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Multiple Sclerosis 
 

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

central nervous system (CNS). MS is one of the most common neurological 

disorders causing disability in young adults. The estimated prevalence of MS in the 

world is 30 per 100,000. The highest prevalence is in Europe (80 per 100,000), 

followed by the Eastern Mediterranean (14.9), the Americas (8.3), the Western 

Pacific (5), South-East Asia (2.8) and Africa (0.3). MS is more common among 

women than men (WHO, 2008). 

Typically, symptoms appear when patients are around 30 years of age. The most 

common symptoms are paresthesia; numbness or weakness in one or more limbs; 

bladder, bowel and sexual dysfunction; dysarthria, ataxia and tremor; optic 

neuritis, trigemal neuralgia, heat intolerance, fatigue, dizziness, lack of sleep, pain, 

cognitive difficulties and depression (Miljkovic & Spasojevic, 2013). Clinically, MS 

is classified based on the clinical course of the disease (Figure 1). About 85% of 

the patients present a relapsing-remitting type (RRMS), which is characterized by 

recurrent episodes of neurological disabilities, caused by inflammation and 

demyelination. These relapses are followed by periods of partial or complete 

recovery. In about half of the RRMS patients, the remission is not complete and 

the disease gradually takes a secondary progressive course (SPMS), in which 

neurological disabilities accumulate without proper recovery. In 15% of the 

patients, the disease course is progressive from disease onset, without remission 

or relapse phases. This type of MS is defined as primary progressive MS (PPMS). 

Progressive relapsing MS (PRMS) is a rare type of MS that initially presents as 

PPMS, but develops neurological exacerbations during the disease progression. 

There is still a fifth type of MS that - contrary to the other disease courses - show 

little or no disease progression and only minor neurological disabilities, even 
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decades after disease onset (Miljkovic & Spasojevic, 2013; Pittock & Lucchinetti, 

2007; Luessi et al, 2012; Ramsaransing & De Keyser, 2006).   

 

 

 

Figure 1: Clinical course of the 4 main types of MS: relapsing-remitting (RRMS), secondary 

progressive (SPMS), primary progressive (PPMS), and progressive relapsing (PRMS). 

 

The pathological hallmark in MS is the formation of demyelinated lesions, also 

called sclerotic plaques, in the white and grey matter of the central nervous 

system. These lesions are the result of a complicated process involving 

inflammation, demyelination and remyelination, oligodendrocyte depletion, 

astrocytosis, and neuronal and axonal degeneration. The lesions can occur 

anywhere of the CNS, but sites as the optic nerve, brainstem, cerebellum and 

spinal cord are more related to clinical deficits (Lassman, 2013; Compston & Coles, 

2008; MacDonald & Ron, 1999).  

MS has long been considered a mere autoimmune disease caused by the invasion 

of myelin-autoreactive lymphocytes across the blood-brain barrier (BBB) and 

choroid plexus. These lymphocytes attack myelin and oligodendrocytes and 

induce an inflammatory cascade that involves macrophage recruitment and 

microglia activation and leads to demyelination, axonal damage and lesions 
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(Compston & Coles, 2008; Chen et al, 2012). However, new insights have led to a 

different view on the disease. Nowadays, MS is more considered as a chronic, 

gradually aggravating neurodegenerative disease with oligodendrocytes and 

axons as primary affected targets. In this view, primary progressive MS is thought 

to be the “purest” form of MS. In the relapsing-remitting type of MS, an aberrant, 

excessive immune response to antigenic debris (myelin, neurofilaments), caused 

by the ongoing neurodegeneration process, is convoluted on top of the underlying 

neurodegeneration. The continuous neurodegenerative nature of MS becomes 

apparent again in the secondary progressive stage, when aging tones down the 

undulating vigorous immune reactions. The observations that myelin sheath 

degradation in MS starts from within (not by cells attacking from the outside) and 

that all current anti-immune and anti-infiltration drugs for MS can only reduce or 

delay relapses, but cannot stop ongoing degeneration, seem to be in line with 

these new ideas about MS (Stys et al, 2012). 

 

Animal models for multiple sclerosis  

 

Multiple sclerosis is a disease that spontaneously occurs only in humans. From a 

practical and ethical point of view, it is often not possible to perform invasive 

studies in patients. The possibilities for noninvasive investigation of the actual 

pathological processes in the CNS are confined to analysis of postmortem brain 

tissue or imaging techniques that allow detection of lesions, but are not very 

specific for the actual disease processes involved. Therefore, most research still 

relies on the use of animal models that mimic MS. Due to the complexity of MS, 

none of the current animal models for MS is able to mimic all disease aspects, but 

the availability of different animal models allows studying of different relevant 
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features of the disease. The most commonly used animal models for multiple 

sclerosis are classified in 3 categories: (1) Experimental Autoimmune (or Allergic) 

Encephalomyelitis (EAE); (2) Viral induced demyelination models and (3) Toxin 

induced demyelination models. 

 

Experimental autoimmune encephalomyelitis (EAE) 

 

EAE is the most frequently used animal model for studying the inflammatory 

aspects of MS. EAE has been induced in a wide variety of species, such as mice, 

rats, guinea pigs, rabbits, goats, dogs, sheep and primates (Baxter, 2007).   

EAE is induced by immunizing the animals with CNS antigens emulsified in an 

adjuvant. In general, these antigens are purified myelin, recombinant proteins or 

encephalitogenic peptides of myelin proteins. They cause the activation of 

peripheral antigen-specific T-cells that enter the CNS and induce lesion formation 

(Denic et al, 2011; van der Star et al, 2012). 

The clinical course of the disease depends on the immunization protocol, the 

antigen used and the animal strain. In most cases, symptoms start with weight 

loss and loss of activity, and proceed into motor disability (limb paralysis). In some 

cases, EAE progresses very aggressively and can lead to the death of the animal. 

Although, EAE is a valuable model for research in MS, it is recognized to cause 

severe animal discomfort and, because of that, its use is only justified when other, 

less harmful animal models are not suitable for answering a specific research 

question (Wolfensohn et al, 2013).      
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Viral induced model 

 

The hypothesis that a viral infection early in life can trigger the aberrant immune 

response to myelin in the CNS and therefore could be a potential cause of MS has 

led to the use of virus-induced demyelination animal models. So far, a specific 

type of virus has not been unambiguously identified as the potential cause for MS 

(Denic et al, 2010).  

In the most frequently used viral animal model for multiple sclerosis, 

demyelination is induced by the Theiler´s murine encephalomyelitis virus, which is 

a natural pathogen of mice. Infection of mice by the intracerebral injection of the 

virus causes paralysis and encephalomyelitis. The resulting disease can be 

characterized by, in general, 2 phases: (1) the acute phase, which is mild and 

usually subclinical and predominately confined to neurons and (2) the chronic 

phase, exhibiting slow progressive disability, as a consequence of demyelination, 

impaired remyelination, inflammation and axonal damage (Denic et al, 2011; 

Pachner, 2011). 

The disadvantages of this model in comparison to the EAE model is that it can be 

induced only in mice and that the disease manifestations occur months after the 

initial infection (Pachner, 2011). 

 

Toxin induced model 

 

The toxin-induced models are predominately used for studying the demyelination 

and subsequent spontaneous endogenous remyelination aspects of MS. 



General introduction 

 13 
 

Demyelination is induced by focal application or by systemic administration of the 

toxin, depending on the toxin applied. 

 

Systemic toxin 

 

Cuprizone [oxalic acid bis(cyclohexylidene hydrazide)] is a copper chelating agent 

and the most frequently used toxin to induce demyelination in the CNS by 

systemic administration. The most common demyelination protocol comprises the 

feeding of C57Bl/6 mice with 0.2% cuprizone for 5-6 weeks. The model is species, 

strain and age dependent. Cuprizone has failed to induce demyelination in several 

adult rat strains (Carlton, 1969; Love, 1988). Only a single report has been 

published, in which cuprizone-induced demyelination in young Wistar rats was 

observed (Adamo et al, 2006). The administration of cuprizone in mice induces 

oligodendrocyte death without significant damage to other neural cell types. This 

activity of cuprizone requires microglia activation and their secretion of pro-

inflammatory cytokines (Pasquini et al, 2007). Short exposure to the cuprizone 

diet induces acute demyelination, which is most prominent in the corpus callosum 

and the cerebellar peduncle. Demyelination is followed by spontaneous 

remyelination when normal chow diet is restored. Chronic demyelination occurs 

when animals are kept on a cuprizone diet for a long period of time (12 weeks or 

more) (Kipp et al, 2009; Torkildsen et al, 2008; Matsushima & Morell, 2001). 

The highly reproducible, the simplicity of the protocol, the fast demyelination 

induction, the spontaneous remyelination after restoration of normal food, as 

well as the lack of peripheral cell infiltration, make the cuprizone-induced model a 

valuable model for studying demyelination and remyelination processes.  
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Focal toxin 

 

The most commonly used toxins to induce focal demyelinated lesions are 

ethidium bromide and lysolecithin. Because these toxins are injected directly into 

the CNS, demyelination can be induced in all species and in different CNS regions 

of preference. 

Lysolecithin (lysophosphatidylcholine, LPC) is an activator of phospholipase A2 

that disrupts membranes, especially damaging myelin. This induces an acute 

inflammatory response, including microglia activation and monocyte infiltration at 

the site of the lesion. Lysolecithin has a short half-life (5 hours) and remyelination 

occurs spontaneously, already evident 14 days after injection and almost 

completed by 6 weeks (Denic et al, 2011; van der Star, 2012). 

Ethidium bromide is a DNA intercalating agent that has a cytotoxic effect on all 

nucleated cells. Therefore, the damage induced by ethidium bromide is not 

specific for myelin producing cells alone (van der Star, 2012). Demyelination 

reaches a peak at 2 weeks and the remyelination predominates at 4 weeks after 

injection (Blakemore, 1982). 

 

Imaging 

 

Animal models are indispensable for studying ongoing in vivo processes and to 

better understand disease mechanisms. Eventually, the results of animal studies 

need to be translated to and validated in patients. Imaging techniques are 

valuable tools for monitoring the in vivo processes and can be applied both in 

animals and in humans, which makes them attractive tools for translational 
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research. In MS research, the development of new imaging techniques and/or the 

validation of new imaging applications are still needed, as the existing methods do 

not suffice.  

“The capacity to image cellular and molecular targets in vivo” defines the term 

molecular imaging. Positron emission tomography (PET) is probably the best 

example of a molecular imaging device.  PET allows the quantification of tracer 

distribution and redistribution, providing biochemical and physiological 

information of the living organism. The advance in PET instrumentation has made 

the technology also available for preclinical research, which allows the translation 

of preclinical results to human applications (Grenier & Brader, 2011; Hutchins et 

al, 2008).  

 

Positron emission tomography 

 

Positron emission tomography (PET) is a molecular imaging technique that 

quantitatively and non-invasively measures biochemical and physiological 

processes in vivo by using specific targeting molecules labeled with positron 

emitting isotopes. These labeled molecules are called PET tracers or PET 

radiopharmaceuticals (Paans et al, 2002; van den Hoff, 2005). 

The positron emitters, such as 15O, 11C, 13N, 18F, are neutron deficient isotopes that 

decay by the emission of a positively charged electron: a positron. This positron 

travels through the surrounding tissue losing energy due to collision with 

electrons. When the energy of the positron is sufficiently low, it can combine with 

an electron and annihilation can occur. In this process, the mass of the positron 

and electron is converted into two gamma rays with an energy of 511 keV, 

according to Einstein famous formula E=mc2. Because of the law of conservation 



Chapter 1 

 

 16 
 

of momentum, these gamma rays travel in opposite directions (at an angle of 180° 

from each other) (Townsend, 2004; Basu et al, 2011). 

The emitted gamma rays are detected by a circular (360°) detector structure, 

using the principle of coincidence detection. Coincidence detection means that 

the detection is only accepted as a true event if the two gamma rays are almost 

simultaneously (typically within 100 ns) detected by opposite detectors. Each 

coincidence event represents a straight line in space between the two detectors, 

on which the point of origin of the emission of the positron is located. This line is 

called a line-of-response (LOR). A combination of LORs is used for reconstruction 

of a computerized image, representing the 3D distribution of the injected 

radiopharmaceutical in the tissue (Andreyev & Celler, 2011; Townsend, 2004). 

