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ABSTRACT

Magnetic resonance imaging (MRI) can be used to follow the progression of

tissue injury within the central nervous system (CNS) caused by autoimmune

infiammatory responses found in diseases such as multiple sclerosis (MS). Contrast-

enhanced Tt-weighted MRI can detect changes in the extent of blood-brain banier

(BBB) and blood-spinal cord barrier (BSB) disruption and magnetization transfer

(MT)-weighted MRI can detect changes in myelin content.

Experimental autoimmune encephalomyelitis (EAE), an animal model of

demyelinating disease, is associated with the breakdown of the BBB and BSB and the

infiltration of macrophages and T cells into the CNS.

The first study used a myelin oligodendrocyte glycoprotein (MOG)-induced

mouse model of EAE to study the relative changes in vascular permeability using T¡-

weighted contrast-enhanced MRI of the lumbar spinal cord at various stages of disease

severity. Maximum breakdown of the BSB was observed at the earliest indication of

disease, occuning before maximum inflammation seen histologically. The use of

contrast-enhanced MRI to quantify relative vascular permeability of mouse spinal cord

can be further applied to study genetically altered mouse models.

BBB disruption was determined to be a prerequisite to CNS inÍlammation in the

second study. Transgenic mice that overexpressed the chemokine CCL2 showed

weight loss and infiltration of leukocytes into the brain parenchyma following pertussis

toxin (PTx) administration, This combination of genetic predisposition with an

XVII



environmental trigger resulted in focal areas of increased permeability within the brain

of CCL2 transgenic mice that was visualized using contrast-enhanced MRL

ln the third study, contrast-enhanced MRI of the lumbar spinal cord was

performed in MOG-induced EAE, comparing mice with a knocked out A1 adenosine

receptor (AIAR) to wild type mice. No significant difference in the relative change of

vascular permeability was found between the groups. Therefore, the role of the AlAR

alone was not found to have significant effects on BSB regulation,

Contrast-enhanced Tl-weighted and MT-weighted MRI was used to study the

effects of sphingosine l-phosphate (SlP) on BSB permeability and demyelination in

the mouse model of MOG-induced EAE in the final study. SIP was not found to have

any long term protective effects in stabilizing the BSB; however, a high dose of SlP

was observed to reduce the extent of demyelination.
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CHAPTERI

INTRODUCTION



1.1 Multiple Sclerosis

I.I.l Clinical Presentation of MS

Multiple sclerosis (MS) is the most common neurological disease currently

affecting young adults with twice as many females affected as males.l MS can follow a

relapsing-remitting, primary progressive, or secondary progressive disease course. The

relapsing-remitting clinical course is seen most commonly, presenting in 807o oî

patients, where clinical signs and symptoms develop and spontaneously resolve after a

few weeks,2'3 When clinical signs and symptoms begin to persist or progress between

relapses and the disease course eventually changes into a progressive pattem, this is

known as secondary progressive MS.2'3 Patients with primary progressive MS show

gradual worsening of signs and symptoms from the time of the initial symptoms.2'3

Common presenting symptoms and signs of MS are vision problems, limb weakness,

loss of coordination and balance, vertigo, fatigue, sensory loss, pain, cognitive

impairment, bowel, bladder, and sexual dysfunction.2'a

MS is diagnosed using clinical observations often aided by various laboratory

tests and procedures such as magnetic resonance imaging (MRI). Multifocal lesions

within the central nervous system (CNS) on MR images, especially in the

periventricular white matter, brain stem, cerebellum, and spinal cord white matter,

support a diagnosis of MS.2 Focal areas of hyperintensity can be visualized within the

brain or spinal cord on T2-weighted MR images in more than 957o of patients.5'6 More

than 90Vo of individuals with MS also show an elevated amount of immunoglobulins

within their cerebral spinal fluid (CSF), particularly oligoclonal bands of



immunoglobulin G (IgG).2'6-8 A diagnosis of MS requires patients to have lesions that

affect at least two distinct sites in the CNS with two episodes of neurological symptoms

separated in time that are not otherwise explained.3'a'e'10

I.L2 Etiology and Prevalence of MS

MS is a disease of the CNS that involves inflammation, edema, demyelination,

limited remyelination, and axon damage.6 The cause of MS is still unknown today, but

is believed to involve genetic factors, environmental triggers, and autoimmune

mechanisms. The interaction of genetic predisposition and environmental factors is

believed to trigger the onset of MS. There is a known higher geographic prevalence of

MS with increasing latitude in both hemispheres, particularly in northem Europe,

southem Australia, and the middle region of North America, supporting environmental

factors as predisposing causes of MS.2'3 According to the World Health Organization,

there are approximately 1.1 to 2.5 million cases of MS world-wide.ll In regions where

MS is more prevalent 50 - 100 for every 100,000 are affected, whereas regions with a

low prevalence only have 5 in 100,000 affected with the disease.ll There is a

significantly increased risk of disease in a first-degree relative of a patient with MS as

compared to the general population2 and there is evidence to support that human

leukocyte antigen (HLA) classes I and II, T cell receptor p, cytotoxic T lymphocyte

antigen (CTLA)-4, intercellular adhesion molecule (ICAM)-l, and SH2D2A genes are

associated with MS.l2



1.1.3 Immune Response in MS

1 .1.3.1 hfTammation

Patients with MS and healthy individuals both have autoreactive T cells to CNS

antigens that are present in circulation. However, in MS patients these T cells enter the

CNS and recognize myelin self-antigens, whereas in healthy individuals they fail to

recognize self-antigens.a'13 Regulatory T cells are believed to control the actions of

autoreactive T cells.6 It has been hypothesized that autoreactive CD4+ T cells in

individuals with MS may become activated through fragments of the CNS itself,

molecular mimicry, or bystander activation. Molecular mimicry occurs when an

epitope from a foreign antigen, such as a viral protein, is indistinguishable from an

epitope in the CNS and causes the autoreactive T cells to activate.4'6'13-15 In bystander

activation, autoreactive T cells become activated through non-specific inflammatory

events during infections.ls In one theory, a foreign antigen, such as an antigen from a

viral envelope, can act as a superantigen causing the activation of entire T cell

populations and possibly leading to autoimmunity.a

Antigens are presented by antigen-presenting cells (APCs; dendritic cells,

macrophages) on their major histocompatibility complex (MHC)-ll to autoreactive

CD4* T cells in the peripheral lymphoid tissue.rs CD4* T cells interact with the MHC-

II on APCs leading to hypersensitivity and antibody responses, whereas CD8* T cells

interact with the MHC-I on APCs associated with cytotoxicity.a The T cell receptor

(TCR) binds to the antigen and MHC resulting in T cell activation and

proliferation.ra'r6't1 CD4+ T cells are divided into T helper 1 (Thl) and T helper 2

(Th2) cell subtypes. Th1 cells play an important role in cell-mediated immunity and



generally produce proinflammatory cytokines, whereas Th2 cells are important in

humoral immunity and predominantly release anti-inflammatory cytokines.lE CD4*

Thl cells a¡e believed to be responsible for the initial events leading to the eventual

destruction of myelin sheaths.15'17 Activated CD4+ T cells adhere and cross the blood-

brain barrier (BBB) through the actions of adhesion molecules, proteases, chemokines,

and enzymes such as matrix metalloproteinases (MMPs) that degrade the extracellular

matrix of the BBB.I3'15 In the CNS the CD4* T cells must be reactivated by the

presentation of a CNS antigen on the MHC-II of APCs (microglia, astrocytes,

perivascular macrophages, endothelial cells).3'r7 Once reactivated, these T cells release

proinflammatory Thl cytokines which initiate inflammation and the activation of other

cells of the immune system such as macrophages, B cells, and other T cells in the

CNS.13'14 The cytokines released from T cells also activate cells within the CNS such

as microglia and astrocytes, which also secrete proinflammatory cytokines and attract

more inflammatory cells (summarized in Figure 1.1).r7

MS lesions contain parenchymal and perivascular infiltrates of lymphocytes and

macrophages commonly at the site of postcapillary venules.3'le Cells that predominate

within lesions are CD8* T cells with few B cells, CD4+ T cells and plasma cells,4 It has

been hypothesized that CD8* T cells contribute more to the pathological process

leading to axonal damage, whereas CD4+ T cells are important in the triggering of the

autoimmune inflammatory response.!3 MS plaques are focal areas of demyelination

that are well-demarcated (Figure 1.2) and thought to arise from many small MS lesions

consisting of perivascular cuffs of inflammatory cells.20
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Figure 1.2. A coronal section of a human brain from a deceased individual that had
MS. Arrows indicate areas of MS plaque formation. Specimen provided courtesy of
Dr, Marc Del Bigio, Neuropathologist, Health Sciences Centre.



1.1.3.2 Demyelination

Numerous layers of the plasma membrane of oligodendrocytes wrap around

axons within white matter tracts in the CNS to form the myelin sheath. A single

oligodendrocyte has up to 40 to 50 processes that myelinate numerous segments of

axons and provide fast saltatory conduction of action potentials along axons at the

nodes of Ranvier where Na* channels are clustered.3'a'6 Myelin is composed of

approximately 75 - 80Vo lipids and 20 - 25Vo proteins with myelin basic protein (MBP)

and proteolipid protein (PLP) as the major protein components whereas some minor

proteins are myelin oligodendroclte glycoprotein (MOG), myelin-associated

glycoprotein (MAG), and cyclic nucleotide phosphohydrolase (CNPase).3

Activated macrophages, microglia and CD8* T cells are believed to cause

damage to myelin sheaths because they release cytotoxic factors such as

proinflammatory cytokines, oxygen radicals, nitric oxide (NO), excitatory amino acids,

or proteolytic and lipolytic enzymes.2'7'14 B cells differentiate into plasma cells

following activation and secrete antibodies against CNS antigens. Antibodies cause

tissue damage by binding to myelin antigens and activating the complement

cascade.2'13''6 Complement proteins interact with one another and other molecules to

generate an immune response that involves the insertion of a membrane attack complex

into the cell membrane resulting in lysis.2l Macrophages also recognize and bind to the

antibodies, which triggers phagocltosis of the myelin antigen.2l Following these

destructive events, macrophages engulf the myelin components that have been

disrupted (summarized in Figure 1.1).



Astrocytes are stellate cells in the CNS that are known to provide structural

support to sunounding neurons, but they are also involved in scar formation in areas of

demyelination leading to the formation of MS plaques (Figure 1.2).4'8 Glial fibrillary

acidic protein (GFAP) is found within the intermediate filaments of astrocytes and is

routinely used as an astrocytic marker.4

L1.3.3 Neurodegenerative Phase

Demyelination leads to the reduction or loss of conduction of action potentials

down axons resulting in the initial symptoms of MS.2 Depending on the pathway

affected, for example a motor or sensory tract, a disruption can lead to the loss of motor

function or sensation, respectively. An upregulation of Na* and Ca2* channels and

mitochondrial dysfunction contribute to axonal degeneration.l3 Axonal loss has been

related to neurological disability seen in patients with MS.l5

1.1.4 Role of Cytokines in MS

Cytokines play an important role in regulating immune and inflammatory

responses by binding to target cells and altering their function.22 The actions of

cytokines often overlap and therefore they are sometimes found to be redundant or they

may act antagonistically.z3 Thl proinflammatory cytokines contribute to a cell-

mediated immunity, whereas Th2 anti-inflammatory cytokines control humoral

immunity.23

Chemotactic cytokines are commonly known as chemokines, which are small

peptides (7 - 10kD) that act as signals to direct leukocyte/mononuclear cell migration



during an immune response by forming concentration gradients.2a Chemokines

generally have four cysteine residues that form two disulfide bonds. They are classified

according to the arrangement of cysteine residues close to the N-terminus, being CC,

CXC, CX:C and C where X represents an amino acid.25'21 A wide range of cells

produce chemokines, such as monocytes/macrophages, lymphocytes, neutrophils,

fibroblasts, endothelial cells, keratinocltes, and astroc¡es.2a

The proinflammatory cytokines interferon (IFN)-1, tumor necrosis factor

(TNF)-o, interleukin (lL)- 12, and lymphotoxin (LT)-o are upregulated in MS and

therefore likely have a role in disease initiation or progression.23 LT-s and TNF-a were

present in acute and chronic active MS lesionsle'28 and higher levels of cytokine mRNA

in peripheral blood monoc¡es were found in patients during a relapse than in

remission.2e An increased expression of TNF-o mRNA in peripheral blood monocytes

has also been observed prior to a relapse.3o

IFN-1 is released by activated T cells and natural killer (NK) cells and has been

found in active MS lesions, mainly expressed by astrocytes and T cells in the

perivascular region.a'le IFN-1 has been found to activate macrophages, stimulate the

expression of MHC class I and II proteins on endothelial cells and astrocytes,3l and

induce the synthesis of adhesion molecules and NO.a

The anti-inflammatory cytokines transforming growth factor (TGF)-B and IL-10

are found to be downregulated in MS prior to a relapse in patients with relapsing-

remitting MS.23'30
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1.1.5 Approved Treatments for MS

Immunosuppressants have been used to treat MS and have been classified as

intracellular ligands, cell surface ligands, and anticytokines.32 Intracellular ligands

include calcineurin inhibitors (cyclosporine A), antimetabolites (methotrexate), and

antiproliferative agents (cyclophosphamide, mitoxantrone).17'" Cell surface ligands

mostly function to block adhesion molecules and include monoclonal antibodies

(natalizumab).33 Anticytokines act against TNF-o and many proinflammatory

interleukins.32

Current treatments for MS, such as IFN-p and glatiramer acetate (GA), are

immunomodulatory agents that cause a shift in cytokine release from proinflammatory

Thl cytokines to anti-inflammatory Th2 cytokines.13'14'34 IFN-p decreases the

production of the proinflammatory cytokine IFN-1 (thereby blocking the upregulation

of MHC-II) and inhibits T cell activation. | 3'lE GA is a co-polymer containing a mix of

four different amino acids and is believed to compete with antigens by binding to the

MHC. GA stimulates a broad T cell response; however, GA-reactive T cells are shifted

towards the Th2 subtype.l3'18'35



L.2 Experimental Autoimmune Encephalomyelitis

1.2.1 EAE as a Model of MS

Experimental autoimmune encephalomyelitis (EAE) is an animal model of

demyelinating disease of the CNS that is widely used to study features of MS. Various

species such u, -our",36-39 rat,a043 guinea pig,4-a7 Rhesus monkey,as and dogae have

been used to produce the model. EAE is not a spontaneous disease like MS and is

commonly induced by immunizing with CNS myelin peptides such as MBP, PLP,

MOG, CNPase, or o-B-crystalline emulsified in complete Freund's adjuvant (CFA)7Jo

or with myelin-specific CD4+ T cells.sl's2 CFA contains oil (paraffin oil and mannide

monooleate) mixed with attenuated mycobacterium that envelopes the protein making it

more accessible for presentation.2o'53 The mycobacterium serves as a general stimulus

to activate the immune response53 and is found to increase disease severity and reduce

the amount of time between injection and first signs of disease.20 Some models use

exposure to a virus as the method of inducing demyelination as the result of an immune

response against viral proteins.s3

EAE is an ascending paralytic disease where the tail and hind limbs are first

affected followed by the forelimbs.s2 The autoimmune inflammatory responses

generated in EAE are similar to events observed in MS, and include the infiltration of

macrophages and T cells into the CNS and the breakdown of the BBB or blood-spinal

cord banier (BSB). Focal areas of inflammatory infiltratessaJs and demyelinationaT'5ó

have been observed throughout the CNS in various models of EAE. Similarly to MS,

the autoimmune inflammatory events in EAE are thought to be CD4* T cell
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mediated,5o'ss but macrophages are believed to be responsible for the destruction of the

myelin sheath that leads to the debilitating features.s6'57 Proinflammatory cytokines

regulate immune interactions leading to an increased inflammatory response and the

breakdown of the BBB and the activation of macrophages, CD8* T cells and NK

cells.53

1.2.2 Contrasts between EAE and MS

In EAE the antigen that triggers the autoimmune response in the CNS is known,

whereas in MS the triggering factor is unknown. The B and T cell repertoire is also

much more diverse in MS, whereas animal models of EAE commonly involve inbred

animals and therefore do not reflect what might be observed in the outbred human

population.r's8 In both EAE and MS, CD4* and CD8* T cells are found within lesions

of the CNS; however, in most EAE models CD4+ T cells predominate.l

The disease progressions observed in models of EAE are in the form of a single

acute episode or follow a relapsing-remitting pattem. Signs of disease often resolve in

a few weeks in EAE, whereas MS is a chronic disease ove¡ a time frame of years. The

shorter time frame of EAE studies does not allow the potential chronic side effects of

treatments to be observed. The first relapse has also been reported to be more severe

than subsequent relapses in some models of EAE, as opposed to a worsening of

symptoms commonly observed in MS.56'59
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1.3 Blood-Brain and Blood-Spinal Cord Barriers

The BBB protects the CNS against immune cells and macromolecules such as

antibodies under normal conditions. Capillary endothelial cells, surrounded by a

network of astrocytic foot processes (glia limitans) and a collagen matrix, make up the

888.4'60 Endothelial cells within the CNS have different properties than those found

elsewhere; they have a greater number of mitochondria, lack fenestrations with reduced

numbe¡s of pinocyotic vesicles, and have tight junctions (zona occludens) located

between adjacent endothelial cells.a'61 Tight junctions between endothelial cells

function to limit the paracellular movement of molecules across the BBB, while the

reduced number of vesicles restricts the transcellular movement of molecules. A basal

lamina sumounds the endothelium on the abluminal side of the endothelial cells (Figure

1.3).u' Other cells types associated with the BBB, located in the perivascular

(Virchow-Robin) space surrounding endothelial cells, are pericytes, neuron terminals,

and microglia.63

Leukocytes are thought to migrate across the BBB and enter the CNS primarily at

postcapillary venules, whereas solute diffusion occurs at the capillaries.6l'e'ó5

Postcapillary venules have different BBB properties than capillaries. A separate

basement membrane is associated with the glia limitans in postcapillary venules (Figure

1.3), whereas the endothelial and glial basal laminas are fused at the level of the

capillaries.66 The glia limitans serves as the boundary of the parenchyma of the brain

or spinal cord. The basal lamina of the endothelium and the glia limitans are separated

by the perivascular space and associated cells. In order to enter the parenchyma of the
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CNS, leukocytes must migrate across the endothelial cell banier and the glia limitans.

