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Abstract

The thesis herein addresses an important, yet unresolved, problem in the field of 

cellular MRI. The natural ability of macrophages to engulf foreign particles has 

made them ideal candidates for taking up cellular MR labels in vivo. In multiple 

sclerosis, macrophage populations in the circulation increase substantially as they 

home to the CNS where they cause a massive and destructive inflammatory 

response. Labeling macrophages in the circulation and being able detect and track 

them in the CNS can significantly improve the prognosis of MS and thus aid in 

the correct identification of a treatment plan. However, it remains unknown 

whether it is indeed labeled macrophages from the circulation that are detected on 

MR images or whether they are different cell populations actively involved in 

MS. In the present thesis, two novel methods are used to determine the source of 

the MR label in the CNS. One study utilizes a transgenic mouse where peripheral 

macrophages express the green fluorescent protein while other cell populations do 

not. Another study utilizes clodronate liposomes to deplete the’ macrophage 

population in the circulation prior to injection of the MR label. By using the 

mentioned two approaches it was determined that the source of label on MR 

images is largely attributed to peripheral macrophages from the circulation. The 

findings illustrated in this thesis will have a major impact on our understanding of 

neuroinflammation in multiple sclerosis and on the development of disease­

modifying therapies.
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Chapter 1

General Introduction

This thesis describes a series of studies using cellular magnetic resonance imaging 

(MRI) to image inflammation associated with experimental autoimmune 

encephalomyelitis (EAE), a commonly used animal model for multiple sclerosis 

(MS).

1.1 Multiple Sclerosis "The one whosent downthe disease 
sent down the remedy.”
-Prophet Muhammad

1.1.1 Etiology and Prevalence

Multiple Sclerosis is an autoimmune disease of the central nervous system (CNS) 

characterized by focal areas of inflammation and demyelination in the brain and 

spinal cord. MS affects mainly young individuals between the ages of 15-45 and 

is 2-3 times more prevalent in females. Currently MS affects over 2.5 million 

individuals worldwide and is considered the most common debilitating disease 

affecting young adults (1). MS exhibits enormous heterogeneity in the clinical 

course, lesion pathology and response to therapy. The clinical courses of MS are 

typically categorized as: relapsing-remitting (RR-MS), secondary progressive 

(SP-MS), primary progressive (PP-MS) and progressive relapsing (PR-MS) (2). 

Common clinical symptoms of MS include fatigue, loss of balance, impaired 

vision, bowel irritation, slurred speech, and paralysis. The type and severity of the 

symptoms depends on the location and type of lesions in the CNS.
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The etiology of the MS lesion is unknown, although is widely considered to 

involve organ-specific autoimmune destruction of CNS myelin (3). Various 

environmental (4) and genetic factors (5) have also been suggested as potential 

contributors in the development of MS. The environmental factor is clearly 

visible in the world-wide distribution of MS. High frequency areas include those 

with a temperate climate including Canada, northern parts of the united states 

(US) and the northern part of Europe.

1.1.2 Animal Model

Two main animal models are often utilized for the study of MS: Experimental 

autoimmune encephalomyelitis (EAE) and Theiler,s murine encephalomyelitis 

virus (TMEV). EAE is an autoimmune disease induced following immunization 

with neural auto-antigens or by adoptive transfer of neural-antigen specific T cells 

in susceptible animals. TMEV disease is induced following intracerebral 

inoculation of the TME virus in susceptible animals. Both diseases involve the 

infiltration of inflammatory cells into the CNS and the subsequent destruction of 

myelin sheath leading to varying degrees of paralysis in the animals. Although, 

EAE and TMEV involve similar disease processes, the mechanism of 

pathogenesis leading to myelin destruction and the clinical manifestation of the 

disease is different in each model. Further discussion of the different disease 

mechanisms is beyond the scope of this thesis and the reader is referred to 

alternate review articles (6-9). All experiments in the present thesis utilize the 

EAE animal model. 



Various forms of EAE can be induced in animals depending on the animal strain, 

the method of inoculation and the antigen used. EAE is typically induced with a 

subcutaneous (sc) injection of the CNS antigen that has been homogenized with 

complete freund,s adjuvant (CFA) containing mycobacterium tuberculosis 

(MTB). Common CNS antigens used for EAE induction include myelin basic 

protein (MBP) (10,11), myelin oligodendrocyte glycoprotein (MOG) (12,13) and 

proteolipid protein (PLP) (14). Depending on the EAE model required, a booster 

injection can be used to modify the clinical course of the disease and produce a 

chronic or relapsing form of EAE. In mice, an intra-peritoneal (ip) injection of 

pertussis toxin is often administered to the animals on days 0 and 2 post EAE 

induction. Pertussis toxin is thought to increase vascular permeability of the CNS 

resulting in a greater influx of inflammatory cells (15), although this hypothesis 

has recently been challenged with a number of alternative mechanisms (16).

1.1.3 Disease Mechanism and Lesion Development

Multiple sclerosis involves an attack on myelin in the CNS initiated by 

autoreactive T and B cells (17,18). The underlying cellular mechanism behind MS 

is summarized in figure 1.1. Autoreactive cells constantly circulate in the blood­

stream in pursuit of their respective antigen, which is displayed by major 

histocompatibility molecules (MHC) and co-stimulatory molecules by antigen­

presenting cells such as dendritic cells. Once activated, T cells elicit a cascade of 

inflammatory events that are initiated with the secretion of various cytokines (19) 

and matrix metalloproteases (20), which act on the endothelial lining of the 
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vasculature allowing the T cells to bind to adhesion molecules and subsequently 

infiltrate into the CNS parenchyma past the endothelial layer and the blood brain

barrier (BBB).

systemic immune compartment

MMPs
microglia

cytokines

! APC

BBB

adhesion 
molecules

— MHC 

— TCR

myelin 
complement

central nervous system
0080 ^ , 
oo o chemokines T JL

Figure 1.1: Cartoon illustration of the disease mechanism in MS (33).

Inside the CNS various resident APCs including microglia, pericytes and 

dendritic cells stimulate the T cells by displaying their respective autoantigen (21­

23). The T cells release further cytokines that initiate a local inflammatory 

response resulting in the subsequent recruitment of additional macrophages from 

the circulation which participate in the destruction of the myelin sheath. B cells 

are also thought to infiltrate vessels near the site of inflammation resulting in 

perivascular cuffs and the release of antibodies that contribute to myelin 

destruction (24). Furthermore, toxic substances discharged from T cells cause 

further damage to the axons of neurons that have been demyelinated. Through this 

complex disease mechanism a focal lesion is formed in the CNS that consists of 
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varying degrees of demyelination and axonal damage and may persist after the 

acute inflammatory event is over. The accumulation of these lesions most 

probably leads to the clinical manifestation of the neurological symptoms in MS 

patients. The location and size of the lesions in the CNS can lead to various 

symptoms with varying degrees of severity. One common neurological symptom 

affecting over 70% of MS patients is optic neuritis where the optic nerve is 

affected with a lesion(s) leading to blurred vision, reduced colour sensitivity and 

eye pain.

Studies have shown that macrophages play a significant role in the clinical 

manifestation of EAE and long-term damage to myelin and axons. Macrophages 

can be classified into two main sub-types: Hematogenous macrophages (hMac) 

derived from the peripheral circulation and microglial macrophages that reside in 

the CNS parenchyma. Both hMac and microglia are involved in the inflammatory 

response in EAE. Both cell types exhibit similar phenotypic markers when 

activated and thus are indistinguishable (32). Berger et al showed disease 

severity in EAE correlates with the absolute number of macrophages invading the 

CNS parenchyma, but not with the number of infiltrating T cells (25). Huitinga et 

al showed that depletion of hMac prior to initiation of clinical symptoms in EAE 

rats resulted in the complete suppression of EAE and a drastic reduction of 

infiltrating macrophages to the brain parenchyma (26). Similar findings were 

reported by Tran et al in macrophage-depleted EAE mice (27). Furthermore, 

numerous studies have clearly illustrated the involvement of macrophages in the 
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destruction of myelin around axons which results in demyelination and therefore 

loss of efficient signal conduction (28-30). Activated macrophages have been 

demonstrated to secrete numerous products which can play multiple roles in 

inflammatory reactions underlying breakdown of the BBB, the activation and 

attraction of immunocompetent cells into the CNS and the generation of edema 

and degradation of myelin (31). These results allude to a crucial role for 

macrophages in the clinical outcome of the disease. Methods that would permit 

the tracking of hMac in particular will provide new insights on the 

pathophysiology of EAE and the effective evaluation of therapies directed at 

blocking the entry of hMac into the CNS.

1.1.4 Diagnosis and Treatment

Multiple sclerosis is diagnosed based on the existence of two clinical episodes 

involving two or more areas of the CNS over time. A number of criteria exist for 

diagnosis of MS, the most common one is the McDonald criteria which 

incorporates magnetic resonance imaging (MRI) in addition to clinical and 

laboratory elements (34). MS patients are classified into one of 4 main subtypes 

as defined in section 1.1.1. Approximately 85% of patients with MS have the RR 

form, comprising episodic relapses and remissions. After many years, most of 

these patients will enter into a SP form of MS. About 15% of MS patients present 

with the PP form that is characterized by a slowly progressive pattern. If these 

patients enter into a relapse they are characterized under the PR form of MS. Each 

MS category comprises a unique set of pathological and clinical elements. 
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Classification of MS is important as different disease-modifying drugs maybe 

needed to effectively control or halt the different forms of MS (35). Most MS 

treatments that exist today are aimed at preventing relapses, plaque development 

and disease progression. Since the mid-1990s clinical triais of new drugs have 

shown reductions in the number and severity of relapses, the number of new 

lesions appearing on MRI and long term progression of MS (36). Current disease 

modifying drugs for MS include beta-interferon and glatiramer acetate. Both beta­

interferon and glatiramer acetate have been shown to modulate many of the 

biological processes responsible for the occurrence of relapses (37,38) through 

various mechanisms. However, neither beta-interferon nor glatrimir acetate 

comprise a cure for MS. The effect of both drugs has been limited to only 

reducing the activity and severity of the underlying illness, and even then not in 

all individuals.

Current therapeutic approaches to MS at the experimental level include: blockade 

of leukocyte infiltration using antibodies directed against specific cell 

integrins/adhesion molecules (39,40), stem cell therapy whether by whole bone 

marrow transplant or by stromal cell treatment (41), and more recently 

modulating the function of matrix metalloproteases which facilitate the passage of 

leukocytes across matrix barriers (42).
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1.2 Magnetic Resonance Imaging

Magnetic resonance imaging is increasingly used as a paraclinical measure for the 

diagnosis of MS and for monitoring disease activity and progression in patients 

with established disease (43,44). MRI is also an integral t∞l for assessing the 

efficacy of various therapies in clinical triais (45-47). The exquisite soft-tissue 

contrast provided by MRI and the ability to acquire clinically relevant information 

using non-invasive and non-destructive methods gives MRI great superiority for 

contrast generation over other imaging modalities. This section introduces the 

principle and mechanism upon which MRI operates, starting with the principle of 

nuclear spin and its behaviour in a magnetic field. The section concludes with a 

detailed discussion of the use of MRI in detection and tracking of MS lesions and 

the correlation of MR to MS pathology.

1.2.1 Principle and Mechanism

1.2.1.1 Spin Physics

Nuclear angular momentum is a fundamental principle of MRI. All atoms in 

nature are assigned a spin number, which represents the net angular momentum of 

nuclear elements in the atom (neutrons, protons). MRI is able to detect nuclei with 

an odd number of protons and neutrons when the nuclei are in a magnetic field. 

The most common nucleus used in MRI is the proton in hydrogen due to its high 

prevalence in the body and its sensitivity to magnetic fields. The presence of 

hydrogen in water makes MRI a very powerful tool that is able to detect small 

changes in tissue pathology and even detect changes in water diffusion through 
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tissues. Imaging of humans relies on the ability to manipulate the bulk precession 

of hydrogen spins in water, fat and other organic molecules when the spins are 

made to interact with an external magnetic field. When a nucleus is placed in a 

magnetic field, it precesses at a characteristic frequency. This frequency is termed 

the Larmor frequency and for hydrogen atoms has a value of 42.6 MHz for an 

external magnetic field of strength 1.0 Tesla. The relationship between the 

Larmor frequency (ω0) and the external magnetic field is given by equation 1.2.1:

ω0 = γB0 Equation 1.2.1

Gamma ( Y) is a constant called the gyromagnetic ratio and has a characteristic 

value for each atom. The precession of spins in a magnetic field is a result of a 

positive difference in energy which allows the protons to precess in a clockwise 

direction. This difference in energy is given by equation 1.2.2:

AE = yhB. Equation 1.2.2

Where h is Planck’s constant divided by 2π. As long as the protons are under the 

influence of Bo, there is a natural tendency for an excess of spins to align in the 

direction of Bυ, the lower energy state. The ratio of spins aligned against the field 

to those with the field is given by the Boltzmann probability distribution given by 

equation 1.2.3.

"-= e-AE/KT Equation 1.2.3

Where n- represents spins aligned against the field, n+ represents spins aligned 

with the field, k is Boltzmann’s constant and T is the temperature in degrees 

Kelvin. Under the influence of any magnetic field, there will be a slightly higher 
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number of spins aligned with Bo- At 1.5T, an excess of approximately 5 per 

million protons are aligned with B0. Given the large quantity of hydrogen atoms in 

the body, this net number of spins is sufficient to produce a net magnetic moment 

described by the Magnetization (equation 1.2.4):

PYh P . , 
Mo - Do Equation 1.2.4 

4kT

Where M0 represents the net magnetic moment or so called ‘magnetization’, and 

Po is the proton spin density.

When protons are excited with a radio-frequency (rf) pulse at the Larmor 

frequency, the protons begin to precess at a frequency equal to the Larmor 

frequency. The precession of any particular proton is influenced by its 

surrounding environment and the neighbouring protons. These internal and 

external factors control the rate at which the precession of the proton dies off; this 

is referred to as relaxation. The rate of relaxation is an important parameter in 

determining image contrast.

1.2.1.2 Signal Relaxation and Contrast Generation

The MRI signal is a result of the net response of the excited spins in a tissue to a 

specified set of rf pulses. This set of rf pulses is called a pulse sequence and can 

be altered in various ways depending on the information required from the tissue. 