Besides physical properties of PET tracers, the chemical and biological 

characteristics of these molecules determine whether the radiopharmaceutical 

can be successfully used for brain imaging. These characteristics include binding 

affinity and specificity, metabolism and elimination rates, and brain penetration 

(Wadsak & Mitterhauser, 2010). Only complete knowledge about the injected 

radiopharmaceutical, gathered by preclinical and clinical research, can guarantee 

the correct interpretation of the resulting image. 

 

Aim and outline of the thesis 

 

The progressive characteristic and the lack of an effective therapy, make constant 

monitoring a crucial factor in the evaluation of disease progression and treatment 

effects in multiple sclerosis. Non-invasive imaging techniques are the best option 

for monitoring the disease progression and evaluating new drugs, since they can 

be applied multiple times and induce low discomfort to the patient. However, 
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imaging techniques for disease-specific processes in MS still need to be evaluated 

and validated in models of the disease, before they can be implemented in clinical 

practice. 

Imaging techniques can also be extremely important in preclinical research, 

enabling longitudinal studies of ongoing processes that could help to understand 

mechanisms involved in disease progression. PET imaging could become a tool to 

specifically monitor different disease-related aspects of MS in a non-invasive 

manner. Therefore, the aim of the work described in this thesis was to evaluate 

and compare different PET tracers with potential for imaging multiple sclerosis 

hallmarks. For this purpose, different approaches were used: i. The cuprizone-

induced mouse model was used to evaluate [11C]CIC and [11C]MeDAS as candidate 

PET tracers for imaging demyelination and remyelination processes. ii. The 

lysolecithin rat model was applied to assess the feasibility of monitoring glucose 

metabolism, neuroinflammation, demyelination and remyelination in focal lesions 

over time. iii. The lysolecithin rat model was also used for evaluating the 

pharmacokinetic proprieties of [11C]CIC, [11C]MeDAS and [11C]PIB and for testing 

the ability of these tracers to image focal demyelination and remyelination. iv. 

Finally, the feasibility of PET imaging to evaluate treatment efficacy was 

investigated by monitoring longitudinal changes in neuroinflammation and 

demyelination in EAE rats treated with dexamethasone or placebo. A brief outline 

of this thesis is given below. 

 Chapter 2 reviews the available PET tracers for application in MS and 

discusses potential other targets that could be imaged by this technique in the 

future.  
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 Chapter 3 describes the comparison of two PET tracers for imaging 

demyelination and remyelination processes in the cuprizone-induced mouse 

model for multiple sclerosis. 

 Chapter 4 shows the potential of PET imaging for monitoring transient 

changes in different characteristics of focal demyelinated lesions in the 

lysolecithin rat model: glucose metabolism, neuroinflammation, demyelination 

and remyelination. 

 Chapter 5 describes the results of the kinetic modeling studies of 3 PET 

tracers for myelin imaging and presents a comparison of the ability of these 

tracers to detect demyelination and remyelination processes in a focal lesion in 

the lysolecithin rat model.   

 Chapter 6 describes the monitoring of disease progression and the 

therapeutic effects of dexamethasone in the EAE rat model by PET imaging of 

neuroinflammation, demyelination and T cell infiltration.  

 Chapter 7 gives some future perspectives for in vivo monitoring of disease 

progression in MS with PET. 

  Chapter 8 summarizes the major findings of this thesis. 
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ABSTRACT 

 

Positron emission tomography (PET) is a non-invasive technique for quantitative 

imaging of biochemical and physiological processes in living subjects. PET uses 

probes labeled with a radioactive isotope, called PET tracers, that can bind to or 

be converted by a specific biological target and thus can be applied to detect and 

monitor different aspects of diseases. The number of applications of PET imaging 

in multiple sclerosis is still limited. Clinical studies using PET are basically focused 

on monitoring changes in glucose metabolism and the presence of activated 

microglia/macrophages in sclerotic lesions. In preclinical studies with PET, imaging 

of targets for other processes, like demyelination and remyelination, has been 

investigated and may be translated to clinical application. Moreover, a number of 

PET tracers that could be relevant for MS are available now, but have not been 

studied in this context yet. In this review, we summarize the PET imaging studies 

performed in multiple sclerosis up to now. In addition, we will discuss potential 

applications of PET imaging of processes or targets that are of interest to MS 

research, but have yet remain unexplored.   
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INTRODUCTION 
 

Multiple Sclerosis (MS) is a neurodegenerative disease characterized by 

inflammation and demyelination in the central nervous system (CNS). The 

characteristic pathological hallmark in MS is the formation of focal demyelinated 

lesions, also called plaques.  These lesions can occur anywhere in the CNS, 

although the sites with predilection are the optic nerve, brainstem, cerebellum 

and spinal cord (McDonald & Ron 1999; Gajofatto et al 2013; Lassmann 2013; 

Luessi et al 2012; Brück 2005).    

Since no single clinical sign or validated diagnostic test is specific for MS, the 

diagnosis of MS is based on clinical presentation of attacks (also called relapses or 

exacerbations) and evidence of dissemination of the lesions in space (multiple 

areas of the CNS) and in time, as determined by magnetic resonance imaging 

(MRI) (MacDonald et al 2001; Sand & Lublin 2013). 

Positron emission tomography (PET) is a non-invasive and quantitative imaging 

technique that enables investigation of cellular and molecular processes in vivo 

(Zanzonico 2012; van den Hoff 2005). PET uses chemical compounds, like receptor 

ligands or enzyme substrates, that are labeled with positron emitters, such as 18F 

and 11C. After injection in the living organism, these so-called PET tracers bind to 

different targets, making this imaging technique highly versatile and specific for 

detecting and monitoring disease related processes (Wadsak & Mitterhauser 

2010; Saleen et al 2006). Despite the great potential of PET, its applications in MS 

have remained limited. 

This review summarizes the status of PET imaging in multiple sclerosis. Besides a 

survey of the applications of PET imaging that have been already used in MS, this 

review will also address PET imaging methods for other processes and targets that 

could have potential applications in MS in the future.   



Chapter 2 

 

 26 
 

CHARACTERISTICS OF MULTIPLE SCLEROSIS  

 

MS is a disease that occurs spontaneously only in humans. Depending on the 

mode of disease progression, MS can be classified in different types. The most 

common type is the relapsing-remitting MS (RRMS), which is characterized by 

periods of neurological deficits and partial or complete remissions. When 

neurological disability accumulates without proper recovery, RRMS progresses 

into secondary progressive MS (SPMS). When the disease is progressive from the 

onset, i.e. no periods of remission, it is classified as primary progressive MS 

(PPMS). When relapses are present, but superimposed on a progressive course, 

the disease is called primary relapsing MS (PRMS) (Luessi et al 2012, Miljkovic & 

Spasojevic 2013). 

The major hallmark of MS is the formation of sclerotic plaques (lesions). These 

plaques are characterized by an inflammatory reaction involving T cell, B cell and 

macrophage/microglia activation, demyelination and remyelination and neuronal 

and axonal degeneration (Brück 2005, Compston & Coles 2008).  

Lesions are classified as acute when inflammatory cell infiltration, myelin sheath 

debris and BBB damage are present. Acute lesions are most frequently observed 

during relapses. Chronic lesions present low levels of inflammation and no 

evidence of active myelin breakdown. Chronic lesions are more common in 

primary progressive and secondary progressive MS (Pittock & Lucchinetti 2007, 

Popescu & Lucchinetti 2012). 

MS traditionally has been considered an inflammatory autoimmune disease, in 

which migration of aggressive myelin-reactive T cells into the CNS is followed by 

microglia activation, macrophage invasion and oligodendrocyte destruction. 

Damage to oligodendrocytes leads eventually to degradation of myelin sheaths, 

due to lack of myelin repair. The breakdown of myelin sheaths initiates a more 
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severe wave of T-cell infiltration, which is accompanied by the infiltration of B-

cells (Lassman & van Horssen 2011, Chen et al 2012). In the last few years, several 

scientists have proposed that MS is a neurodegenerative – rather than 

autoimmune – disease, where neuronal injury is the first event of the pathological 

process. Neuronal damage may be followed, or not, by inflammation. The most 

important argument for this new view is the fact that primary progressive MS 

patients do not present any substantial inflammatory cell infiltration (Stys et al 

2012). Another argument is that current anti-inflammatory treatment fails to stop 

– or slow down – the continuous exacerbation of disabling symptoms in 

progressive MS. 

Axonal damage is mainly responsible for the clinical disability in MS patients. 

Axonal damage can already take place in the early phases of active demyelination, 

but usually is the result of inadequate repair. Demyelinated lesions can partially or 

completely recover by remyelination processes, in which oligodendrocyte 

precursor cells (OPCs) play a crucial role. Repeated demyelination in previously 

remyelinated lesions can eventually lead to axonal injury and neuronal loss, due 

to the involvement of inflammatory mediators, mitochondrial failure and axon-

specific antibodies (Popescu & Lucchinetti 2012, Lassman & van Horssen 2011, 

Pittock & Lucchinetti 2007). So far, diagnosis and disease monitoring in MS is 

usually based on assessment of clinical symptoms. When clinical assessment is not 

decisive, the diagnosis is supported by MRI. The diagnostic criteria for MRI are 

based on evidence of dissemination of lesions in time and space. Detection of 

lesions in white matter can be easily accomplished by MRI (McDonald et al 2001). 

The problem of this imaging tool is the lack of specificity, as the detected lesions 

can be related to edema, inflammation, gliosis, demyelination, or axonal loss 

(Fillip & Rocca 2011). 
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Identification and quantification of specific processes involved in MS are essential 

for therapy development. Since PET imaging can evaluate specific molecular and 

biochemical changes in vivo, it can be a highly specific imaging tool that can be 

complementary to the high spatial resolution of MRI. It is necessary to emphasize 

that the high specificity of PET imaging depends on the availability of PET tracers 

that bind to the desirable targets. Due to the high complexity of multiple sclerosis, 

different processes can be taken as a target for PET imaging. Imaging of different 

processes in MS could enable better disease understanding, better 

characterization of disease phenotypes, monitoring of disease progression and 

therapy evaluation. Some PET tracers are already used in MS patients, whereas 

others have only been used in animal models. There are even PET tracers 

available for targets that could be relevant for MS, but were never investigated in 

this context. So, there are still a lot of opportunities to be explored in this field.  In 

the next section, we will summarize the PET tracers that already have been used 

in clinical studies or in animal models of MS. The tracers are categorized according 

to the main MS disease characteristic they aim to image: inflammation, myelin 

content and neurodegeneration. 

 
 
PET IMAGING IN MULTIPLE SCLEROSIS – PRESENT 
 
 
INFLAMMATION 
 
Demyelinated lesions in multiple sclerosis are often characterized by the presence 

of an inflammatory reaction, consisting of T and B cell infiltration and extensive 

macrophage/microglia activation (Brück 2005). 

PET imaging methods for different biomarkers of inflammation have been 

developed, as was reviewed by Wu et al (2013a). These biomarkers include 
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glucose metabolism (metabolic burst of the activated inflammatory cells), choline 

metabolism (increased production of phosphocholine by proliferative cells) and 

overexpression of various receptors and enzymes, such as the 18kD translocator 

protein (TSPO) (increased density on the mitochondrial membrane of activated 

microglia/macrophages in case of inflammation), somatostatin receptor 

(overexpressed on activated lymphocytes and macrophages), type 2 cannabinoid 

receptors (up-regulated on activated microglia), cyclooxygenase (COX) (induced 

by inflammatory cells), matrix metalloproteinases (MMPs) (increased activity in 

some inflammatory conditions), interleukin (IL)-2 receptor (overexpression in 

activated T lymphocytes), tumor necrosis factor-α (TNF-α) (increased release in 

acute inflammation), integrin receptors (overexpressed in macrophages), vascular 

adhesion protein 1 (VAP-1) (upon stimulation translocates to luminal surface of 

endothelial cells, causing migration of leukocytes) and vascular cell adhesion 

molecule 1 (VCAM-1) (can induce adhesion of macrophages). Although, PET 

tracers for all these biomarkers are available, only few of them have been applied 

in MS. 