The BBB regulates the migration of leukocytes though the expression of adhesion

molecules, chemokines, cytokines, and MMPs.6l MMPs are known to disrupt the

extracellular matrix of the BBB by digesting collagen fibres.6? MMPs are secreted by

macrophages and T cells and expressed by microglia, endothelial cells, and astroc¡es.a

Increased expression of MMPs has been observed in patients with MS and they are

believed to play a role in the migration of inflammatory cells into the CNS by causing a

disruption of the BBB.68-?r

Tracers are commonly used to detect the permeability of the BBB (Table 1.1)

through intravenous or cardiac injection followed by histological detection in the CNS.

Dextran tracers have molecular weights typically ranging from 3 - 150kD and are often

conjugated to a fluorescent marker such as fluorescein (FITC) to allow detection within

the parenchyma.?2 Dextrans with different molecular weights have the advantage of

determining the relative degree of vascular permeability while retaining the same

chemical properties.

Table 1.1. Tracers commonly used to detect vascular permeabilitv
Tracer Molecular lVei

68,000
3,000 - 150,000

40,000
1,900
550
376
t39

Diameter
Evans Blue (binds to albumin)
DextransT2'73

Horseradish peroxidise3s'46'47'73'77 78

MicroperoxidaseTe
Gd-DTPA (MR contrast agent)
Sodium fluoresceinT3
LanthanumT9'80

8

2.4 - t7.4
5

2

0.7
0.5
o.2
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Figure 1,3. A schematic drawing of the anatomical structure of the BBB/BSB of a

postcapillary venule.



1.4 Magnetic Resonance Imaging

1.4.1 Protons and Magnetísnt

A proton has angular momentum and a magnetic moment characterized by the

spin quantum number m, = +Vz.8t-83 ln an environment where an extemal magnetic

field is not present, these magnetic moments are randomly oriented and the result in no

net magnetic moment. However, when protons are placed in an extemal magnetic field

(Bo), the magnetic moments precess around B6 with an alignment either along or

against the direction of Be (labelied as the z axis) and with an extremely small excess

oriented along the direction of Bs.8l-83 The orientation along Bs is favoured because it

has a lower energy state and the excess in proton magnetic moments creates a net

magnetization (M6) along the z axis. The precession frequency (l), known as the

Larmor frequency, is proportional to the strength of B¡:

"f = yBo

where y is the gyromagnetic ratio (42.6 M.ÌFrzl'f in the case of hydrogen).8r-83 lvh"n

protons are placed in B¡ they precess randomly out of phase and therefore there is no

ne! magnetization in the transverse xy plane (M*r).83

1.4.2 Radiofrequency Pulses and Spín Relaxation

Net magnetization along the z axis cannot be detected because it is not an

oscillating signal and therefore a radiofrequency pulse (RF) transmitted by a coil is

used to flip the magnetization into the xy plane.83 When the RF pulse is applied in the

xy plane at the Larmor frequency, the proton magnetic moments precess in sync or in



phase with one another,El-83 and effectively precess about the magnetic field component

(Br) of the RF pulse. To simplify the description of net magnetization a rotating frame

of reference can be considered, which is a coordinate system that rotates about Bo at the

Larmor frequency.

For a 90" RF pulse, B¡ is applied long enough to cause the magnetization Me to

flip into the xy plane (Figure 1.4) and M^r=M0.83 Magnetic moments of protons in the

xy plane are precessing in phase in the magnetic field B¡ in the rotating frame. After

the RF pulse is tumed off the magnetization relaxes back to equilibrium. During

relaxation two independent processes occur at different rates. The xy component of the

net magnetization M*, decreases with time until M*r=O and the z component Mz

increases until M,=Mo. The rate at which M" increases with time as magnetic moments

relax back to equilibrium is characterized by the time constant T¡, the longitudinal or

spin-lattice relaxation time (Figure 1.54), and is caused by the interaction and transfer

of energy from the hydrogen proton to the sunounding molecules.8l-83

M,(t) = Mo (1-"-^')

The rate at which M*, decreases with time as protons relax back to equilibrium is

characterized as the time constant T2, the transverse or spin-spin relaxation time (Figure

1.58), which is caused by the interaction and energy exchange between individual

hydrogen protons resulting in the loss of phase coherence of precessing protons.sl'83

After the RF pulse is turned off this phase coherence between precessing protons will

be lost due to small differences in the magnetic field surrounding each proton called

field inhomogeneities that cause the protons to precess at slightly different

frequencies.s2
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Figure 1.4. The net magnetization vector Me flips into the xy plane following a 90' RF
pulse.

M*r(t) = ¡4oe-Æ

T2 relaxation times are shorter than Tr relaxation times.8l

be any magnetization remaining in the xy plane.
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Figure 1.5. (A) The relative recovery of longitudinal magnetization with time constant
Tt and (B) decay of transverse magnetization with time constant T2 foliowing a 90o RF
pulse. Diagram is provided courtesy of Dr. Richard Buist.

A 180" pulse applied at equilibrium causes the net magnetization to flip into the

negative z direction.s3



The oscillating signal in the xy plane following an RF pulse induces a small

current in the receiver coil. The signal that is created is called free induction decay

(FID) and decreases with time as the magnetic moments relax back to the positive z

direction.sl The FID is a signal acquired in the time domain and is converted into the

frequency domain by Fourier transformation.E2 This frequency domain is called k-

space, which a computer converts into spatial information used to produce an MR

image.

1.4.3 Magnetic Field Gradients

Gradients are magnetic fields that change linearly along a certain axis and they

can be applied in each of the x, y, and z directions. Pulsed gradient magnetic fields are

used to obtain spatial information such as slice selection and pixel location within the

slice.sl'83 The precession frequency of M6 is directly proportional to the magnetic field

strength, which gives the magnetic moments at each pixel location a unique frequency

depending on the location along the gradient.s3

I .4.4 Pulse Sequences

Some common pulse sequences are partial saturation, inversion recovery, spin

echo, gradient echo, and echo planar.sl The focus here will be on the spin echo (SE)

pulse sequence which was used in all MR imaging studies to follow.

Due to limitations of electronics, the MR signal cannot be measured

irnmediately following the 90'pulse.83 Therefore, the SE sequence begins with a 90"

RF pulse, but needs to be followed by a 180" refocusing RF pulse.8r'83 After the 90'



pulse, which câuses Mq to flip into the xy plane, some magnetic moments will precess

at a higher frequency, while other magnetic moments will precess at a lower frequency

because of inhomogeneities in 80.83 These small differences in precession cause the

magnetic moments to dephase as the protons that precess at a slower rate fall behind

and those that precess at a faster rate move ahead. A 180' pulse causes the net

magnetization to flip 180'as individual precessing magnetic moments rotate 180o in the

xy plane, which causes precession to continue in the opposite direction. As a result, the

magnetic moments precessing at a faster rate are placed behind those that are

precessing at a slower rate and over time they come back into phase forming an echo.83

The 180' RF pulse can be repeated which generates another SE that is smaller in

amplitude than the previous one because of T2 decay.sl The echo time (TE) is the time

between the first 90o pulse and the SE. The repetition time is the time between 90' RF

pulses, whereas recovery time (TR) is the time between the last pulse of a given scan

and the first pulse of the next scan.

1.4.5 Tr andT2-weighted Imaging

Tissue characteristics that are important in creating an MR image are proton

density (PD), the spin-lattice relaxation time Tr, and the spin-spin relaxation time Tz.

The properties of different tissues result in different values of PD, Tr and Tz.

ln the case of water there is minimal spin-spin interaction between magnetic

moments because of the large distance between molecules resulting in slow dephasing

of spins and a long T2.83 Solids contain molecules that are more compact, which results

in more spin-spin interactions and more dephasing of spins with a short T2.83 ln fat and

2t



proteinaceous tissue there is more dephasing than in water, but not to the extent found

in solids and therefore the T2 value is intermediate.s3

Tt relaxation values are dependent on the ability of the tissue to transfer energy

from the protons to the surrounding molecules. This energy transfer occurs most

readily when motional frequencies of the protons are at the Larmor frequency.s3 I¡

water the motional frequencies are faster than the Larmor frequency, in solids the

motional frequencies are slower, and in fat the motional frequencies are about

equivalent to the Larmor frequency and therefore Tl values are long, intermediate, and

short respectively.s3

MR images can be weighted by PD, Tr, or T2 by changing the values of TR and

TE. A T2-weighted image has a long TR and a long TE, whereas a T¡-weighted image

has a short TR and a short TE and a PD-weighted image has a long TR and a short

TE.8r ln Tr-weighted images, tissue with a short Tr will appear bright and tissue with a

long Tr will appear dark, whereas in T2-weighted images, tissue with a long T2 will

appear bright and tissue with a short T2 will appear dark. The longer the TE, the more

T2-weighted the image becomes.8l

1.4.6 Magnetization transfer-weighted hnaging

Magnetizationtransfer (MT)-weighted imaging detects tissue degradation

(demyelination) and edema. Protons within macromolecules (such as myelin) and

protons within water molecules that are bound to macromolecules have a broad range

of resonance frequencies with short T2 (less than lms), so that they are not detected in

most MR imaging experiments.sl'84 Therefore, bound water protons do not directly
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contribute to the MR signal. MT saturation pulses are off-resonance pulses (1000 to

2000 Hz away from the Larmor frequency of free water protons) that saturate the MR

signals of protons in water bound to macromolecules.s3'84 Chemical exchange with

protons on free water causes a transfer in the saturation and a reduction in the signal.83

Therefore, tissue with a greater concentration of macromolecule-bound water will have

a greater signal loss. The magnetization transfer ratio (MTR) is dependent on the

structural integrity of white matter within the CNS and a reduction in the MTR has

been conelated with demyelination in models of EAE85 and in post mortem human

brain studies,s6 A low MTR indicates there is less exchange of magnetization between

bound and free water protons.

1.4.7 Gadolinium Contrast Agent

Gadolinium diethylene-triamine-pentaacetate (Gd-DTPA) is a paramagnetic

contrast agent made up of Gd3* that is chelated with DTPA in order to reduce its

toxicity (Figure 1.6). Gadolinium is a member of the lanthanide group of the periodic

table and it has 7 unpaired electrons, which create a strong local magnetic field that

causes a significant shortening in Tt relaxation time with some shortening effects in Tz

relaxation time.8l{3 Gd-DTPA follows an extracellular non-specific biodistribution and

it does not pass through an intact BBB or BSB. Gadolinium-enhanced MRI can detect

changes in the extent of BBB or BSB disruption in diseased tissue.
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Figure 1.6. The molecular structure of Gd-DTPA.

1.4.8 MRI in MS and EAE

MRI has become a valuable tool in monitoring disease progressionsT'88 and

effectiveness of treatments in clinical trials for patients with MS. T2-weighted MR

images have conventionally been used to determine the lesion load within the CNS of

patients with MS; whereas Tl-weighted contrast-enhanced MR images identify active

lesions. MS lesions typically appear hyperintense on T2-weighted MR images,

representing a range of underlying pathology such as inflammation, edema,

demyelination, and axonal loss.Ee'90 Some lesions also appear hypointense on T1-

weighted MR images, often referred to as black holes, and studies have found

histological correlation to axonal loss, edema and demyelination.8e

Various studies of EAE have shown a conelation between the number of Gd-

enhancing lesions and the severity of disease.el Histological assessment of the CNS of

animals with EAE showed that contrast enhancement on T1-weighted images conelates

with active inflammation.a3'4e's4'e2'e3 Early active lesions on Tr-weighted contrast-

enhanced MR images from patients with MS have extensive enhancement, indicating

that BBB disruption is an important early finding in newly developed lesionsse'ea-e6 and

has been found to precede changes on T2-weighted MR images.es'e1 The number of
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enhancing lesions on contrast-enlanced Tl-weighted MR images can also be used to

predict the occurÌence of future relapses and clinical *orsening.es-100 For example,

IFN-p has been found to reduce clinical disease symptoms and decrease the number of

enhancing lesions using MRLlor

MT-weighted MRI of normal-appearing white matter within the brain of

patients with MSr02-r0s and animals with EAEI6 has shown a significantly lower MTR

than is found within the white matter of healthy subjects or control animals. MTR

values within the area of contrast-enhanced lesions identified on Tl-weighted images

were found to decrease at the time of enhancement.'ot'tot Subsequent decreases and

increases in MTR were consistent with demyelination and remyelination

respectively.loT Other human studies have also found that lesions identified with

conventional MR imaging have a significantly decreased MTR.ro4'ros In a Lewis rat

model of EAE, a decrease in MTR was correlated histologically with monocyte

infiltrates in brain parenchyma, suggesting their contribution in demyelination56'5e and

similar observations were noted in a marmoset model of EAE.loe A¡eas of

inflammation and demyelination seen histologically within the spinal cord of a guinea

pig model of EAE conelated with a decrease in MTR.85 Myelin content correlated with

MTR within MS lesions in a study of MT-weighted imaging of post-mortem human

brains where an increased MTR was found in remyelinated lesions relative to lesions

that remained demyelinated.l lo
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HYPOTHESIS AND OBJECTIVES
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2.l HYPOTIIESIS

MRI can be used to monitor changes ln vivo in BBB/BSB permeability and

demyelination in the CNS of mouse models exhibiting features of MS, and to assess the

effect of genetic alterations and pharmacological intervention on the disease state.

2.2 SPECIFIC OBJECTIVES

A series of MR imaging experiments was conducted in order to study mouse

modeìs of CNS inflammation similar to MS. The studies involved MRI of the spinal

cord in a mouse model of EAE, except in the second study which used MRI of the brain

to study inflammation induced in mice with an upregulated chemokine.

The specific objectives or goals of each study were:

Study #l

o To develop a reproducible procedure for imaging of mouse spinal cord that

applies T¡-weighted contrast-enhanced MRI while the mouse remains

undisturbed in the magnet.

. To evaluate relative changes in BSB disruption during EAE and to investigate

the correspondence of such changes with clinical signs and histological features

of disease.

Study #2

o To determine the relative extent and time course of BBB permeability in the

brain of transgenic mice with an upregulated chemokine before and after

pertussis toxin (PTx)-induced CNS inflammation, and in wild type control mice.
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Study #3

. To compare the BSB permeability in Al adenosine receptor (AIAR) knockout

mice and in wild type mice with EAE using Tt-weighted contrast-enhanced

MRI of the spinal cord.

Study #4

o To determine whether MT-weighted MRI can detect changes within the white

matter of the spinal cord in diseased versus pre-diseased mice following the

induction of EAE.

e To apply Tl-weighted contrast-enhanced and MT-weighted MRI to determine

the effect of a drug treatment on changes in BSB disruption and demyelination

in the spinal cord of mice with EAE.
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All animal procedures were approved by the lnstitutional Animal Care

Committee at the University of Manitoba.

3.1 Induction of EAE

All the mice that were used in studies of EAE were female. Daily handling of

mice began one week before experiments began in order for the mice to become

familiar with being handled as well as with the individual performing the daily scoring.