One of the simplest and most common type of MR pulse sequences is the spin 

echo (SE) sequence. Spin echo sequences typically include a slice selective 90- 

degree rf pulse to excite the magnetization and one or more 180 degree pulses to 
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refocus the spins and generate signal echoes. The two variables of interest in a SE 

pulse sequence are the repetition time (TR), which is the time interval between 

each 90-degree pulse, and the echo time (TE), which is the time between the 

application of the 90-degree pulse and the peak of the echo signal. Another type 

of pulse sequence is the gradient echo (GRE) sequence generated by using a pair 

of bipolar gradient pulses. There is no refocusing of the 180-degree pulse and the 

magnetization is tilted by a flip angle, which is typically between 0-90 degrees. A 

variation of the GRE pulse sequence is the steady state free precession (SSFP) 

pulse sequence where TR and flip angle maintain a steady state and the value of 

TR is shorter than the T∣ and T2 values of the tissue.

Immediately after the target tissue is excited using the specified pulse sequence, 

the signal begins to relax. The relaxation of spins in the tissue occurs by different 

mechanisms characterized by the time constants T1, T2 and T2*. Spin-lattice or 

longitudinal relaxation (characterized by the time constant T1) represents the 

characteristic time for M0 to return to the direction of the main magnetic field 

(B0). Spin-spin or transverse relaxation (characterized by the time constant T2) 

represents the time for spins to dephase in the transverse plane. In the presence of 

B0 inhomogeneities the transverse relaxation is characterized by the time constant 

T2*. Generally, T1 values are longer than T2 values, and this difference is greater 

in tissues with low water content. By varying MR acquisition parameters, such as 

TR or the TE , one can generate contrast that highlights differences in T1, T2 or 

T2*. Tissues with higher water content (and longer relaxation times) appear 
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hypointense on T1-weighted (T1w) images and hyperintense on T2-weighted (T2w) 

images. Tissues with low water content (shorter relaxation times) appear 

hyperintense on T1w images and hypointense on T2w images (48). Such contrast 

is generated by the intrinsic properties of the tissue (T1 and T2 values) and the set 

of rf pulses and gradient waveforms used to excite and manipulate the MR signal. 

Additional contrast can be generated by the administration of paramagnetic or 

superparamagnetic contrast agents. This contrast is particularly advantageous 

when assessing changes between normal and pathologie tissues where relaxation 

times are often similar. The interaction of such administered contrast agent 

molecules with adjacent water molecules leads to a local reduction in T1 and/or T2 

relaxation times of water. Paramagnetic contrast agents, such as gadopentetate 

dimeglumine, otherwise known as Gadolinium (Gad), shorten the T1 relaxation 

times resulting in increased signal on Tlw images, while superparamagnetic 

contrast agents, such as iron oxide nanoparticles, predominantly shorten T2 

relaxation times resulting in a reduction of signal on T2w or T2*w images.

1.2.2 Correlation to MS Pathology

The conventional MRI methods used to detect focal tissue changes in the CNS of 

MS patients include SE-T1w, SE-T2w and Gad-enhanced SE-T1w techniques. 

Often, these multiple contrasts complement each other when diagnosing or 

assessing an MS patient. The appearance of hyperintense lesions on T2w images 

is indicative of non-specific pathologie changes in the tissue. These pathologie 

changes may include inflammation, demyelination, edema and axonal loss (49). 
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The lesions often appear in peri-ventricular regions of the white matter, the corpus 

callosum, the juxtacortical gray-white junction and the infratenorial brain regions 

(50). Hypointense lesions on T1w images (often called black holes) are predictive 

of active regions of severe axonal loss (51).

1.2.3 Gadolinium Enhancement

Gadolinium-enhanced MRI is considered to be the most sensitive tool for the 

clinical diagnosis and assessment of MS patients and for assessing treatment 

efficacy in clinical triais (52). Brain inflammation in MS is associated with local 

increase in BBB permeability, which can be imaged in vivo with MRI after an iv 

injection of Gad. The presence of a leaky BBB is thought to allow differentiation 

between active inflammatory lesions and lesions with less active inflammation or 

chronic inactive lesions (53). In normal humans the endothelial cells that line the 

BBB are tightly bound preventing entry of foreign bodies and/or immune cells.

Gad-enhanced MRI has been shown to correlate with the initial phase of lesion 

development (53,54) which is comprised of macrophage infiltration and an 

astroglial response, both leading to active demyelination. After 2-6 weeks 

enhancement subsides, however myelin breakdown products may persist for up to 

9 months (55). Gad enhancement is therefore a sensitive indicator of the initial 

inflammatory phase of lesion development. However, demyelination probably 

progresses after breakdown of the BBB has subsided and therefore Gad 

enhancement is not a sensitive indicator of ongoing demyelination or chronic 
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inflammation (56). Furthermore, Gad-enhanced MRI is not able to identify the 

various cell components of the immune system trafficking across the damaged 

BBB (57).

Recent animal studies employing the use of superparamagnetic iron oxide (SPIO), 

an MR contrast agent that can be used to label inflammatory cells, have pointed to 

a clear difference between regions displaying Gad enhancement and regions 

showing SPIO uptake (58,59). This difference alludes to two distinct pathological 

processes that occur in the CNS of EAE animals: a transient state of BBB 

breakdown and a chronic state of inflammation and demyelination.
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1.3 Cellular Magnetic Resonance Imaging

Cellular MRI is a rapidly evolving field that combines the technology of high- 

resolution MRI and cellular MR markers to visualize targeted cells and cellular 

processes in living organisms. For cellular MRI, cells need to be labelled with 

MR contrast agents in order to make them stand out from the surrounding tissues 

and render them distinctly visible on MRL Ideally, it will be possible to target a 

particular population of cells in a living organism for cellular MRI to study their 

tissue distribution, differentiation, proliferation, regeneration, survival and death 

(93). The development of a wide range of paramagnetic and superparamagnetic 

contrast agents, in addition to the techniques for incorporating these labels into 

cells has stimulated numerous applications for cellular MRI. In particular, 

superparamagnetic iron oxide contrast agents are especially effective in reducing 

the T2* relaxation time of targeted tissues due to the induction of strong field 

inhomogeneities resulting in the creation of signal hypointensity on MR images.

Superparamagnetic iron oxide contrast agents are comprised of an iron-oxide core 

and a carbohydrate coating with a diameter of 50-100nm. SPIO particles first 

appeared in the late 1980s as MR contrast agents for detection of liver and spleen 

tumors (64,65). Upon systemic injection of the SPIO agent, macrophages in the 

liver and spleen naturally engulf the SPIO particles causing a large region of 

signal hypo-intensity on T2w and T2*w MR images. Regions where there is no 

signal loss correspond to tumor cells which are unable to engulf SPIO particles. 

The signal loss that results from the presence of SPIO particles in a specific 
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region is a consequence of a significant reduction in the T2 relaxation time of the 

tissue (87). The T2 shortening arises from the interactions between the unpaired 

electrons of SPIO and the hydrogen nuclei of water molecules. The size of the 

signal loss can span an area up to 50-100 times larger than the actual size of the 

SPIO particle.

Shortly after the introduction of SPIO to image liver and spleen tumors, a smaller 

agent was proposed for applications requiring a longer half-life. Ultrasmall 

superparamagnetic iron oxide (USPIO) has a blood half-life that is more than 12 

times longer than that of SPIO (66). USPIO is also small enough to migrate 

across the capillary wall (mean particle size of 20nm). One of the first 

applications of USPIO imaging was in assessing lymph nodes and detecting nodal 

metastasis (67). Further applications included bone marrow imaging (68), brain 

imaging (69) and angiography where USPIO was used as a blood pool agent (70).

Other variations of SPIOs include micron-sized iron oxide nanoparticles (MPIOs) 

and magnetodendrimers. MPIOs span a wide array of sizes ranging from 0.96um- 

10um and contain varying concentrations of iron oxide. MPIOs have mainly been 

used in imaging organ rejection/transplantation (89) and following tumor 

progression from the initial cancerous lesion through to metastasis (92). The 

main advantage of MPIOs is their inert nature which allows them to remain 

incorporated in cells over multiple cell divisions as opposed to dextran-coated 

iron oxide particles which are biodegradable. In addition, MPIOs contain up to 3 
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times more iron per particle than SPIOs, allowing for increased detection 

sensitivity on MR images (90). Magnetodendrimers are dendrimer-encapsulated 

SPIOs. Bulte et al showed that magnetodendrimers are efficiently taken up by a 

wide variety of mammalian cells, including human neural and mesenchymal stem 

cells and can easily be detected in vivo, with a good agreement between the 

achieved MR contrast and a traditional marker gene (91).

In the late 1990s the application of SPIO contrast agents to image inflammation 

was first introduced. During an inflammatory response the population of 

macrophages in the circulation increases substantially (71). The natural ability of 

macrophages to engulf foreign bodies through the process of phagocytosis meant 

that upon injection of SPIO/USPIO into the circulation, during a period of active 

inflammation, the macrophages would presumably be labeled in the circulation 

before reaching the site of inflammation. Hence, iron-oxide based MR imaging 

could be used to detect and monitor specific site(s) of inflammation. One of the 

first applications of this theory was in animal models of MS (78,79,81). Other 

applications included imaging inflammation in spinal cord injury (72), transplant 

rejection (73), cerebral ischemia (74), atherosclerotic plaques (75) and amyloid 

plaques in Alzheimer's (76).
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The choice of contrast agent (USPIO vs. SPIO) for applications of in∩ammation 

is important. The majority of cellular MRI studies utilize USPIOs since they have 

a longer half-life and therefore increased contact of the particles with 

macrophages in the circulation (66). However, a number of studies have shown 

that larger size particles tend to be phagocytosed much more efficiently (77,78). 

The studies in this thesis utilize the contrast agent Feridex®, an SPIO comprised 

of dextran-coated iron oxide with a mean diameter of approximately 100nm 

(Figure 1.2). Feridex® is approved by the food and drug administration in the US 

and has been shown to be readily phagocytosed by macrophages (77,78).

Model

Figure 1.2: Chemical model 
showing the structure of an SPIO 
particle. Iron molecules make up the 
core of the SPIO particle (brown 
sphere). Dextran sugar molecules 
coat the SPIO particle.
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An integral component of most cellular MRI experiments is the ability to acquire 

high-resolution images. In recent years the strength of MR magnets has grown 

substantially reaching up to 17.6T for small animal imaging (60) and 8T for 

human imaging (61). This increase in the main magnetic field (Bo) increases 

signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR), and spectral resolution. 

In many cases, these benefits translate to higher spatial and/or temporal resolution 

compared to lower field strengths. However, the increase in Bo does not come 

without an expense. A number of technological, physical and safety 

considerations must be taken into account when imaging at high-field strengths. 

Technology issues include maintaining the homogeneity of the static and rf 

magnetic fields, the design of efficient rf coils for signal reception, and the high 

cost of the main magnet. Physical considerations include changes in the 

relaxation mechanisms, increased susceptibility effects and other changes in 

contrast mechanisms. Safety considerations include higher power rf pulses and 

the potential for tissue heating and coil burns, and physiologie effects associated 

with motion at high-field strengths. Clearly, methods of performing high- 

resolution MRI which can overcome some of these disadvantages are highly 

desirable.

In the work presented in this thesis, high-resolution MRI was performed using a 

clinical 1.5T MR scanner, a high-strength custom-built gradient coil insert and a 

steady state free precession (SSFP) imaging sequence. The gradient coil insert 

had the following hardware specifications which were approximately 10 times
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greater than those of a clinical 1.5T scanner: peak slew rate 2000 T∕m∕s and 

maximum gradient strength 1200mT. This unique method of acquiring high- 

resolution MR images for cellular MRI has a number of advantages. At the low 

field strength used in this study chemical shift artifacts and field inhomogeneities 

are minor, as compared with what is typically observed in SSFP images acquired 

at high magnetic field strengths. The gradient coil insert permits very high- 

resolution image acquisitions with very short scan times (short TR/TE). The time 

it takes to transform a clinical scanner to a high-resolution MRI scanner is 

approximately 15 minutes. Figure 1.3a shows the typical setup for incorporating 

the gradient coil insert into the MR scanner. The rf coil is equipped with tubes 

that carry warm water to maintain the animal’s temperature and isoflurane to keep 

the animal anaesthetized during the scan (Figure 1.3b). In addition to the gradient 

coil insert, the fast imaging employing stead state acquisition (FIESTA) pulse 

sequence, which is a variation of the SSFP sequence has certain additional 

advantageous features over other imaging sequences for cellular imaging with 

SPIO. The FIESTA sequence provides better SNR, relative to GRE and SE 

sequences, as a result of the multiple signal refocusing paths available for tissues 

with T2 much greater than TR (62). The significant improvement in SNR 

efficiency allows for acquisition of images at high spatial resolution with 

relatively short scan times and allows cellular imaging at lower field strengths 

than is typically possible. Using the customized hardware and the FIESTA pulse 

sequence, our lab has demonstrated the ability to perform cellular MRI at 1.5T in 

experimental models of spinal cord injury (72) and multiple sclerosis (89).
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1

Figure 1.3: Transforming a 1.5T clinical MR scanner into a high-resolution small animal imaging 
system. (A) Gradient coil insert is shown lying on the patient bed of a clinical scanner. Blue box 
shows the tray in which the rf coil lies. (B) Close up on the tray showing the rf coil where a living 
mouse is placed. Tubes connected to the rf coil carry gas anesthetic to keep the animal anesthetized 
and warm water to keep the animal warm during the scan.
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More recently Heyn et al showed, for the first time, that single cells labeled with 

SPIO particles, can be detected in mouse brain in vivo (63). The only comparable 

study to Heyn’s in vivo detection of single cells was performed by Shapiro et al 

who showed indirect evidence that single liver cells (hepatocytes) labelled with 

SPIO can be detected in vivo on a 7T MR scanner after transplantation of the cells 

into the host animal (89).