 
TSPO PET imaging 

TSPO has been imaged by PET as a marker of microglia activation and monocyte 

invasion in the CNS in various neurological and psychiatric diseases (Doorduin et 

al 2008).  

[11C]PK11195 is the first TSPO tracer to be applied in MS patients. The 

physiological brain uptake of [11C]PK11195 is low in all brain regions (Debruyne et 

al 2002), whereas increased tracer uptake is observed in acute demyelinated 

lesions, i.e. lesions with infiltration of microglia/macrophages (Vowinckel et al 

1997; Banati et al 2000).    



Chapter 2 

 

 30 
 

Debruyne et al (2003) did not find any significant differences in [11C]PK11195 

uptake, in either white matter or grey matter of 22 MS patients (which included 

RR, PP, and SP MS types) as compared to controls (7 volunteers). In contrast, 

Versijpt et al (2005) found a weak correlation (r2=0.2) between increased 

[11C]PK11195 and  normal appearing white matter (NAWM) atrophy in 22 MS 

patients with mixed types of MS (RRMS, SPMS and PPMS) (Versijpt et al 2005). 

The authors suggested that only a weak correlation was found because of an 

underestimation of [11C]PK11195 uptake due to the applied normalization to the 

grey matter uptake, which is also affected  in the late stage of progressive MS, and 

due to the difference of disease duration among the patients included in the 

study. 

In a study by Politis et al (2012), neuroinflammation in the cortical grey matter 

and global white matter of 10 RRMS patients and 8 SPMS patients was compared 

to that in 8 healthy volunteers using [11C]PK11195 PET. It was shown that the 

[11C]PK11195 binding potential (BP) was increased in the cortical grey matter of 

RRMS (>60%) and SPMS patients (>100%), as compared to controls. Increase 

[11C]PK11195 BP in cortical grey matter was strongly correlated with the disability 

score in SPMS patients, but not in RRMS patients.  An increased tracer BP was also 

found in global white matter of RRMS (>80%) and SPMS (>130%), as compared to 

controls, but no correlation with disability score was found. 

Other studies specifically investigated inflammation in the lesions, rather than 

total white matter. Increased tracer uptake was found in RRMS patients, during 

relapse, with active demyelination in focal inflammatory lesions. These lesions 

were  well co-localized with lesions observed with gadolinium-enhanced T1-MRI 

images, which is associated with blood-brain barrier (BBB) breakdown due to 

immune cell infiltration (Sahraian & Eshaghi, 2010). 
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In 2008 Vas et al (2008), compared the ability of [11C]PK11195 and 

[11C]vinpocetine to detect accumulation of activated microglia in lesions that were 

identified by MRI. Four MS patients were imaged with both tracers, first 

[11C]PK11195 and 2 hours later, [11C]vinpocetine. The binding potential (BP) of the 

tracers was determined by Logan analysis, using cerebellar cortex as reference 

tissue. [11C]PK11195 binding potential inside and surrounding the plaques was 

increased in only one out of the four patients, while the [11C]vinpocetine binding 

potential was increased for all four patients. The authors speculated that the 

tracers could bind differentially to the microglia, depending on their activation 

state. However, it seems plausible that [11C]vinpocetine is better able to detect 

activated microglia in the inflammatory lesions than [11C]PK11195 because of its 

higher binding affinity to the TSPO receptors. 

Four years later, the same group (Gulyás et al, 2012), also compared [11C]PK11195 

and [11C]vinpocetine in four post-stroke patients, and concluded that 

[11C]vinpocetine had favorable imaging characteristics due to its higher uptake in 

the brain. The small number of patients evaluated so far and the lack of studies by 

other laboratories, make further investigations necessary to confirm the 

preferential use of [11C]vinpocetine over [11C]PK11195.   

 Ratchford et al (2012) evaluated the feasibility of [11C]PK11195 PET to monitor 

the effect of treatment on microglia activation. Nine RRMS patients were imaged 

before and after one year of treatment with glatiramer acetate. The binding 

potential of the tracer in the cortical grey matter and cerebral white matter, 

determined by Logan analysis using cerebellum as reference tissue, was 

significantly decreased one year after the start of the treatment. This result 

suggested a reduction in inflammation due to the treatment with glatiramer 

acetate; however, proper interpretation is hampered by the small sample size and 

the lack of a placebo-treated group, as recognized by the authors. 
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Oh et al (2011) investigated the feasibility of imaging microglia activation with 

[11C]PBR28 PET in 11 MS patients (type of MS was not specified) and compared 

the results with analyses in 7 healthy volunteers. No significant differences in 

distribution volume (calculated by Logan plot, using metabolite-corrected arterial 

input curve) were found between the whole brain of MS patients and that of 

controls. However, the white-to-grey matter binding ratio was higher in MS 

patients than in healthy controls. Moreover, lesions with enhanced gadolinium 

uptake showed significantly increased [11C]PBR28 binding, as compared to the 

contralateral NAWM. In some cases, increased focal [11C]PBR28 binding preceded 

the contrast enhancement on MRI (follow-up 1 month after PET scan), suggesting 

that glia activation in the lesions may occur before blood-brain-barrier 

permeability is increased. 

[18F]FEDAA1106 PET was evaluated in 9 RRMS patients during an acute relapse 

and compared to 5 healthy controls. No difference in tracer distribution volume 

(VT) or binding potential was found between both groups in either whole grey 

matter or in any specific brain region. Focal lesions did not show any increased 

uptake either (Takano et al 2013), which was likely due to the low spatial 

resolution of PET camera resulting in partial volume effects in the small lesions. 

Another limitation was the difference in tracer kinetics between white matter 

(slower) and grey matter (faster), which complicated the determination of VT and 

BP by the 2 tissue compartment model. Since de binding affinity of 

[18F]FEDAA1106  is dependent on the TSPO polymorphism, stratification of MS 

patients by genetic TSPO polymorphism could also improve the outcome of the 

study.    

 

Besides studies in MS patients, various PET tracers for the TSPO have also been 

evaluated in animal models. [18F]DPA-714 PET (Abourbeh et al 2012) and [11C]DAC 
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PET (Xie et al 2012)  have been used in preclinical studies in the EAE rat model and 

both tracers showed the ability to detect neuroinflammation in the spinal cord of 

the animals. [18F]DPA-714 PET was performed 10-12 days after immunization of 

the rats, when the animals had bilateral hindlimb paralysis. The region of interest 

(ROI) was drawn in the spinal cord using a sodium [18F]fluoride PET bone scan, of 

the same animal, for  anatomical reference (spinal column). Tracer uptake in the 

spinal cord was 2.6 fold higher in EAE animals than in controls. This difference 

between groups was 4-5 fold higher when tracer uptake was determined by ex 

vivo biodistribution, suggesting that the small diameter of the rat spinal cord (1-3 

mm) causes partial volume effects that reduce the PET signal. A limitation of the 

study was the use of different animals for each experimental group (Western blot, 

immunohistochemistry, biodistribution and PET imaging) hampering proper 

correlation of the data.  

 [11C]DAC PET was evaluated in the EAE model (Xie et al 2012). [11C]DAC PET scans 

were performed 0, 7, 11, 20 and 60 days after EAE immunization and uptake 

results expressed as standardized uptake value (SUV). In this study, the peak of 

disease symptoms was at day 11 and remission occurred at day 20 after 

immunization. In vivo PET imaging showed a higher uptake at day 11 and 20, 

which was confirmed by ex vivo biodistribution analysis, in vitro autoradiography 

and immunohistochemistry. Tracer uptake was decreased after treatment with 

FTY720, an immunosuppressive drug, also validated by immunohistochemical 

analysis. Although most of the results were promising, the authors could not 

explain the increase in [11C]DAC uptake in PET imaging at day 7 after EAE 

immunization at a time point when no changes were identified in any of the other 

analyses.  Both [18F]DPA-714 and [11C]DAC uptake was significantly decreased 

when the TSPO receptors were saturated  by pre-injection of an excess of 
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PK11195, suggesting that binding of these tracers to the TSPO receptors is 

specific. 

Mattner et al (2013) describe the use of [18F]PBR111 PET for monitoring 

neuroinflammation in the CNS of an EAE mouse model. PET imaging was 

performed at baseline, 6, 13, 20, 27, 35 and 41 days after immunization. Groups 

were composed based on the stage of the disease at the day of scan: 

presymptomatic, first episode, partial recovery from first episode, full recovery 

from first episode, second episode, recovery from second episode and third 

episode. The tracer uptake as determined by PET imaging and ex vivo 

biodistribution was confirmed by immunohistochemistry analysis for TSPO 

expression. The largest increase in TSPO expression, detected by 

immunohistochemistry, was seen in the first episode and [18F]PBR111 PET showed 

the same result. Animals of the presymptomatic group (after immunization, but 

before any clinical symptoms) showed increased tracer uptake in the brain and 

spinal cord, correlating with TSPO expression determined by in vitro analysis. The 

results suggest that [18F]PBR111 PET may have the potential for early diagnosis of 

inflammatory diseases, but further studies are necessary,  especially including in 

vivo PET imaging of the spinal cord, which in this study, was analysed only by ex 

vivo biodistribution.  

All TSPO PET imaging studies in MS have demonstrated the potential for PET 

imaging of neuroinflammation as a tool for monitoring disease progression and 

treatment effects. Future studies should include larger groups of well-defined MS 

patient types in order to optimally employ TSPO PET imaging for analysis of 

neuroinflammatory events and disease progression in each specific type of MS. 

The chemical structures of the TSPO PET tracers described above are illustrated in 

figure 1. 
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Figure 1: Structures of TSPO PET tracers used in MS patients and/or MS models  

 

Glucose metabolism 

The PET tracer 2’-[18F]fluoro-2’-deoxyglucose ([18F]FDG) is a radiolabeled glucose 

analogue that is used for imaging of glucose metabolism (figure 2). [18F]FDG 

initially follows the same metabolic pathway as normal glucose: it enters the cell 

via the glucose transporter and is phosphorylated by hexokinase. Since [18F]FDG 6-

phosphate is not further metabolized, it remains trapped inside the cells (Saleem 

et al 2006). In multiple sclerosis, [18F]FDG PET has been used as marker for 

inflammation and for neurodegeneration.   

Thirteen MS patients (RRMS, SPMS and PPMS) in a stable remission phase of the 

disease were studied with [18F]FDG PET by Schiepers et al (1997). In these 

patients, the lesions were localized by MRI and only included in the analysis when 

larger than 1.5 ml (lesion volume determined by MRI). Most of the lesions (10 out 

of 15) presented increased (20-30%) tracer uptake as compared to the 

contralateral NAWM. In the same study, two MS patients in an acute relapse 
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phase showed hyper-metabolism in gadolinium-enhanced MRI lesions, pointing to 

an active inflammatory process. In all patients (remission and acute phase), hypo-

metabolic lesions were found as well. The authors suggest that [18F]FDG PET could 

be a tool for classifying white matter lesions as either acute or chronic, based on 

the local glucose metabolism. 

[18F]FDG PET was also used to evaluate inflammation in the spinal cord in the EAE 

rat model (Buck et al 2012). PET data were correlated to MRI, histology 

(hematoxylin eosin, HE, staining) and autoradiography.  [18F]FDG uptake was 

increased in the spinal cord of all 13 animals in the study. However, MRI could 

only detect structural differences in 12 of the 13 animals. HE staining was used to 

semi-quantitatively (scale 0-3) classify the inflammatory infiltration in the spinal 

cord. The 4 inflammatory categories determined by HE staining were also 

identified (significantly different uptake in each category) by [18F]FDG PET 

imaging. In contrast, MRI showed similar signal intensities for all 4 categories. For 

detection of inflammatory lesions in the brain, [18F]FDG PET performed worse 

than for detection of spinal cord lesions: in only 2 out of the 5 animals with 

histologically proven inflammatory infiltration in the brain, brain lesions were 

identified by PET imaging. In contrast, all inflammatory regions in the brain were 

identified by MRI, autoradiography and HE staining. The high background signal of 

[18F]FDG in brain tissue seems to be responsible for the poor  detection of lesions 

in the brain. A combination of [18F]FDG PET and MRI could be an interesting 

approach for detecting lesions in both brain (MRI) and spinal cord (PET).  