A solution of a 21 amino acid peptide fragment of MOG¡:-ss (synthesized by the

Peptide Facility of the University of Calgary; 0.5 mglml in phosphate buffered saline

(PBS)) was mixed 1:1 with CFA (Sigma-Aldrich, Saint Louis, MO) in an air tight

system of two 5mL glass syringes connected by a stopcock. To induce EAE, on day 0

each mouse received two 50 ¡rL subcutaneous injections of the MOG mixture near the

base of the tail.lll'll2 Additionally, each animal received a 200 pL intraperitoneal

injection of 0.3 pg PTx (List Biological Laboratories, Campbell, CA) in PBS, which

was repeated on day 2. The exact mechanism of PTx in the induction of EAE is

unknown; however, PTx is believed to increase BBBiBSB permeability, perhaps by

increasing the sensitivity to vasoactive amines such as histamine or serotonin,l13 and to

cause greater disease sevelity. Previous studies comparing the effects of EAE

induction with and without PTx showed that animals receiving PTx had an earlier onset

of disease signs with increased BBB permeability compared to mice that were induced

without PTx.37'l13 Animals were allowed free access to food and water for the duration

of the experiment and were housed in individual cages.
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3.2 Scoring System

All mice were weighed and the neurological condition was evaluated daily each

moming. A scoring system with a scale of 0 to 14 was usedr14 where individual scores

from the tail and each limb were summed to give a total score. For the tail, a mouse

retaining the ability to wrap the tail tightly around the examiner's finger and showing

no sign of impairment was given a score of 0 (Figure 3.14,8), 1 indicated signs of

weakness in the tail, and 2 indicated complete paralysis of the tail (Figure 3.1C,D).

Each limb was scored separately, with 0 indicating no loss of function, 1 representing

weakness of grip when suspended from the examiner's hand and an abnormal posturing

during ambulation, 2 indicating dragging and partial paralysis of the limb (Figure

3.1E), and 3 indicating complete paralysis (Figure 3.1F,G). When mice first exhibited

a score of 1 in the tail, wetted chow was placed at the bottom of the cage along with

bacon softies so that mice could easily access the food. Mice received a 1 mL

subcutaneous injection of saline daily starting when mice first showed signs of hind

limb weakness (score=l). A mouse that exhibited a limp tail, complete paralysis of

hindlimbs, and forelimbs that were unable to support its weight when it was first

observed in the moming, was observed more frequently throughout the day. If signs

persisted with no improvements, the mouse was said to have reached endpoint and was

sacrificed at the end of the day.



Figure 3.1. (A) A healthy mouse indicating the ability to grasp with its hind limbs and
wrap its tail around the examiner's finger and (B) tail showing no signs of impairment.
(C) A mouse at initial stages of disease with a floppy tail and (D) still retaining hind
limb function. (E) A mouse with dragging hind limbs (score=2 in each) and floppy tail.
(F) A mouse at peak disease showing the loss of a righting reflex and (G) complete
paralysis of hind limbs (score=3 in each).
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3.3 Magnetic Resonance Imaging

All MRI experiments were performed using a Bruker Biospec spectrometer with

a 1T/2lcm magnet (Figure 3.24). Anesthesia was induced by ventilating the mouse

within an induction chamber with 57o halothane or isoflurane in OzlNzO (30i70) and

was maintained during imaging using L5-2Vo halothane or isoflurane delivered via a

nose cone. The respiratory rate of each mouse was monitored using an ÍIP 78212D

Neonatal Respiratory monitor with a respiratory pillow (SA lnstruments) positioned

under the animal and the anesthetic was adjusted in order to maintain a rate between 70

and 120 respirations per minute. The body temperature of the mice was also monitored

during examination using a thermometer (Cole-Parmer Model No. 7002HT) with a

rectal thermal probe (Geneq) and was air controlled by blowing hot or cold air around

the animal in order to maintain a temperature of 37 t 1 'C. MR images of the lumbar

spinal cord were obtained using either a 2cm x 3cm quadrature surface coil (Figure

3.28) or a 2cm diameter quadrature volume coil (Figure 3.2C) depending on the

imaging protocol, while MR images of the brain were obtained using the quadrature

volume coil. ln the volume coil mice were in the prone position with the head centered

in the coil, while on the surface coil mice were in the supine position with the kidney

region centered on the coil.
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Figure 3.2. (A) Bruker Biospec 7Tl21cm magnet used for all imaging experiments.
(B) Surface coil (2cm x 3cm) used to obtain MR images of the lumbar spinal cord. (C)

Quadrature volume coil used to acquire MR images of the lumbar spinal cord and brain.
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3.3.1 T2-weighted MR Imaging

T2-weighted MR images were obtained using a multislice multi-echo sequence

(8 echoes evenly spaced by 26.8 ms, TR=2300 ms, matrix size=256x256, field of view

(FOV)=2.5x2.5 cm2, slice thickness=0.75 mm, 8 echoes, 2 averages). TR was selected

by adjusting for optimal signal-to-noise ratio with minimal Tr weighting. The value of

Tz at'lT has previously been determined to be 44ms and 35ms within the grey and

white matter of mouse spinal cord lespectively.¡ ls

3.3.2 T1-weighted contrast-enhanced MR Imaging

lnitially a 30 gauge cannula attached to a syringe filled with saline was inserted

into the tail vein of each mouse. A small bolus of saline was injected to ensure the

corect placement of the carLnula within the vein. Then the syringe containing saline

was replaced with one contained the gadolinium contrast agent. The carurulation and

syringe was secured tightly to the tail using adhesive tape. Tl-weighted images were

acquired using a multi-slice SE sequence (TE=l3.0 ms, TR=600 ms, matrix

size=256x256, FOV=2.5x2.5 cm2, slice thickness=0.75 mm, 4 averages) before the

injection of a contrast agent. A bolus of O.4mmol/kg Gd-DTPA (dimeglumine salt,

Berlex Canada, 0.5 mmol/ml) was injected through the tail vein carurula while the

mouse remained undisturbed in the magnet. Contrast-enhanced T¡-weighted images

were obtained immediately following the Gd-DTPA administration, using the same

acquisition parameters as for the pre-contrast-enhanced MR images (acquisition time

10 minutes). The TR was selected by compromising between the signal-to-noise ratio

and Tl contrast. Linear phase encoding was used, resulting in maximum signal being
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detected 5 minutes after starting the acquisition. The value of Tr at 7T has previously

been determined to be l650ms and 1450ms within the grey and white matter of mouse

spinal cord respectively.l l5

3.3.3 MT-weighted MR Imaging

MT-weighted images were obtained using a multi-slice SE sequence preceded

with off-resonance saturation (TE=10 ms, TR=1500 ms, B¡-20 ¡rT, saturation pulse

offset=+6000 Hz, slice thickness=O.75 mm, 4 averages) followed by a second set

without saturation. Saturation pulses were applied during the inter-slice gaps with

duration of 221 ms and a duty cycle of 887o.

3.3.4 SIíce positioning

3.3.4.1 hnaging of the spinal cord using two sets of interleaved slíces

Eleven contiguous MR images spanning 8.25 mm of the lumbar spinal cord

were obtained in two interleaved sets (interslice gap=0.75 mm) to minimize inter-slice

excitation. ln order to obtain reproducible image positions, disc 2l of the spinal

column, located at the level of the kidneys (Figure 3.34), was centered between slices 2

and 3 (slice 1 being the most anterior slice; Figure 3.38) of the first set of 6 slices.

3.3.4.2 hnagíng of the spinal cord using a single set of slices

A single set of six MR images spanning 5.5 mm of the lumbar spinal cord

(interslice gaq=0.2 mm) was acquired. For reproducible image positioning, the slices
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were positioned at the rostral end of the kidneys (Figure 3.3C) and disc 21 of the spinal

columr was centered on slice 6 (Figure 3.3D).

3.3.4.3 Imaging of the brain

A set of eight MR images spanning the brain was obtained with an interslice

gap of 0.25 mm. Slices were reproducibly positioned with exactly 1 mm between the

notch posterior to the olfactory bulbs and the edge of the first slice (Figure 3.3E,F).
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Figure 3.3. (A) A horizontal MR image of a mouse showing the slice positions of the
first set of interleaved MR images used to examine the lumbar spinal cord at the level
of the kidney and (B) the conesponding sagittal MR image where the arrow indicates
the position of intervertebral disc 21 located between slices 2 and 3, used to obtain
reproducible slice positioning. (C) A horizontal MR image of a mouse showing the
slice positions of a single set of images with an interslice gap distance of 0.2mm
located at the rostral end of the kidneys and (D) the conesponding sagittal MR image
showing the position of interverlebral disc 21 located on slice 6. (E) A horizontal MR
image of a mouse showing the slice positions of the MR images used to examine the
brain and (F) the conesponding sagittal MR image. The furthest anterior slice was
positioned 1mm posterior to the notch at the olfactory bulbs indicated by the dotted
line.
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3.4 MR Image Processing

3.4.1 T2-weighted MR Images of the Spinal Cord

Regions of interest (ROIs) outlining the spinal cord were determined from the

5th echo (TE=134ms) of T2-weighted images, in which the spinal cord was clearly

distinguished from the surrounding CSF and nerve roots (Figure 3.4), using Marevisi

(National Research Council, Canada) software.

Figure 3.4. T2-weighted MR images (4, TE = 26.8 ms; B, TE = 134 ms) of the mouse
spinal cord. The ROI consisting of the spinal cord, clearly differentiated from
surounding CSF and nerve roots in the more strongly T2-weighted images in B, is
outlined.

3.4.2 T2-weighted MR Images of the Brain

T2-weighted images (TE=80.4ms; Figure 3.54) were used to define the ROI

outlining the brain and omitting the ventricles (Figure 3.58) using Marevisi software.

The ventricles were omitted from the ROI since they were found to enhance on

contrast-enhanced Tl-weighted images.
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Figure 3,5. (A) Coronal T2-weighted MR images (TE=80.4ms) were used to define the
alea of the brain and omitting the ventricles as shown in (B).



3.4.3 T1-weighted contrast-enhanced MR Images of the Spinal Cord

The percent intensity increase due to contrast enlancement was calculated

voxel-by-voxel using the T¡-weighted MR images obtained pre- and post-Gd-DTPA

injection as

post-contrast image - Þre-contrast image X l00qo.
pre-contrast image

The ROIs determined from T2-weighted images were then superimposed onto the

calculated percent enhancement images to quantify the average percent intensity

increase within the spinal cord. The kidneys and other sunounding tissue consistently

showed elevated intensity on Tl-weighted images following successful Gd-DTPA

injection.

3.4.4 T¡weighted contrast-enhanced MR Images of the Brain

The contrast enhancement on T¡-weighted images was quantified by calculating

percent difference images using the same formula used for images of the spinal cord

(Section 3.4.3). ROIs determined from conesponding T2-weighted images were

superimposed onto the calculated images of percent enhancement to obtain the number

ofpixels above any given selected intensity threshold.

3.4.5 MT-weighted MR Images of the Spinal Cord

ROIs outlining the spinal cord as determined from T2-weighted images were

superimposed onto corresponding MT-weighted images that were obtained with

saturation (Figure 3.64). The regions of the grey and white matter within the ROI



defining the spinal cord were then outlined on MT-weighted images (Figure 3.68). The

ROIs outlining the grey and white matter were then superimposed onto MTR maps,

which were calculated as

MTR=Se-Ssx 1007o

so

where So = the signal intensities without saturation and S. = the signal intensities with

saturâtion.

Figure 3.ó. (A) A ROI determined from a T2-weighted image superimposed onto the
conesponding MT-weighted image obtained with saturation. (B) ROIs outlining the
boundary between the grey and white matter were determined from the MT-weighted
image.
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CHAPTER IV

PRELIMINARY MAGNETIC RESONANCE IMAGING STT]DIES



4.1MRI OF THE CENTRAL NERVOUS SYSTEM IN MOG.

INDUCED EAE

During preliminary Tl-weighted contrast-enhanced imaging of mice induced

with EAE, images of the brain were obtained in order to determine the extent of BBB

disruption, I¡ this pilot study, EAE was induced in 9 female mice 11 weeks old as

described in chapter 3. Pre- and post- contrast-enhanced T¡-weighted MR images of

the b¡ain and spinal cord were acquired before signs of disease appeared (n=3), at the

initial onset of signs (n=6), and again at peak disease for one mouse that had a previous

imaging session at the initial stages of EAE. Each mouse underwent an imaging

session examining the spinal cord and an imaging session examining the brain on the

same day with a delay of a few hours in between imaging sessions to allow the Gd-

DTPA to clear from the tissue. A single set of T¡-weighted contrast-enhanced MR

images of the spinal cord was first obtained using a quadrature surface coil as described

in chapter 3. After a few hours to allow Gd-DTPA contrast agent to clear from the

tissue, MR images of the brain were obtained using a quadrature volume coil as

described in chapter 3. This allowed a comparison between the relative contrast

enhancement found on MR images of the brain and MR images of the spinal cord in

this model of EAE.

In general, comparison of MR images of the brain obtained before the onset of

disease signs (Figure 4.lA) with images at the onset of disease signs in mice with EAE

(Figure 4.18) showed no areas of contrast enhancement. The only areas of contrast

enhancement observed on all MR images of the brain are within the ventricles. Only in
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one mouse were focal areas of contrast enhancement observed within the brain at the

early stage of disease (Figure 4.1C). This mouse was re-examined at peak disease and

the areas of enhancement were no longer present within the brain (Figure 4.1D). This

suggests a rare and transient presence of enhancing brain lesions in this mouse model of

EAE. Corresponding images of the spinal cord showed significant contrast

enhancement at early stages of disease. Therefore, the spinal cord was felt to be a

better target for studies using T¡-weighted contrast-enhanced MRI in this mouse model,

and further MR studies only examined the spinal cord.
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Figure 4.1. Representative T1-weighted contrast-enhanced difference images of the brain (l2mmxl2mm) and corresponding

images of the spinal cord (3mmx3mm) from a mouse (A) before disease signs and (B) at the first indication of disease signs.

One mouse showed focal areas of enhancement (C) at onset of signs, which resolved (D) at peak disease.



4.2 KTNETICS OF CONTRAST ENHANCEMENT IN THE SPINAL

CORI)

During preliminary imaging of the lumbar spinal cord in mice with EAE, one

mouse was examined at the first indication of disease signs with T2-weighted MR

imaging and pre- and post-contrast-enhanced Tt-weighted MR imaging using a

quadrature surface coil as described in chapter 3. kritial signs of disease is defined as

the day on which a loss of weight >1g or a score >0 was first observed. The most

typical presentation of disease signs at the onset is a significant drop in weight

accompanied by tail weakness/paralysis. A single set of T¡-weighted images (Figure

3.3C,D) was obtained repeatedly for 60 minutes after Gd-DTPA injection with an

acquisition time of 10 minutes for each set of images (Figure 4.2). Percent difference

images were calculated and analyzed using the T2- and T¡-weighted images acquired as

described in chapter 3.

The greatest enhancement within the spinal cord was found to be on MR images

acquired l0 - 20 minutes after Gd-DTPA injection (Figure 4.34,8). However, the

contrast enhancement within the spinal cord had become more diffuse at this time and

therefore the location of greatest BSB permeability can be better visualized at 0 - 10

minutes post-Gd-DTPA administration. A ring of pixels of highest intensity was

visible at the periphery of the spinal cord in contrast-enhanced images acquiled at 0 -
10 minutes with less contrast enhancement in the central region of the spinal cord.

During the 10 - 20 minute acquisition interval, the pixels at the outer edge of the spinal
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cord had already begun to decrease in intensity with increased contrast enhancement in

the centre of the spinal cord as indicated in Figure 4.34.

Figure 4.2, A complete set of pre- and post-contrast-enhanced T¡-weighted images
(3mmx3mm) obtained repeatedly over 60 minutes of the lumbar spinal cord of a mouse
with EAE at the beginning of disease signs.



B 100

80

20 30 40 50

lmaging Time (m¡nutes)

Figure 4.3. (A) A representative calculated difference image of contrast enhancement
(3mmx3mm) of the lumbar spinal cord of a mouse with EAE acquired at six time
points at the onset of disease signs. Images were obtained repeatedly starting
immediately after Gd-DTPA administration and every ten minutes later. (B) Average
percent intensity (t SEM) across all six slices at each imaging time point of the same
mouse as in (A).

à60
!,co
E40
s

20

50



4.3 DEXTRAN TRACER PILOT STT]DY

Tracers such as lanthanum (139D),80 sodium fluorescein (3'16D),73

microperoxidase (1900D),7e horseradish peroxidase (40kD),73 Evans Blue (binds to

68kD albumin),73-75 and fluorescent dextrans (ranging from 3kD tol50kD)72'73'lló'l18

have been administered intravenously to visualize vascular permeability in the CNS.