In prior work performed during my 4th year project I demonstrated the capability 

of using the tools described above for high-resolution cellular MRI to detect 

inflammation in the CNS of EAE-induced animals. The work also showed the 

superiority of the FIESTA pulse sequence over FSE-T2W and SPGR pulse 

sequences in resolving different regions of inflammation within the CNS of EAE 

animals. The resulting publication from this work is provided in the appendix of

this thesis.
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1.4 Cellular MRI of Inflammation in EAE:
A Literature Review

In 1998 Xu et al published the first report of detecting inflammatory lesions after 

an iv injection of SPIO (79). The experiments were performed in vivo in EAE- 

induced mice on a 4.7T animal MR scanner. Results showed the presence of 

regions of signal hypointensity on MR images, which corresponded to areas of 

dense perivascular mononuclear cell infiltration. In 1999 Dousset et al published a 

similar study using a USPIO contrast agent in EAE-induced rats on a 4.7T animal 

MR scanner (80). Dousset's results showed that the regions of signal loss on MR 

images corresponded to areas of macrophage accumulation as evidenced by ED1 

immunohistochemistry (a common marker for macrophages in rats) and electron 

microscopy. Within the same year, Dousset et al reported the importance of 

USPIO dose and time delay before scanning in determining the sensitivity of 

cellular MRI to detecting inflammatory lesions in EAE (81). To conclude the 

year, Dousset et al performed a comparative study between USPIO-enhanced 

MRI, conventional T2w MRI and Gad-enhanced T1w MRI in EAE rats to 

determine the most sensitive technique for detecting EAE lesions. Dousset 

showed that USPIO-enhanced MRI was the most sensitive method for detecting 

MS lesions and attributed the cause of this to the intracellular uptake of USPIO 

and its transport to the CNS (82). With the above set of reports, cellular MRI of 

inflammation in EAE became well established, albeit with a number of 

unresolved questions. In 2003, Rausch et al studied disease burden during the 

acute phase and the first relapse phase of EAE in Lewis rats by using different 
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MRI techniques. Rausch et al showed that regions of USPIO accumulation 

coincided only in part with areas of BBB breakdown and suggested that monocyte 

infiltration and BBB breakdown may be two independent processes (83). Shortly 

after, Fioris et al published a study that specifically addressed differences in the 

timing of BBB breakdown and monocyte infiltration in EAE rats (84). Floris et al 

demonstrated that BBB breakdown preceded cellular infiltration and peaked at the 

onset of the disease whereas cellular infiltration as demonstrated by SPIO- 

enhanced MRI peaked at later stages of EAE. Most recently, Dousset et al 

showed the application of USPIO-enhanced MRI as a prognostic measure for 

determining potentially severe forms of EAE (85). By injecting USPIO into rats 

induced with the severe protracted-relapsing EAE model, which is predominately 

characterized by axonal loss, Dousset et al showed that animals with SPIO- 

enhancing lesions at the onset of EAE later developed severe forms of the disease. 

On the other hand, EAE animals with no SPIO-enhancing lesions at the onset of 

the disease developed mild forms of EAE during later stages.

Eight years after the first application of cellular MRI to detecting inflammation in 

EAE the first reported study in humans was recently published by Dousset et al in 

the American Journal of Neuroradiology (86). Dousset et al demonstrated the 

potential advantages of using USPIO-enhanced MRI to detect and monitor lesion 

evolution in MS patients. The study also showed the heterogeneity of 

inflammatory MS lesions by comparing the different information provided from 

images with USPlO and Gad contrast agents.
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1.5 Summary and Rationale

Multiple sclerosis is the most common disabling neurological disease in young 

adults. The application of conventional MRI to the study of MS has greatly 

improved our ability to diagnose the disease and monitor its evolution. 

Nevertheless, the information provided by conventional MRI methods is limited 

in both accuracy and specificity. Recent work in the area of cellular imaging has 

improved our understanding of how the cellular aspects of inflammation evolve 

over the course of EAE. The correlation between macrophage accumulation and 

axonal loss in the CNS hints to the capability of using iron oxide-enhanced MRI 

as a prognostic tool for evaluating patients at higher risk of developing severe 

forms of MS and thus starting them on a suitable treatment. The latest work by 

Dousset et al demonstrates how SPIO-enhanced MRI can be used to complement 

Gad-enhanced MRI as both methods provide different information on the nature 

and pathology of the MS lesion. However, it remains unknown whether SPIO- 

enhancing lesions on MRI are attributed to the uptake of SPIO by hematogenous 

macrophages in the circulation or CNS-resident microglia. The specific objective 

of the present thesis is to determine the cell type involved in the uptake of SPIO in 

cellular imaging experiments. Having established the importance of 

hematogenous macrophages in EAE/MS in earlier sections of this chapter and the 

critical role they play throughout the disease course, the remainder of this thesis 

focuses on experiments aimed at detecting and tracking hematogenous 

macrophages in EAE.
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1.6 Thesis Organization

In this thesis I use customized high-resolution cellular MRI technology along with 

a SPIO contrast agent to study the inflammatory response in EAE and to address a 

fundamental research question related to cellular MRI.

The major work of this thesis is described in Chapter 2. This chapter has been 

submitted as a manuscript to the Journal of Magnetic Resonance Imaging. A 

novel EAE mouse model was used to study the contribution of hematogenous 

macrophages to the iron induced signal loss observed in EAE brains. My 

hypothesis was that hematogenous macrophages originating from the circulation 

are the primary cell type responsible for SPIO uptake. Through these experiments 

I have produced direct evidence that shows that SPIO labeled hematogenous 

macrophages can be identified in the brain after iv administration of Feridex® and 

that these cells contribute to the regions of signal loss observed in MR images of 

EAE brain.

To further examine the role of hematogenous macrophages a depletion 

experiment was designed. In chapter 3 a pilot study is described where 

macrophage depletion was performed using clodronate-loaded liposomes in EAE- 

induced rats. My hypothesis was that macrophage depletion in EAE animals 

would decrease the degree of signal loss typically observed in images of the 

brains of EAE animals. Macrophages were depleted just prior to the systemic 
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administration of SPIO to determine the contribution of SPIO to regions of signal 

loss on MR images in the absence of macrophages.

Chapter 4 summarizes the major results of this thesis and discusses potential 

future work in the field of cellular MRI for investigating EAE.
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Chapter 2

Cellular Imaging of Macrophages in a Novel EAE 
Mouse Model1

1 Chapter 2 submitted for publication to Journal of Magnetic Resonance Imaging, May 21, 2006.

2.1 Introduction

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

nervous system (CNS) (1). The major pathological hallmark of MS is the 

presence of sclerotic plaques in the brain and spinal cord (2). The pathologie 

picture of many MS plaques is consistent with immune cell-mediated damage to 

the myelin sheath (3). Experimental allergie encephalomyelitis (EAE) is an 

animal model for immune-inflammatory diseases of the CNS in general, and for 

MS in particular. EAE can be induced in various laboratory animals, including the 

mouse, rat, guinea pig and primates (4,5). Ongoing pathogenesis in MS and EAE 

is due to an active inflammatory process and is associated with blood-brain- 

barrier (BBB) damage (6). The inflammatory infiltrates in acute EAE and MS 

include a diverse accumulation of lymphocytes and macrophages, primarily in 

white matter regions of brain tissue (7). The importance of T cells in EAE has 

been extensively documented, particularly the ability to initiate the disease and 

the autoimmune specificity for myelin provided by these cells (8). Other immune 

cell types, specifically the macrophages, are also implicated in the pathogenesis of 

EAE (9,10).
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Within the CNS of rats with EAE different types of macrophages can be 

distinguished: (i) macrophages which are bone marrow derived, including the 

hematogenous monocytes/macrophages that infiltrate the CNS, and (ii) 

macrophages derived from activated microglia. The hematogenous macrophages 

have been shown to play multiple roles in EAE. They secrete numerous products 

that are involved in BBB breakdown, the activation and recruitment of 

immunocompetent cells into the CNS and the degradation of myelin (11). 

Furthermore, infiltrating hematogenous macrophages have been shown to be 

important for the generation of neurological deficits in EAE (12-14). For 

example, Kent et al showed that blocking T cell and monocyte/macrophage 

infiltration using antibodies against the α4β 1 -integrin caused a sustained reversal 

of disease pathology in chronic EAE (14).

Besides the T cells and infiltrating, hematogenous macrophages, the resident 

macrophages of the CNS have also been implicated in the pathogenesis of EAE. 

These resident cells include perivascular macrophages and microglia. The 

perivascular macrophages form a distinct population of cells. They are also bone­

marrow derived, are phagocytic and are thought to exist in an activated state (15). 

As a component of the BBB they form a first line of defense once the endothelial 

integrity of the barrier is breached or damaged (16). As the primary immune 

effector cells of the CNS, microglia respond by migrating to the site of 

inflammation, where they proliferate, differentiate and become phagocytic (17). 

Like other tissue macrophages they release pro-inflammatory cytokines that 
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amplify the inflammatory response by recruiting additional immune cells to the 

site of injury.

A key issue for understanding the pathogenesis of MS is the reliable identification 

of the macrophages that are capable of degrading myelin and presenting 

autoantigen to T cells. Knowledge of which specific cells are participating in MS 

lesion formation, their spatial distribution and the timing of their infiltration or 

activation are important questions in MS research. Cunently the most common 

methods for assessing macrophage involvement in EAE involve histopathological 

or immunohistochemical evaluations of multiple tissue sections. However, there 

are certain limitations with the use of these methods for investigating 

inflammation in EAE. Traditional histological techniques are laborious, 

destructive and provide only one measurement point per experimental animal at a 

defined point in time. In addition, there is currently no unique histological marker 

that allows for the differentiation between hematogenous macrophages and 

microglia.

Cellular MRI is a newly emerging field of imaging research that combines the 

ability to generate high resolution in vivo MRI data with contrast agents for 

labeling cells (18,19). The use of iron oxide nanoparticles for cell-specific 

imaging by MRI has now been demonstrated in a number of different disease 

models (20-24). Cells are either pre-labeled with iron nanoparticles prior to their 

injection or transplantation (25,26), or free iron nanoparticles are administered by 



38

intravenous (iv) injection and taken up by cells in vivo. The latter approach has 

been termed “active” or “in vivo labeling” of cells. Some of the first MR studies 

to use this active labeling approach were in animal models of EAE (27-31). The 

presence of intracellular iron oxide is typically indicated by signal hypointensities 

in T2 or T2* weighted images (32). We have previously shown that individual 

perivascular cuffs can be visualized in images of EAE rat brain using the steady 

state free precession imaging sequence (3DFIESTA) after intravenous 

administration of Feridex® (33). Recently, Dousset et al demonstrated the 

application of USPIO to imaging immune cells in MS patients (34).

It is clear that cellular MRI techniques can be used to detect iron labeled cells in 

EAE brain tissue. However, little is known about the identity of the cells that are 

responsible for the signal loss in MR images. Several studies have compared MRI 

findings with immunohistochemical analyses with ED1, a marker for activated 

macrophages in rats, and shown that regions of signal loss in MR images 

correspond to cells in EAE lesions that are EDI positive. However, all 

phagocytosing macrophages (hematogenous macrophages and microglia) in the 

rat are recognized by the monoclonal antibody (mAb) ED1. Furthermore, all of 

the macrophage subsets that have been implicated in the pathogenesis of EAE are 

naturally phagocytic and have the potential to internalize iron nanoparticles. In 

this study we use cellular MRI, and a novel transgenic mouse model of EAE to 

differentiate between macrophage subsets and to investigate the degree to which 

hematogenous macrophages contribute to the regions of signal loss detected in 
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MR images of EAE brain. This mouse expresses the enhanced green fluorescent 

protein (EGFP) in the myelomonocytic lineage of hematopoietic cells (35); as a 

result hematogenous macrophages fluoresce green while microglia do not.

2.2 Methods

2.2.1 Transgenic Mouse

These studies used the lysozyme M-EGFP-ki (lys-EGFP-ki) transgenic mouse 

created by Faust et al (35). The lys-EGFP-ki model was created using EGFP 

knocked into the C57B1∕6 genome replacing the lysozyme M (lys-M) gene. The 

lys-M promoter drives the expression of EGFP specifically in mature 

myelomonocytic cells, which include monocytes, macrophages and neutrophils 

(but not microglia). The wild type C57B1∕6 mouse, which is the genetic 

background of the lys-EGFP-ki mouse, has been used by many investigators for 

various models of EAE (36,37).

2.2.2 EAE Induction

EAE was induced in 6 week old female lys-EGFP-ki transgenic mice by a 

subcutaneous injection of a mixture of 100 ug synthetic myelin oligodendrocyte 

glycoprotein peptide 35-55 (MOG35.55), 0.050 ml complete Freund’s adjuvant 

(CFA) containing 500ug irradiated mycobacterium tuberculosis. 0.1 ml was 

injected in the flank while the mice were under general anesthesia. Pertussis toxin 

(500ng) was administered i.p. on days 0 and 2 post-disease immunization. A 

booster injection was given 8 days after the initial inoculation, in which 



40

incomplete Freund’s adjuvant replaced CFA. All protocols used for this 

experiment were approved by the University of Western Ontario Animal Care 

Committee and were conducted in accordance with the policies and guidelines of 

the Canadian Council on Animal Care.

2.2.3 Clinical assessment

Animals were weighed and scored daily for the clinical features of EAE according 

to the following scale: 0 = normal healthy animal, 0.5 = partial loss of tail tonus, 1 

= loss of tail tonus, 2 = hind limb weakness, 3 = complete hindlimb paralysis, 4 = 

hindlimb and forelimb weakness, 5 = complete paralysis, incontinence, and 

moribund conditions. Scoring began the day after immunization. Day 0 was 

considered the day of immunization.

2.2.4 In vivo Cellular MR Imaging

Fourteen EAE mice were administered Feridex® (Advanced Magnetic Industries) 

i.v. via tail vein injection (2mMol∕kg) on day 16-22 post immunization. Control 

groups included EAE mice administered saline iv (n=4) and normal healthy mice 

administered Feridex® (n=7) or saline (n=7) on day 19. Animals were imaged in 

vivo 24 hours after the injection of Feridex® or saline. In addition, two EAE 

animals were imaged repeatedly, at three time-points (24,48 and 72 hours) after a 

single iv injection of Feridex®.
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Mice were imaged at 1.5 Tesla on a clinical MR system (GE EXCITE) equipped 

with a custom-built, high performance gradient coil insert, designed and 

constructed in our lab. The coil had the following characteristics: inner diameter 

llcm, peak slew rate 2000 T/m/s and maximum gradient strength 1200mT∕m. 

Mice were anesthetized using the gas anesthetic isoflurane (1% in oxygen) and 

positioned within a custom-built mouse head solenoidal radio-frequency coil 

which was placed within the gradient insert. To maintain normal body 

temperature during imaging, warm water was circulated around the RF coil 

compartment. In vivo brain images were acquired using a steady state free 

precession imaging sequence (3DFIESTA, GE Medical Systems, Milwaukee, 

WI), which was previously optimized in our lab for imaging SPIO labeled cells 

(38,39). The FIESTA imaging sequence parameters were as follows: TR/TE 

7.7∕3.6 ms, flip angle 30°, 21 kHz bandwidth, 20 signal averages, 2 cm field of 

view, 200x200 matrix, and a slice thickness of 0.2 mm. The resulting spatial 

resolution was 100x100x200 um. Scan time was approximately 1 hour per 

animal.

2.2.5 Histopathology and Fluorescence Imaging

After imaging, euthanasia was performed with an overdose of pentobarbitol and 

mice were perfusion-fixed with 3.75 % neutral buffered formalin (Sigma 

Chemical, Oakville, ON). The mouse brains were excised and stored in 10% 

formalin for 24 hours. The specimens were then placed in increasing 

concentrations of sucrose solution (10%, 20%, 30%) over 3 days to prepare the 
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tissue for cryosectioning. Tissue was serially sectioned at a thickness of 16μm, in 

the axial plane and thaw-mounted on gelatin-coated slides. The MR images were 

used to guide the choice of which brain region to section. Between 10-60 tissue 

sections were cut for each mouse brain.