Although studies with [18F]FDG PET indicate the ability of this method to detect 

inflammatory lesions in the CNS, the high physiologic glucose consumption by the 

brain will always be a limitation of this method in detecting small active lesions. 

The use of PET tracers for specific inflammatory targets, such TSPO receptors, 

could bypass this limitation. The high basic level of [18F]FDG brain uptake, 
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however, is an advantage for the detection of hypo-metabolic lesions, indicating 

chronic lesions, probably associated with cell death.      

 

Figure 2: PET tracer for imaging glucose metabolism – [
18

F]FDG 

 

Adenosine receptor PET imaging 

Adenosine is involved in many physiological and pathological processes, including 

inflammatory responses. Adenosine receptors are divided in four subtypes: A1, 

A2A, A2B and A2C. So far, only the A1 and the A2A subtypes have been investigated in 

the context of MS. Vincenzi et al (2013) have demonstrated an upregulation of A2A 

receptors in lymphocytes isolated from blood of MS patients, and an upregulation 

has also been observed in microglia cells in vitro (Orr et al, 2009).  Rissanen et al 

(2013) have published a study using the radioligand [11C]TMSX  for PET imaging of  

A2AR receptors. PET imaging was performed in 8 patients with secondary 

progressive multiple sclerosis (SPMS) and in 7 healthy controls. Tracer uptake was 

expressed as distribution volume (VT), determined by Logan plot using metabolite-

corrected arterial samples as input function. [11C]TMSX VT was significantly 

increased in the supraventricular NAWM of MS patients as compared to controls. 

Moreover, [11C]TMSX VT was inversely correlated with fractional anisotropy 

measured by DTI, which is indicative of NAWM injury. In addition, [11C]TMSX VT 

correlated positively with the disability score. Authors suggest that [11C]TMSX PET, 
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as a measure of neuroinflammation, can be complementary to conventional 

methods, such as MRI, in detecting diffuse brain changes in NAWM.  

Contrary to A2A receptors, adenosine A1 receptors are downregulated in activated 

microglia in postmortem brain tissue and in monocytes in the blood of MS 

patients (Johnston et al 2001). Tsutsui et al (2004) have demonstrated that A1 

knockout mice (A1
-/-) were more affected (higher disease scores) by EAE than wild 

type mice, suggesting that A1R have an important role in regulating anti-

inflammatory signals. In the same study (Tsutsui et al 2004), EAE mice treated 

with caffeine showed increased A1R expression and decreased EAE symptoms.  

Despite the availability of specific PET tracers for adenosine A1 receptors, such as 

[11C]DPCPX, [11C]KF15372, [11C]MPDX (Ishiwata et al 2007), no studies have been 

published on imaging of adenosine A1 receptors in MS patients yet. Kimura et al 

(2004) have shown that [11C]MPDX PET, imaging of the A1R distribution in human 

brain is indeed feasible and Fukumitsu et al (2008) have used this tracer for 

imaging patients with Alzheimer´s disease. In this study, [11C]MPDX BP was 

significantly lower in the temporal cortex and thalamus of patients with 

Alzheimer´s disease as compared to normal elderly subjects. PET imaging of A2AR 

could be used for monitoring neuroinflammation, but further studies are required 

to evaluate potential advantages over TSPO PET imaging. PET imaging of A1R may 

be interesting for investigation of the potential role of A1 agonist treatment in MS 

patients and/or the neuroprotective effect of glucorticoid treatment, which is 

suggested to be partially related to up-regulation of A1R expression in neurons 

induced by this anti-inflammatory class of drugs (Tsutsui et al, 2008).  

The chemical structures of adenosine PET tracer are represented in figure 3. 
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Figure 3: Structures of PET tracers for imaging of adenosine receptors. A2AR-selective 

tracer: [
11

C]TMSX; A1R-selective tracers: [
11

C]DPCPX, [
11

C]KF15372, [
11

C]MPDX 

 
 
DEMEYLINATION AND REMYELINATION 

 

Myelin sheath 

Temporal changes in myelin content (demyelination and remyelination processes) 

are an important disease hallmark of MS. In the last decade, different molecules 

have been developed for imaging myelin. Although some tracers have been 

successfully evaluated in preclinical studies, none of these tracers has been used 

in clinical studies yet. 

Most of the evaluated PET tracers for myelin have a stilbene-based molecular 

structure (figure 4). Although the binding mechanism of these myelin tracers is 

not fully understood, they are thought to bind to proteins with aggregated β-

sheet structures. These β-sheets are also present in myelin, but only if the myelin 
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sheaths are intact (Wu et al, 2006). If myelin sheaths are degraded during 

demyelination, binding of the PET tracer is decreased.   

The first in vivo PET imaging study of myelin was reported in 2006 (Stankoff et al 

2006). This study used 11C-labeled 1,4-bis(p-aminostyryl)-2-methoxybenzene 

(BMB) as PET tracer for imaging one baboon, showing high affinity for white 

matter regions of the animal´s brain. However, several grey matter regions 

showed high uptake as well, according to the authors due to the slow kinetics of 

the tracer. A longer acquisition time would be necessary for improving white/grey 

matter uptake, which is hampered by the short half-life of 11C. Making use of the 

autofluorescent properties of BMB, tissue from transgenic shiverer mice (lack of 

MBP), EAE mice and human MS brain were analyzed for the binding properties of 

the compound. A significant decrease in uptake was observed in the shiverer 

mice, as compared to control animals, suggesting affinity of the compound for the 

MBP β-sheet structure. Since binding was not completely reduced, the authors 

assumed that there may be other BMB binding targets in addition to MBP. 

Analysis of autofluorescent BMB binding in EAE animal tissue and post-mortem 

MS brain, showed a reduced signal in areas of demyelination, which were well 

correlated with anti-MBP immunohistochemistry and Luxol Fast Blue staining.  

Wang and coworkers (Wang et al 2009) labeled a compound with a similar 

structure as BMB with 11C and called it Case Imaging Compound (CIC). According 

to the authors, [11C]CIC has an easier and more reliable labeling procedure and a 

better solubility for intravenous injection than [11C]BMB (Wang et al 2009). 

[11C]CIC was evaluated for imaging demyelination and remyelination processes in 

the lysolecithin rat model. Lysolecithin was injected in the left hemisphere in the 

corpus callosum to induce demyelination 5 days after the injection. Remyelination 

was investigated in the same animals 1 month after the injection. [11C]CIC uptake 

in the corpus callosum, expressed in SUV, was lower in the demyelination group 
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(40%) and in the remyelination group (20%) as compared to control animals. 

Remyelination was histochemically confirmed by toluidine blue staining. Although 

promising results were shown in this study, a major limitation concerned the low 

numbers of the animals used for in vivo PET imaging (only 2 or 3 animals per 

group).  

Another myelin PET tracer, designated [11C]MeDAS (11C-labeled N-methyl-4,4’-

diaminostilbene), was reported in 2010 (Wu et al 2010). [11C]MeDAS was 

evaluated in wild type and transgenic hypermyelinated mice (Plp-Akt-DD) by PET 

imaging. The study showed that [11C]MeDAS uptake was 34% higher in the 

transgenic mice than in wild-type animals, suggesting that the tracer indeed binds 

to myelin. Ex vivo tissue was used for measuring the fluorescent signal of MeDAS 

and for Black-Gold staining of myelin. Comparable results were obtained as for 

PET imaging: the fluorescent signal was 30% higher in hyper-myelinated animals 

than in wild-type mice.  

 The same tracer was used by the same group (Wu et al 2013b) to image 

demyelination and remyelination processes in the spinal cord of EAE and 

lysolecithin rat models for multiple sclerosis. They demonstrated the ability of the 

tracer to detect changes in myelin of the spinal cord in both models. [11C]MeDAS 

uptake (expressed as SUV) was significantly reduced in the lumbar region of the 

spinal cord in the EAE model at day 42 after immunization (second disability 

peak), but the difference in the thoracic region was not statically significant. In the 

lysolecithin model, the lowest tracer uptake was found 7 days after the toxin was 

injected in the spinal cord, which was in agreement with ongoing demyelination 

at this time point.  At day 14 and 21 after injection, tracer uptake gradually 

increased again (22% and 28%, respectively), correlating with remyelination as 

demonstrated by LFB staining. In this study, it was also shown that inflammation 

does not interfere in [11C]MeDAS uptake, since brain uptake levels were not 
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changed after LPS injection. The results of this study are most promising since 

they indicate that [11C]MeDAS PET imaging might become a suitable tool for 

monitoring lesions in the spinal cord of MS patients, lesions which are highly 

correlated with motor disability.    

The only myelin PET imaging study in MS patients so far was performed in 2011 

(Stankoff et al 2011) using [11C]PIB as the PET tracer. This tracer is widely used for 

imaging β-amyloid plaques in Alzheimer’s disease. However, since the tracer also 

showed uniform binding in white matter, independent of the presence of β-

amyloid plaques (Fodero-Tavoletti et al 2009), it was suggested that the tracer 

uptake in white matter may be due to binding to myelin (Stankoff et al 2011). In 

the 2 MS patients that were investigated in this study, PET could reveal the lesions 

in the brain, which were co-localized with lesions identified by MRI. The average 

reduction of [11C]PIB uptake in the lesions (4 lesions/patient) was 32% for patient 

1 and 41% for patient 2, as compared to the contra-lateral NAWM. Stankoff et al. 

also imaged baboons by [11C]PIB PET. The images showed a higher tracer uptake 

in the white matter (about 150%) in comparison to cortical areas. Attempts to 

block tracer uptake after injection of 1 mg/kg of unlabeled PIB in baboons failed. 

When the strength of the unlabeled PIB fluorescence signal was compared in 

tissues of wild-type and shiverer mice, a reduction of 88% was detected in the 

cerebellar white matter of the mutant mice in comparison to wild-type animals. 

In summary, PET tracers for myelin imaging showed promising results in animal 

studies and appeared to be suitable for imaging myelin changes in MS patients in 

a specific and non-invasive way. However, additional studies, including 

comparison of the various tracers, are necessary to evaluate the actual potential 

of PET for imaging myelin content and thus for further application in MS patients.  
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Figure 4: Chemical structures of myelin PET tracers used in MS models  

 

Choline metabolism 

Choline is a precursor of both cellular membrane components and the 

neurotransmitter acetylcholine. Choline metabolism is increased in many 

degenerative diseases and tumors (Shinoura et al 1997). Increased choline 

metabolism is also expected in demyelinating diseases in which breakdown of cell 

membranes occur in acute lesions (Hattingen et al 2010; Mader et al 2008). In a 

case report by Padma et al (2005) the metabolic profile of a large demyelinated 

lesion of a MS patient was analyzed by [18F]FDG PET, [11C]methione PET, 

[11C]choline PET, and MR spectroscopy (MRS),  and correlated with conventional 

MRI. [18F]FDG uptake in the lesion was slightly increased, but it was lower than 

normal cortical uptake. [11C]methionine showed a focal increase in uptake, 

corresponding to gadolinium-enhancement in MRI, suggesting that the increase 

was due to BBB breakdown in the inflammatory infiltration region. [11C]choline 

uptake was slightly increased in the focal lesion, but appeared to be much lower 

than the uptake of [11C]choline observed in tumors, presumably because the 

lesion was old and inactive. Another recent case report (Bolcaen et al 2013) 
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describes the use of [18F]choline in two variants of MS, tumefactive MS (large 

mass lesion that may mimic brain tumor) and Balo´s concentric sclerosis (large 

demyelinated lesions with alternating rims of preserved myelin and myelin loss). 