Evans Blue and horseradish peroxidase have previously been used as tracers in models

of EAE in order to determine the degree of vascular permeability of the BBB and BSB

histologically.3s'3e'46

ln this pilot study, EAE was induced in a female mouse 1 1 weeks old and the

mouse was weighed and scored daily as described in chapter 3. When the mouse first

showed a significant weight loss with tail paralysis, MR images of the lumbar spinal

cord were acquired pre- (T2 and Tt) and post- (Tr) contrast enhancement as a single set

of slices (Figure 3.3C,D) using a quadrature surface coil as described in chapter 3 (the

molecular weight of Gd-DTPA is 550D). Immediately after imaging, Texas Red 3kD

dextrans (0.15g/kg, l0mg/ml- in PBS, lysine fixable, 1 rnole dye/mol dextran;

Molecular Probes, Eugene, OR) were injected into the left ventricle of the heart of the

mouse followed one minute later by cardiac-fixation using phosphate buffered

formalin. The region of the lumbar spinal cord that conesponded to the location of MR

slice positions was removed (Figure 4.4) and embedded into paraffin. Sections 6¡rm

thick were dewaxed in xylene to examine for regions of fluorescent dextrans. MR

image analysis of contrast-enhanced images was performed as in chapter 3 and showed
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there was an average enhancement of 70.2Vo across all slices at the initial stage of

disease.

Patches of red fluorescence were seen surrounding vessels at the periphery of

the spinal cord of the mouse at the initial onset of signs of disease (Figure 4.5). This

provides some histological evidence of BSB disruption at the beginning of disease

signs in EAE. The dextrans were in circulation for only one minute to allow minimal

time for diffusion in spinal cord tissue and to provide an indication of the regions of

BSB permeability. In the mouse examined, the regions of fluorescence were found in

the peripheral white matter of the spinal cord.

The gadolinium contrast agent had a longer circulation time of 10 minutes post

injection (the acquisition time of the contrast-enhanced T1-weighted images) compared

to the circulation time of one minute for the dextran tracers. The smaller molecular size

of Gd-DTPA (550D) relative to the dextrans (3kD) along with differing chemical

properties and the difference in circulation time are variables that may affect the

diffusion of these tracers across the BSB. These differences do not allow a direct

spatial comparison to be made between contrast enhancement and histological

fluorescence of dextrans; however, the MR contrast agent and the dextran tracers both

confirm the presence of increased BSB permeability at the periphery of the spinal cord.
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Figure 4.4, (A) The anatomical location that corresponds to the imaged region is within
the region of the kidneys. The arrow indicates where the imaged region began at the

rostral end the kidneys. (B) The spinal cord was removed and cut at the point where

imaging began and this lumbar segment of the cord was embedded into paraffin.
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Figure 4.5. (A) A histological cross section of the spinal cord of a mouse with EAE at
the onset of disease signs following intravenous dextran administration with
conesponding calculated difference image of contrast enhancement obtained
immediately prior to sacrifice. (B) and (C) show the regions where dextrans have
leaked from vessels into spinal cord tissue as outlined on the histological section and
calculated image in (A).
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CHAPTER V

MAGNETIC RESONANCE IMAGING OF BLOOD.SPINAL CORI)

BARRIER DISRUPTION IN MICE WITH EXPERIMENTAL

AUTOIMMLINE ENCEPHALOMYELITIS



5.l INTRODUCTION

The breakdown of the BBB or BSB may be an important event during the initial

stages of EAE. Increased leakage across the BBB may be due to an increase in

vesicular transport46'77'e2'l 
le o¡ the loosening of tight junctions between endothelial

cells.l2o There are conflicting reports regarding BBB disruption as a consistent

component in the development of EAE and in the sequence of events leading to the

development of signs of disease. Some studies have indicated that vasculal

permeability is a distinct event that precedes cellular infiltration,al '4s' Izt while other

studies found BBB permeability to be present only during inflammation.44'48's4'el 'e2

Though these observations may be dependent on the specific model of EAE, the role of

BBB permeability in the initial development and during the progression of the disease

is unclear. This question of whether vascular permeability precedes inflammation is

important to the understanding of lesion development, and may provide insights into

the course of the disease in humans with MS.

The MR contrast agent Gd-DTPA is commonly used to visualize regions of

BBB or BSB disruption using MR imaging. An intact BBB and BSB prevents the

movement of contrast agent from the blood into the tissue of the CNS. A disrupted or

"leaky" BBB on the other hand permits the movement of contrast agent from the blood

into the CNS. The resulting increase in proton relaxation rate and in the intensity of T¡-

weighted MR images then shows regions where the BBB is disrupted, and the degree of

contrast enhancement gives a measule of the relative BBB disruption at the time of the

MR examination. Clinically, lesions in the CNS of MS patients showing such contrast
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enhancement on MR images are often identified as active lesions, and in many cases

these lesions are found to conelate with clinical symptoms.8T'ea'e6 Enhancing lesions on

Tl-weighted MR images are often visualized before they can be detected on

conventional T2-weighted MR images in both MSe5'e7 and EAE.e2 A serial imaging

study of MS patients showed that all new lesions exhibited Gd-DTPA enhancement,

although not all of these were associated with clinical signs or symptoms.ea

Studies using genetically altered mice are providing new and important

information about many disorders of the CNS, including EAE and MSl22'123 and it is

important to have methods to follow disease progression in vivo in such mice. In

mouse, EAE often affects the spinal cord, and in particular the lumbar cord, rather than

the brain. MR methods have been used to document BBB disruption in EAE in rat

brainsl'54'56'59'12l'l2a and BSB disruption in the guinea pig spinal cord.el-e3'l le ln mouse,

BSB disruption has been investigated using histological methods36'55 btt not itt vivo.

The purpose of this study was to evaluate the utility of MRI in detecting lesions and

BSB disruption ln vivo during EAE in the mouse lumbar spinal cord, to determine how

MR features of BSB disruption change during the course of disease, and to investigate

the conespondence of such changes with clinical signs and histological features of

disease,
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5.2 MATERIALS AND METHODS

5.2.1 Induction of EAE and Scoring System

EAE was induced in 21 female C57BL/6 mice (Charles River Canada, Saint

Constant, Québec) between 8 and 11 weeks old. Control animals received either saline

alone (n=2) or the same preparations used for EAE induction but without MOG35-55

(n=3). Each mouse was weighed and scored daily as described in chapter 3.

5.2.2 MR Imagíng

Two sets of interleaved T2-weighted images of the lumbar spinal cord were

obtained during each imaging session followed by identically positioned Tr-weighted

images using a quadrature surface coil as described in chapter 3 with slice positioning

shown in Figure 3.34,B.

There were 28 imaging sessions for the 21 inoculated mice, with each mouse

examined at least once. Mice were examined with MR imaging before signs of disease

appeared (n=3), at the onset of disease signs (taken to be the day on which a disease

score > 0 or a loss of weight >19 was first observed; n=7), at peak disease (taken to be

the day on which weight loss ceased, shown in pilot experiments to occur within +1 day

of peak disease score; n=5), or at remission (when the disease score did not decrease for

3 consecutive days; n=10). Th¡ee of the mice examined at the onset of signs and one

mouse examined at peak disease were also examined during remission; the remaining 4

mice examined at onset of disease and 4 mice examined at peak disease were killed for

histology immediately following MRL The three mice examined before the appearance
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of signs of disease were also examined with MRI during remission. All 10 mice

examined at remission were killed for histology after MRI. Three mice did not develop

disease signs (classified as subclinical EAE), and each was examined with MR imaging

once, one on day 19 and two on day 25 post-inoculation, and then killed for histology.

Five control (non-inoculated) mice were also examined with the same MR imaging

protocol. The inoculated mice were not assigned to experimental groups before the

first signs ofdisease became apparent, but were randomly selected as disease developed

in order to satisfy the objective of establishing the utility of MR and demonstrating the

conespondence between histology and image features.

5.2.3 MR Image Analysis

The contrast enhancement within the spinal cord following Gd-DTPA was

quantified as described in chapter 3. Histograms of pixel intensity within the ROIs

were generated in order to determine the distribution of pixel intensities and as an aid in

selecting the region of the spinal cord where the pixels of greatest intensity were

located within each experimental group.

5.2.4 Tíssue Processing and Scoring of Inflammation

Mice were killed by perfusion-fixalion through the heart using phosphate

buffered formalin for histological examination after MR imaging at the onset of disease

(n=4), at peak disease (n=4), at remission (n=10), or at subclinical EAE (n=3). Because

one of the goals of the study was to obtain accurate correlations between imaging and

histological features, identifiable anatomic landmarks extemal to the spinal cord were
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required. The body was thus dissected to leave the kidneys and retroperitoneal tissue

attached to the spinal column with the spinal cord in situ (Figure 5.14). This tissue

block was decalcifred in 10% formic acid for 48 hours, with the solution replaced after

24 hours. When the bony tissues were soft, the tissue block was cut in cross sections

into three smaller blocks conesponding to the kidney anatomy that was visible on the

MR images (Figure 5.18).

Figure 5.1. (A) The spinal cord was kept in situ to allow anatomical comelations to MR
images (inset) with respect to the kidneys. (B) Tissue was cut into blocks prior to
paraffin embedding.

The blocks of tissue were then dehydrated and embedded in paraffin wax. Tissue

sections 6 ¡rm thick were cut, stained with hematoxylin & eosin (H&E), and examined

fol general features of inflammation. Only one tissue section was obtained from each

animal fol each staining method; however, each tissue section that was cut contained a

cross section from three levels of the spinal cord. Sections stained with biotin-
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conjugated anti-mouse IgG (1:50; Jackson ImmunoResearch Laboratories, West Grove,

PA) followed by incubation in diaminobenzidine (DAB) were used to identify regions

of plasma leakage through disrupted BSB. IgG labeling within the kidney served as a

positive control. Activated microglia./macrophages were detected using biotin-

conjugated Griffonia simplicifolia 1 (GS) lectin (1:100; Sigma-Aldrich, Saint Louis,

MO) and visualized using DAB. Lectin labeling in bone marrow cells and endothelial

cells of blood vessels served as a positive control. Sections were stained for myelin

using solochrome cyanine, differentiating in 107o iron alum and counterstaining with

eosin Y.

Tissue sections stained with H&E and with lectin were scored for

inflammation.l la A score of 0 represented no inflammatory cells, 1 indicated small foci

of subarachnoid infiltration, 2 represented widespread subarachnoid infiltration, 3

represented foci of inflammatory cells within the periphery of the spinal cord, and 4

represented a more diffuse pattem of inflammatory cells within the spinal cord. In

sections stained for myelin, a score of 0 indicated normal staining of myelin within

nerve roots and a complete ring of staining within the periphery of the spinal cord, 1

corresponded to rare foci of reduced staining, 2 indicated prominent multifocal or

peripheral ring loss of myelin staining, and 3 represented complete loss of myelin

staining.

5.2.5 Statistical Analysis

Data from each group of animals are reported as mean + standard enor of the

mean (SEM). Parametric data (percent enhancement) were compared statistically using



analysis of variance (ANOVA) followed by Bonfenoni./Dunn post hoc test, whereas the

Kruskal-Wallis test followed by post hoc unpaired t tests were used for non-parametric

data (histological scores). Statistical significance was considered to be at p < 0.05.



5.3 RESTJLTS

Three of the 2l inoculated mice did not develop any signs of disease, while the

othe¡ mice began to show signs of disease on day 8-14 post-inoculation (Figure 5.2).

Typically a drop in weight of 1g or more was accompanied by tail weakness as the first

sign of disease. Animals exhibited peak disease score 2-8 days after disease onset or

10-18 days post inoculation, usually with complete hindlimb paralysis and occasional

forelimb weakness. At remission the mice had regained substantial use of all limbs.

Only one animal showed a modest subsequent increase in disease score before being

killed for histology, This disease progression is similar to that seen in other studies

using this animal model.III'll2 l14
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The animals that exhibited signs of disease were imaged within 24 hours of

onset, at peak disease, or when in remission, as indicated on Figure 5.2. No focal

lesions were evident on T2-weighted MR images obtained at any stage of disease,

although the lumbar spinal cord was clearly distinguished from nearby nerve roots and

sunounding CSF on T2-weighted images (previously shown in Figure 3.4). No contrast

enhancement was seen in MR images of the spinal cord obtained before the onset of

signs of disease in affected mice, in control mice, or in inoculated mice that did not

develop signs of disease. Contrast enhancement was clearly seen in the lumbar spinal

cord in mice exhibiting signs of disease (Figures 5.3, 5.4). This enhancement took the

form of a pronounced ring at the periphery of the cord, with lower enhancement

extending throughout the cord. The contrast enhancement within the cord tended to be

greater in peripheral regions, suggesting greater BSB disruption in white matter than in

the grey matter of the cord. ln this study, even in highly T2-weighted MR images grey

matter was not distinguished from white matter at the level of the lumbar spinal cord,

although they were clearly distinguished at rnore anterior levels. It was therefore not

possible to evaluate contrast enhancement quantitatively in lumbar cord white and grey

matter separately. Across the entire lumbar spinal cord, however, at the onset of

disease signs, the average contrast-induced intensity increase for the 6 slices examined

was 60Va (Figure 5.4). The contrast enhancement was significantly lower at peak

disease, about half that seen at the onset of disease signs (Figure 5.4), and the increased

enhancement at the periphery of the cord and in the white matter was less evident

(Figure 5.3). Animals in remission showed little enhancement within the spinal cord.
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There was no difference between mice examined by MRI only at disease remission, and

those examined both at an earlier stage of disease and again at remission.

Figure 5.3. Representative sets of calculated contrast-enhanced images (A to D),
obtained from the MR data acquired over the interval 0-10 minutes after contrast
administration, shown as maps of 7o intensity increase for (A) a healthy mouse, (B) a

mouse at the initial stages of disease, (C) a mouse at the peak of disease, and (D) a

mouse in remission. The ROI defining the spinal cord is shown for one image of each
set. In (B), anows point out the ring of high contrast enhancement at the cord surface
in one of the images. The sets of pre- and post-contrast-enhanced T¡-weighted images
(Al and A2 respectively) that were used to calculate the images from the healthy
mouse in (A) are also shown,
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Figure 5.4. The average t SEM across the 6 slices examined in this study for the 7o

intensity change in Tr-weighted MR images of the lumbar spinal cord following Gd-
DTPA administration in a) control mice (n = 5), b) mice showing initial signs of EAE
(n = 7), c) mice at peak disease (n = 5), d) mice in remission (n = 10), and e) mice with
subclinical EAE (n = 3). * differs from all other groups (p < 0.001) # differs from
control (p < 0.05).
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Histograms of pixel intensity in the contrast-enhanced MR images of the spinal

cord (Figure 5.5) showed a symmetrical distribution about zero for control animals and

animals in which disease was in remission. In the case of animals showing signs of

disease, the intensity distribution was distinctly asymmetrical with values tailing off to

higher intensities, and the peak intensity was significantly shifted away from zero. By

selecting only the upper 507o of total pixels, the location of the pixels of greatest

intensity was clearly shown to be in the peripheral white matter of the spinal cord

(Figures 5.5). No focal lesions showing contrast enhancement were identified in any

mice at any stage of disease. No enhancement was seen in the nerve roots at any stage

of the disease.

Features of inflammation were charactelized on histological sections stained

with H&E and with lectin staining. Inflammatory cells were not present in the spinal

cords or nerve roots of control mice (Figure 5.6), The nerve roots and periphery of the

cord stained blue with solochrome cyanine, indicating the presence of myelin. Mice

sacrificed at the initial stage of disease exhibited foci of dense inflammatoly cell

infiltrates at the periphery of the cord in regions surrounding vessels on both H&E and

lectin stained slides (Figure 5.6). The aggregated cells were small and round,

morphologically consistent with lymphocytes. At peak disease inflammatory cells were

also evident as dispersed infiltrates in the spinal cord (Figure 5.6). Prominent areas of

decreased myelin staining were observed at disease onset and at peak disease, whereas

a mild diffuse decrease in staining was observed at remission. The amount of

inflammation present at remission was significantly reduced and quite variable. A few

lectin-positive cells were found scattered in some nerve roots in seven of the ten mice
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Figure 5.6. Histological sections stained with H&E (for general featu¡es of inflammation), lectin (activated microglia and

macrophages), IgG (BSB leakage), and solochrome cyanine (myelin) for representative control mouse, a mouse showing
first signs of disease, a mouse at peak disease, and a mouse in remission. The corresponding contrast enhancement maps of
the spinal cords are shown for each case.
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killed at remission. Histological scores representing the degree of cellular infiltration

apparent on sections stained with H&E and lectin are summarized in Figure 5.7. The

scores at the onset of disease signs and at peak disease each differ significantly from the

scores both at remission and for subclinical EAE.

Weak labeling of IgG was found in a wedge-like peripheral distribution in three

of the four mice examined at the initial stages of EAE. These areas corresponded to

regions ofdense inflammatory cell infiltrates (Figure 5.6). No positive staining for IgG

was observed in spinal cord tissue of mice killed at peak disease or in remission,

although spinal cords of animals killed at peak disease appeared to have more

vacuolated white matter, suggesting an edematous state.

