy te s  a n d  BV2 cells (33) an d  th e  IF N y -in d u c ed  
in cx ease  in re lease  o f T N F a , IL-1/3 an d  IL-6 in c u ltu re d  m ic ro 
glial (34). W e  have  re ce n tly  re p o rte d  a benefic ia l effec t o f a to r 
v a s ta t in  t re a tm e n t  in  v ivo  ag a in st A j3 -induced  in c reases  in 
m ic ro g lia l ac tiv a tio n  a n d  IL -lj3  c o n c e n tra tio n  (35). T h is  a n ti
in f la m m a to ry  ro le  is su p p o r te d  by  a large b o d y  o f  ev id en ce  ind i- 
catiing th a t  c e r ta in  s ta tin s  a re  p ro tec tiv e  in isch em ia  (3 6 -3 9 )  
a n d  e x p e rim e n ta l a u to im m u n e  e n cep h a lo m y elitis  (see Ref. 40) 
in w h ic h  th e  d e g en e ra tiv e  effec ts a re  a ttr ib u te d , a t least in p a rt, 
to  in f la m m a tio n  an d  m icrog lia l ac tivation .

W e  d e m o n s tra te  th a t  th e  e ffects o f  LPS a n d  a to rv a s ta tin  on  
m icrog lia l ac tiv a tio n  an d  IL -lj3  c o n c e n tra tio n  w ere  m irro re d  
by c h an g es  in ac tiv a tio n  o f  JNK a n d  c-Jun  a n d  in ac tiv a tio n  o f 
p38  an d  NFkB . T h e  im p o rta n c e  o f  th e se  signaling  cascades in 
m o d u la tin g  L T P  h as b een  h ig h lig h ted  by th e  d e m o n s tra tio n  
th a t  th e  L P S -in d u ced  in h ib itio n  o f  L TP w as b lo ck ed  by in h ib i
to rs  o f  JNK, p38, an d  N FkB  (3, 23). T o  o u r  k n o w ledge  th e re  a re  
no  da ta  sh o w in g  th a t  s ta tin s  can  a tte n u a te  L P S -in d u ced  a n d /o r  
IL -1 /3 -m ediated  signaling  c ascad es in  b ra in  in  v ivo  a n d  few  da ta  
d o c u m e n tin g  a m o d u la to ry  effec t in  v itro  (41). In con tra ,st, sev
eral s tud ies have  rev ea led  th a t  s ta tin s  b lock  s tim u lu s- in d u c ed  
activ a tio n  o f  JN K a n d /o r  c -Ju n  in  m yocy tes (42), C h in ese  h a m 
ste r ovary  cells (43), an d  m a c ro p h ag e s  (44), w h e rea s  a s im ilar 
a n tag o n istic  effect on  s tim u lu s- in d u c e d  ac tiv a tio n  o f  p38 an d  
NFkB in m o n o cy te s  (45), v ascu la r en d o th e lia l cells (46), and  
m acro p h ag es (47, 48) has b een  re p o rte d . A sig n ifican t find ing  
o f this study  is th a t  a to rv a s ta tin  t re a tm e n t  a b ro g a tes  th e  in fla m 

m a to ry  a n d  signaling  ch an g es in ra t  h ip p o ca m p u s  w hich  w e 
believe are  m ed ia te d  by  in c reased  IL-1/3 c o n c e n tra tio n . T h e  
ev id en ce  suggests th a t a key ac tio n  re lies o n  its ab ility  to  m o d 
u la te  th e  IF N y -in d u c ed  m icrog lia l ac tiv a tio n  in L P S -trea ted  
a n d  in aged ra ts . O n e  d o w n s tre am  c o n se q u en c e  o f th is  is th a t  
a to rv a s ta tin  re s to re s  L T P  in b o th  g ro u p s  o f  ra ts . R esults fro m  
ep id em io lo g ica l s tu d ies  in d ica te  a beneficia l effect o f s ta tin  
th e ra p y  o n  co g n itio n  (4 9 -5 3 ) ,  w h ich  is c o n s is ten t w ith  th e  
p re se n t da ta . H ow ever, it has  also b een  sugg ested  th a t  s ta tin s  
m ay  e x ert a negative  effect o n  co g n itiv e  fu n c tio n  (.54), a lth o u g h  
a re c e n t re p o r t  in d ic a te d  th a t  a to rv a s ta tin  (10 m g /d ay ) h ad  no 
su ch  effect (55). W e  hav e  p rev iously  re p o rte d  a sm all b u t s ta 
tis tically  s ig n ifican t a to rv a s ta tin - in d u c e d  d ec re ase  in  L TP in 
y o u n g  ra ts  fo llow ing  a 3 -w eek  t re a tm e n t  p e r io d  (35), an d  th e  
d a ta  p re sen te d  h e re  c o n c u r  w ith  th is , b u t  t r e a tm e n t  fo r 8 w eeks 
d id  n o t m o d u la te  LTP.

O n e  o f  th e  key issues ra ised  reg ard in g  th e  p o ten tia l e ffects o f 
s ta tin s  in th e  c en tra l n e rv o u s system  re la te s  to  th e ir  ab ility  to 
c ro ss th e  b lo o d -b ra in  b a rrie r  (56). Som e re sea rc h e rs  have 
a sse rted  th a t  a to rv a s ta tin  is h p o p h ilic  (57, 58), w h ereas o th e rs  
suggest it is n o t  (59). W e  d e te c te d  sm all a m o u n ts  o f a to rv as ta tin  
(—30 pg) in th e  b ra in s  o f  a to rv a s ta tin - tre a te d  an im a ls  (data  n o t 
show n), w h ich  suggests th a t  it c an  e n te r  th e  b ra in , b u t w h e th e r  
th is  is a re su lt o f  b lo o d -b ra in  b a rrie r  b re ak d o w n  fo llow ing LPS 
challenge , fac ilita ted  tra n s p o r t  via a to rv a s ta tin  tra n sp o rte rs , o r 
s im p le  d iffusion  re m a in s  to  be d e te rm in e d . W h e th e r  a s ta tin  
th a t  can  c ro ss th e  b lo o d -b ra in  b a rrie r  is a d v an tag eo u s  o r n o t is 
a q u es tio n  th a t  rem a in s , an d  it m u st be c o n c lu d ed  th a t th e  
effect o f  s ta tin s  is d e p e n d e n t on  th e  specific  s ta tin , th e  tissu e  
u n d e r  inv estig a tio n , a n d  th e  s tim u lu s  u p o n  w h ich  th e  m o d u la 
to ry  e ffects are  analyzed.

Im p o rta n tly , a lth o u g h  w e o b se rv ed  an  a g e-re la ted  in crease  in 
c h o le s te ro l c o n c e n tra tio n  in b ra in  tis su e  ( th o u g h  LPS ex erted  
n o  effect), a to rv a s ta tin  failed to  m o d u la te  b ra in  ch o leste ro l 
c o n c e n tra tio n . W e  co n c lu d e  th a t  th e  effects o f  a to rv as ta tin  
d esc rib ed  h e re  a re  u n re la te d  to  its well d e sc rib e d  ch o lestero l- 
lo w erin g  ac tio n . T h e  d a ta  suggest th a t  its beneficia l effects 
d erive  fro m  its ab ility  to  m a in ta in  m icrog lia  in  a q u iesce n t s ta te , 
a n d  in p a rticu la r , fro m  its  ability  to  in crease  IL-4.
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