Conventional MRI, MRS and [18F]FDG were also used. In the Balo´s concentric 

sclerosis patient, no increased uptake was found for either [18F]FDG or 

[18F]choline, although a moderate increase in choline was detected by MRS. For 

the tumefactive MS patient, [18F]FDG uptake did not change, [18F]choline uptake 

was moderately increased and MRS detected a high increase in choline. The 

authors speculated that the increase in [18F]choline in the tumefactive patient was 

due to BBB leakage (confirmed by gadolinium-enhancement in MRI), not present 

in the Balo´s patient. 

Only a couple of case reports were published regarding the use of [11C]/[18F] 

choline PET. Apparently, this approach is inferior to the well established MRS 

technique to detect differences in choline metabolism.  

 

 

 

Figure 5: Chemical structure of [
11

C]Choline PET tracer  
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NEURODEGENERATION 

 

Glucose metabolism 

Positron emission tomography using [18F]FDG has been used to evaluate glucose 

metabolism changes in MS patients with memory impairment (Paulesu et al 

2005). Twenty-eight MS patients (RRMS and SPMS) were included in the study 

and, after neuropsychological evaluation, divided in a memory impaired group 

(n=15) and a group with normal memory (n=13). They were submitted to MRI and 

[18F]FDG PET in the same week. Memory impaired patients demonstrated a 

significant reduction of global glucose metabolism in the thalamus and 

hippocampus, regions involved in long-term memory, as compared to patients 

with normal memory. Patients with a low performance in tasks that involve 

frontal brain regions (more extensive cognitive impairment) showed multiple 

hypo-metabolic lesions in the prefrontal cortex and the inferior parietal cortex, 

lesions that were identified by MRI as well.   

Barkshi et al (1998) found a decreased uptake of [18F]FDG in the whole brain of  25 

MS patients in comparison to 6 controls. Hypometabolism was statically 

significant in the cerebral cortex, in the subcortical nuclei, in the supratentorial 

white matter and intratentorial structures, indicating that [18F]FDG PET can be 

used as a marker of disease activity (Bakshi et al 1998). 

[18F]FDG uptake in the cortical brain region decreased during MS disease 

progression and correlated with cognitive function in a study by Sun et al (1998) 

on 20 MS patients (80% RRMS) and 14 age-matched controls. Sixteen of the 

patients were followed for over one year (ranging from 21 to 83 months) and the 

number of relapses was recorded. The severity of the grey matter 

hypometabolism correlated inversely with the number of relapses during the 

follow-up. In this study, the lesion load detected with MRI correlated inversely 
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strong with cognitive score, but the MRI data did not appear to correlate with 

relapse rate.  

A study of Blinkenberg et al (1999) monitored 10 MS patients for 2 years (3 

examinations) using MRI and [18F]FDG PET and correlated the observed lesions 

with neurologic disability. Disability and total lesion area, measured by MRI, 

increased after the 2 years and the global cortical glucose metabolism was 

strongly decreased. Another study by the same group (Blinkenberg et al 1996) 

demonstrated that a patient with severe cognitive and mental dysfunction had a 

severe reduction of cortical and subcortical glucose metabolism, whereas MRI 

only showed mild changes.  

[18F]FDG PET seems to be a valuable tool for monitoring cognitive impairment and 

disease progression in MS, although a complementary study with MRI may 

increase the value and the understanding of the findings, making these two 

techniques stronger together than separately. 

 

Cholinergic neurons 

The axons of cholinergic neurons are often damaged in MS and suggested to be 

involved in the cognitive impairment of patients. The PET tracer [11C]MP4A (figure 

6) has been used to evaluate the acetylcolinesterase (AChE) activity in 10 MS 

patients (RRMS and SPMS) with marked cognitive impairment (disability in 

ambulation and cognition) and in 10 healthy volunteers (Virta et al 2011). Controls 

showed a normal MRI and MS patients showed a severe lesion load in their brain.  

Unexpectedly, this study showed an inverse correlation of AChE activity and 

cognitive impairment. This is in contrast to other neurodegenerative diseases like 

dementia, Alzheimer and Parkinson, in which a positive correlation has been 

found between AChE activity and cognition. The actual involvement of the 

cholinergic system in MS was discussed, but the positive response of AChE 
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inhibitors in MS patients, reported in some studies (Krupp et al 2004, Greene et al 

2000, Tsao & Heilman 2005) seems to confirm a role of affected cholinergic 

neurotransmission in MS. Another hypothesis proposed that the increased AChE 

activity in glial cells due to the inflammatory response could mask the decrease of 

neuronal AChE.  

 

 

 

Figure 6: Chemical structure of [
11

C]MP4A PET tracer used for imaging cholinergic neurons  
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Table 1: PET tracers applied in MS patients and/or animal models for MS 

Target MS characteristic PET tracer 
Application 

of PET 
imaging 

Reference 

TSPO 

Neuroinflammation 
(microglia 
activation, 
microphage 
activation) 

[11C]PK11195 
 
N-sec-butyl-1-(2-
chlorophenyl)-N-
methyl-3-
isoquinolinecarbo
xamide  

             

Clinical 
studies in 

more than 
50 MS 

patients  

Debruyne 
et al 2003; 
Versijpt et 

al 2005; 
Politis et 
al 2012; 

Sahraian 
and 

Eshaghi 
2010; 

Ratchford 
et al 2012. 

 

[11C]PBR28 
 
O-[

11
C]methyl-N-

acetyl-N-(2-
methoxybenzyl)-
2-phenoxy-5-
pyridinamine 

        

Clinical study 
in 11 MS 
patients 

Oh et al 
2011 

[11C]vinpocetine 
 
 
Ethyl-
apovincaminate 

 

Clinical study 
in 4 MS 

patients 
(comparison 

to 
[11C]PK11195 

 

Vas et al 
2008 

[18F]FEDAA1106 
 
N-(5-fluoro-2-
phenoxyphenyl)-
N-(2-
[

18
F]fluoroethyl-5-

methoxybenzyl)ac
etamide   
          

Clinical study 
in 9 MS 

patients 

Takano et 
al 2013 
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[11C]DAC 
 
N-benzyl-N-
[

11
C]methyl-2-(7-

methyl-8-oxo-2-
phenyl-7,8-
dihydro-9H-purin-
9-yl)acetamide     

 

Preclinical 
study in EAE 

rat model 

Xie et al 
2012 

[18F]DPA114 
 
[N,N-diethyl-2-(2-
(4-(2-
fluoroethoxy)phe
nyl)-5,7-
dimethylpyrazolo[
1,5-a]pyrimidin-3-
yl)acetamide] 

              

Preclinical 
study in EAE 

rat model 

Abourbeh 
et al 2012 

[18F]PBR111 
 
 
 2-(6-Chloro-2-(4-
(3-
[18F]fluoropropox
y)phenyl)imidazo[
1,2-a]pyridin-3-
yl)-N,N-
diethylacetamide 

 

Preclinical 
study in EAE 

mouse 
model 

Mattner 
et al 2013 

Glucose 
metabolism 

Neuroinflammation 
and 
neurodegeneration 

[18F]FDG 
 
2’-Fluoro-2’-
deoxyglucose    

          

Clinical 
studies in 

more than 
90 MS 

patients  

Schiepers 
et al 1997; 
Paulesu et 

al 2005; 
Barkshi et 

al 1998; 
Sun et al 

1998; 
Blinkenber

g et al 
1996, 
1999 
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A2A 
adenosine 
receptors 

Upregulation in 
lymphocytes  

[11C]TMSX 
 
(E)-8-(3,4,5-
trimethoxystyryl-
1,3,7-
trimethylxanthine 

 

Clinical study 
in 8 

secondary 
progressive 
MS patients 

Rissanen 
et al 2013 

A1 receptors 
Downregulation 
 in MS 

[11C]DPCPX 
 
 8-Cyclopenthyl-
1,3-
dipropylxanthine 

              

Studies in 
MS patients 

or MS animal 
models not 

available 

 

[11C]KF15372 
 
8-
Dicyclopropylmet
hyl-1,3-
dipropylxanthine 

           
 

 

[11C]MPDX 
 
8-
Dicyclopropylmet
hyl-1-methyl-3-
propylxanthine         

    

 

Choline 
metabolism 

Demyelination and 
remyelination 

[11C]Choline 
                

Study in 3 
MS patients 

(2 case 
reports) 

 

Padma et 
al 2005; 

Bolcaen et 
al 2013 

Myelin 
Demyelination and 
remyelination 

[11C]BMB 
 
1,4-
bis(paminostyryl)-
2-methoxy 
benzene 
 

In vivo PET 
imaging of 

only one 
baboon 

Stankoff 
et al 2006 
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[11C]CIC 
 
4-(4-(4-
(Methylamino)sty
ryl-)2,5-
dimethoxystyryl)b
enzenamine 

 

Preclinical 
study in 

lysolecithin 
rat model 

Wang et al 
2009 

[11C]MeDAS 
 
N-methyl-4,4’-
diaminostilbene 

           
 

Preclinical 
studies in 

hypermyelin
ated mouse, 
EAE rat and 
lysolecithin 

rat model 

Wu et al 
2010; 
2013 

[11C]PIB 
 
N-methyl-[11C]2-
(4’-
ethylaminophenyl
)-6-
hydroxybenzothia
zole 

            

Proof-of-
concept 

study in 2 
MS patients 

Stankoff 
et al 2011 

Cholinergic 
neurons 

Neurodegeneration 

[11C]MP4A 
 
N-
[

11
C]methylpiperid

in-4-yl acetate 

               

Single study 
in 10 MS 
patients 

Virta et al 
2011 

 
 

FUTURE OF PET IMAGING IN MULTIPLE SCLEROSIS 

 

Besides de PET imaging methods that have already been applied in MS research, 

MS presents several other hallmarks that could be exploited for imaging. This 
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section presents potential targets for future PET imaging studies. The targets and 

current status of the imaging method are summarized in table 2. 

 

INFLAMMATION 

 

There are many PET tracers for imaging neuroinflammatiom and some of them 

have already been applied in multiple sclerosis, as was described above. Other 

potential targets for PET imaging of inflammation-related processes include the 

somatostatin receptor, type 2 cannabinoid receptors, cyclooxygenase (COX), 

matrix metalloproteinases (MMPs), interleukin-2 (IL2) receptors, tumor necrosis 

factor-α (TNF-α), integrin receptors, vascular adhesion protein 1 (VAP-1) and 

vascular cell adhesion molecule (VCAM)-1. For all of these targets, PET tracers are 

already available, although most of them have only been used in preclinical 

research.  The value of these tracers for MS research could easily be evaluated in 

animal models and, if successful, subsequently translated to MS patients. Such 

studies should identify which of these targets and corresponding tracers have 

advantages over the PET tracers that have already been evaluated for MS. 

The largest problem of neuroinflammation PET imaging is the lack of specificity for 

a single disease. On the other hand, PET imaging of inflammatory biomarkers 

could be an important tool for monitoring temporal changes during disease 

progression and for monitoring therapy efficacy, since most of the available 

therapies for MS are immunoregulatory.    

Although the targets mentioned above have already been imaged by PET imaging, 

the number of studies on neuroinflammation is low. In the next section, we will 

focus on two targets, cannabinoid receptors and cyclooxygenase, that may be 

considered especially relevant for MS. 
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Cannabinoid receptors  

The cannabinoids are a group of terpenophenolic compounds present in the 

marijuana plant, Cannabis sativa. There are 2 types of cannabinoids receptors 

(CB) with different physiological proprieties: CB1 is found in neurons and 

associated to the psychoactive effects of the cannabinoids and CB2, found in 

immune cells, mediates anti-inflammatory and immunomodulatory effects (Rom 

& Persidsky, 2013). The neuroinflammatory modulation effect of CB2 and the 

neuroprotective effect of CB1 described in EAE model (Marezs et al 2007) and the 

expression of both cannabinoid receptors also found in oligodendrocytes (Ribeiro 

et al 2013), make their role in MS worthwhile for further investigation. 

Cannabinoids have demonstrated to ameliorate clinical symptoms in MS patients 

such as pain, sleep disorder and incontinence episodes (review by Zajicek and 

Apostu 2011). In the review by Rodgers et al (2013), cannabinoids are included in 

the oligodendrocyte protective therapies. Several beneficial effects can be 

ascribed to cannabinoids, such as neuroprotective effects on oligodendrocytes 

and OPCs (Molina-Holgano et al 2002), stimulation of OPC proliferation (Solbrig et 

al 2010) and improvement of remyelination by promoting oligodendrocyte 

maturation (Gomez et al 2010).    