70



I initiatsigns

@ peak disease

I remission

@ subclinical EAE

H&E lectin myelin

Figure 5.7. Histological scores (t SEM) for H&E (for general features of
inflammation), lectin (activated microglia and macrophages), and solochrome cyanin
(myelin) for mice at the different stages of disease. Scores for control mice were 0 in
each case. In each case the score at the initial signs of disease (n=4) differs fi'om that at
remission (n=10; p<0.05) and for subclinical EAE (n=3; p<0.01), the score at peak
disease (n=4) differs from that at remission (p<0.01 for H&E and lectin and p<0.05 for
myelin) and for subclinical EAE (p<0.01).



5.4 DISCUSSION

In this study, the use of a stable tail vein catheter allowed the intravenous

administration of a MR contrast agent (Gd-DTPA) while avoiding repositioning of the

experimental animals. The same amount of contrast agent was administered to each

mouse, and T¡-weighted images were acquired with the same pulse sequence and at the

same time after administration of contrast agent in each MR examination. This then

made it possible to generate precisely corresponding sets of pre- and post-contrast

images, and allowed the calculation of reliable values for the contrast enhancement,

expressed herc as 7o difference in the intensity in Tr-weighted MR images obtained

before and after administration of the contrast agent, Since the change in relaxation

rate and hence the contrast enhancement is proportional to the contrast agent

concentration in tissue, the relative contrast enhancement gives a relative measure of

the BSB permeability within the mouse lumbar spinal cord during the progression of

EAE.

The first sign of disease in this model of EAE occurred 8-14 days after the first

MOG inoculation as a drop in weight of the experimental animals. In most animals this

was accompanied by tail weakness, although since the animals were observed for signs

of disease only once per day it is possible that with more frequent monitoring a drop in

weight would have been found to plecede functional impairment in these animals as

well. Contrast enhancement in the MR images, and hence BSB disruption, was

maximum at this first stage of disease, and decreased progressively when the disease

signs reached their peak and subsequently resolved. ln mice examined before the onset
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of signs of disease, or in inoculated mice that did not show signs of disease, no contrast

enhancement was evident in the MR images, indicating that the BSB was intact in these

animals, It was not possible to obtain contrast-enhanced MR images immediately prior

to the appearance of disease signs to determine if contrast enhancement and BSB

disruption precedes the onset of disease because daily (or more frequent) MR imaging

post-inoculation would be required. This is impractical and it is possible that repeated

anesthesia could alter the disease progression. However, MR images obtained in some

mice as little as two days before the appearance of clinical disease signs showed no

contrast enhancement. The results of the histological staining for IgG are consistent

with pronounced BSB disruption in the early stages of disease. Traces of IgG were

observed surrounding peripheral vessels only at these early stages of EAE, indicating

that the breakdown of the BSB is then severe enough to allow the relatively large IgG

molecules (M = 150kD) to extravasate. At the maximum disease stage and in mice in

remission no IgG staining was evident in the histological sections, consistent with the

BSB being less severely disrupted at these times. Since contrast enhancement was

clearly evident in the MR images taken at the time when disease symptoms were

maximum, the BSB must be sufficiently disrupted to allow movement of contrast agent

into the spinal cord tissue at this stage of disease. Since no histological evidence of

BSB disruption was apparent in mice killed immediately after MRI at this stage of

disease, the use of contrast-enhanced MRI to detect BSB disruption appears to be more

sensitive than histological measures which detect relatively large blood-bome

molecules such as IgG.
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Dismption of the BBB and BSB in the eally stages of disease, as observed in

this study, is a feature common to other EAE models, although the subsequent time

course of the disruption may vary with the model. ln the Lewis rat contrast

enhancement in the CNS and immunohistochemical staining for fibrinogen

corresponding to BBB and BSB disruption are coincident with the onset of disease

signs.l2lWhilenosubsequentdecreaseinenhancementwasobservedduringremission

in one study using this model,l2l in another study a significant decrease in contrast

enhancement between the acute and remission stages of disease was observed.s9

Histological studies showed that in the rat lumbar spinal cord BSB disruption precedes

clinical signs of disease by about 1 day, although the disruption is sufficient to allow

permeability to only small molecules and not to blood-bome proteins.al Similarly, in

the guinea pig, contrast enhancement in the spinal cord is seen before the onset of

disease signsel'e2 as well as during disease.aT'e3 Early breakdown of the BSB or BBB

appears to be a good indicator of subsequent disease development.

Both in the early stages of disease and at peak disease, contrast enhancement

occurred throughout the spinal cord at the level examined in this study. No focal

regions of enhancement were apparent at the spatial resolution obtained in this study

(98¡.rmx98¡rmx750pm). A histogram analysis of the enhancement within the spinal

cord, represented as a percent increase in intensity, identified an asymmetrical

distlibution ofpixel intensity. By isolating the pixels with greatest enhancement it was

observed that the enhancement was clearly more pronounced in the outer regions of the

spinal cord at both stages of disease, and in addition a distinct ring of tissue with high

contrast was evident at the periphery of the cord. This suggests that the BSB
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breakdown occurred predominantly in the white matter or on the surface of the spinal

cord. Subsequent diffusion of the contrast agent during the post-contrast imaging

procedure may have contributed to the appearance of enhancement throughout the cord,

including in the grey matter where no inflammatory infiltrate was evident. I¡deed, a

pilot experiment previously described in chapter 4 showed that post-contrast images

obtained over the following 10 minute interval (ie acquired over the interval 10-20

minutes after contract administration) showed more uniform enhancement across the

spinal cord,

At the time the first signs of disease became apparent in this study, histological

assessment of spinal cord tissue showed foci of inflammatory cells surrounding vessels

at the periphery of the spinal cord. Spatially, these features comesponded to the regions

of contrast enhancement, and hence BSB disruption, seen on MR images at the

periphery of the spinal cord and in the white matter. ln EAE in the guinea pig spinal

cord, contrast enhancement occurs together with inflammatory infiltrates at a similarly

early disease stage,e2 although in the chronic phase of disease the enhancement is lower

in regions where demyelination accompanies cellular infiltrates.e3 In the Lewis rat

BBB leakage is present only in regions where cellular infiltrates are evident,s4'77

although inflammatory infiltrates are also seen in areas of the brain which do not show

contrast enhancement.s6 Other studies, however, have found that the BBB is disrupted

prior to the onset of inflammation.ol'45''21 While disruption of the BBB or BSB is not a

pre-requisite for CNS inflammation,l2s'126 BSB disruption synchronous with, or earlier

than, inflammation may indicate that BSB disruption affords an additional mechanism
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for inflammatory cells to access the CNS. Further studies are required to examine this,

or to test the possibility that CNS inflammation contributes to BBB and BSB damage.

In the present study, prominent regions of myelin loss were observed in the

spinal cord at the onset of disease signs and when these signs were at a maximum, and

the myelin loss decreased and was more diffuse when the disease signs resolved. The

time course of myelin loss during the progression of the disease therefore conesponded

quite closely with the time course of inflammatory infiltrates. This differs from EAE in

the guinea pig, where myelin loss in the spinal cord is prominent only in the chronic

stage of disease.e3 At this disease stage contrast enhancement on MR imaging is lower

in demyelinated white matter containing inflammatory infiltrates than in regions

containing only cellular infiltrates without demyelination.e3 ln mouse spinal cord, on

the other hand, the present study found that the contrast enhancement decreased at peak

disease, while demyelination and inflammation both remained high. This suggests that

ongoing inflammation resulted in progressively increasing tissue injury leading to the

observed functional impairment. The decrease in BSB permeablility may be an early

indication of progression to disease lemission in this model, at which time

remyelination has occurred and the amount of inflammation has decleased. The almost

complete absence of disease signs at remission suggests as well that to a considerable

extent the tissue injury was not permanent in this model of a single disease episode.
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CHAPTER VI

BLOOD-BRAIN BARRIER DISRTJPTION IN CCL2

TRANSGENIC MICE DT]RING PERTUSSIS TOXIN-INDUCED

BRAIN INFLAMMATION
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6.l INTRODUCTION

The chemokine CCL2, previously known as monocyte chemoattractant protein

(MCP)-1, has a role in the recruitment of inflammatory cells into the cNS.127'128 CCL2

is expressed within active and chronic MS lesionsl2E-13l and there are decreased levels

in the CSF of MS patients.r2s'r32'r 33 Mice lacking CCR2, the receptor for CCL2, are

resistant to the development of EAE following induction.l3a'l3s These mice do not

show an increase in the production of proinflammatory chemokines and fail to develop

CNS inflammation and signs of disease.l3a CCL2 levels increase before signs of

disease begin and reach a maximum at the peak of disease signs in a læwis rat model of

EAE.|36 Astrocytes are believed to be the major source of CCL2 in MSl30'l3l and

EAE.r37 The role of CCL2 in the initiation and progression of MS and EAE is

important, but not clearly defined.

BBB breakdown is often found in MS lesions with active inflammation and can

be visualized using Tt-weighted contrast-enhanced MRI. The MR contrast agent Gd-

DTPA is used to detect BBB breakdown as it does not move through an intact BBB. A

signal increase on Tl-weighted MR images due to contrast enhancement is therefore

known to correspond to a disrupted BBB. Loss of BBB integrity is an early event in

MS lesion development, often preceding changes on other conventional MR imageses'e7

and therefore is an important event in the initiation of the disease. The number of Gd-

enhancing lesions in the CNS of MS patients has been used as an indicator of disease

severity and an outcome measure during treatment in clinical trials.88 EAE studies have

shown histologically with the use of tracers4l'4'47 and with contrast-enhanced
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MRl54'el'e2'l2l that opening of the BBB is an early event in the development of the

disease, though the exact mechanism that causes BBB disruption is cunently unknown,

lnflammatory cells accumulate in the perivascular space between the endothelium

and astrocytic foot processes of the BBB in transgenic mice that overexpress CCL2 in

the CNS under control of a MBP promoter.l38'l3e Transgenic mice that overexpress

CCL2 show weight loss and infiltration of leukocytes across the BBB following PTx

administration.r38 The development of MS is believed to have a genetic componentl2

and in this animal model the susceptibility to an environmental toxin increases by

genetically upregulating CCL2.l38 Similar observations of CNS inflammation were

observed following PTx and CFA administration when CCL2 was overexpressed in

astrocytes.l40 PTx is k¡own to increase the permeability of the BBB in animal models

of EAE and results in more severe course of disease.3T'll3 Results from a previous

study provided evidence to support the actions of PTx on endothelial cell plasticity

tlu'ough the promotion of angiogenesis.la¡

The integrity of the BBB in mice overexpressing CCL2 in the CNS pre- and post-

PTx compared to wild type mice is cunently unknown. Information regarding the

relative BBB permeability in this model of inflammation may provide insights into the

individual and combined effects of CCL2 upregulation and PTx administration, and

thus the overall mechanism of inflammation. This study uses T¡-weighted contrast-

enhanced MRI to detect the relative extent and time course of BBB permeability in PTx

and vehicle treaied CCL2 transgenic and wild type mice.
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6.2METHODS

6.2.1 Animøl Model

Female and male 11-13 week old transgenic mice (supplied by the University of

Southem Denmark) overexpressing CCL2 in the CNS, under control of a MBP

promoter,l3s'l3e were given a single intraperitoneal injection of PTx (Cedarlane

Laboratories, Homby, ON) at doses of l0¡tglkg (n=8) or 2ÙVelke (n=7). PTx stock

solution (sOpg/ml- in PBS) was diluted to lgg/ml or 4tglrnJ using Hanks' balanced

salt solution (HBSS; Invitrogen Corporation, Burlington, ON) for doses of 10¡rg/kg or

2lqglkg respectively. Transgenic mice that were administered the equivalent volume

of HBSS (n=7) served as controls. Similarly, a group of female and male wild type

B6D2F1 mice 1l weeks old (Charles River Canada, Saint Constant, QC) were given an

injection of either lOpg/kg PTx (n=6), z}pelke PTx (n=5), or HBSS (n=5). The

B6D2F1 mice are a cross between a female C5'18U6 mouse and a male DBA,/2 mouse

and the most appropriate control strain for this experiment, since the transgenic mice

were generated by injecting transgenes into the eggs from a cross between C5'1BU6J x

DBA./2 mice as previously described.l3e All mice were weighed, monitored daily, and

housed in pathogen-free conditions with fiee access to food and water. All animal

procedures were approved by the Institutional Animal Care Committee at the

University of Manitoba,
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6.2.2 MR Imagíng

T2-weighted MR images and Tr-weighted contrast-enhanced MR images of the

brain were obtained using a quadrature volume coil as described in chapter 3 (slice

positioning shown in Figure 3.3E,F). The animals were examined with MR imaging

pre-PTx/HBSS injection and at days 1, 3, and where possible at day 5 post injection.

Approximately half the transgenic and wild type did not have an imaging session at day

5 post-PTx/HBSS administration due to technical problems with the MR spectrometer.

6.2.3 MR Image Analysis

The T2-weighted images obtained were used to define the ROI of the brain

(previously shown in Figure 3.5) and the contrast enhancement on T¡-weighted images

was quantified as described in chapter 3. The ROIs were superimposed onto the

calculated difference images of percent enhancement to obtain the number of pixels

above the selected intensity threshold of 20o/o w\th\n the ROI (Figures 6.1 and 6.2).

Histograms of the number of pixels within the ROI on percent enhancement images of

the brain versus intensity showed a nonnal distribution with the number of pixels

centered on zero intensity and typically ranging between + 207o intensity in wild type

mice and transgenic mice receiving HBSS or before PTx injection. This range in

intensity was likely due to random noise and motion artifacts on the T¡-weighted

images. Histograms of transgenic mice following PTx administration showed a

distribution that is skewed to higher intensity (Figure 6.2C) with a range of intensities

extending pasÍ 20Vo. An intensity threshold of 20Vo was selected in determining the

number of pixels that most likely had an increased intensity due to BBB disruption. An
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average histogram was also generated for each slice in transgenic and wild type

mice pre-PTx/[IBSS by plotting the average number of pixels across all transgenic or

wild type mice at each percent intensity.

Figure 6.1. (A) Calculated image of percent enhancement (fourth slice from the

anterior end of the brain; 12mmx12mm) taken from a transgenic mouse pre-PTx
injection and (B) selecting only the pixels with 207o enhancement ol above located
within the ROI. (C) Conesponding histogram of the percent intensity within the ROI.
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Figure 6.2. (A) Calculated image of percent enhancement (fourth slice from the
anterior end of the brain; 12mmx12mm) taken from a transgenic mouse 5 days post
2\ttglkg PTx injection and (B) selecting only the pixels with 207o enhancement or
above located within the ROI. (C) Comesponding histogram of the percent intensity
within the ROI indicating the threshold used to select enhancing pixels.
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6.2.4 Ti s sue P rocessing

After the last imaging session on day 5 post-PTx,/HBSS injection, a solution of

0.25gkg of 70kD dextran conjugated to fluorescent Texas Red (25mglml- in PBS,

lysine fixable,3 moles dye/mol dextran; Molecular Probes, Eugene, OR) was injected

into the left ventricle of the heart of each mouse. After one minute the mice were

perfusion-fixed using phosphate buffered l07o formalin. The imaged region of the

brain was sliced into four sections 2mm thick (Figure 6.3). Brain sections were then

embedded into paraffin and tissue sections 6Fm thick were cut onto glass slides.

Laminin was detected by incubating sections ovemight using anti-laminin (1:50; rabbit

polyclonal antibody Ab-1; NeoMarkers, Fremont, CA) followed by biotin-conjugated

secondary antibody, streptavidin-peroxidase, and DAB. Sections were incubated with

anti-GFAP (1:250; rabbit polyclonal antibody; DakoCytomation, Mississauga, ON) to

detect astrocytes followed by staining for 30 seconds using 4',6-diamidino-2-phenyl

indole (DAPI; 1:1000; Sigma, St. Louis, MO) to visualize nuclei. Sections were

stained with H&E to visualize general histological features.

6.2.5 Statistical Analysis

Data were repoÍed as mean + SEM. The percent of pixels above 20Vo increased

enhancement on calculated difference images and the percent change in weight between

transgenic and wild type mice before and after PTx./HBSS administration were

compared statistically using ANOVA followed by Fisher's PLSD post hoc test.
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Figure 6.3. The imaged region of the brain (A) was removed from the skull (B) and cut
into 2mm coronal tissue sections for paraffin embedding (C, D).

85



6.3 RESULTS

6.3.1 MR Imaging

A set of 8 coronal T¡-weighted images of the brain was obtained (pre- and post-

contrast enhancement) from each mouse at imaging sessions before and 1, 3, and where

possible 5 days after HBSS or PTx injections. One transgenic mouse that received an

initial dose of 20¡tgk g PTx died under anesthetic during imaging on day 3 and a

second transgenic mouse that received an initial dose of 10pg/kg PTx died

spontaneously on day 5.