To distinguish the EGFP positive hematogenous macrophages from resident 

microglia, sections were double-labeled with Alexa Fluora ® 488 conjugated with 

rabbit anti-GFP antibody (Molecular Probes, Burlington, ON, Canada) and then 

with either biotinylated tomato lectin for macrophages and blood vessels (Vector 

Laboratories, Burlington, ON), or with the macrophage marker, biotinylated 

F4/80 antibody (Cedarlane, Hornby, ON, Canada). Because the detergent Triton 

X-100 needed for F4∕80 and lectin staining quenches EGFP fluorescence, the anti- 

EGFP antibody was used to label EGFP positive cells. After three 10-minute 

washes in Tris PBS plus 0.1% Triton X-100 (TPBS-X), sections were blocked 

with 10% normal horse serum (NHS) plus 10% normal rat serum (NRS) in TPBS- 

X for 1 hour at room temperature. Sections were then incubated at room 

temperature for 48 hours with the mAb F4∕80 (1:400 dilution) and anti-GFP-alexa 

fluor 488 (1:2000 dilution). Following a wash with TPBS-X containing 1% each 

of NMS and NHS, sections were incubated with HRP-Streptavadin (1:1000 

dilution) in 1% each of NHS and NRS for 1 hour. Signal was amplified using the 

Tyramide Signal Amplification system according to the manufacturer's 

instructions (Perkin Elmer, Boston, MA, USA). Rhodamine Red-X conjugated to 

streptavidin (1:200 dilution) was applied for 30 minutes to bind with the 
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biotinlyated F4∕80 mAb. 4'-6-Diamidino-2-phenylindole (DAPI) solution was 

applied to the sections for 5 minutes, rinsed with TPBS, distilled water, and cover 

slipped using Vectashield (Vector Laboratories, Burlington, ON Canada). 

Alternatively sections were first stained with biotinylated tomato lectin according 

to the manufacturers' instructions with strepavidin Alexa 594 then stained with the 

Alexa 488 anti-GFP antibody as described above in order to provide the same 

level of sensitivity of detection. Visualization of all stained sections was 

performed via fluorescence microscopy using an Olympus IX50 microscope.

Following the acquisition of fluorescence images the cover slips were carefully 

removed and the sections were re-stained with diaminobenzidine-enhanced Perls 

prussian blue (DAB-PPB) and counterstained with Nuclear Fast Red to 

demonstrate iron uptake and localization in the tissue. Histological and MR 

images were compared by locating corresponding anatomical landmarks. Regions 

of signal loss in the 3D MR image data sets were counted and compared with the 

numbers and locations of GFP positive and PPB positive regions in the tissue

sections.



2.3 Results

2.3.1 EAE clinical course

A reproducible, relapsing-remitting form of EAE was produced in the lys-EGFP- 

ki transgenic mice. Figure 2.1A shows the clinical course of the disease until day 

19 after EAE induction. The animals began to develop clinical symptoms on day

12 post-EAE inoculation. By day 16, all EAE-induced animals had clinical 

symptoms ranging from a score of 1-4. The mean day of onset was 16.

Two animals were monitored until day 70 post-disease induction. These animals 

entered into three relapse phases evident by recovery followed by recurring 

clinical symptoms of the disease (Figure 2. IB).

2.3.2 In Vivo Cellular Imaging

Discrete areas of signal loss were observed in the in vivo FIESTA images of all 

EAE animals administered Feridex® (Figure 2.2). The regions of signal loss were 

observed throughout the brain, often in periventricular locations, and spanned 

several contiguous 200um MR image slices. Figure 2.2 shows representative MR 

images from three different EAE animals administered Feridex® (2.2 A-C) and 

one non-EAE animal administered Feridex® (2.2 D). No regions of signal loss 

were observed in any of the control animals.
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Figure 2.2: In vivo MR brain images of four Lys-EGFP-ki transgenic 
mice. (A-C) show brain images of animals induced with EAE and 
scanned 24 hours post Feridex injection. Arrows indicate regions of signal 
loss observed through the cerebrum (A), mid-brain (B) and cerebellum 
(C); (D) shows an MR image of a control non-EAE animal imaged 24 
hours post Feridex injection.
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Regions of signal loss were observed in the brains of EAE animals imaged over 

time, at 24, 48 and 72 hours post Feridex®. The appearance of the regions of 

signal loss was stable over the three imaging days (Figure 2.3).

2.3.3 Histopathology and Fluorescence Microscopy

Figure 2.4 shows representative FIESTA images from two EAE animals 

administered Feridex®, at the level of the midbrain (A) and the cerebellum (B). 

Regions of signal loss are highlighted in the yellow boxes and shown at higher 

magnification in 2.4 C and F. Tissue sections were sequentially stained. First 

sections were stained with the anti-GFP antibody and fluorescence images were 

collected (Figure 2.4 E,H,J,L). Subsequently, the same sections were stained with 

PPB (Figure 2.4 D,G,I,K). These results demonstrate that regions of signal loss in 

the MR images correspond very well with regions that are both PPB positive and 

GFP positive.

Regions of signal loss observed in MR images were also compared with the 

presence and distribution of macrophages, examined using F4∕80 and anti-GFP 

antibodies. A representative FIESTA image of a mouse brain, from an EAE 

animal administered Feridex®, is shown in Figure 2.5A. A focal, peri-ventricular 

region of signal loss is highlighted in the yellow box and enlarged in 2.5B. Anti- 

F4/80 reactivity (2.5C) was observed throughout the brain parenchyma (white 

arrows) and in a denser distribution in an area corresponding to the location of the 

region of signal loss in the MR image (yellow arrow). Anti-GFP staining (2.5D)



Figure 2.3: MR images of the cerebrum region of the brain in an EAE animal scanned at 24 
hours (A), 48 hours (B) and 72 hours (C) post Feridex injection. Arrows point to the region of 
signal loss in the images.
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Figure 2.4: Correlation of signal loss on MR images to PPB positive and GFP 
positive histology. Two representative MR images of EAE mouse brains (A,B) 
show discrete regions of signal loss in the mid-brain and cerebellum. Regions of 
signal loss are highlighted in the yellow boxes in A and B. The three images below 
show the region of signal loss (enlarged) alongside the corresponding PPB and GFP 
stained tissue sections (C,D,E and F,G,H). V= ventricle, * indicates region of 
inflammation. A higher magnification (x40) of the tissue sections is shown for 
each example in (I,J) and (K,L) demonstrating excellent correspondence with 
regions of signal loss.
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Figure 2.5: Correlation of signal loss on MR images with macrophage positive and GFP 
positive histology. MR Fiesta image (A) shows a peri-ventricular region of signal loss. 
Corresponding histology section shows macrophage accumulation with F4∕80 staining (B) and 
GFP expression with anti-GFP staining (C). White arrows point to microglia and yellow arrow 
points to macrophage accumulation in (C). Ventricles are indicated with the letter V. An 
overlay image shows the overlap of GFP signal with macrophage-positive staining (E). Control 
sections from non-EAE animals injected with Feridex show microglia positive staining (F) that 
does not correspond to GFP positive regions. When GFP positive regions are detected (Arrows 
in G) they are within blood vessels as evident by tomato lectin staining (H,I).
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was observed in the same location as the intense anti-F4∕80 reactivity as evident 

by the image overlay in 2.5E, indicating the presence of hematogenous 

macrophages.

Panels 2.5F-G are control sections. Typical F4/80 reactivity was observed in 

control mouse brains; speckled pattern corresponding to normal microglia 

distribution. Regions of more intense F4/80 reactivity were not observed in 

sections from non-EAE animals injected with Feridex® (2.5F). GFP positive cells 

observed in non-EAE brains (2.5G) were clearly located along blood vessels as 

evident by the co-localization using tomato lectin staining (2.5 H,I) and had 

morphology consistent with perivascular macrophages. No GFP positive regions 

were observed within the brain parenchyma.
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2.4 Discussion

In cellular MRI studies of EAE and other models of neuroinflammation, signal 

loss has been attributed to the accumulation of infiltrating iron-labeled 

macrophages. This is because active labeling is based on the assumption that 

phagocytic cells in the blood during an immune response can be targeted with an 

i.v. injection of (U)SPIO, and these cells will migrate to the site of inflammation 

carrying the magnetic label with them. In this paper, we provide the first direct 

evidence that SPIO-Iabeled hematogenous macrophages can be identified in the 

brain after iv administration of Feridex® and that these cells contribute to the 

regions of signal loss observed in MR images of EAE brain. This was achieved 

using a novel EAE mouse model in which hematogenous macrophages are GFP 

positive and microglia are GFP negative. With this unique mouse model we show 

excellent correspondence between areas in the EAE brain that are PPB positive 

and GFP positive and we show that these areas can be related to regions of signal 

loss observed in FIESTA MR images of EAE mouse brains.

Our results do not provide direct evidence that hematogenous macrophages are 

being labeled in the blood after Feridex® is administered iv; only that 

macrophages that originate in the periphery are iron-labeled and exist in the CNS 

lesions in EAE. In EAE, the integrity of the BBB is compromised and it has been 

suggested that nonspecific SPIO uptake may occur through a leaky BBB. Thus, it 

is conceivable that cells already present in the CNS at the time of Feridex® 

administration are being labeled in the CNS by iron particles crossing the BBB 
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passively. There is however some indirect evidence to support the notion that 

Feridex® nanoparticles are being taken up by hematogenous macrophages in the 

blood during inflammation and are not labeled nonspecifically. Muldoon et al 

showed that after BBB disruption by mannitol Feridex® particles passed the 

capillary endothelial cells but did not cross beyond the basement membrane (40). 

This finding was in contrast to their finding that smaller USPIO (MION particles) 

were found intracellularly and extracellularly in the neuropil. Therefore in this 

study it is unlikely that hematogenous macrophages (or other cells beyond the 

basement membrane) are labeled by passively diffusing Feridex®.

There is still some question of whether other cells in addition to the 

hematogenous macrophages are labelled with Feridex® and contribute to the 

signal loss in the MR images. It is possible that endothelial cells are also iron 

labelled. Our histology showed that a small number of MR signal voids were 

observed, that corresponded to PPB positive regions, but could not be matched to 

GFP positive regions on corresponding fluorescent images; these MR signal voids 

might represent other GFP-negative cell types that are iron labelled. 

Alternatively, the lack of perfect correspondence might be attributed to the 

challenges of correlative imaging including the fact that not every contiguous 

tissue slice is sectioned and stained and that there is a discrepancy between the 

slice thickness (MRI = 200 μm, histology = 16 μm).
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In conclusion this study demonstrates that regions of signal loss observed in the 

brains of EAE animals after iv SPIO result from the accumulation of iron labelled 

hematogenous macrophages in inflammatory lesions. This unique mouse model 

for EAE will allow us to continue to investigate the role of the hematogenous 

macrophages in BBB breakdown, lesion formation and disease progression in 

MS.
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Chapter 3

Cellular Imaging of Neuroinflammation in 
Macrophage-Depleted EAE Animals

3.1 Introduction

Macrophages play an important role in the clinical manifestation of EAE. The 

ability to track macrophages in vivo will allow for better assessment of the 

inflammatory phase in multiple sclerosis and better evaluation of therapies 

directed at blocking macrophage infiltration into the CNS. Cellular MRI with 

SPIO has shown considerable potential as a marker of macrophages in 

inflammatory disease. In previous work shown in chapter I, I demonstrated the 

ability to detect inflammatory regions on MR images in the CNS of rats induced 

with acute EAE. The inflammatory regions were detected as areas of ED1 

positive staining, which stains for hematogenous macrophages and microglia 

(Appendix I). In chapter 2, experiments were performed on a novel transgenic 

mouse in which the hematogenous macrophages express GFP and the microglia 

do not. The results of chapter 2 demonstrated that regions of signal loss on MRI 

due to SPIO are largely attributed to the hematogenous macrophage population. 

Another method of addressing the involvement of hematogenous macrophages in 

the uptake of SPIO is to deplete the hematogenous macrophage population and 

study the changes in signal loss in the brains of macrophage-depleted animals 

after SPIO injection.
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Clodronate liposomes (CL) contain the drug dichloromethylene diphosphonate 

(CL2MDP), which is commonly used to eliminate macrophages (1). CL2MDP- 

containing liposomes are ingested by macrophages, and high concentrations of 

intracellularly released CL2MDP kill the cell (1). When injected systemically, CL 

eliminates almost all phagocytosing macrophages in the spleen and liver (2). The 

method has multiple applications and has been used to study: lymphocyte 

migration in the spleen in the absence of macrophages (3), macrophage subset 

repopulation in the spleen or rats and mice (4,5), functions of lung macrophages 

(6), and the role of macrophages infiltrating into inflammatory tissue (7). CL also 

effectively eliminates circulating hematogenous macrophage populations (9) and 

has been used to study the inflammatory response in EAE in the absence of 

circulating hematogenous macrophages (10).

The work described in this chapter is from a pilot study designed to provide 

additional information about the cells involved in SPIO uptake in EAE and their 

contribution to the MR signal loss. In this study I used the acute EAE rat model 

(previously studied, paper in Appendix I) and a method for depleting 

hematogenous macrophages. The hypothesis for this experiment was: if 

hematogenous macrophages are depleted then regions of signal loss in MR 

images would be decreased.
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3,2 Methods

3,2.1 EAE Induction

EAE was induced in 8-week old female Lewis rats by a single injection of whole 

Hartley guinea pig CNS homogenate in complete Freund’s adjuvant (CFA) and 

inactivated H37Ra MTB. Immunization was performed by intradermal 

inoculation of 0.1 ml in the f∞tpad of each hind leg under general anesthesia. All 

animals were kept in individual cages with standard conditions of light and free 

access to water and food.

The clinical signs of EAE began approximately 12 days post immunization. 

Animals were weighed and scored daily for the clinical features of EAE according 

to the following scale: 0 = normal healthy animal, 0.5 = two consecutive days of 

weight loss (>20g), 1 = loss of tail tonus, 2 = hind limb weakness, 3 = complete 

hind limb paralysis, 4 = complete paralysis, incontinence, and moribund 

conditions. Scoring began the day after immunization. Day 0 was considered the 

day on which inoculation of EAE occurred.