In vivo monitoring of the therapy effects of cannabinoids and assessment of the 

changes in CB receptor expression using PET imaging would be important for 

better understanding the mechanisms of these compounds in MS. PET tracers 

specific for CB1 and CB2 have been developed, but as yet none of them have been 

evaluated in either animal models for MS or in MS patients.  

There are not many clinical studies using PET tracers for CB1, but their results look 

promising for brain imaging. Cannabinoid PET imaging was performed in a 

schizophrenic patient using [124I]AM281 revealing higher uptake in regions rich in 
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CB1 receptors; unfortunately the low image contrast was a limitation of the tracer 

(Berding et al 2006).  

The inverse agonist based PET tracer for CB1, [
18F]MK9470 (N-[2-(3-cyano-phenyl)-

3-(4-(2-[18F]fluoroethoxy)phenyl)-1-methylpropyl]-2-(5-methyl-2-pyridyloxy)-2-

methylproponamide), has been used most frequently for human imaging. Imaging 

of healthy brain (Burns et al 2007) showed good and specific brain uptake. In a 

study in aged women (van Laere et al 2008), the same tracer was used and 

significantly increased uptake of the CB1 tracer was observed in the elderly. 

[18F]MK9470 has also been used in a recent clinical study on schizophrenic 

patients (Ceccarini et al 2013), revealing increased tracer binding in schizophrenic 

patients with and without treatment as compared to controls. [18F]MK9470 seems 

to be a potential candidate for PET imaging of CB1 receptors in MS. 

PET tracers for imaging of CB2 receptors are still limited. Evens et al (2009) have 

developed two potential 2-oxoquinoline derivatives compounds, one labeled with 

11C and other with 18F. The authors report high specificity of the tracers to CB2 and 

that these compounds were able to cross BBB. This study showed only ex vivo 

biodistribution data from normal mice, which indicates the necessity of further in 

vivo studies in models of inflammation for better determination of the potential 

role of this tracer for neuroinflammation PET imaging and applicability in MS 

studies. 

 

Cyclooxygenase 

Cyclooxygenase is an enzyme that converts arachidonic acid into prostaglandins. 

There are three subtypes: COX-1, COX-2 and COX-3, of which COX-2 (Minghetti 

2004) and COX-1 (Shukuri et al 2011) appears to be inducible in inflammatory 

sites and therefore of interest in MS. 
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It has been shown that COX-2 is expressed in dying oligodendrocytes at 

demyelination sites in the Theiler´s encephalomyelitis virus induced model of MS 

(Carlson et al 2006) and also in demyelinated lesions in post-mortem MS tissue 

(Carlson et al 2010). These observations suggest a role for COX-2 in 

oligodendrocyte apoptosis. 

PET imaging could facilitate understanding the mechanism of COX-2 involvement 

during oligodendrocyte apoptosis, and be used for monitor the effects of anti-

inflammatory therapies with non-steroidal drugs. 

PET tracers for imaging COX-2 have already been developed, however, most of 

them showed unsatisfactory results, such as [18F]-desbromo-Dup-697 (2-4(-18F-

fluorophenyl0-3-[4-(methylsul-fonyl)phenyl]thiophene) (de Vries et al 2003), 

[18F]SC58125 (1-[4-(methylsulfonyl)phenyl]-5-(4-[18F]fluorophenyl)-3-

trifluoromethyl)-1H-pyrazole (McCarthy et al 2002), [18F]celecoxib (Prabhakaran et 

al 2007) and [11C]rofecoxib (de Vries et al 2008). Another recent review (Laube et 

al 2013) describes new studies with COX-2 PET tracers in the period from 2005 till 

now. Only two molecules (one [18F]labeled and the other [123I]labeled) among 68 

molecules (PET and SPECT tracers) described in the review showed promising 

results in vivo. 

A fluorine-18-labeled celecoxib derivative (4-(3-([18F]fluoromethyl)-5-(p-tolyl)- 

1H-pyrazol-1-yl)benzenesulfonamide) appeared to be the only PET tracer with 

promising in vivo results. This tracer has been evaluated by Uddin et al (2011) in a 

carrageenan-induced inflammatory model (inflammation induced in the right paw 

of rats) and in nude mice with tumor xenografts. It prooved to be a selective and 

specific PET tracer for imaging COX-2. In contrast to this positive report, our group 

has demonstrated that [11C]celecoxib does not show any specific binding in the 

brain, which could be due to the low expression levels of COX-2 in the brain.  
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Based on the studies described above about COX-2 PET imaging, it is clear that 

application in MS patients still has to wait for the validation of a suitable PET 

tracer. 

Imaging of COX-1 isoform by PET, in a neuroinflammation model 

(lipopolysaccharide-induced neuroinflammation in rat) was achieved by Shukuri et 

al (2011) using [11C]ketoprofen methyl ester PET tracer. The results, confirmed by 

immunohistochemistry, showed that the expression of COX-1 in activated 

microglia and macrophage during inflammatory processes, can be monitored by 

PET, suggesting the potential of this tracer for imaging COX-1 in 

neurodegenerative diseases such as MS.  

 

DEMYELINATION AND REMYELINATION 

 

Grey matter 

Molecules developed in the last decade for PET imaging of demyelination and 

remyelination processes are promising, but further studies are necessary before a 

suitable candidate can be evaluated in clinical studies. For this purpose, 

toxicological evaluation is necessary to proof the safety of the compound. Once 

safety is established in animals, the compound can be tested in a phase 1 study 

(with healthy volunteers) and eventually continue to phase 2, to show proof of 

concept in a small population of patients.  

MS research has been mainly focused on white matter lesions for a long time, but 

nowadays the interest in grey matter lesions is growing, since grey matter lesions 

correlate better with disease disability than white matter lesions (Derfuss 2012). 

Lesions in grey matter accumulate over time, reaching large sizes and great 

numbers in the late stage of the disease. However, grey matter lesions are already 

present in an early disease stage and sometimes even before white matter lesions 
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have developed. Grey matter lesions frequently lack inflammatory cell infiltration 

and blood-brain barrier disruption, which make these lesions difficult to detect 

with gadolinum-enhanched MRI. Great effort has been put in the MRI field to 

develop more sensitive techniques for imaging grey matter lesions in MS (Honce 

2013). Remarkable, hardly any attempt has been made in PET imaging to identify 

grey matter lesions yet.  

 

Oligodendrocytes   

Besides the myelin tracers, PET tracers that specifically bind to oligodendrocytes 

would be interesting for evaluating on-going demyelination and remyelination.  

New strategies in MS, particularly for the progressive MS types, are focusing on 

oligodendrocytes as a target for therapy. These therapies aim to prevent 

demyelination (protection of the oligodendrocytes) and especially improve 

remyelination processes.  Therapeutic strategies in MS have recently been 

reviewed by Rodgers et al (2013), who classified them as immunomodulatory, 

oligodendrocyte-protective and remyelination enhancing therapies (including cell 

transplantation strategies). PET tracers directly targeting oligodendrocyte, could 

non-invasively and specifically monitor and evaluate these new therapies.  

 

αB-crystalline 

During stress, αB-crystalline, a heat-shock protein and a dominant target of T-cells 

in MS (Ousman et al 2007), can form aggregates. The accumulation of αB-

crystalline aggregates has been observed in oligodendrocytes and in myelin in 

active (Bajramovic et al 2000) and pre-active demyelinated lesions (van Noort et 

al 2010). It is suggested that the accumulation of αB-crystalline in 

oligodendrocytes is a response of these cells to local stress. In pre-active lesions, 

αB-crystalline accumulation is thought to take place before inflammatory 
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infiltration and to induce activation of microglia (van Noort et al 2010). Antibodies 

directed against oligodendrocytes, mitochondrial dysfunction, oxidative radicals, 

and axonal and neuronal damage are proposed to be some of the possible causes 

for oligodendrocyte stress.  

αB-crystalline has been shown to have a protective effect on disease progression 

in the EAE mouse model. αB-crystalline knockout EAE mice presented worse 

symptoms than wild-type mice, and animals treated with a recombinant human 

antibody directed to αB-crystalline showed a lower clinical score, indicating that 

this protein may be a negative regulator of neuroinflammation and 

demyelination. It is clearly a potential target for MS therapy (Ousman et al 2007).  

The development of a PET tracer specific for αB-crystalline would be of high 

relevance for elucidating the role of this protein in MS progression and to 

evaluate therapy effects. So far, PET tracers for this target do not exist. 

 

 

NEURODEGENERATION 

 

New insights consider multiple sclerosis as primarily a neurodegenerative disease 

(Stys et al 2012). Imaging tools able to detect and quantify neurodegeneration, 

could help to understand disease progression and to evaluate treatment efficacy. 

So far, [18F]FDG, and [11C]MP4A in one study, have been the PET ligands applied 

for imaging neurodegeneration in multiple sclerosis. 

 

GABAA 

Flumazenil is an antagonist of the benzodiazepine site on the γ-aminobutyric 

acidA receptor (GABAA) and it has already been labeled with 18F and 11C for PET 

imaging. It is a sensitive PET tracer to detect irreversible damage in cortical 
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neurons, due to their high expression of benzodiazepine receptors. Radiolabeled 

flumazenil has already been applied as PET tracer in stroke and epilepsy patients 

(Rojas et al 2011). 

Focal brain inflammation in MS patients causes reduced GABAA-mediated 

inhibition in neurons. This GABAA-mediated inhibition is also induced in grey 

matter in the acute relapsing phases of MS (Rossi et al 2012). These observations 

suggest that neurodegeneration in white and grey matter lesions is accompanied 

by a loss of GABAA receptors, which could be visualized by PET with radiolabeled 

flumazenil. This strategy is yet to be tested.  

 

NMDA receptors  

Multiple sclerosis patients and animal models, such as the EAE and the cuprizone 

model, present abnormal glutamate levels in the CNS. The presence of NMDA 

receptors in oligodendrocytes and their overexpression in case of demyelination, 

make these receptors a potential target for treatment and imaging in MS (Tameh 

et al 2013; Stys et al 2007; 2012; Káradóttir & Attwell 2007). 

Sobrio et al (2010) have published an overview of potential PET tracers for 

imaging NMDA receptors that were published between 1990 to 2010, but 

concluded that most of the candidate tracers had poor brain penetration, a poor 

specific binding, extensive metabolism and/or a distribution pattern that was 

inconsistent with the receptor distribution.  

Although, the results of most evaluated PET tracers for the NMDA receptor were 

not convincing, some of them have been tested in clinical trials. CNS5161 [N-

methyl-3(thiomethylphenyl)cyanamide] is a drug that presented promising results 

in a phase 1 clinical trial for treating neuropathic pain (Zhao et al 2006). CNS5161 

was labeled with 11C and tested in a clinical study with 13 Parkinson´s disease 

patients and 5 healthy volunteers. These patients were imaged two times, firstly 
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in the “OFF” state (12 hours without medication) and secondly in “ON” state 

(levodopa 1 hour before imaging) (Ahmed et al 2011). No significant differences 

were found between control and patients in the “OFF” state, but after levodopa 

administration, [11C]CNS5161 VT was significantly decreased in the caudate and 

putamen of patients that did not present levodopa-induced dyskinesias (LID). 

Tracer uptake was significantly increased in the putamen and precentral gyrus of 

patients that presented LID as compared to the baseline scan. The authors 

concluded that levodopa changes NMDA receptor activity monitored by 

[11C]CNS5161.  

In a study by Kumlien et al (1999), [11C]ketamine, which binds weakly but 

specifically to the PCR site of NMDA receptors, was used in patients with epilepsy. 