Focal areas of enhancement were scattered throughout coronal brain slices of

CCL2 transgenic mice that had been injected with PTx (Figures 6.4, 6.58).

Enhancement was observed predominantly in basal areas of the brain and surrounding

the ventricles with fewer regions of enhancement in the cortex. The number and area

of focal enhancements increased in more posterior brain slices with greatest

enhancement in the midbrain and very little enhancement in the frontal lobes (Figure

6.5). No focal enhancement was observed on contrast enhanced Tl-weighted images

within the brains of CCL2 transgenic mice that were administered HBSS or wild type

mice that were administered either dose of PTx or HBSS (Figure 6.4).

A relative measure of BBB disruption over time was determined quantitatively by

calculating the percentage of pixels with a contrast enhancement above 2O7o within the

brain on calculated percent difference images. Only the posterior six slices were used

to calculate the number of pixels above the 20Vo intensity threshold because the slices

located more anterior had generally very little contrast enhancement. PTx
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administration of either dose in CCL2 transgenic mice caused an increase in contrast

enhancement that was maximal at day 3 (Figure 6.6). Following the administration of

low and high dose PTx, there was a significant increase in the area of enhancement

above 2OVo (p < 0.01 and p < 0.005 respectively) within the brain at day 3 post-PTx

relative to HBSS (Figure 6.6). No significant differences were found between groups

of CCL2 transgenic mice pre-PTx/HBSS administration and following HBSS

administration ât days l, 3, or 5 or between wild type mice pre- and post-PTx/HBSS.

Pre-PTx/HBSS injection there was a significant difference (p<0.0001) in the percentage

of pixels with an enhancement greater than 207o between transgenic and wild type

mice, though this could not be observed visually from the calculated percent difference

images. The difference in the area of enhancement with intensity greater than 20Eo

between wild type and transgenic mice receiving HBSS was constant and did not vary

significantly with time. Average histograms from transgenic mice pre-PTx,/HBSS

showed greater asymmetry with more skewing to higher intensities than wild type mice

(Figure 6.7).
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Figure 6.4. Representative coronal calculated difference images of contrast
enhancement (l2mmx12mm) of the fourth anterior slice taken from wild type and
transgenic mice that were administered HBSS, lOpg/kg PTx, or 2Opglkg PTx. MR
images were obtained pre-injection, days 1, 3 and 5 post-injection from the same
animal.

88



A60
*
R*.50
oÊ
à940
iË30õq
ËÈ 20

o 10
-oo\

0

r wt postPT*/HBSS

tr tg HBSS

@ tg low PTx

ølghighP'lx

45
SLICE

I

ffi
ffi

B ffiffiffi
ffiffiffi

Figure 6.5. (A) The percentage of enhancing pixels within each brain slice that have an
intensity of 207o or greater at day 3 post injection. (B) A complete set of calculated
difference images obtained from a transgenic mouse following 20¡r g/kg PTx on day 3.



A

le

Pre Day 1 Day 3 Day 5

Figure 6,6, The percentage of pixels in the posterior 6 slices of the brain showing a

20Vo or greater increase in intensity on calculated percent enhancement images for (A)
wild type and (B) transgenic mice pre-injection and days 1, 3 and 5 post HBSS, post
lOpg/kg PTx, and post 2Opglkg PTx.
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6.3.2 Clinical Signs

There were no significant differences in the change in weight between any of the

groups of mice at day I post-PTx/HBSS injection (Figure 6.8). Subsequently, a loss in

weight was observed only in CCL2 transgenic mice after PTx injection, with greater

losses in mice receiving the higher dose. At days 2, 3, 4, and 5 post-PTx/HBSS

injection there was a significantly greater loss in weight in CCL2 transgenic mice

injected with PTx at either dose compared to wild type mice (for low dose PTx:

p<0.005, p<0.01, p<0.0005, p<0.001 respectively and for high dose PTx: p<0.0001 at

each day) as well as in transgenic mice that received either dose of PTx compared to

transgenic mice that received HBSS (for low dose PTx: p<0.05 at each day and for high

dose PTx: p<0.005 at day 2 and p<0.0005 at days 3 to 5). Changes in weight were not

significantly different between CCL2 transgenic mice injected with HBSS and wild

type mice at any time point (Figure 6.8). A significant dose dependent difference in

weight loss was present between transgenic mice that received the high and low doses

of PTx at days 3 (p<0.05) and 4 (p<0.05). The largest drop in weight was at day 5 in

transgenic mice that were administered the low dose PTx (average 5.5Vo) and the high

dose PTx (avelage 9.6Vo) On average, the trend was that transgenic mice receiving the

high dose PTx lost twice as much weight as transgenic mice receiving the low dose

PTx (Figure 6.8).
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6.3.3 Histology

Mice were perfusion-fixed following the last imaging session and tissue

sections of the brains were examined for inflammatory cell infiltrates on H&E stained

sections. Sites of BBB opening were revealed by the presence of fluorescent dextrans,

which were observed by epifluorescence microscopy. Large numbers of inflammatory

cells and fluorescent dextrans were observed within the perivascular spaces of veins in

the brains of all CCL2 transgenic mice (Figure 6.9). These inflammatory cells

surrounded veins in the cerebral cortex, striatum and white matter, as well as large

veins in the medulla and cerebellar white matter. Inflammatory cells were prominent in

the subarachnoid space surrounding large veins and followed along their supelficial

sites of penetration. However, not all the large vessels were surrounded by

infiammatory cells in the perivascular space, rather the inflamed vessels were randomly

distributed.

Following PTx administration, inflammatory cells were observed within the

brain parenchyma sumounding veins in CCL2 transgenic mice. Fluorescent dextrans

were also present in the parenchyma (Figure 6.9). ln transgenic mice that leceived

HBSS, inflammatory cells remained confined to the perivascular space with no

evidence of dextans in brain parenchyma (Figure 6.9). Transgenic mice that received

an injection of either PTx or HBSS showed fragmented nuclear debris among the

inflammatory cells suggesting that approximately lOVo of the inflammatory cells were

apoptotic. Based on nuclear morphology approximately 5o/o of the infiltrated cells were

neutrophils. No inflammatory cells were observed within the perivascular space of

brain sections of wild type mice following PTx or HBSS (Figure 6.9).
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Figure 6.9. Histological sections stained with H&E to obserue general features of
inflammation and conesponding unstained sections to visualize regions of fluorescence
due to dextrans sunounding blood vessels. Sections were taken from representative
wild type and transgenic mice following HBSS or PTx administration and conespond
to the final imaging session on day 5 post injection.



Histologically identifiable perivascular inflammation corresponded well to sites

of Gd-DTPA enhancement on the MR images. However, the distribution of these cells

and the spread of dextrans were much more confined than the areas of MR

enhancement (Figure 6.10). Staining for nuclei with DAPI confirmed the presence of

large numbers of inflammatory cells within the perivascular space. The endothelial

banier was visualized by staining for laminin and dextrans were present across the

endothelial banier in all groups of transgenic mice (Figure 6.11C). The overlay of

GFAP immunolabeling with fluorescent dextrans around inflamed vessels of the brains

from CCL2 transgenic control mice showed that dextrans were confined to the

perivascular space, i.e. they did not cross the astrocltic banier. However, in transgenic

mice that received PTx, dextrans moved beyond the astrocytic banier (Figure 6.114,8).
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Figure 6,10. (A) A histological coronal section of the brain (6¡rm thick) of a CCL2
tlansgenic mouse at day 5 following the administration of 2O¡rg/kg PTx stained with
H&E for general features of inflammation (anows indicate aggregates of inflammatory
cells) and (B) the conesponding calculated contrast-enhanced percent difference MR
image (750¡rm slice thickness). (C) The inflamed vessel outlined in (A) at a higher
magnification shows leaking dextrans, which corresponds to the focal area of
enhancement seen in (B).
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Figure 6.11. (A) A histological section of a vessel that is leaking dextrans with
corresponding staining for GFAP and DAPI from a CCL2 transgenic mouse that was
administered 2Opg/kg PTx. An overlay of dextrans and GFAP indicates that the
dextrans have moved past the astrocytic banier. (B) The same assessment of a

histological section of a non-leaking vessel shows dextrans confined to the perivascular
space. (C) A similar histological section taken from a CCL2 transgenic mouse that was
administered 10p/kg PTx stained for laminin shows that the corresponding dextrans
have crossed the endothelial banier as seen in the overlay image.
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6.4 DISCUSSION

The breakdown of the BBB and the presence of CCL2 are both known to have a

role in the initiation of disease signs in EAE and MS. Therefore, the effects of

upregulated CCL2 before and after PTx injection was studied in this model using T¡-

weighted contrast-enhanced MRL As previously described, the upregulation of CCL2

within the CNS caused inflammatory cells to cross the endothelial cell barrier and

accumulate within the perivascular space of vessels in the brain;138 however, these mice

did not show any clinical signs ofdisease. In this study, contrast-enhanced MR images

did not show any evidence of BBB breakdown and histological examination of tissue

sections did not show the presence of dextrans in the CNS parenchyma outside vessels

in mice with upregulated CCL2.

In a previous study of mice with EAE using electron microscopy, there was no

evidence of loss of integrity of the BBB during leukocyte migration.r2s These

observations provided supporting evidence for a transcellular migration pathway across

the endothelium with tight junctions remaining intact. Considering a paracellular

migration pathway, CCL2 has been found to have a role in the alteration of tight

juncrions in the endothelium both in vitro and in vivo.r42-re A decrease in the

expression of the tight junction proteins occludin, claudin-5, ZO-I, and ZO-2 were

observed following intracerebral injection of CCL2 in mice.la3 The effects of CCL2 on

a BBB co-culture model with astrocytes showed increased banier permeability when

endothelial cells were CCR2*/* and astrocytes CCR2-/-, but not when endothelial cells

were CCR2J- and astroc¡es CCR2*/*.143 These results suggest that CCL2 specifically
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acts on the endothelium to cause increased BBB permeability. In our animal model, no

signs of BBB disruption could be visualized on calculated contrast-enhanced MR

images where inflammatory cells crossed the endothelium and accumulated in the

perivascular space. The presence of CCL2 alone was not enough to cause an

inflammatory response into the CNS and complete BBB breakdown. However,

histograms obtained from calculated images of contrast enhancement showed subtle

asyrnmetry in the curves from wild type and CCL2 transgenic mice pre-PTxÆIBSS

with greater skewing to higher intensities in the transgenic mice. This suggests an

accumulation of Gd-DTPA contrast agent within the perivascular space surrounding

vessels in transgenic mice, which cannot be visualized on the calculated images. The

distribution asymmetry with slight skewing to higher intensities observed on the

average histograms in wild type mice may be due to the presence of the contrast agent

in the blood stream. The presence of fluorescent dextran accumulation in the

perivascular space in CCL2 transgenic mice before the administration of PTx or HBSS

confirms that the endothelial banier is permeable to the tracer; however, dextrans were

not found to cross the astrocytic banier. The more confined spread of dextrans in

comparison to the areas of MR enhancement, suggests either greater sensitivity using

MR imaging or greater diffusion of the smaller molecule used for MR contrast. These

observations fi'om histology and contrast-enhanced MR imaging indicate increased

perrneability through the endothelial banier while the astrocytic banier remains intact

and prevents the movement of inflammatory cells, dextran tracer, and Gd-DTPA

contrast agent into the brain parenchyma.
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Wild type mice following PTx administration did not show any signs of BBB

disruption. Previously, PTx caused increased permeability to horseradish peroxidase

tracer in a monolayer of brain capillary endothelial cells.la5 Enhanced leakage across

the microvasculature in mice due to PTx was also observed following histamine

administrationla6'147 as well as during the onset of EAE.lai However, in a previous

study of a SJ[-/J mouse model of EAE, the group of mice that only received PTx did

not show any indications of BBB permeability.3T

When PTx was injected into CCL2 transgenic mice, inflammatory cells

infiltrated into the brain tissue surrounding blood vessels and dextran tracer had leaked

into the brain parenchyma. The maximum area of focal enhancements on contrast-

enhanced MR images was found to be at day 3 following both doses of PTx in CCL2

transgenic mice, suggesting a transient BBB opening in this model. BBB opening

begins to resolve by day 5. Only the combination of PTx and the overexpression of

CCL2 in the CNS resulted in increased contrast enhancement and weight loss in this

model indicating that both genes and the environment play a role in the initiation of

BBB permeability and infiltration of inflammatory cells into the CNS. The

perivascular cuffing of inflammatory cells increased the susceptibility of mice to weight

loss and CNS inflammation. This is relevant to MS, as a genetically predisposed

individual may be more prone to disease onset following an environmental stimulus.

This may plovide insight into the mechanism needed to disrupt the BBB.

Metalloproteinases are known to degrade the extracellular matrix components of

the BBB, and metalloproteinase genes were previously, MMP-8 and MMP-10 were

found to be significantly upregulated in this CCL2 transgenic mouse model following
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PTx administration.l3s This occurs along with an increase in proinflammatory

cltokines IL-lp and TNF-c, which have been shown to play a role in leukocyte

migration into the CNS.I3E CCL2 transgenic mice showed increased levels of MMP-

10, MMP-12, IL-1p and TNF-o even before PTx injection, but our results indicate these

levels were not sufficient to cause complete BBB permeability. The addition of PTx to

the model was the additional stimulus needed to cause BBB breakdown and stimulate

the cells accumulated in the perivascular space to cross the astrocytic cell banier and

enter the brain parenchyma.
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CHAPTER VII

MAGNETIC RESONANCE IMAGING OF THE SPINAL CORD OF

A1 ADENOSINE RECEPTOR KNOCKOUT MICE WITH

EXPERIMENTAL AUTOIMMUNE ENCEPHALOMYELITIS
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T.l INTRODUCTION

Adenosine receptors are G protein-coupled receptors found on most cells and

tissues in the body with four known subtypes (41, A2a, A2b, and A3¡.r48'r4e The Al

adenosine receptor (AIAR) is highly expressed within the CNSlae and is known to have

a role in neuroprotection and the reduction of inflammation in the CNS during

pathological conditions.l50 The anti-inflammatory effects of AlAR activation make it a

potential therapeutic target in MS. A decrease in the expression of AIAR was observed

on peripheral blood monocltes and in brain tissue of patients with MS as compared to

peripheral blood monocytes in healthy controls and brain tissue fi'om patients who died

of other causes.lsl'ls2 This suggests that decreased levels of the A1AR may play a role

in the pathogenesis of MS.

An A1AR agonist caused a decrease in the release of the proinflammatory

cytokine TNF-c following the stimulation of promonocytic cell,s in vitrots3 as well as a

decrease in the plasma levels of TNF-o following lipopolysaccharide (LPS) treatment

in mice.ls4'l5s Adenosine was also found to inhibit the LPS-induced release of TNF-o

on activated human monocyt es in vitro,t5al56 while enhancing the expression of the

anti-inflammatory cytokines IL-6 in astrocyteslsT and lL-10 in monocytesl5E in vitro.

The levels of TNF-o in brain tissuelsl and plasmals2 of MS patients were significantly

elevated when compared to control subjects and plasma levels of adenosine were

decreased.ls2 Activation of AIAR on peripheral blood monocytes in culture from

healthy subjects caused a significant decrease in TNF-u production within the tissue

culture supematants following stimulation, but the same did not occur using peripheral
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blood monocytes taken from MS patients.ls2 A conelation between the levels of TNF-

a in the CSF of patients with chronic progressive MS and disease severity was found,

suggesting the importance of TNF-a in disease progression.lse Messenger RNA levels

of TNF-a in peripheral blood monoc¡es were found to increase in patients with

relaping-remitting MS during the 4 weeks before a relapse.30

A strong conelation was found between the levels of TNF-o and albumin in the

CSF and serum in patients with active MS.r60 The ratio of albumin in CSF to serum

provides a measure of the degree of BBB disruption and therefore suggests a possible

role of TNF-o in the breakdown of the BBB in active disease.l60 A decrease in the

release of proinflammatory cytokines such as TNF-o following the activation of the

A1AR may contribute to improved stability of the BBB.

A previous study showed that AIAR-/- mice with EAE developed more

demyelination, more axonal damage, greater severity of clinical signs, and increased

activation of microglia and macrophages as compared to AIAR+/+ mice with EAE.Ill

A1AR-/' mice had increased gene expression of the various proinflammatory mediators

lL-18, iNOS, and MMP-9 and -12, while levels of anti-inflammatory c¡okines 1L-10

and Il-4 were decreased in the lumbar spinal cord.lll These results provide further

evidence that AIAR has a role in the regulation of inflammation.