3.2.2 Clodronate Liposome Treatment Experiment

EAE was induced in two groups of animals: CL-treated group (group I, n=9) and 

saline treated group (group II, n=9). Control animals consisted of non-EAE 

animals administered CL (n=4) or saline (n=4). At 8 and 10 days post 

immunization (dpi) rats in Group I were administered clodronate loaded 

liposomes iv, (0.25g∕ml) (VU Medical Centre) and rats in Group II were 
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administered saline iv. Liposome encapsulated clodronate induces the selective 

apoptotic death of monocytes and macrophages. Depletion occurs rapidly and 

without directly affecting other peripheral leukocytes. A single iv injection of CL 

in rats results in the elimination of macrophages in bone marrow, spleen and liver 

within 2 days. This technique has been used previously by Huitinga et al who 

showed that effective macrophage depletion was attained 2 days after the first i.v. 

injection of CL (9).

3.2.3 Imaging

All rats were administered the SPIO, Feridex® (Advanced Magnetic Industries), 

(22.4 mg Fe∕kg) i.v. when hindlimb weakness was observed, which occurred at 

12-14 days post inoculation in ail animals. Animals were sacrificed 24 hours after 

Feridex® administration and the brain, liver and spleen were removed and 

prepared for ex vivo imaging. Imaging was performed at 1.5T using a customized 

microimaging protocol, which consisted of a high-powered gradient coil insert as 

described in section 1.3.1 and a custom built solenoid RF coil. Images were 

obtained using 3DFIESTA with TR/TE 10∕5ms, 30 flip angle, 21 kHz bandwidth, 

100 micron in-plane spatial resolution, 200 micron slice thickness, 8 signal 

averages, 20 minute scan time. The imaging protocol was optimized previously in 

experiments performed during my 4th year thesis work (Appendix I).
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3.2.4 Histopathological Analysis

3.2.4.1 Brain Histology

After imaging, the specimens were prepared for histopathological analysis. 

Specimens were embedded in paraffin in such a manner that 8 um sections could 

be cut from the block. Sections were stained with hematoxylin and eosin (H & E) 

to assess the cellular infiltrate. Contiguous sections were stained with DAB- 

enhanced Perl’s Prussian Blue (PPB) counterstained with Nuclear Fast Red to 

demonstrate iron uptake and immunolabeled with mouse anti-rat EDI (also 

known as anti-CD68). The monoclonal antibody (mAb) ED1 is widely used as a 

marker for rat macrophages. The EDI antigen is expressed on lysosomal 

membranes, and weakly on the cell surface of myeloid cells. The ED1 antigen is 

expressed by the majority of tissue macrophages and weakly by peripheral blood 

granulocytes. ED1 (1:300) was applied to sections overnight in a humidified 

chamber at 40°C after blocking with 5% normal goat serum (NGS), and 0.3% 

H2O2 in PBS. Sections were rinsed with PBS-Tween 20 (3x), after which a 

biotinylated goat anti-mouse (H+L) IgG secondary antibody was applied (1:500) 

for 2.5 hours at room temperature. Sections were washed again with PBS-Tween 

20, treated with extravadin-peroxidase (1:500, 3 hours) (Sigma) and finally a 

DAB solution. Sections were counterstained with hematoxylin. Sections were 

dehydrated through ascending alcohols, cleared in xylene, and cover slipped with 

Cytoseal-60 (VWR International). Histopathological and MR images were 

matched by locating corresponding landmarks.
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3.2.4.2 Liver and Spleen Histology

Liver and spleen sections were cut and stained for iron using PPB and 

macrophages using the monoclonal EDI antibody. The PPB staining protocol 

was the same as that implemented for the brain sections (see above). The ED1 

protocol was similar with the following exceptions: Peroxide block was 

comprised of 1%H2O2 in lx PBS (1X=1%) for 1 hr 35 minutes and the protein 

block was comprised of 6% NGS (normal goat serum) in lx PBS with 0.3%Triton 

X (detergent) for 2 hours.

3.2.5 Flow Cytometry Experiment

In a separate experiment, flow-assisted cytometry (FACS) was performed to 

assess the degree of depletion of hMac in the blood circulation. First, 0.2ml blood 

samples were obtained through the tail vein of each animal. For all staining 

protocols, cells were stained in 5ml polystyrene round-bottom tubes (BD Falcon). 

All samples were blocked by incubating in PBS containing 10.8 mg/ml mouse 

IgG for 15 minutes on ice. Samples were stained with the following primary or 

isotype control antibodies (BD Pharmingen): PE-conjugated RP-1 mouse anti-rat 

granulocytes mAb, R-PE-conjugated mouse IgG2ak isotype control, FITC- 

conjugated anti-rat CDllb (integrin aM chain, Mac-1 α chain) mAb, FITC- 

conjugated mouse IgA isotype control, PE-Cy5-conjugated mouse anti-rat CD45 

(leukocyte common antigen) mAb, PE-Cy5-conjugated mouse IgG1 isotype 

control. Peripheral blood monocytes were isolated by lysis of red blood cells 

using ammonium chloride lysing reagent (BD Pharmingen). Tubes were mixed 
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and placed on ice for 5 min. Samples were centrifuged at 500g for 5 min. Cells 

were pelleted and the supernatants removed by an inverted flick of the tube. 

Samples were kept on ice until reading. All FACS analysis was performed using 

a BD Calibur with 488nm laser and Flowjo software. The side-scatter plot and 

CD45 stain were used to select for leucocytes. Macrophages were selected from 

the CD45-positive population based on positive expression for CDllb and 

negative expression for RP-1.

Animals were divided into saline-treated and CL treated groups with 6 animals in 

each group. Blood samples were collected from all animals on day 7 post­

immunization and FACS analysis was performed to obtain the baseline level of 

macrophages prior to injection of CL or saline. CL or saline was injected iv on 

days 8 and 10 post immunization. Blood samples for FACS analysis were 

obtained from the saline-treated group on day 12 and from the CL treated group 

on day 13. After obtaining the blood samples, the animals were injected with 

Feridex® i.v. and sacrificed 24 hours later. The brain, liver and spleen were 

excised for imaging and histological analysis. FACS was performed on the blood 

samples to obtain a measure of the number of macrophages after treatment.
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3.3 Results

In both the saline-treated EAE group and the CL-treated EAE group all animals 

developed clinical signs of EAE ranging in score from 0.5-3.5. The onset of 

clinical signs occurred between days 12-14 post-immunization in both groups. 

Table 3.1 summarizes the data for each group of animals. The mean score for 

CL-treated EAE animals was 1.56 (SD=1.33) and for saline-treated EAE animals 

1.94 (SD=0.98). No statistically significant difference was found between the 

saline-treated EAE group and the CL-treated EAE group (P = 0.05, t-test).

3.3.1 MRI

The imaging results from this experiment were unexpected. Depletion of blood- 

derived macrophages, prior to the administration of the cellular imaging label 

Feridex®, did not inhibit the observation of signal loss as hypothesized. In fact, 

the extent of signal loss observed in CL treated rats was considerably greater than 

for saline treated rat (figure 3.1). The signai loss observed in the brains of saline 

treated EAE rats was very similar to that observed in our earlier cellular MRI 

studies (8); signal loss was sparse and only observed in the brainstem and medulla 

(figure 3.1 C,D) with minimal or no signal loss observed in the cerebrum or the 

midbrain (figure 3.1 A,B). In brains from CL-treated EAE rats, prominent 

regions of signal loss were observed throughout the brain in various locations 

including the cerebrum, midbrain, brainstem, medulla and cerebellum (figure 3.1

E,F,G,H).



Table 3.1: Comparison of clinical scores in saline-treated and CL-treated EAE 
animals. No significant difference could be established between the two groups 
using the t-test (P = 0.05).

CL-Treated EAE Saline-Treated EAE
Animal Score Animal Score

1 
2
3 
4
5
6
7 
8
9

0.50
0.50
0.50
0.50
3.50
0.50
2.50
3.50
2.00

1 
2
3 
4
5
6

8
9

3.00 
3.00 
2.00
2.00
3.00
2.00 
1.50 
0.50 
0.50



Saline 
Treated 

EAE

CL 
Treated 

EAE

is

1. 1 
z j

- h

A
P

s.E5,

Figure 3.1: 3DFIESTA images of EAE rat brain (100x100x200 microns), 24 hrs after in vivo 
iv administration of Feridex. Top row: control EAE rat brain showing discrete regions of 
signal loss mainly in the brainstem region of the hind brain (C,D); No regions of signal loss 
could be observed in the cerebrum (A) or the midbrain (B). Bottom row: brain images of 
EAE rat brain treated with CL to deplete hematogenous macrophages; Regions of signal loss 
are observed throughout the brain including the cerebrum (A), midbrain (B) and hindbrain 
(G,H).



68

3.3.2 Extent of Depletion

FACS analysis showed that the administration of CL reduced the macrophage 

populations in the circulation prior to FeridexO administration in all animals. 

Figure 3.2 shows the mean number of macrophage populations for all animals 

before and after CL treatment. Table 3.2 shows the population level of 

macrophages prior-to and after the injection of saline or CL. In the CL-treated 

EAE group a drastic reduction in the macrophage population is observed in the 

animals after treatment with CL. The degree of depletion varied from 45% to 

99%. No relationship could be established between the degree of depletion and 

the expression of clinical symptoms or the extent of signal loss in MR images. In 

the saline-treated EAE group, similar macrophage populations were observed to 

those in the CL-treated group prior to treatment. However, macrophage 

populations in the saline-treated EAE group increased slightly after administration 

of saline due to a natural increase in the number of immune cells throughout the 

EAE disease course. Figure 3.3 shows the flow cytometry profile in a dot plot for 

one representative EAE animal before and after CL treatment In the 

RP1+∕CD1 lb+ quadrant the population of neutrophils detected is affected by the 

CL treatment. Prior to CL administration the neutrophil population is 

RPl+∕CDllb+, however after CL treatment the neutrophil population is 

RPl+∕CDllb-. In the RPl-∕CDllb+ quadrant, the macrophage population is 

largely eliminated after CL treatment.
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Figure 3.2: Comparison of the mean macrophage 
populations (% of CD45+ cells) before and after CL 
treatment in EAE rats. CL treatment dramatically 
reduces the percent of CD45+ cells, which are 
identified as macrophages (N = 7).

Before after
clodronate treatment

CL-treated Saline-treated

Table 3.2: Comparison of macrophage levels (% of CD45+) between EAE animals treated with 
CL and EAE animals treated with saline.

Animal Pre Post % Change Animal Pre Post % Change
1 21.22 5.83 -72.53 1 20.96 25.64 22.33
2 28.53 10.06 -64.74 2 37.97 47.95 26.28
3 11.67 5.34 -54.24 3 33.01 43.85 32.84
4 24.91 2.98 -88.04 4 53.00 59.00 11.32
5 19.30 10.45 -45.85 5 27.52 47.59 72.93
6 24.83 0.20 -99.19 6 24.38 27.42 12.47
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Figure 3.3: Flow cytometry data for a representative EAE animal prior to (A) and after (B) treatment 
with CL. All cells were gated for CD45. Quadrants were set according to staining with isotype- 
matched control mAbs. The bottom right quadrant represents the population of cells expressing CD1 lb, 
but not RP1. A drastic reduction of cells in the bottom right quadrant indicates effective elimination of 
macrophages after CL treatment.
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3.3.3 Histology

Liver and spleen histology confirmed the depletion of macrophage populations in 

organs of the reticular endothelial system. Figure 3.4 shows representative liver 

sections from CL-treated EAE animals and saline-treated EAE animals stained 

with ED1 and PPB. EDI histology of saline-treated EAE animals showed 

discrete, dense areas of brown staining whereas CL-treated EAE animals showed 

scattered continuous areas of light brown staining. These observations in the CL- 

treated animals are consistent with the interpretation that they are dead cells that 

have undergone apoptosis (11). PPB histology showed compartmentalization of 

iron particles in the saline-treated group whereas in the CL-treated group iron 

particles were located free outside cells.

ED1 staining showed that regions of inflammation in the brain correlated with 

regions of signal loss in MR images of both groups (Figure 3.5 A,B and E,F). 

The extent of inflammation around perivascular cuffs in the brainstem region of 

the brain was similar in saline and CL treated EAE groups (Figure 3.5 C, G). An 

overall increase in the number of ED1 positive regions and perivascular cuffs was 

observed throughout the brains of CL-treated EAE animals. ED1 positive regions 

were located in more brain locations. Figure 3.6 shows a representative EDl- 

Stained section from the cerebrum region of the brain of a CL-treated EAE animal 

compared to that of a saline-treated EAE animal. PPB staining revealed that 

inflammatory lesions in brains of CL-treated rats contained more iron labeled 

cells than did lesions in brains from saline treated EAE rats (Figure 3.5 D,H).
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Figure 3.4: Representative liver sections from saline-treated EAE animals 
(A,B) and EAE animals treated with CL (C,D). ED1 staining (A) and PPB 
staining (B) is intracellular and localized in saline-treated EAE animals and 
is sparse and extracellular in CL treated EAE animals (C,D). Magnification 
x40 in (A,C) and xlO in (B,D).
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Figure 3.5: MR and histology comparison. Top row: control EAE rat brain. Bottom row: CL-treated EAE 
rat brain. ED1 stains monocytes∕macrophages∕microglia (yellow arrow in C) and shows that the degree of 
inflammation in both groups is similar (B,F) magnification xlO and (C,G) magnification xlOO. PPB stains 
iron (black arrow in D). Many more ED1+ cells are also PPB+ in CL-treated EAE rat brains (H) relative to 
saline-treated EAE rat brains (D) magnification xlOO. PPB+ cells are mainly perivascular. Stained tissue 
sections are 8 microns; MR is 200 microns slice thickness.

en



Figure 3.6: Histological brain section of a saline-treated (A) and CL-treated (B) EAE rat 
using the macrophage marker ED1. Only few macrophage intense regions (brown) are 
observed in saline-treated EAE animals (black arrows in A). Many more macrophages are 
found in CL-treated EAE animals (brown staining in B). Sections are taken from similar 
locations in the cerebrum region of the brain. Magnification xlO.
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3.4 Discussion

Depletion of hematogenous macrophages in EAE-induced Lewis rats using CL 

prior to iv injection of Feridex® did not eliminate nor reduce the appearance of 

regions of signal loss on MR images. On the contrary, a drastic increase in the 

number and distribution of the regions of signal loss was observed. The increase 

in signal loss on MR images corresponded to an increase in inflammation, as 

evident by ED1 staining, in the brains of macrophage depleted EAE animals.

There are a number of points that can explain our unexpected findings:

1. The administration of CL depletes macrophages of the reticular 

endothelial system, which will cause an increase in the circulating level of 

SPIO. With a substantially increased ‘dose’ of Feridex®, the in vivo 

labeling of the remaining inflammatory cells would be expected to be 

enhanced. This may contribute to the observation of an increased degree 

of signal loss in brain images and PPB staining on histology.