In these patients, the activity of the NMDA receptors is increased (Wasterlain et al 

2013). Although, no differences in tracer binding potential between patients and 

healthy control subjects were observed, [11C]ketamine BP was reduced  in the 

epileptic temporal lobe in comparison to the contralateral one. This reduction in 

tracer binding was ascribed to a reduction in perfusion and metabolism of the 

epileptic region (Kumlien et al 1999). This result, the low contrast between 

regions with and without NMDA receptors and, the known affinity of ketamine to 

opioid receptors, led to the conclusion that [11C]ketamine  is not a suitable PET 

tracer for imaging of NMDA receptors (Majo et al 2013; Sobrio et al 2010).  

 

Calcium pumps 

Calcium pumps have an important role in neuronal functioning and an excessive 

accumulation of calcium can lead to neurodegeneration. Plasma membrane 

calcium ATPase 2 (PMCA2) is one of the PMCA isoforms of the P-type ATPases 

family and it is expressed in neurons in the grey matter in the CNS (Kurnellas et al 

2007). The involvement of PMCA2 in neuronal pathology in EAE models has been 
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observed by Nicot et al (2003, 2005), who suggested that decreased expression of 

PMCA2 is related to the onset of EAE symptoms. A PET tracer for evaluating 

PMCA2 changes could help to identify early events in neurodegeneration, 

enabling faster therapeutic intervention. 

So far, no PET tracer has been described for this target. Because PMCA is 

expressed in most tissues, it is obvious that the PET tracer should be highly 

specific for the PMCA2 isoform, which is involved in neurodegeneration. PMCA2 is 

abundant in the brain, uterus and lactating mammary glands (Brini & Carafoli, 

2011). 

Calmodulin is a calcium-modulating protein that binds to the carboxy region of 

the Ca2+ pump (Monteith & Roufogalis, 1995). It is an interesting candidate for 

labeling with a positron emitter, since it has been shown to have a higher affinity 

especially to the PMCA2 isoform (Hilfiker et al, 1994). However, since calmodulin 

is a protein, it may not sufficiently penetrate the blood-brain barrier to properly 

reach its target.  

 

Cholesterol 

Cholesterol is the major constituent of myelin and a reduced synthesis of 

cholesterol by the oligodendrocytes can impair the myelination process. 

Dysregulation of cholesterol homeostasis in the brain has been correlated to 

neurodegenerative diseases, such as Alzheimer´s disease, Parkinson´s disease and 

multiple sclerosis (Xu et al 2013, Nelissen et al 2012, Saher et al 2005, Wang et al 

2002). 

The liver X receptors (LXRs) are nuclear receptors of transcription factors involved 

in regulation of lipid metabolism. They are involved in regulating the cholesterol 

efflux from the brain, which is an essential function since accumulation of 

cholesterol in the brain is neurotoxic. Loss of these receptors leads to 
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neurodegenerative processes. LXRs are divided into two subtypes: LXRα and LXRβ, 

both are present in the brain, although LXRβ at higher levels. Its expression 

increases during oligodendrocyte differentiation (Xu et al 2013, Nelissen et al, 

2012, Wang et al 2002).  

PET imaging related to cholesterol is still limited.  A cholesterol derivative has 

been labeled with fluorine-18 ([18F]CFB – cholesteryl-p-[18F]fluorobenzoate) for 

imaging adrenal disorders (Jonson & Welch, 1999). The biodistribution of the 

tracer was evaluated ex vivo in rats and in vivo in a baboon. Results showed good 

accumulation of the tracer in the adrenal glands, with a high tissue/background 

ratio. No information about tracer uptake in brain or BBB permeability is provided 

in this study. 

Development of a PET tracer for LXRs could provide a tool for understanding the 

role of cholesterol in demyelination and remyelination processes and in 

neurodegeneration in MS. There are two specific LXR non-steroidal agonists, 

T0901317 (N-(2,2,2-trifluoroethyl)-N-[4-[2,2,2-trifluoro-1-hydroxy-1-

trifluoromethyl)ethyl]phenyl]-benzenesulfonamide) and GW3965 ([3 -({3 -[{[2 -

chloro -3-(trifluoromethyl)phenyl]methyl}(2,2 -

diphenylethyl)amino]propyl}oxy)phenyl]acetic acid), that have high affinity for the 

receptors and can cross the BBB. However, increasing plasma and liver 

triglycerides have been reported (Schultz et al 2000) as side effects of these 

ligands, which make them not a good option for therapy. However, PET imaging 

uses only trace amounts of the labeled compounds, so these side effects would 

not occur and therefore these compounds are still interesting candidates as PET 

tracers.   
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Estrogen receptor 

It is known that during the first trimester of pregnancy, the rate of relapses in MS 

patients is decreased, likely due to lower T-cell activity and modulation of 

astrocyte responses mediated by high levels of steroid hormones (Confavreux et 

al 1998, Spence et al 2011). In contrast, the number of relapses increases in the 

first 3 months after delivery, a period in which estrogen levels drop (Confavreux et 

al 1998, Stuart and Bergstrom 2011). The influence of hormone levels on the 

relapse rate in MS patients and in MS animal models has led to the suggestion 

that estrogens may be a potential neuroprotective treatment for MS, preventing 

oligodendrocyte loss and stimulating proliferation and differentiation of 

oligodendrocyte progenitor cells (Kumar et al, 2013).  

Estrogen receptors (ER) are divided into two types, ERα and ERβ. The latter is 

present in highest density in the brain. ERβ seems to be the more suitable target 

for neuroprotective therapy in MS (Kumar et al 2013, Prentice et al 2009, 

Pettersson & Gustafsson 2001). Treatment with an ERβ ligand decreased axonal 

loss and demyelination in EAE rats. Once the treatment was suspended the 

neurodegenerative progression proceeded, demonstrating the necessity of 

continuous estrogen treatment (Wisdom et al, 2013). The relevance of continuous 

treatment was also observed in 10 MS patients (RRMS and SPMS) that received 

oral estrogen for 6 months in a clinical trial (Sicotte et al 2002) and presented a 

decreased number and volume of lesions as detected by MRI. In this study, the 

lesions returned to the pre-treatment level when the treatment was suspended. 

The role of estrogen receptors in MS is not fully understood yet, although a 

hormone neuroprotective therapy could be an attractive option. PET imaging 

could be a tool to elucidate the role of ERs in MS progression and to monitor 

hormone therapy. 
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PET tracers for imaging of estrogen receptors are already available for clinical 

studies, mostly in breast cancer patients. The most frequently used PET tracer is 

[18F]FES (16α-[18F]fluoro-17β-estradiol). [18F]FES has a higher affinity for ERα than 

for ERβ. Preclinical studies by our group and others have shown that [18F]FES is 

suitable for ER imaging in brain regions with high ER density, like pituitary and 

hypothalamus, but may not be sensitive enough to analyze ERs in brain regions 

with low receptor density (Hospers et al 2008, Sundararajan et al 2007, Moresco 

2005). 

A specific ERβ PET tracer would be more suitable for application in MS. Attempts 

to develop a specific ERβ tracer have been already reported, but remained 

without success so far, mainly due to the low density of this receptor subtype in 

normal tissues (Lee et al 2012).  

 

OTHER TARGETS 

 

Labeling of new therapeutic antibodies with positron emitters could help to 

evaluate the targets of immune-modulatory agents by PET imaging (Matthews 

2009). Labeling of therapeutic monoclonal antibodies for MS therapy could be 

valuable as a tool to determine if the drug target is available and if the drug can 

reach its target (e.g. penetrate the blood-brain barrier). Thus, rational selection of 

patients that are eligible for treatment with the antibody becomes feasible. 

Monoclonal antibody (MAb) therapy has become of great importance in MS due 

to new options tested in clinical trials. Natalizumab is a MAb that binds to the 

α4β1integrin and is the only MAb approved by the FDA for MS treatment. 

However, MAbs approved for treating other diseases have been tested in clinical 

trials on MS patients as well. For example, Alemtuzumab (anti-CD52), Rituximab 

(anti-CD20), Daclizumab (anti-CD25) and Ocrelizumab (anti-CD20), Ofatumumab 
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(anti-CD20) (Rose et al 2008, Rommer et al 2013) have already been tested in MS 

patients.  

MAb therapy is promising, but is not effective for all patients; especially 

progressive MS patients present lower responses to the antibody treatment 

(Rommer et al 2013). An interesting example is given by Hawker et al (2009): 

rituximab was used in a clinical trial with PPMS patients of which most did not 

show any therapeutic response. However, a subgroup of patients in this trial did 

experience a clear clinical benefit from the treatment. The differences in response 

were ascribed to inter-individual differences in activity of autoreactive B-cells in 

the CNS. This study underlies the necessity to determine the disease 

characteristics of individual patients, as it would allow to predict therapeutic 

response and to avoid ineffective treatment, unnecessary side effects and 

unnecessary treatment costs. PET imaging could be a tool for this, since 

antibodies can be labeled with positron emitters and PET can provide the relevant 

pharmacokinetic information of the labeled compound, and demonstrate whether 

the target is present and/or active in the patient. 
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Table 2: Potential targets for PET imaging in MS  

MS characteristic Potential target State/Application 

Inflammation 

Somatostatin receptor 
MMP 
COX 
Interleukin 2 
TNF-  
VAP-1 
VCAM-1 

 
PET tracers already available but 
not tested in either MS patient 
or MS animal model 
Different targets in the complex 
inflammatory process in MS can 
better elucidate the disease 
mechanisms and provide 
potential targets for treatment 
 

Demyelination and 
remyelination 

Grey matter lesions 
Oligodendrocytes 
αB-crystalline 
 

PET tracers with promising 
results in white matter need to 
be evaluated for detection and 
monitoring of lesions in grey 
matter 
Tracers specific for 
oligodendrocyte and αB-
crystalline  are not available 
 

Neurodegeneration 

GABAA 

NMDA receptors 
Estrogen receptors 
 

Tracers are available, but not 
evaluated in MS. Flumazenil 
seems promising, but the 
suitability of most other tracers 
is questionable 
 

Neurodegeneration 

Plasma membrane 
calcium ATPase 2 
(PMCA2) 
Liver X receptors (LXR) 

PET tracers not available 
Dysfunction of the potential 
targets already demonstrated in 
MS 
 

Drug distribution 
and target 
availability 

Antibodies to specific 
cells and/or 
inflammatory mediators 

Labeling of specific antibodies 
can help to select patients that 
are likely to respond to (very 
expensive) treatment  
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CONCLUSION 

 

A wide variety of specific tracers for PET imaging is available, but the use of this 

imaging technique is still limited in multiple sclerosis. PET imaging of 

neuroinflammation and glucose metabolism have been already used in MS 

patients and in preclinical studies. These studies indicate that PET can be a useful 

tool to differentiate between active and chronic lesions and also to evaluate 

therapeutic responses. More specific tracers for imaging MS hallmarks, such as 

tracers that bind to myelin, have been developed and shown highly promising 

results in preclinical evaluation. They enable monitoring demyelination and 

remyelination processes in MS.  However, there are still many more unexplored 

opportunities for the development of specific PET tracers for MS hallmarks, 

especially for neurodegeneration and grey matter lesions. The potential to 

quantify important hallmarks of MS in-vivo makes PET imaging an attractive non-

invasive tool for monitoring disease progression, therapeutic responses and drug 

development. However, before the potential of PET can be fully exploited in MS, 

substantial effort has to be put in the development and validation of suitable PET 

tracers. 

 



Chapter 2 

 

 68 
 

REFERENCES 
 
Abourbeh G, Thézé B, Maroy R, Dubois A, Brulon V, Fontyn Y, Dollé F, Tavitian B, Boisgard 
R (2012). Imaging microglial/macrophage activation in spinal cords of experimental 
autoimmune encephalomyelitis rats by positron emission tomography using the 
mitochondrial 18 kDa translocator protein radioligand [

18
F]DTPA-714. J Neurosci 32:5728-

5736. 
 
Ahmed I, Bose Sk, Pavese N, Ramlackhansing A, Turheimer F, Hotton G, Hammers A, 
Brooks DJ (2011). Glutamate NMDA receptor dysregulation in Parkinson´s disease with 
dyskinesias. Brain 134:979-986. 
 
Bajramovic JJ, Plomp AC, Goes A, et al (2000). Presentation to T cells of alpha B-crystallin 
in MS lesions, an early event following inflammatory demyelination. J Immunol;164:4359-
4366. 
 