The effects of increased A1AR expression on BBB or BSB permeability in

mouse models of EAE or patients with MS ale cunently unknown. The objective of

this study was to use Tt-weighted contrast-enhanced MRI to determine the relative

BSB permeability within lumbar spinal cord at the initial onset of signs and at disease

remission in A1AR*/*, AlAR*r, and AIARr- mice with EAE.
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7.2 METHODS

7.2.1 Induction of EAE and Scoring System

EAE was induced in 20 female C57lBL6ll29 mice (supplied by the University

of Calgary) at ages ranging fi'om 4 to 8 months as described in chapter 3. The mice

were grouped as A1AR*/* wild type (n=7), AIAR+/- heterozygous (n=5), and A1AR-/-

knockout (n=8) mice. The AIAR*/+, AlAR*r, and A1AR-/-mice were littermates that

were generated as previously described.l6l A group of control C5"l /8L61129 m\ce

(n=5) received the same preparations used for EAE induction but without MOG35-55 and

were grouped as AIAR*/* wild type (n=2), AlAR+/- heterozygous (n=1), and A1AR'/'

knockout (n=2) mice. An additional group of control C57lBL6 mice (n=4) was injected

with saline only. Mice were weighed and scored daily as described in chapter 3.

7.2.2 MR Imaging

MR images of the lumbar spinal cord were obtained using a quadrature surface

coil as described in chapter 3. The same imaging protocol (Tz- and Tr-weighted MRI

followed by contrast-enhanced Tl-weighted MRI) using two sets of interleaved slices as

detailed in chapter 3 and Figure 3.34,B was applied in this study. AlAR*/* (n=1) and

A1AR-/-(n=l) mice were imaged before disease signs were observed. MR imaging was

then performed at the initial onset of disease signs and again between day 30 and 33

post-MOG injection for all groups of mice. After the last imaging session animals were

sacrificed by perfusion-fixation through the heart using phosphate buffered formalin.
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7.2.3 MR Image Analysis

The contrast enhancement within the spinal cord on contrast-enhanced Tl-

weighted images was quantified as previously described in chapter 3. The spinal cord

volume across alt 11 T2-weighted images obtained as two interleaved sets of images

was calculated as the sum of all ROI areas 1mm2; x 0.75mm slice thickness.

7.2.4 Statistical Analysis

Data from each group of animals were reported as mean t SEM. Scores were

analyzed in terms of maximum score, disease burden (the sum of scores divided by the

number of days starting with day 8), and day of disease onset. The maximum and

minimum weight that was reached for each mouse was determined during the disease

progression and the difference between these two weights was the calculated drop in

weight. Percent intensity, maximum score, disease burden, day of disease onset, drop

in weight, and spinal cord volume data were compared statistically using ANOVA

followed by post hoc t tests or simply a t test in the case of only 2 groups.
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7.3 RESTJLTS

7.3.1 Behaviour Scores and Changes in Weight

AIAR*/* (n=5), A1AR+/- (n=4), and AIARr- (n=8) mice with EAE were

examined with MR imaging at the first signs of disease, which was at day 11 to 18

post-inoculation for the majority of the mice with an additional two mice al. day 22 and

28 posrinoculation. Control mice (n=4 C57Bll6, n=l A1AR*/*, n=2 A1AR-/-) were

examined between day 11 and 18 following initial injections and grouped together with

the mice imaged at pre-disease (n=2). One control mouse died during the first imaging

session and two mice died following the first imaging session (n=1 control, n=l

AIAR]). One AIAR*/- and two A1AR*/* mice did not develop signs of disease and

were not examined during the time frame in which disease signs usually began. All

groups of mice including AIAR*/* (n=3), AIAR+/- (n=4), AIAR-/- (n=5), controls (n=4

C5'7Bll6, n=l AIAR*/-, n=2 AIAR-/-), and inoculated mice showing no sign of disease

1n=2 A1AR*/*, n=l A1AR*/-) underwent a second imaging session at remission

between day 30 and 33 post-inoculation. However, one of the AIAR+/- mice included

in this group was imaged at day 27 upon reaching endpoint. One A1AR'/- mouse

reached endpoint of disease at day 20 and was sacrificed, and thelefore was not

included in the second imaging session.

A1AR-/-and A1AR*/' mice were found to have a trend towards more persistent

disease than AIAR*/* mice; however, no significant differences in maximum score,

disease burden, or day of disease onset wele present. In general the A lAR*/* mice had

a more complete recovery at day 30 post-inoculation (Figure 7.1). Only one A1AR-/-

109



+Wild Type

-.- Heterozygous
+ Knockout

10 15 20

Days post inoculation

a

t.

wt hz ko

Figure 7.1 Average scores of A1AR*/* (wt), AIAR*/- (hz) and AIARr- (ko) mice
during the progression of EAE and calculations of maximum score, disease burden and
day of disease onset for each animal. Enor bars represent SEM.
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mouse that reached day 30 to 33 had a full recovery back to a score of zero, while the

three wild type mice all had a full recovery with a score of zero. Two of the four

heterozygous mice at the second imaging session had a complete recovery. There were

no differences in the drop in weight between the three groups of mice during the time

course of the experiment (Figure 7.2).

7.3.2 Contrast Enhancement

It was previously demonstrated in chapter 5 that contrast enhancement in the

spinal cord of this EAE model was maximal at the beginning of disease signs. ln this

study Tl-weighted contrast-enhanced imaging was performed at the onset of signs in

each group of animals. MR images that were obtained fiom control mice examined

between day 11 and 18 post-inoculation did not show any contrast enhancement within

the imaged region of the lumbar spinal cord (Figure 7.34). At the first sign of disease,

a significant increase in enhancement on the calculated MR images of the spinal cord

was observed in all groups of inoculated mice with EAE relative to control animals

(p<0.001), but there were no significant differences between A1AR*/*, A1AR+/-, or

A1AR-/- mice (Figures 7.3B,C,D and 7.4). Contrast-enhanced MR images obtained at

day 30 to 33 post-inoculation did not show any enhancement in the spinal cord of

control mice and there was reduced enhancement in the spinal cords in all other groups

relative to the enhancement found at the onset of disease signs (Figure 7.38,F,G).

Contrast-enhanced MR images acquired during this second imaging session showed a

significant increase in the Vo intensity in A1AR*/* (p<0.05), AIAR*| (p<0.05) and

AIARr- þ<0.005) mice compared to the control group (Figure 7.4).
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mice during the progression of EAE and the calculation of total drop in weight for each
animal. Enor bars represent SEM.
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Figure 7,3. Representative sets of calculated contrast-enhanced images for (A) a

control mouse, (B) AIAR*/*, (C) AIAR*/-, and (D) AlAR-/-mouse at the initial stage of
disease, and (E) AIAR*/*, (F) AlAR+r, and (G) A1AR'/'mouse ar remission.
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Figure 7,4, The average percent intensity for the entire set of slices in each group of
animals at onset and remission stages of disease. * differs significantly from all other
groups at the conesponding time point.



7.3.3 Spinal Cord Volume

Previous MRI pilot experiments using mice with EAE indicated that the spinal

cord becomes swollen at the initial onset of disease signs compared to pre-disease,

followed by a decrease in spinal cord volume from the initial onset of disease signs to

remission. ln this experiment, MR images of the spinal cord were obtained pre-disease

for only two mice and the MR images showed an increase in cord volume from pre-

disease to the initial onset of signs of EAE (Figure 7.5). The percent change in spinal

cord volume from the imaging session at disease onset to the second imaging session at

disease remission was calculated in A1AR+/* (n=3), A1AR+/'(n=4), A1AR'/- (n=6), and

control mice (n=8). The spinal cord volume data obtained from MR images acquired at

the initial stages of disease and day 30 post-inoculation appears to indicate that the

spinal cords of the knockout mice do not recover from swollen state as much as the

spinal cords of wild type mice (Figure 7.64), but differences in the reduction of spinal

cord volume were not statistically significant. Comparing the A1AR*/- (n=2) and

AlAR-/-(n=5) mice that continue to show signs of disease (incomplete recovery) at day

30 post-inoculation to the AlAR+/+ (n=3), A1AR+/- (n=2), A1AR-/- (n=1) mice that had

a full recovery at day 30 indicates that spinal cords of mice with persisting disease signs

remained more swollen (Figure 7.68; p<0.05).
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Figure 7.5. Complete sets of T2-weighted images from the same AIAR*/+ mouse that
was imaged at (A) pre-disease, (B) early stage of disease and (C) day 30. The spinal
cord is outlined in each image. (D) The conesponding area of the spinal cord in each
slice from this mouse was quantified at each time point.
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Figure 7.ó. (A) The average change in spinal cord volume calculated across all 11 T2-
weighted images from initial onset of signs to remission for each group of mice and (B)
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7.4 DISCUSSION

Activation of the AIAR is known to have anti-inflammatory effects ir? uiyd as

previous studies have demonstrated.l ll''t0''53 Ho*"u"r, it is unknown whether the

activation of the A1AR contributes to improved BSB stability. This study used Tr-

weighted contrast-enhanced imaging to determine the relative BSB permeability in

A1AR*/*, AlAR*r, and AIAR-/- mice induced with EAE.

No significant differences were found in the intensity of enhancement within the

spinal cords on contrast-enhanced T¡-weighted images of A1AR*/*, A1AR*/- and

A1AR'/- mice at onset and remission stages of disease. These observations suggest that

either the A1AR did not have a significant effect on the stability of the BSB during

disease progression in this model of EAE or too much variability was introduced into

the study.

MR imaging at the onset of disease signs took place anywhere from a few hours

up to 24 hours after signs of disease actually first began, since mice were scored only

once daily. It is possible that the state of BSB permeability is changing during the

initial development of disease signs, and since imaging sessions occuned only upon

first detection of a significant weight loss with tail weakness or paralysis, the imaging

session may have occurred at the point where the disruption of the BSB was not yet at

maximum or past the point of maximum disruption in some cases. These factors may

have introduced some variability in the study and therefore increased the chance for

type II error to occur.
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The age of the mice upon induction of EAE ranged from 4 to 8 months, due to

the lack of enough available mice caused by breeding difficulties. ln a study comparing

disease progression in young versus middle-aged Wistar rats with EAE, differences

were found in the time of disease onset and severity.l62 Young Wistar rats (7 weeks)

showed more severe signs of disease than the older rats (15 months), but the disease

completely resolved. The group of older rats showed a delay in the onset of disease

signs.'62 Smith et al also demonstrated an age effect on the expression of signs of EAE

in SJL mice.163 SJL mice that were younger (less than 6 weeks) at the time of disease

induction were found to have delays in the development of observable signs of disease,

but by 6-7 weeks the disease had an earlier onset and more rapid progression.ló3 Since

disease severity may similarly have been affected by the age of the mouse in this study,

this was another cause of variability.

The volume of the imaged legion of the lumbar spinal cord was determined

from the T2-weighted images. A significant difference was observed between changes

in spinal cord volume between imaging sessions in mice that had a full functional

Ìecovery versus mice that had residual signs of disease at the time of second imaging.

Mice that underwent a complete recovery had a significantly greater recovery in spinal

cord volume at the time of second imaging, suggesting that spinal cord volume

measurements can reliably detect changes between mice with unresolved signs of

disease and mice that have undergone a full recovely. No significant differences in

changes in spinal cord volume between A1AR*/*, AIAR*| and A1AR-/- mice were

found, though there was a tlend showing that the spinal cord of A1AR-/- mice remained

in a more swollen state at the second imaging session.
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CHAPTER VIII

EFFECTS OF SPHINGOSINE I-PHOSPHATE IN MICE WITH

EXPERIMENTAL AUTOIMMTINE ENCEPHALOMYELITIS
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S.l INTRODUCTION

Sphingosine is an endogenous lysolipid that can be phosphorylated by

sphingosine kinase 1 to form sphingosine 1-phosphate (S1P), which is released into the

circulation by activated platelets. There are five S1P receptors (SiPl-s), formerly

known as endothelial differentiation gene (Edg) receptors (Edg-1, Edg-5, Edg-3, Edg-6,

and Edg-8 respectively), that are expressed on the endothelium and lymphocltes.lú

SlP has been shown to promote angiogenesis and chemotaxis, decrease vascular

leak and edema formation, rearrange the actin cytoskeleton within endothelial cells,

promote adherens junction assembly, inhibit apoptosis, increase lymphoc¡e homing,

and decrease the number of lymphocytes in peripheral blood.rø-167 Previous work has

shown that lymphocytes require the SlPl receptor and SIP gradients to exit the thymus

and peripheral lymphoid tissue. r68

2-amino-2-(2-14-octylphenyllethyl)- 1,3-propanediol hydrochloride (FTY720) is

a newly developed immunosuppressant and synthetic analog of sphingosine that is

curently being used in human kidney transplantation. FIY720 is produced through the

chemical modification of myriocin, a metabolite of the fungus Isaria sínclairii.t6e The

phosphorylated form of FTY720 (F"IY720-P) is an agonist at four S1P receptors (SlPr,

SlP¡, SlP¿, S1P5).164'170 F-fY720 does not inhibit T cell activation or proliferation and

acts analogous to SIP by sequestering T cells in peripheral lymph nodes.lTl'172

The actions of SlP and the SlP receptor agonist FTY720 may be potentially

useful in reducing the autoimmune inflammatory attack on myelin within the CNS in

patients with MS. The administration of SlP or FIY720 during a period of lemission
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in patients with relapsing-remitting MS could potentially sequester autoimmune CD4+

T cells in secondary lymphoid tissue. The additional role of SlP in en-trancing

endothelial barrier properties may be effective in decreasing disease progression in MS

as BBB disruption is a critical early event in active lesion formation. Clinical trials are

currently underway using the SIP receptor agonist FTY720 in patients with relapsing-

remitting MS with promising results. r?3

The objective of this study was to determine the effect of SIP on functional

deficit, BSB permeability, inflammation, and demyelination in a monophasic EAE

model in C57B1l6 mice using contrast-enhanced Tr-weighted and MT-weighted MR

imaging.
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Figure 8.1. The molecular structure of S lP.
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S.2METHODS

8.2.1 Induction of EAE and Scoring System

EAE was induced in 61 female C5'IBU6 mice (Genetics Model Centre,

University of Manitoba) 11 weeks old as described in chapter 3. Weight and disease

severity was measured daily using the scoring system outlined in chapter 3.

8.2.2 S1 P Administrøtion

The treatment groups received daily intravenous injections of SlP (Sigma-

Aldrich, Saint Louis, MO) dissolved in 0.37o bovine serum albumin (BSA; fatty acid

free, low endotoxin; Sigma-Aldrich, Saint Louis, MO) beginning either at day 7 post-

inoculation (before signs of disease) or at the onset of EAE as outlined in Table 8.1.

The SIP stock solution (0.5 mM or 0.19 mg/ml tn 0.3Vo BSA) was used for mice

receiving the O.5mg/kg dose and diluted to 0.1mM or 0.0lmM using 0.37o BSA for

0.lmg/kg or 0.0lmg/kg doses respectively. S lP was injected into the tail vein of each

mouse with volumes typically in the range of 0.05 - 0.06 mL using a 30 gauge needle

while the mouse is under brief anesthetic (isoflurane). The equivalent volume of 0.37o

BSA was injected into control mice.

8.2.3 MR Imaging

Tz- and MT-weighted images of the lumbar spinal cord were acquired using a

quadrature volume coil. MT-weighted imaging requires a uniform calibrated B¡ field,

which was much easier to achieve using a volume coil. This was followed by
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acquisition of pre- and post-contrast-enhanced Tl-weighted MR images using a

quadrature surface coil using the parameters given in chapter 3. A single set of slices

was obtained at the level of the lumbar spinal cord as described in chapter 3 and slice

positions shown in Figure 3.3C,D. Groups of mice were examined with MRI at pre-

disease, initial signs of disease, peak disease, and remission as outlined in Table 8.1

The mice that received daily dosing of SIP or BSA beginning at the onset of disease

signs were examined at the first indication of disease signs, followed by the injection of

SlP or BSA and another imaging session 6 hours after the administration of SlP or

BSA, MT-weighted MR imaging was not performed at the onset of disease signs for

mice that were imaged again 6 hours after SIP or BSA injection to reduce imaging time

and stress on the animals.

Table 8.1. S IP/BSA treatment groups and imaging protocol.