2. The degree of inflammation, as evident by ED1 staining, was increased in 

CL treated animals. This may contribute to the observation of an increased 

degree and spatial extent of signal loss in brain images.

3. The observation of increased inflammation, as evident by ED1 staining, is 

difficult to understand, especially in view of the fact that the clinical 

symptoms of EAE were not substantially different in the CL treated versus 

saline treated animals. There is one report of macrophage depletion using 
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mannoyslated-CL in EAE mice which suggests that other immune cells 

may be upregulated in response to depletion (10).

4. It is possible that since the degree of depletion varies from animal to 

animal and since the time period between CL injection and Feridex® 

injection may have allowed for repopulation of monocytes from the bone 

marrow, hematogenous macrophages/monocytes have the potential to take 

up large amounts of SPIO and infiltrate the CNS carrying the label with 

them.

5. Other cell populations maybe involved in the uptake of SPIO. For 

example, endothelial cells lining blood vessels can become activated 

during an inflammatory response and have the potential to take up SPIO 

through various mechanisms. Weissleder et al demonstrated that USPIOs 

transmigrate the capillary wall by means of vesicular transport and 

through interendothelial junctions (11).

The results of this pilot experiment are interesting and have stimulated a number 

of new, important research questions. These new directions and additional 

possibilities for future work in this area are described next in Chapter 4.
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Chapter 4

Conclusion and Future Work

4.1 Future Work

4.1.1 In vivo longitudinal monitoring of EAE using cellular MRI

Currently, Gad-enhanced MRI is the most common tool for diagnosis and 

monitoring of MS lesions and assessing brain inflammation. However, the simple 

movement of Gad across a transiently broken BBB does not provide insight on 

the cellular components of inflammation (1). In chapter 2 it was shown that SPIO- 

MRI can be used to label macrophages in vivo during active inflammation and to 

detect the label in the CNS using MRI. In previous work, I demonstrated that 

regions of signal loss on MRI correspond to regions of inflammation on histology 

as evident by ED1 staining for macrophages (Appendix I). The next logical step 

is to use SPIO-cellular MRI to follow the course of EAE over time and to observe 

pathological changes that may occur with and without the use of targeted 

treatments. Such study will have to compare how the dynamics of the regions of 

signal loss on MRI change over time after a single iv injection of SPIO and after 

multiple injections. Determining whether a region of signal loss changes over the 

course of EAE and whether multiple SPIO injections allow for increased 

detection of regions of signal loss are all important questions to consider when 

performing a longitudinal study using SPIO-cellular MRI.
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4.1.2 Macrophage Depletion

To address some of the unexplained results shown in chapter 3 of this thesis a 

number of studies can be performed. First, a study that will determine the blood­

half life of Feridex® in CL-treated animals is needed to verify that indeed 

macrophages are being exposed to SPIO for a longer period of time than the 

saline-treated EAE animals and therefore the labeling efficiency of SPIO is 

greater in CL-treated EAE animals. This may help to explain the increase in 

regions of signal loss on MR images from CL-treated EAE animals. To 

determine the cell type involved in SPIO uptake a number of histopathological 

stains can be used. First, staining for perivascular and meningeal macrophages 

using the monoclonal antibody ED2 (2) will provide insight on whether this 

macrophage population is increased after CL treatment and whether it is 

preferentially expressed in other regions of the brain, such as the cerebrum. 

Staining for endothelial cell activity and correlating the images to PPB staining 

will provide insight on the involvement of endothelial cells in SPIO uptake. 

Electron microscopy can also be performed to determine whether endothelial cells 

contain iron oxide particles.
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4.2 Summary and Conclusions

Cellular MRI has the potential to revolutionize diagnostic measures for multiple 

sclerosis and other CNS inflammatory diseases. SPIO-enhanced MRI will 

improve our understanding of the evolution of the MS lesion and how the 

lesion(s) changes with the use of treatments that target inflammation.

In the work presented in this thesis I have demonstrated the feasibility of 

performing high-resolution cellular MRI on a clinical 1.5T scanner with 

specialized MR hardware. This strategy produces images which are of high spatial 

resolution, have high SNR and which have very high sensitivity to signal loss 

generated by the presence of iron oxide nanoparticles in cells. I have used this 

novel MRI technique to address an important, yet unresolved problem in the field 

of cellular imaging. Namely, the identification of the cell that is responsible for 

signal loss on MR images after the injection of SPIO contrast agents.

Using a novel transgenic mouse, whereby the hematogenous macrophages express 

the GFP signal and the resident CNS microglia do not, I demonstrated, for the 

first time, direct evidence that the hematogenous macrophage is the major 

contributor to regions of signal loss on MRI. These results have significant 

implications on the utility of cellular imaging as a tool to study the inflammatory 

response in vivo in various animal models and to test the efficacy of disease­

modifying drugs that are directed against preventing macrophage infiltration into 

the CNS.
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APPENDIX I: PREVIOUS WORK

Cellular Imaging at 1.5 T: Detecting Cells in Neuroinflammation 
Using Active Labeling with Superparamagnetic Iron Oxide

Ayτnan J. Oweida, Elizabeth Dunn, and Paula J. Foster

Robarts Research Institute

Abstract
The ability to visualize cell infiltration in experimental auto­
immune encephalomyelitis (EAE), a well-known animal model 
for multiple sclerosis in humans, was investigated using a 
clinical 1.5-T magnetic resonance imaging (MRI) scanner, a 
custom-built, high-strength gradient coil insert, a 3-D fast 
imaging employing steady-state acquisition (FIESTA) imaging 
sequence and a superparamagnetic iron oxide (SPIO) contrast 
agent. An “active labeling” approach was used with SPIO 
administered intravenously during inflammation in EAE. Our 
results show that small, discrete regions of signal void 
corresponding to iron accumulation in EAE brain can be 
detected using FIESTA at 1.5 T. This work provides early 
evidence that cellular abnormalities that are the basis of 
diseases can be probed using cellular MRI and supports our 
earlier work which indicates that tracking of iron-labeled cells 
will be possible using clinical MR scanners. Mol Imaging (2004) 
3, 1-11.

Keywords: EAE, multiple sclerosis, superparamagnetic iron oxide, inflammation, MRI.

Introduction
Multiple sclerosis (MS) is an autoimmune demyelinating 
disease of the central nervous system (CNS). The symp­
toms of MS vary depending on the pathological nature 
and the location of lesions within the CNS [1]. Experi­
mental autoimmune encephalomyelitis (EAE) encom­
passes a group of CNS inflammatory/autoimmune 
diseases in various laboratory animals, including the 
mouse, rat, guinea pig, primate and marmoset [2-4]. 
Ongoing disease activity, in MS and EAE, is due to an 
active inflammatory process and is associated with 
blood-brain barrier (BBB) damage. Most evidence indi­
cates that inflammatory cell infiltration, through the 
disrupted BBB, is an early event in the development of 
the MS lesion [5]. The prime inflammatory process is 
around blood vessels; in histological images, this process 
is recognized as perivascular cuffs of infiltrating inflam­
matory cells [6].

The importance of T cells in EAE has been extensively 
documented, particularly the ability to initiate the dis­
ease and the autoimmune specificity for myelin provided 
by these cells [7]. However, other cell types, specifically 

the infiltrating macrophages and endogenous microglia, 
likely provide the actual effector mechanisms leading to 
inflammation and demyelination. The macrophage is 
involved in different phases of disease in EAE and MS 
and plays an important role in the process of demyelin­
ation [8,9∣. Macrophages emigrating from blood vessels 
digest myelin either as a response to inflammatory 
damage to the myelin or as a response to activation 
signals produced in either the perivascular region or the 
lesion. This inappropriate macrophage activation leads 
to patchy demyelination and axonal damage. Some 
evidence suggests that the degree of macrophage infil­
tration associated with certain MS lesions is very closely 
related to the likelihood of progressing to demyelination 
[10]. Several studies have correlated the presence of 
certain macrophage populations with different phases of 
the disease and this has led to new classification 
schemes that are based on the macrophage populations 
associated with lesions [11]. Clearly, there are important 
and unresolved questions related to how the degree of 
macrophage involvement, the role of distinct popula­
tions of macrophages and their spatial distribution 
contribute to lesion development and disease progres­
sion in MS and EAE.

The most common method for assessing the extent 
of macrophage involvement, or the effectiveness of 
various therapeutic strategies that inhibit inflammation, 
involves a histopathological evaluation of multiple tissue 
sections. Pathologie grading systems are frequently used 
to estimate the extent of perivascular cuffing using a 
cellular stain such as hemotoxylin and eosin (H&E). 
These techniques are often only semi-quantitative, labo­
rious, and destructive. Methods that would permit the 
nondestructive or noninvasive definition of macrophage 
involvement in neuroinflammation, over the time course 
of the disease, would have a tremendous advantage over
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conventional histological techniques, and may represent 
important markers for early events in MS.

Magnetic resonance microscopy (MRM) is well suited 
to study cellular events in neuroinflammation [12-15]. 
Individual perivascular cuffs have been visualized in EAE 
guinea pig brain tissue by MRM at 9.4 T with high- 
resolution 3-D Tl stains [16]. Cellular imaging is a newly 
emerging field that combines the ability to obtain high- 
resolution MRM data with novel contrast agent strategies 
for labeling specific cells, thereby enhancing their de­
tectability. The use of iron oxide based contrast agents 
for cell-specific imaging by MRI has now been demon­
strated in a number of different disease applications 
[17-24]. The detection of brain lésions in EAE models 
was one of the early applications of this imaging ap­
proach [19,20]. Intravenously administered iron oxides, 
taken up by macrophages in the brains of EAE animals, 
could be visualized with MRI. This approach has been 
termed "active labeling” of cells. The presence of iron 
oxide is indicated by hyperintense regions in T1W 
images or abnormal signal hypointensities in T2- or 
T2*-weighted images, depending on the magnetic field 
strength and the concentration of iron. The large mag­
netic susceptibility of these particles can affect an area 
much larger than the actual size of the particles; this 
effect is known as a "blooming artifact” and leads to an 
exaggeration of the region occupied by iron oxide. The 
particle size, dose, and delay before scanning have all 
been shown to be important factors to consider for 
optimal detection of macrophages in EAE [25-27]. 
Several other factors also influence the visualization of 
iron-labeled cells in tissues, including the main magnetic 
field strength, the pulse sequence and timing parame­
ters, and the spatial resolution.

The purpose of this work was to determine whether 
active labeling strategies could be used together with 
new t∞ls and concepts for cellular and microimaging at 
low field, developed in our laboratory [28], to enable the 
visualization of perivascular cuffing in EAE using a 
clinical 1.5 T scanner. Our results show that small, 
discrete regions of signal void (RSVs) corresponding to 
iron accumulation in EAE brain can be detected using 
FIESTA at 1.5 T. This work provides early evidence that 
cellular abnormalities that are the basis of disease can be 
probed and supports our earlier work that indicates that 
tracking iron-labeled cells will be possible using clinical 
MR scanners.

Materials and Methods
Animal Model

EAE was induced in 8-week-old female Lewis rats by a 
single injection of whole CNS homogenate in complete 

Freund’s adjuvant (CFA) with inactivated Mycobacteri­
um tuberculosis. Immunization was performed by intra­
dermal inoculation of 0.1 mL in the footpad of each hind 
leg under general anesthesia. The dose per rat was 
calculated to be the following: 0.1 g of Hartley guinea 
pig CNS, 0.01 mL CFA, 0.75 mg additional irradiated 
mycobacteria tuberculosis H37Ra. All animals were kept 
in individual cages with standard conditions of light and 
free access to water and food.

The clinical signs of EAE begin approximately 6 days 
postimmunization. Animals were weighed and scored 
daily for the clinical features of EAE according to the 
following scale: 0 = normal healthy animal, 1 = loss of 
tail tonus, 2 = hind limb weakness, 3 = complete hind 
limb paralysis, 4 = complete paralysis, incontinence, and 
moribund conditions. Scoring began the day after im­
munization. Day O was considered the day on which 
inoculation of EAE occurred.

In Vivo Imaging: Gadolinium Enhancement Studies
Imaging was performed at 1.5 T using a CVi/MR GE cli­

nical scanner. Gadolinium enhancement in Tl-weighted 
images was assessed in the brains of EAE rats (n = 15). 
Animals were anesthetized for imaging using an intrape­
ritoneal injection of ketamine/xylazine (100/10 mg/kg) 
and positioned inside a custom-built quadrature surface 
RF coil. A TiW multislice spin-echo image (TR/TE 600/ 
20 msec) was acquired before and immediately fol­
lowing a single intravenous injection of gadolinium- 
DTPA (Magnevist, 100 mmol/kg) into the tail vein. Five 
animals were imaged on each of four consecutive days, 
beginning when the first clinical signs were apparent. 
Five animals were imaged once, when the clinical score 
was 2, and five others were imaged once, when the 
clinical score was 3. Information about the leakiness of 
the BBB was used to guide the choice of timing for the 
intravenous injection of iron oxide contrast agent in 
subsequent EAE animal imaging experiments.

Ex Vivo Cellular Imaging Studies
Rat brain specimens were imaged using a custom-built 

gradient insert coil, designed and constructed in our lab­
oratory. The coil was designed using a Constrained Cur­
rent Minimum Inductance design algorithm [29]. The 
resulting coil had the following characteristics: inner 
diameter 11 cm, peak slew rate 2000 T/m/sec and max­
imum gradient strength 1200 mT/m. The entire set-up 
procedure required approximately 15 min to complete.

Seven EAE rats were administered Feridex (Berlex). A 
catheter (24 gauge) was inserted into the rat tail vein 
then heparin diluted in saline was injected (0.5 mL) 
followed by Feridex (22.4 mg Fe∕kg) diluted in saline 
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(1 mL total volume). Control animals consisted of 
normal healthy animals administered Feridex (n = 4) 
or saline (n ≈ 4), and EAE animals administered saline 
(n = 4). Twenty-four hours after the injection euthana­
sia was performed and the rats were perfusion-fixed with 
3.75% neutral-buffered formalin (Sigma). Rat brains were 
excised and stored in 10% formalin until imaging. Just 
prior to imaging, brain specimens were placed in 1-cm 
diameter plastic tubes and immersed in Fluorinert (3M, 
Ontario, Canada) then positioned in a custom-built 
solenoidal RF coil within the gradient insert.