Number
of mice

SIP dose
Time daily

dosins besan
Imaging times

5 0,01mg/kg

Day 7
(Pre-disease)

Tzw, Trw, MTw: pre-disease, onset
signs, peak disease, remission

5 0.1mg/kg

5 0.5me/ke

3 0.37o BSA

6 0.lmg/kg Tzw, Trw: pre-disease, onset signs,
peak disease, remission4 0.37o BSA

5 0.01msike

Onset of signs

T2w, T¡w, MTw: pre-disease, peak
disease, remission

T2w, T¡w: onset signs & 6hr

6 0.1ms/ks

5 0.5mg/kg

9 0.37o BSA

0.1mg/kg T2w, Tlw: pre-disease, onset signs &
6hr, peak disease, remission3 0.37o BSA
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8.2.4 MR Image Analysis

The spinal cord was outlined on T2-weighted images as described in chapter 3

and these ROIs were superimposed onto MT-\,veighted images that were acquired with

a saturation pulse. The regions of grey and white matter within the defined area of the

spinal cord \ryere outlined on MT-weighted images as described in chapter 3 and shown

in Figure 3.6. The ROIs outlining separately the grey and white matter within the

spinal cord were superimposed onto MTR maps and percent difference images of

contrast enhancement that were calculated using the formulae in chapter 3. The spinal

cord volume across all 6 T2-weighted images obtained as a single set of images was

calculated as the sum of each ROI area (mm2) x 0.95mm (slice thickness of 0.75mm +

interslice gap of 0.2mm).

8.2.5 Statistical Analysís

Data from each group of animals were reported as mean + SEM. Disability was

analyzed in terms of maximum score, disease burden (the sum of scores divided by the

number of days starting with day 8), and day of disease onset. The maximum and

minimum weight that was reached for each mouse was determined during the disease

state; the difference between these two weights was the calculated drop in weight.

Parametric data (percent intensity, day of disease onset, drop in weight, and spinal cord

volume) were compared statistically using ANOVA followed by post hoc t tests,

whereas the Kruskal-Wallis test followed by Mann-Whitney post hoc test was used for

non-parametric data (maximum score, disease burden). Statistical significance was

considered to be at p < 0.05.
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8.3 RESTILTS

8.3.1 Behaviour Scores

Groups of mice were examined with MRI before signs of disease, at the first

signs of disease, at maximum disease score, and at remission. Three mice that did not

develop any signs of disease were removed from the analysis, These mice were

originally designated to be in the treatment groups of 0.01mgikg (n=2) and O.5mg/kg

(n=1) SlP dosing at the onset of disease signs. The mice that developed signs of

disease generally followed a monophasic disease course, though some mice (n=12)

underwent a second relapse (Figure 8.2).

The administration of SIP did not affect the time of disease onset (a disease

score >1), which ranged from 10 - 17 days post-MOG injection in all mice that received

BSA treatment (n=19; Figure 8.3). The day of onset (post-MOG injection) for groups

of mice that received SIP treatment beginning at the onset of disease signs ranged from

14 - 15 days (0.01mg/kg SlP; n=3), 1l - 16 days (0.lmg/kg SIP; n=l1), and 11 - 19

days (0.5mgikg SIP; n=4) and for groups of mice that were administered SIP

beginning at pre-disease on day 7, the day of onset ranged from 13 - 16 days

(0.01mg/kgSlP;n=5), 12- 17days(0.lmg/kgSlP;n=11), and12- l8days(O.5mg/kg

SIP; n=5).

There were no differences in maximum score and disease burden between

groups of mice that were injected daily with S lP or BSA starting at the onset of disease

signs (Figure 8.3), whereas mice that received O.5mg/tg SIP beginning at the earlier

time point of day 7 showed a significantly lower maximum score when compared to

126



mice that received BSA (p<0.05; Figure 8.3). A trend of reduced disease burden was

observed in mice that received O.5mg/kg SlP (Figure 8.3), but this difference was not

found to be statistically significant.

8.3.2 Changes in Weight

A significant loss in weight was observed in all groups of mice that received

eithe¡ SIP or BSA (Figure 8.4), but there were no significant differences in weight loss

between groups (Figure 8.5). Mice that were first administered SlP at the onset of

disease signs showed a trend of increased weight gain before the onset of disease signs

compared to mice that were administered SlP beginning at day 7 (Figure 8.4).
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Figure 8.2, Average scores of mice during disease progression that received daily
doses of 0.01mg/kg S1P, 0.lmg/kg SlP, 0.5mg/kg SIP or 0.37o BSA (A) beginning at
the onset of disease signs and (B) at day 7 before signs of disease were first evident.
Error bars represent SEM.
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8.3.3 Contrast Enhancement

Calculated difference images of contrast enhancement were used to measure the

intensity on MR images of the spinal cord at pre-disease, onset of signs of disease, peak

disease, and remission. There was no significant contrast enhancement within the

spinal cord at pre-disease in any of the mice examined (Figures 8.64, 8.8), whereas the

maximum contrast enhancement within the spinal cord occurred at the onset of signs of

EAE (Figures 8.68, 8.8). An important observation was that the pixels of highest

intensity were located within the white matter of the spinal cord (Figure 8.7). At peak

disease there was a decrease in contrast enhancement within the spinal cord in all

groups of mice and the pixels of highest intensity were also located within the ROI

outlining the white matter (Figures 8.6C, 8.8). The contrast enhancement was minimal

within the spinal cord at lemission (Figures 8.6D, 8.8).

The contrast enhancement within the spinal cord at pre-disease in all the mice

examined was significantly lower than the contrast euhancement at all other time points

of mice first receiving SlP or BSA at the onset of disease (at onset: all groups

(p<0.0001), at peak disease: all groups (p<0.0001), at remission: 0.01mg/kg SlP

(p<0.0001), 0.lmg/kg SlP (p<0,05), 0.5mg/kg SlP (p<0.0005), and BSA (p<0,005)),

and for dosing beginning at day 7 (at onset: all groups (p<0.0001), at peak disease: all

groups (p<0.0001), and remission: 0.01mg/kg SIP (p<0.0001), 0.1mg/kg SlP,

0.5mg/kg S1P, and BSA (p<0.005)). Mice that were first administered SIP or BSA at

the onset of disease showed enhancement within the spinal cord at the onset of disease

signs that was significantly greater than at all other time points (at peak disease:

0.01mg/kg SIP (p<0.01),0.1mg/kg SIP (p<0.0005),O.5mg/kg SlP (p<0.01), and BSA
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(0.0001); at remission: 0.01mgikg SlP (p<0.005), 0.1mgikg SlP (p<0.0001),O.5mg/kg

S1P (p<0.001), and BSA(p<0.001)). No significant differences in contrast

enhancement were found between treatment groups at onset of disease for mice that

began treatment at day 7. The contrast enhancement for mice in all SlP treatment

groups at peak disease and remission did not differ from the BSA control group at the

conesponding time point.

Mice that received S1P or BSA beginning at the onset of signs of disease were

examined with MRI before the administration of the first dose followed by a second

examination 6 hours later. The change in the intensity of contrast enhancement was

calculated for each treatment group (Figure 8.9). The group of mice receiving the

0.1mg/kg SIP was found to have a significant decrease in the average percent intensity

(p<0.05) within the spinal cord after 6 hours compared to the BSA control group.
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Figure 8.6. Representative sets of calculated contrast-enhanced images of the lumbar
spinal cord with ROIs outlining the areas of grey and white matter of (A) a mouse
before the onset of signs, (B) a mouse at the initial stages of disease, (C) a mouse at the
peak of disease, and (D) a mouse in remission.
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indicating the regions of grey and white matter and the conesponding histogram.
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8.3.4 MTR

The average MTR within the white and grey matter of the spinal cord was

measured from calculated MTR maps (Figure 8.10). There was a significant decrease

in the MTR within the white matter at peak disease compared to pre-disease values in

groups of mice that received 0.01mg/kg SlP (p<0.0001), 0.lmg/kg SIP (p<0.001) and

BSA (p<0.001) with dosing beginning at the onset of disease, but no significant

decrease was found for the group of mice that received 0.5mg/kg SlP (Figure 8.118).

MTR values within the white matter at remission for mice receiving treatment starting

at the onset of disease all showed a significant decrease from the pre-disease values

(Figure 8.118) for 0.01mg/kg SlP, 0.lmg/kg SlP, and BSA (p<0.0001), and 0.5mg/kg

SIP (p<0.001). The MTR values within the white matter were generally higher in

comparison to the values in the grey matter. Groups of mice that began SIP or BSA

treatment at the onset of disease signs showed a significant decrease in the MTR in the

grey matter of the spinal cord at peak disease following O.Olmg/kg SlP (p<0.0005),

0.lmgikg S1P (p<0.05), and BSA (p<0.005), but no significant decrease was found

following O.smg/tg S lP (Figure 8.114). Similar results were observed at remission

where there was a significant decrease in MTR from pre-disease within the grey matter

of the spinal cord for the groups of mice that received 0.01mg/kg SlP (p<0.001),

0.lmgikg SlP (p<0.001), and BSA (p<0.05), but no significant decrease was found

following 0.5mg/kg SlP (Figure 8.114). For mice where treatment was begun at day 7

pre-disease, there was a decrease in MTR relative to pre-disease values within the grey

matter at peak disease following 0.lmg/kg SIP (p<0.01) and BSA (p<0.005) and at

remission following 0.0lmgikg SIP (p<0.05), 0.5mgikg SIP (p<0.01), and BSA
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(p<0.05). MTR values within the grey matter at peak disease following 0.01mg/kg SIP

and O.5mgikg SlP and at remission following 0.lmg/kg SIP did not differ from pre-

disease values. Vy'ithin white matter, there was a decrease in the MTR compared to pre-

disease values at peak and remission in all groups of mice, except following O.5mg/kg

SlP at peak disease (at peak disease: 0.01mgikg SIP (p<0.05), O.lmg/kg SIP

(p<0.0001), BSA (p<0.001) and at remission: all groups (p<0.0001)).

8.3.5 Spinal Cord Volume

The spinal cord volume spanning the imaged region of the spinal cord was

calculated at the various time points of disease progression. The percent change in cord

volume at the initial stage of disease, peak disease, and remission in the different SIP

treatment groups did not differ from the BSA control group at the respective time point

(Figure 8.13).
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8.4 DISCUSSION

8.4. I Behavíoural Scores

The day of disease onset did not differ between any of the treatment groups,

indicating that the administration of SlP, regardless of the dose or onset of first dosing,

did not affect the rate of disease development. The treatment group that had a

significantly lower maximum score compared to the BSA control group was the group

receiving O.5mg/kg SIP that was first administered before any signs of disease were

evident. The administration of this high dose of SlP before inJlammation and BSB

breakdown had begun was impofiant in reducing disease severity. Previous studies

have demonstrated that the SlP receptor agonist FTY720 has been successful in

reducing disease in various models of EAE. The daily dosing of FTY720 in SJL mice

with relapsing-remitting EAE, when signs of disease were already evident resulted in a

significant improvement of disease scorelTo'l75 and inhibited further relapses and

disease proglession in Lewis rat models of EAE.lTl'176 The administration of FTY720

before signs of disease were evident resulted in a delayed onset of disease with reduced

severity in SJL mice,rTa'r7s while signs of disease did not develop in Lewis rats.lTs-t?7

FIY720-P was found to have a higher potency than SlP at receptors SIP¡ and SlP¿,170

which may cause it to be more effective in reducing signs of disease and delaying onset

in these previous studies.
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8.4.2 Changes in Weight

Mice that received SlPÆSA beginning at the onset of disease signs showed a

general trend of reaching a higher initial weight at pre-disease than mice that first

received treatment at day 7. The daily administration of SlP was conducted by briefly

anesthetizing each mouse using isoflurane as the intravenous injection was performed.

The natural increase in weight prior to disease onset may have been disrupted in the

mice that received treatment beginning earlier due to the administration of daily

anesthetic.

8.4. 3 C ontrast Enhancement

The degree of contrast enhancement throughout disease progression was the

same as previously described in detail in chapter 5, where maximum enhancement

occuned at the very first signs of disease. This study provided further information by

dividing the spinal cord into grey and white matter regions. ROIs that were determined

from MT-weighted images were superimposed onto calculated T¡-weighted difference

images, which confirmed that the ring of greatest enhancing pixels was located within

the white matter. Increased vascular permeability within the white mattet conelated to

the area of maximum inflammation and demyelination in this mouse model of EAE as

described in chapter 5.

Mice that received 0.lmg/kg SlP showed a significant decrease in Gd-DTPA

enhancement after 6 hours compared to control mice. This dose of S lP was effective in

reducing the permeability of a disrupted BSB following a short period of time. SIP is
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known to enhance the function of vascular endothelium by reananging the actin

cytoskeleton of endothelial cells.r6'r67

There were no significant differences in contrast enhancement between any

groups of mice at any time point suggesting that SlP may not have a long-term

protective effect on the BSB or that the experiment lacked statistical power. Previous

studies have shown that BBB/BSB disruption is dependent on metabolic changes

resulting in increased vesicular transport across endothelial cells.lle Other mechanisms

where the actions of SIP are ineffective may contribute to the increased permeability of

the BSB in the long term.

8.4.4 MTR

In this study the average MTR within the grey and white matter of the spinal

cord at pre-disease was 36.47o and 41.9Vo respectively. The MTR in normal white

matter was calculated to be 40Vo - 457o in an earlier study of humans and animals,

whereas the MTR within the grey matter was 357o - 38Vo.t0a There was no significant

decrease in MTR within white matter at peak disease in the group of mice receiving

0.5mg/kg SIP begiming af day '7. MTR is believed to reflect the amount of myelin

content in tissue; therefore a significant decrease in MTR indicates demyelination.

Previous studies of EAE in rat showed a reduced MTR within the brain during acute

disease that conelated with infiltrated macrophages, which are the major contributors

of demyelination.s6'se Lesions of demyelination seen histologically in rat brain have

also been directly conelated with a decrease in MTR and subsequent lemyelination

conesponded to a retum to normal values.lTs'I?9 The lack of significant decrease in
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MTR at peak disease following O.5mglkg SIP with early dosing at day'7 suggests that

this dosing regimen reduced the inflammatory response and subsequent demyelination.

The number of peripheral blood lymphocytes in circulation decreased following

FIY7àO dosing in models of EAE,rTa leading to reduced inflammation in the

CNS.rTl'176'177 When dosing of FTY720 was discontinued, the numbers of circulating

lymphocltes increased indicating that the decline in peripheral blood lymphocytes is a

reversible effect.lTa

The presence of edema could be the explanation for the decrease in MTR within

the grey matter in this model of EAE. Lesions within the brain of guinea pigs that

showed edema with very little demyelination had a MTR that was decreased by 5Vo -

87o.ls No differences in spinal cord volume were present at each respective time point,

suggesling that the amount of edema formation within the spinal cord was similar

across all groups.
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CHAPTER IX

CONCLUSIONS



The inflammatory processes resulting in demyelination in the MOG-induced

mouse model of EAE are representative of the autoimmune inflammation observed in

MS in humans. An understanding of the mechanisms that initiate lesion formation and

disability in mice with EAE are important in order to study the effects of

pharmacological interventions and genetic alterations.

Each C57Bl/6 mouse with MOG-induced EAE examined using Tr-weighted

contrast-enhanced MRI at the earliest stage of disease demonstrated disruption of the

BSB at the level of the lumbar spinal cord. BSB opening was an early event during

disease progtession that preceded maximum inflammation of the lumbar spinal cord. A

reproducible MRI protocol to accurately examine mouse lumbar spinal cord that

involved administering a consistent amount of Gd-DTPA contrast agent for contrast-

enhanced MRI was developed and proved to be reliable in obtaining quantitative data.

This tool was used to examine the effects of genetic alterations in a mouse model of

EAE. Knockout mice for the A1AR receptor did not show any significant differences

in relative BSB permeability within the lumbar spinal cord than conesponding wild

type mice at any stage of disease.

The relative degree of BBB disruption was examined in a mouse model of CNS

i¡rflammation induced through the upregulation of chemokine CCL2 and the

administration of PTx. Permeability of the endothelial cell banier and the glia limitans

barrier was required to cause complete disruption of the BBB as visualized with Tr-

weighted contrast-enhanced MR imaging and histological tracers. Cellular infiltrates

into the brain parenchyma accompanied a disrupted BBB, which specifically
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demonstrated a dual role of the endothelium and glia limitans in the regulation of

cellular migration across the BBB.

Cunently for patients with MS there are no treatments available that are

completely effective in inhibiting the destructive autoimmune processes that occur

within the CNS. SIP is a possible candidate for treating MS through the actions of

sequestering harmful autoimmune CD4* T cells within peripheral lymph nodes. The

use of SIP in the MOG-induced mouse model of EAE demonstrated long-term effects

of reduced demyelination using MT-weighted MRI. A further study comparing the

demyelination seen histologically would be beneficial to investigate the changes in

MTR observed using MT-weighted MRI.

A future study looking at the effects of a MMP inhibitor on BBB/BSB

permeability in a model of EAE and using contrast-enhanced MRI may help in further

identifying the mechanism of BBB/BSB breakdown, In particular, MMP-9 has been

found to be elevated in demyelinating lesions,Tl serumó7'70'lE0 and CSÉe of patients

with MS and may be a good target for inhibition and a possible candidate for future

treatment of MS.
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Pulse sequence for T2-weighted imaging
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Pulse sequence for MT-weighted imaging with saturation pulse
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