Rat brain specimens were imaged using a 3-D fully 
refocused gradient-echo sequence (3DFIESTA, GE Med­
ical Systems, Milwaukee, WI), which was previously 
optimized for cellular imaging [28]. The parameter 
values used for rat brain imaging with FIESTA were as 
follows: TR/TE 7.7∕3.6 msec, flip angle 30°, 21 kHz 
bandwidth, spatial resolution was either 100 or 200 μm 
isotropie using a 2-cm FOV, 200 x 200 or 400 × 400 
matrix, and a slice thickness of 0.1 or 0.2 mm. 3DFIESTA 
images were compared with 2-D T2-weighted fast spin­
echo (2DFSE) and 3-D spoiled gradient-echo (3DSPGR) 
images. SPGR images were acquired with the imaging 
parameters closely matched to those as of FIESTA. For 
2DFSE, the scan parameters were as follows: BW16 kHz, 
TR/TE 3000/80 msec, 256 x 128 matrix, slice thickness 
0.2 mm. For 3DSPGR, the scan parameters were as 
follows: BW 21 kHz, TR/TE = 9/4 msec, 200 × 200 
matrix, slice thickness 0.1 or 0.2 mm and 30° flip angle 
(FA). To investigate the influence of SNR and spatial 
resolution on the ability to detect iron-labeled cells in 
brain tissue, the number of signal averages, bandwidth, 
matrix size, and/or slice thickness were varied. SNR was 
defined as the mean SI in a region of interest (ROI) 
drawn in brain GM and WM, divided by the standard 
deviation of noise SI from an ROI selected in back­
ground air. An average value for SNR was determined 
from three SI measurements taken in various parts of 
the brain images. CNR was calculated as the difference 
between mean SI in brain tissue versus the mean SI in 
regions of iron oxide induced signal void (RSV), divided 
by the standard deviation of noise SI measured in 
background air.

Correlative Histopathology
After imaging, the specimens were prepared for his­

topathological analysis. Specimens were embedded in 
paraffin in such a manner that 8-μm sections could be cut 
from the block. Sections were stained with H&E to assess 
cellular infiltrate. Contiguous sections were stained with 
Perl’s Prussian Blue (PPB) counterstained with Nuclear 
Fast Red to demonstrate iron uptake and immunolabeled 

with mouse anti-rat ED1 (also known as anti-CD68). The 
monoclonal antibody (mAb) EDI is widely used as a 
marker for rat macrophages. The ED1 antigen is 
expressed on lysosomal membranes, and weakly on the 
cell surface of myeloid cells. This antigen is expressed by 
the majority of tissue macrophages and weakly by pe­
ripheral blood granulocytes. ED1 (1:300) was applied to 
sections overnight in a humidified chamber at 4°C after 
blocking with 5% normal goat serum (NGS), and 0.3% 
H2O2 in PBS. Sections were rinsed with PBS-Tween 20 
(3 x ), after which a biotinylated goat anti-mouse (H + L) 
IgG secondary antibody was applied (1:500) for 2.5 hr at 
room temperature. Sections were washed again with 
PBS-Tween 20, treated with extravadin-peroxidase 
(1:500, 3 hr) (Sigma), and finally, a DAB solution. Sec­
tions were counterstained with hematoxylin. Sections 
were dehydrated through ascending alcohols, cleared 
in xylene, and coverslipped with Cytoseal-60 (VWR Inter­
national). Histopathological and MRM images were 
matched by locating corresponding landmarks.

Results
In Vivo Gadolinium Enhancement Study

Gadolinium enhancement observed in post Gad T1W 
SE images was a useful indication of BBB permeability 
in EAE rats. Of the 15 EAE rats imaged, Gad enhance­
ment was observed in 13 animals. In all 13 rats, en­
hancement was observed when the animal’s clinical 
score was either 2 or 3. This time point varied between 
Days 9 and 12 postimmunization. Based on these find­
ings, the clinical score, and not the day postimmuniza­
tion, was used to plan iron oxide administration. 
Feridex was administered to seven EAE rats, five of 
these animals had a clinical score of 3 and two animals 
had a clinical score of 2.

Ex Vivo Brain Specimen Scanning
The FIESTA imaging sequence has proven to be 

highly sensitive to the superparamagnetic effects of iron 
oxide. Small, localized RSVs were visualized in the brains 
of all EAE rats that were injected with SPIO. In non-EAE 
animals injected with SPIO, and in EAE animals that were 
injected with saline, RSVs were not observed. Multiple 
brain regions were affected. Figure 1 shows representa­
tive brain images, from control animals and four differ­
ent EAE animals.

In Figure 2, FIESTA images are compared to the more 
commonly used T2W FSE. For FIESTA images, the 
spatial resolution is either 200 μm isotropic (B) or 
100 μm isotropic (C). When comparing T2W FSE and 
HESTA images, it is clear that the area of signal loss is

Molecular Imaging • Vol 3, No. 2, April 2004
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Figure 1. Representative FIESTA images (100 μm isotropie spatial resolution) of rat brain demonstrating the detection of localized RSVs in EAE animals administered 
Feridex intravenously during tbe course of neuroinflammation. (A-D) Images from four different EAE animals with areas of signal loss observed throughout the 
brain; (E) Brain image from normal rat injected with Feridex; (F) Brain image from EAE rat injected with saline.

more exaggerated in the FSE image. In FSE images with 
lower SNR, small discrete areas of signal void observed 
in FIESTA images went undetected. The RSVs are more 
distinct in the higher-resolution FIESTA image (C). This 
is likely due to partial voluming in the 200-um-thick 
image slice of Figure 2B. Tissue contrast is similar in T2W 
FSE and FIESTA images.

Figure 3 compares FIESTA and SPGR images. Table 1 
lists the SNR and CNR for the RSVs 1 and 2. Images (A) 
and (B) are FIESTA images matched for resolution 
(100 am isotropie) and TR/TE (7.7/3.6 msec) with increas­
ing SNR due to signal averaging. The parameters are: (A) 
1 nex, 3-min scan time, SNR = 10; (B) 16 nex, 55-min scan 
time, SNR = 38. The ability to detect the small discrete 
RSVs is clearly enhanced with increased SNR and CNR. 
CNR was measured for the RSVs indicated by numbers 1 
and 2 in Figure 3B. CNRs were 8.3 and 5.9 in (A), and 31 
and 28 in (B), for RSVs 1 and 2, respectively.

While the SNR contributes to the CNR, it is not the 
only factor influencing the ability to detect these small 
regions of signal loss. As shown in Figure 2, lower spa­

tial resolution (increased voxel size), which increases 
SNR, interferes with the ability to localize small areas 
of signal loss due to partial voluming effects (Figure 2, 
B vs. C). In Figure 3, the FIESTA image in (C) has higher 
spatial resolution (50 × 50 × 100 μm) relative to that 
in (A), but the SNR is matched (SNR = 10) through 
signal averaging (6 nex). The CNRs for RSV1 and RSV2 
are higher in (C) than in (A), at 10 and 9.5, indicating 
an enhanced ability to detect the RSVs. In this case, 
detectability is likely improved by both higher spa­
tial resolution (50 × 50 × 100 μm) and longer TR/TE 
(12.7/6.3 msec). The CNRs for RSV1 are consistently 
higher than those for RSV2 in the FIESTA images. In 
addition, the signal loss extended through more image 
slices for RSV1 than for RSV2. These observations may 
indicate either the presence of a higher concentration of 
iron or the distribution of iron over a greater spatial 
extent.

The SPGR image in (D) is also matched to the FIESTA 
image in (A) for SNR [10] as well as resolution (100 μm 
isotropie) and TR/TE (7.7/3.6 msec). However, the con-

Figure 2. Comparing the FIESTA and T2-weighted FSE imaging sequences for detecting susceptibility induced contrast from iron oxide accumulation in rat brain 
tissue at 1.5 T. (A) 2-D T2W FSE; (B) FIESTA 200 um isotropie spatial resolution; and (C) FIESTA 100 μm isotropie spatial resolution.
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Figure 3. Comparing the FIESTA and SPGR images. Two RSVs, visible in 
the medulla of this EAE rat brain, are labeled 1 and 2. (A-C) FIESTA images; 
(A) 100 pm isotropie resolution, no averaging, TR/TE = 7.7/3.6 msec, SNR - 
10, 3 min; (B) 100 μm isotropic resolution, 16 nex, TR/TE = 7.7/3.6 tnsec, SNR = 
38 55 min; (C) 50 × 50 × 100 μm, 6 nex, TR/TE = 12.7/63 msec, SNR = 10, 
1 hr, (D) 3DSPGR 100 pm isotropic resolution, 16 nex, TR/TE = 7.4/3.1 msec, 
SNR = 10, 50 min.

trast due to the presence of iron oxide is very low in 
these SPGR images, and does not permit the visual 
discrimination of small regions of signal loss from back­
ground, and so precludes a measurement of CNR. With 
higher CNR, due to increased SNR or larger regions of 
signal loss associated with higher concentrations of iron, 
SPGR may permit the visualization of small RSVs. How­
ever, the scan time required to obtain equivalent CNR 
through increased SNR, by signal averaging, would be 
prohibitive.

Histology
Our histological analysis showed that patterns of 

signal loss in the FIESTA images of EAE rat brain 
matched patterns of perivascular cuffing that were 
identified in the corresponding H&E stained sections 
(Figure 4). The arrows in Figure 4A and B indicate 
where the RSVs in the MR image and the perivascular 
cuffs in the H&E image correlate. Exact correspondence 
is not achievable since the MR image slice is 100 um 
thick and the histological image is only 8 um thick. PPB 
staining showed the presence of SPIO particles in cells. 
The discrete areas of signal loss correspond to individ­
ual clusters of iron-labeled cells associated with cell in­
filtration in perivascular cuffs (Figure 5). In Figure 5, four 
individual RSVs are indicated in the FIESTA images 
(A and B). In the PPB-Stained histological image 

(Figure 5C), four individual perivascular cuffs are shown 
which correspond to these RSVs. In Figure 5B and C, 
these are numbered 1 through 4. In Figure 5D, a single 
cuff is shown which corresponds to area.

In EAE brains, clusters of ED1 positive cells were 
found throughout the brain (Figure 6). The ED1 positive 
cells were predominantly located around blood vessels 
(Figure 6B and C). In Figure 6C and D, higher magnifi­
cation of an individual perivascular cuff is shown. While 
many ED1 positive cells surround the vessel in Figure 6C, 
only a few of these cells (arrows) have been labeled with 
iron as indicated by the PPB stain (D). This figure reveals 
some of the concerns with the active labeling strategy 
and Perl’s staining. First, as is clear in Figure 6D, not all 
of the cells in a single cuff are iron labeled. This was a 
common observation. Another second point to note is 
that only a small percentage of the many perivascular 
cuffs in the EAE brains contain any cells that are iron 
labeled. This results in a percentage of the cuffs going 
undetected with any MRI pulse sequence. Finally, it was 
often necessary to analyze multiple contiguous PPB- 
Stained histological slices to account for the iron-labeled 
cells in a single perivascular cuff which contribute to the 
RSV observed in the FIESTA image. Because it is practi­
cally impossible to obtain evenly sliced contiguous slices 
through an entire brain specimen, iron-labeled cells will 
go unaccounted for.

Discussion
We have developed methods for cellular imaging at 1.5 T, 
using a clinical whole-body scanner, for an alternative 
approach to microimaging. To accomplish this, new 
tools and concepts were applied and tested which 
included a custom-built, insertable, high-powered imag­
ing gradient set, customized radio-frequency (RF) coils 
and optimized pulse sequence technology. This strategy, 
together with active cell labeling with the use of super- 
paramagnetic iron oxide nanoparticles, has allowed us to 
visualize small clusters of inflammatory cells in EAE brain.

Table 1. CNR and SNR for RSVs in the Medulla of the EAE Rat Brain in
Figure 3

Image

RSV1 RSV2

SNR CNR SNR CNR

A 10 8.3 10 5.9
B 38 31 38 28

C 10 10 10 9.5
D 10 — 10 —
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Figure 4. Correspondence betu>een perivascular cuffing in EAE brain identified with (A) FIESTA imaging and (B) H&E stained histology. Arrows indicate where the 
RSVs in the MR image and the perivascular cuffs in the H&E image correlate.

MR Detection
The large magnetic susceptibility of SPIO particles 

produces magnetic field inhomogeneities that are 
known to affect regions in MR images over a far greater 
extent than the actual particle distribution. This effect, 
on the microscopic scale, permits the visualization of

single cells in vitro [28,30]. On the macroscopic scale, 
however, large collections of SPIO-labeled cells can 
influence MR signal intensity many pixels away, and 
produce an effect typically described as blooming arti­
fact. The size of the blooming artifact is sequence and 
echo time dependent. To visualize this effect, most

re
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4
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Figure 5. Correspondence between iron-loaded cells detected in FIESTA images of EAE brain and PPB-stained histology. High-resolution FIESTA images provide details 
on the number, size, and shape of perivascular cuffs in EAE brain tissue. (A) FIESTA image slice; (B) Magnified view of ROI indicated in A; (C) Corresponding PPB- 
stained histology at x4 magnification and (D) at ×40 magnification. In (D), the stained cells correspond to area 4 of (B) and (C).
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Figure 6. ED1 positive cells (brown product) are visible throughout the medulla in the EAE brain (A). RSVs are also commonly observed in the medulla as shown in 
this 100 μm isotropie FIESTA image (B). At the level of an individual perivascular cuff, ED1 positive cells are found primarily surrounding the blood vessel (C). Iron­
positive cells (arrows) identified in the Perl's stained section are fewer in number than ED1 positive cells.

Imaging studies have used T2- or T2*-weighted SE and 
GRE pulse sequences. The RSV in these MR images is 
consequentially larger than the actual area occupied by 
the iron-labeled cells. This is well demonstrated in a 
paper by Bulte et al. [21], where the blooming effect 
due to the presence of hundreds of iron-labeled CG 
cells transplanted into the spinal cord of a myelin­
deficient rat is compared with corresponding PPB- 
stained sections.

The relative detection sensitivity between SE and GRE 
acquisitions was assessed in another paper from this 
group. FSE (TR/TE of 3000/45 msec) was compared to 
GRE (TR∕ΓE of 300/20 msec, 20° FA) acquisitions at 1.5 T 
to demonstrate the much higher sensitivity of the T2 * W 
GRE sequence; the blooming artifact was much larger 
and the ability to detect the group of transplanted cells 
was improved [22].

Dousset et al. [20] reported that ultra-small iron 
oxide nanoparticles (USPIOs) administered intravenous­
ly, and in vivo T2-weighted SE imaging provided 100% 
sensitivity for lesion detection in EAE rats; RSVs were 

observed in all EAE animals. In this and other EAE 
studies, large regions of signal loss, resulting from 
blooming artifact are typically observed in the brainstem 
and cerebellum. Many studies have used iron oxide 
nanoparticles and similar imaging techniques in various 
applications to successfully visualize the presence of 
iron-labeled cells in tissues [18-24]. The relative trade­
off between detection sensitivity and the degradation of 
specificity from blooming artifact is still problematic 
though.

The images obtained with our microimaging system 
and the FIESTA imaging sequence are different. The 
acronym FIESTA stands for fast imaging employing 
steady-state acquisition and is also described in the 
literature as balanced fast field echo or fast imaging with 
steady precession (true-FISP) sequence [31,32]. The 
technique uses multiple RF pulses to generate a multi­
tude of overlapping spin echoes, and full refocusing of 
transverse magnetization. The FIESTA images we have 
presented show very small, discrete regions of signal loss 
in numerous brain regions. Our histological data indi­
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cate that the number of iron-labeled cells associated 
with perivascular cuffing in these EAE brains is small, on 
the order of ones to tens of cells, and that they are 
scattered throughout the brain in multiple locations. 
These small abnormalities may represent the early cel­
lular abnormalities and events in lesion formation that 
have not been visualized previously in similar EAE 
studies which used T2W SE and FSE or T2*W GRE 
sequences.

The FIESTA imaging sequence has a number of 
advantageous features, over other imaging sequences, 
for certain cellular imaging applications. What was orig­
inally considered a negative aspect of this imaging 
sequence, the high sensitivity to off-resonance effects, 
has made it very effective for cellular imaging with iron 
oxide nanoparticles. Our previous studies [28] have 
shown that single iron-loaded cells can be detected in 
vitro using the FIESTA imaging sequence at 1.5 T, with 
cell loadings as low as 6 pg of iron per cell. For this 
sequence, the signal response exhibits many of the 
blooming artifact suppression traits intrinsic to spin­
echo sequences, while maintaining the sensitivity to iron 
oxide-labeled cells intrinsic to gradient-echo sequences. 
The reason for this lies with the unique off-resonance 
behavior of true-FISP sequences [32,33]. The NMR signal 
at the readout time (TR/2) for true-FISP sequences is 
well described as a spin echo, with the refocusing axis of 
the spin echo along either the +∕ or -y' axis of the 
rotating frame. The specific axis along which the spin 
echo forms depends upon the local off-resonance fre­
quency of the NMR signal, and alternates direction for 
off-resonance bands having full width defined by 1/TR. 
Therefore, macroscopic field inhomogeneities responsi­
ble for blooming, as produced by imperfect shimming or 
proximity to large clusters of iron oxide cells, are 
refocused as a spin echo. However, since the off-reso­
nance produced, by even a single cell with 6 pg of iron, 
can span several thousand Hertz locally, pixels 
containing such cells involve spin-echo signal formation 
along two opposing axis, producing signal cancellation 
comparable to that observed with gradient-echo sequen­
ces. It is this unique response to off-resonance, which 
produces both the blooming artifact suppression and 
cellular detection sensitivity, which results in FIESTA 
acquisitions being so well suited to imaging iron oxide­
labeled cells.

In addition, the FIESTA sequence provides substan­
tially enhanced SNR, relative to GRE and SE sequences, 
as a result of the multiple signal refocusing paths 
available for tissues with T2 much greater than TR. This 
significant improvement in SNR efficiency allowed for 

microimaging at lower field strengths than is typically 
possible, and for the acquisition of images at high spatial 
resolution with reasonable scan times. These two factors 
were key to our ability to visualize small numbers of 
iron-labeled cells. Imaging at 1.5 T with FIESTA is an 
advantage since at higher magnetic field strengths, more 
typically used for microimaging, off-resonance banding 
artifacts that result from imperfect shimming, are more 
pronounced. The gradient coil insert was key to obtain­
ing fast, high-resolution images with FIESTA. The bene­
fits of which were illustrated by an observed 40% average 
increase in the CNR for regions of signal loss (Figure 3) 
as the voxel size were reduced. The increased CNR 
results from a reduction in partial voluming between 
regions with and without iron oxide-labeled cells.

Specificity of Cell Labeling by SPIO Particles
We used an active labeling approach where an intra­

venous injection of Feridex was administered at a time 
point during the course of EAE when there is an 
ongoing, active inflammatory reaction. The goal is to 
have hematogenous inflammatory cells take up iron 
particles during the cellular response and infiltrate the 
CNS so that their presence, spatial distribution, and 
numbers can be detected.

Our histological data show that not all of the peri­
vascular cuffs in EAE brains contain iron-labeled cells. In 
addition, not all of the infiltrated cells contained in an 
MR-visible perivascular cuff contain iron oxide particles. 
However, not all of the cells in an individual cuff need to 
be iron labeled to allow the visualization of that cuff in 
the FIESTA image. Our studies have shown that even a 
few iron-labeled cells will allow the identification of a 
perivascular cuff in high-resolution FIESTA images. It is 
likely that in previous studies which have used more 
conventional T2-weighted SE or T2*-weighted GRE im­
aging sequences, or lower resolution imaging, lesions 
with only a small number of iron-labeled cells were 
not detected.

The low efficiency of cell labeling with intravenous 
iron oxide administration is not unique to these studies. 
It is well known that in vivo targeted cell labeling with 
iron oxide depends on the physical characteristics of the 
particles and their uptake by cells of the reticuloendo­
thelial system (RES) (liver, spleen, and lymph). A large 
fraction of the iron oxide particles administered intrave­
nously will be taken up by the RES. Larger particles are, 
in fact, taken up by the RES more efficiently [34] and this 
has led to the preferential use of USPIOs, which conse­
quentially have a longer blood half life than SPIO, for 
most imaging studies of neuroinflammation [35-37]. 
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Even with long-circulating USPIOs, only a small fraction 
of cells are labeled. Still, many studies have demonstrat­
ed that this approach does in fact result in sufficient 
numbers of cells being labeled with iron in the blood­
stream and transported to the site of inflammation to 
allow their detection with MRI. For our studies, we 
chose to use Feridex, an SPIO, despite its shorter 
circulation time, because of its greater susceptibility 
[38] and because free Feridex is not likely to cross the 
basement membrane of capillaries, as smaller iron oxide 
agents do [39]. At a sufficiently high dose, the RES is 
saturated [40] and iron oxide particles are captured in 
the bloodstream by phagocytic cells of the immune 
system. More efficient in vivo cell labeling may come 
with the advent of new agents that have improved 
uptake and internalization into cells, surface modifica­
tions that allow the resistance to protein adsorption and 
recognition by cells of the RES, or are capable of 
targeted uptake by specific cells [41-43].

The concept of identifying only a portion of the 
infiltrated cells in active inflammation may at first seem 
futile. However, clinically, there is tremendous value in 
noninvasive markers that can demonstrate changes in 
the degree of inflammation, during disease progression, 
or in response to anti-inflammatory therapies or treat­
ments. Macrophages are involved in every stage of 
disease progression in MS. Their presence has been 
noted during inflammation, in removal of myelin debris, 
and even in myelin repair [44].

Our results suggest that the RSVs in the FIESTA 
images represent the locations of iron-labeled cells in 
the EAE brain. In most cases, the patterns of signal loss 
and correlative histology suggest a perivascular loca­
tion. However, the location does not establish the 
“source” of these cells. Within the CNS of rats with 
EAE, there are at least three different subpopulations of 
macrophages that might occupy these locations [45]. 
These include: (i) blood-borne macrophages infiltrating 
the perivascular lesions in the CNS; (ii) “resident” peri­
vascular macrophages; and (iii) “resident” reactive 
microglial cells. It has also been suggested that iron 
oxide phagocytosed by CNS endothelial cells may be 
the cause of the signal loss in some cases [46]. All of 
these phagocytic cell types are known to take up iron 
oxide particles in vitro, either by endocytosis or phago­
cytosis depending on the particle size, and with differ­
ent efficiencies depending on the cell type. The 
considerable functional and immunophenotypic hetero­
geneity of these cell types makes it unclear whether 
and how in vivo factors will influence cell-specific iron 
oxide uptake.

In order to determine what types of cells are in the 
tissue, it is common to use histological or immunohis­
tochemical analysis to visualize the morphology (size 
and shape) or the response to markers (antibodies). 
There are currently, however, no unique histochemical 
markers that can distinguish resting or activated micro­
glia from monocytes/macrophages in the circulation, or 
from macrophages which have invaded the brain. A 
multitude of stains would be required to get a limited 
appreciation of the true source of cells in the CNS. 
Alternatively, the source of the cells can be addressed 
indirectly by cell manipulation or inflammation modula- 
don experiments; these types of studies are underway in 
our labs.

Using histological stains to identify the presence of 
iron in cells, and to correlate the location of iron-labeled 
cells in brain tissue with RSVs detected in the MR 
images, is also very challenging. The staining technique 
we used to stain iron in cells or tissue is known as Perl's 
Prussian Blue [47]. Staining iron oxide-labeled cells is 
trivial when you have hundreds or thousands of cells in a 
location but is much more difficult when there are only a 
few cells to locate. New 3-D optical imaging methods 
may permit a more realistic representation of cells in 
tissues [48,49].

Despite the various challenges for histological verifi­
cation of the presence of iron in cells, and the source of 
cells, a body of indirect evidence is growing which 
supports the notion that, with active labeling techni­
ques, the signal loss in MR images depicts the actual 
migration of iron-laden macrophages from the circula­
tion into the brain. Dousset et al. demonstrated that 
the scanning delay is critical for performing macro­
phage activity imaging. Their studies suggest that 
images should be acquired approximately 24 hr after 
intravenous injection of iron oxides, which is 5-10 times 
the blood half life of USPIO or SPIO in the rat, While 
free iron oxide particles may cross the BBB during this 
window, an active cellular uptake of iron oxide particles 
is necessary for the particles still to be present in the 
parenchyma after 5-10 blood half lives. In studies of 
EAE, MS, and ischemia [35-37,50], which compare 
Gad-enhanced TIW images and SPIO-induced signal 
loss in T2 or T2 *W images, breakdown of the BBB 
and macrophage infiltration appear to be unrelated 
events. The results of these studies counter the idea 
that passive diffusion of particles is occurring through a 
leaky BBB with subsequent uptake by local resident 
macrophages.

Our imaging approach has shown that even very 
small numbers of iron-labeled cells can be detected in 
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neuroinflammation. This work provides early evidence 
that cellular abnormalities that are the basis of disease 
can be probed and supports our earlier work which 
indicates that tracking of iron-labeled cells will be pos­
sible using clinical MR scanners. In vivo imaging of EAE 
rat brain is the next step and will present the next 
challenges.
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APPENDIX II: ETHICS APPROVAL _
+C62-C2-O7

lest

The UNIVERSJTYof WESTERN ONTARIO
University of Council on Animal Care 

Animal Use Subcommittee
February 12, 2002 "This is the Original Approval of this protocol* 

*A Full Protocol submission will be required in 
2006*

Dear Dr. Gareau:

Your "Application to Use Animals for Research or Teaching" entitled:

" Investigation of Novel Magnetic Resonance Imaging (MRI) Techniques and Contrast Agents for 
Studying Experimental Allergie Encephalomyelitis (EAE) in Rats”
Funding Agency- CIHR

has been approved by the University Council on Animal Care.

This approval expires in one year on the last day of the month, but the protocol number will remain the . 
same until a full protocol submission is required (2006). The new protocol number is #2002-021-02

1. This number must be indicated when ordering animals for this project.
2. Animais for other projects may not be ordered under this number.
3. If no number appears please contact this office when grant approval is received.

If the application for funding is not successful and you wish to proceed with the project, request that an 
internal scientific peer review be performed by the Animal Use Subcommittee office.
4. Purchases of animals other than through this system must be cleared through the ACVS office. Health 
certificates will be required.

ANIMALS APPROVED 

Rats - Lewis 200-250 gm F - 58

STANDARD OPERATING PROCEDURES
Procedures in this protocol should be carried out according to the following SOPs. Please contact the 
Animal Use Subcommittee office (661-2111 ext 6770) in case of difficulties or if you require copies.
SOP,s are also available at http://www.uwo.calanimallacvs

# 310 Holding Period Post Admission 
# 320 Euthanasia
# 321 Criteria for Early Euthanasia-Rodent
# 331 Post-Operative/Post Anaesthetic Care - Level One

REQUIREMENTS/COMMENTS
Please ensure that individual(s) performing procedures on live animals, as described in this protocol, are 
familiar with the contents of this document

1. Animals may need to monitored more frequently than twice a day. Monitoring must be performed 
frequently enough to prevent death or finding animals in extremis.

After hours emergency contact is: P. Gareau - 474-1997

c.c. Approved Protocol - P. Gareau, W. Lagerwerf
Approval Letter - W. Lagerwerf, K. Perry, L. Turner 47 y

6432
Lut - Act-a . τ am.da.. A.tadin . Canada . NIAX RC1

http://www.uwo.calanimallacvs
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Western May 2. 2006

*This is the Original Approval for this protocol* 
*A Full Protocol submission will be required in 201 O*

Dear Dr. Foster:

Your Animal Use Protocol form entitled:
Cellular Magnetic Resonance Imaging Studies of Immune Cells 
Funding Agency Multiple Sclerosis Society of Canada

has been approved by the University Council on Animal Care. This approval is valid from May 2, 2006 to May 31, 
2007. The protocol number for this project is 2006-050-05 and replaces 2002-021-02.

1. This number must be indicated when ordering animals for this project.
2. Animals for other projects may not be ordered under this number.
3. If no number appears please contact this office when grant approval is received.

If the application for funding is not successful and you wish to proceed with the project, request that an internal 
scientific peer review be performed by the Animal Use Subcommittee office.
4. Purchases of animals other than through this system must be cleared through the ACVS office. Health 
certificates will be required.

ANIMALS APPROVED FOR 1 YR.

Species Strain Other Detail
Pain 
Level

Animal # Total
for 1 Year _

Mouse C57BU6J 6-8 weeks M/F E 60

STANDARD OPERATING PROCEDURES
Procedures in this protocol should be carried out according to the following SOPs. Please contact the Animal Use 
Subcommittee office (661-2111 ext. 86770) in case of difficulties or if you require copies.
SOP's are also available at http://www.uwo.ca/animal/acvs
310 Holding Period Post-Admission
320 Euthanasia
330 Post-Operative Care/Rodent
343 Surgical Prep/Rodent/Recovery Surgery

REQUlREMENTSfCOMMENTS
Please ensure that individual(s) performing procedures on live animals, as described in this protocol, are familiar 
with the contents of this document.

c.c. Approved Protocol - P. Foster, B. Dunn, W. Lagerwerf 
Approval Letter -B. Dunn, W. Lagerwerf

University Council on Animal Care • The University of Western Ontario

http://www.uwo.ca/animal/acvs
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