Bakshi R, Miletich RS, Kinkel PR, Emmet ML, Kinkel WR (1998). High-resolution 
fluorodeoxyglucose positron emission tomography shows both global and regional 
cerebral hypometabolism in multiple sclerosis. J Neuroimaging 8:228-34. 
 
Berding G, Schneider U, Gielow P, Buchert R, Donnerstag F, Brandau W, Knapp WH, Emrich 
HM, Müller-Vahl K (2006). Feasibility of central cannabinoid CB1 receptor imaging with 
[124I]AM281 PET demonstrated in a schizophrenic patient Psychiatry Res; 147:249-256. 
 
Blinkenberg M, Jensen CV, Holm S, Paulson OB, Sorensen OS (1999). A longitudinal study 
of cerebral glucose metabolism, MRI, and disability in patients with MS. Neurology 
53:149–53. 
 
Blinkenberg M, Rune K, Jønsson A., Holm S, Jensen CV, Paulson OB, et al (1996). Cerebral 
metabolism in a case of multiple sclerosis with acute mental disorder. Acta Neurol Scand 
94:310–313. 
 
Bolcaen J, Acou M, Mertens K, Hallaert G, Van den Broecke C, Achten E, Goethals I (2013). 
Structural and metabolic features of two different variants of multiple sclerosis: a PET/MRI 
study. J Neuroimaging; 23:431-436. 
 
Brini M, Carafoli E (2011). The plasma membrane Ca

2+
 ATPase and the plasma membrane 

sodium calcium exchanger cooperate in the regulation of cell calcium. Cold Spring Harb 
Perspect Biol 3:a004168. 
 
Brück W (2005). Clinical implications of neuropathological findings in multiple sclerosis. J 
Neurol 252:10-14. 
 

http://www.ncbi.nlm.nih.gov/pubmed?term=Abourbeh%20G%5BAuthor%5D&cauthor=true&cauthor_uid=22539835
http://www.ncbi.nlm.nih.gov/pubmed?term=Th%C3%A9z%C3%A9%20B%5BAuthor%5D&cauthor=true&cauthor_uid=22539835
http://www.ncbi.nlm.nih.gov/pubmed?term=Maroy%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22539835
http://www.ncbi.nlm.nih.gov/pubmed?term=Dubois%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22539835
http://www.ncbi.nlm.nih.gov/pubmed?term=Brulon%20V%5BAuthor%5D&cauthor=true&cauthor_uid=22539835
http://www.ncbi.nlm.nih.gov/pubmed?term=Fontyn%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=22539835
http://www.ncbi.nlm.nih.gov/pubmed?term=Doll%C3%A9%20F%5BAuthor%5D&cauthor=true&cauthor_uid=22539835
http://www.ncbi.nlm.nih.gov/pubmed?term=Tavitian%20B%5BAuthor%5D&cauthor=true&cauthor_uid=22539835
http://www.ncbi.nlm.nih.gov/pubmed?term=Boisgard%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22539835
http://www.ncbi.nlm.nih.gov/pubmed?term=Boisgard%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22539835
http://www.ncbi.nlm.nih.gov/pubmed?term=Bakshi%20R%5BAuthor%5D&cauthor=true&cauthor_uid=9780855
http://www.ncbi.nlm.nih.gov/pubmed?term=Miletich%20RS%5BAuthor%5D&cauthor=true&cauthor_uid=9780855
http://www.ncbi.nlm.nih.gov/pubmed?term=Kinkel%20PR%5BAuthor%5D&cauthor=true&cauthor_uid=9780855
http://www.ncbi.nlm.nih.gov/pubmed?term=Emmet%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=9780855
http://www.ncbi.nlm.nih.gov/pubmed?term=Kinkel%20WR%5BAuthor%5D&cauthor=true&cauthor_uid=9780855
http://www.ncbi.nlm.nih.gov/pubmed/9780855
http://www.ncbi.nlm.nih.gov/pubmed?term=Berding%20G%5BAuthor%5D&cauthor=true&cauthor_uid=16919917
http://www.ncbi.nlm.nih.gov/pubmed?term=Schneider%20U%5BAuthor%5D&cauthor=true&cauthor_uid=16919917
http://www.ncbi.nlm.nih.gov/pubmed?term=Gielow%20P%5BAuthor%5D&cauthor=true&cauthor_uid=16919917
http://www.ncbi.nlm.nih.gov/pubmed?term=Buchert%20R%5BAuthor%5D&cauthor=true&cauthor_uid=16919917
http://www.ncbi.nlm.nih.gov/pubmed?term=Donnerstag%20F%5BAuthor%5D&cauthor=true&cauthor_uid=16919917
http://www.ncbi.nlm.nih.gov/pubmed?term=Brandau%20W%5BAuthor%5D&cauthor=true&cauthor_uid=16919917
http://www.ncbi.nlm.nih.gov/pubmed?term=Knapp%20WH%5BAuthor%5D&cauthor=true&cauthor_uid=16919917
http://www.ncbi.nlm.nih.gov/pubmed?term=Emrich%20HM%5BAuthor%5D&cauthor=true&cauthor_uid=16919917
http://www.ncbi.nlm.nih.gov/pubmed?term=Emrich%20HM%5BAuthor%5D&cauthor=true&cauthor_uid=16919917
http://www.ncbi.nlm.nih.gov/pubmed?term=M%C3%BCller-Vahl%20K%5BAuthor%5D&cauthor=true&cauthor_uid=16919917
http://www.ncbi.nlm.nih.gov/pubmed/16919917
http://www.ncbi.nlm.nih.gov/pubmed?term=Bolcaen%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23279326
http://www.ncbi.nlm.nih.gov/pubmed?term=Acou%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23279326
http://www.ncbi.nlm.nih.gov/pubmed?term=Mertens%20K%5BAuthor%5D&cauthor=true&cauthor_uid=23279326
http://www.ncbi.nlm.nih.gov/pubmed?term=Hallaert%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23279326
http://www.ncbi.nlm.nih.gov/pubmed?term=Van%20den%20Broecke%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23279326
http://www.ncbi.nlm.nih.gov/pubmed?term=Achten%20E%5BAuthor%5D&cauthor=true&cauthor_uid=23279326
http://www.ncbi.nlm.nih.gov/pubmed?term=Goethals%20I%5BAuthor%5D&cauthor=true&cauthor_uid=23279326


PET imaging in multiple sclerosis: Present and Future 

 69 
 

Buck D, Förschler A, Lapa C, Schuster T, Vollmar P, Korn T, Nessler S, Stadelmann C, 
Drzezga A, Buck AK, Wester HJ, Zimmer C, Krause BJ, Hemmer B (2012). 18F-FDG PET 
detects inflammatory infiltrates in spinal cord experimental autoimmune 
encephalomyelitis lesions. J Nucl Med 53:1269-76. 
 
Burns HD, Van Laere K, Sanabria-Bohórquez S, Hamill TG, Bormans G, Eng WS, et al (2007). 
[18F]MK-9470, a positron emission tomography (PET) tracer for in vivo human PET brain 
imaging of the cannabinoid-1 receptorProc Natl Acad Sci U S A; 104(23):9800-9805. 
 
Carlson NG, Hill KE, Tsunoda I, Fujinami RS, Rose JW (2006). The pathologic role for COX-2 
in apoptotic oligodendrocytes in virus induced demeylination disease: implications for 
multiple sclerosis. J Neuroimmunol; 174:21-31. 
 
Carlson NG, Rojas MA, Redd JW, Tang P, Wood B, Hill KE, Rose JW (2010). Cyclooxygenase-
2 expression in oligodendrocytes increases sensitivity to excitotoxic death. J 
Neuroinflammation 7:25. 
 
Ceccarini J, De Hert M, Van Winkel R, Peuskens J, Bormans G, Kranaster L, Enning F, 
Koethe D, Leweke FM, Van Laere K (2013). Increased ventral striatal CB1 receptor binding 
is related to negative symptoms in drug-free patients with schizophrenia. Neuroimage; 
79:304-312. 
 
Chen SJ, Wnag YL, Fan HC, Lo WT, Wang CC, Sytwu HK (2012). Current status of the 
immunomodulation and immunomediated therapeutic strategies for multiple sclerosis. 
Clin Dev Immunol 2012:970789. 
 
Compston A, Coles A (2008). Multiple sclerosis. Lancet 372:1502-1517. 
 
Confavreux C, Hutchinson M, Hours MM, Cortinovis-Tourniaire P, Moreau T (1998). Rate 
of pregnancy-related relapse in multiple sclerosis. Pregnancy in Multiple Sclerosis Group N 
Engl J Med. 339:285-291. 
 
de Vries EF, van Waarde A, Buursma AR, Vaalburg W (2003). Synthesis and in vivo 
evaluation of 18F-desbromo-DuP-697 as a PET tracer for cyclooxygenase-2 expression. J 
Nucl Med; 44(10):1700-1706. 
 
de Vries EF, Doorduin J, Dierckx RA, van Waarde A (2008). Evaluation of [(11)C]rofecoxib 
as PET tracer for cyclooxygenase 2 overexpression in rat models of inflammation. Nucl 
Med Biol; 35(1):35-42. 
 
Debruyne JC, Versijpt J, Van Laere KJ, De Vos F, Keppens J, Strijckmans K, Achten E, Slegers 
G, Dierckx RA, Korf J, De Reuck JL (2003). PET visualization of microglia in multiple sclerosis 
patients using [11C]PK11195. Eur J Neurol 10:257-64.   
 

http://www.ncbi.nlm.nih.gov/pubmed?term=Buck%20D%5BAuthor%5D&cauthor=true&cauthor_uid=22738927
http://www.ncbi.nlm.nih.gov/pubmed?term=F%C3%B6rschler%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22738927
http://www.ncbi.nlm.nih.gov/pubmed?term=Lapa%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22738927
http://www.ncbi.nlm.nih.gov/pubmed?term=Schuster%20T%5BAuthor%5D&cauthor=true&cauthor_uid=22738927
http://www.ncbi.nlm.nih.gov/pubmed?term=Vollmar%20P%5BAuthor%5D&cauthor=true&cauthor_uid=22738927
http://www.ncbi.nlm.nih.gov/pubmed?term=Korn%20T%5BAuthor%5D&cauthor=true&cauthor_uid=22738927
http://www.ncbi.nlm.nih.gov/pubmed?term=Nessler%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22738927
http://www.ncbi.nlm.nih.gov/pubmed?term=Stadelmann%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22738927
http://www.ncbi.nlm.nih.gov/pubmed?term=Drzezga%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22738927
http://www.ncbi.nlm.nih.gov/pubmed?term=Buck%20AK%5BAuthor%5D&cauthor=true&cauthor_uid=22738927
http://www.ncbi.nlm.nih.gov/pubmed?term=Wester%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=22738927
http://www.ncbi.nlm.nih.gov/pubmed?term=Zimmer%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22738927
http://www.ncbi.nlm.nih.gov/pubmed?term=Krause%20BJ%5BAuthor%5D&cauthor=true&cauthor_uid=22738927
http://www.ncbi.nlm.nih.gov/pubmed?term=Hemmer%20B%5BAuthor%5D&cauthor=true&cauthor_uid=22738927
http://www.ncbi.nlm.nih.gov/pubmed/22738927
http://www.ncbi.nlm.nih.gov/pubmed?term=Burns%20HD%5BAuthor%5D&cauthor=true&cauthor_uid=17535893
http://www.ncbi.nlm.nih.gov/pubmed?term=Van%20Laere%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17535893
http://www.ncbi.nlm.nih.gov/pubmed?term=Sanabria-Boh%C3%B3rquez%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17535893
http://www.ncbi.nlm.nih.gov/pubmed?term=Hamill%20TG%5BAuthor%5D&cauthor=true&cauthor_uid=17535893
http://www.ncbi.nlm.nih.gov/pubmed?term=Bormans%20G%5BAuthor%5D&cauthor=true&cauthor_uid=17535893
http://www.ncbi.nlm.nih.gov/pubmed?term=Eng%20WS%5BAuthor%5D&cauthor=true&cauthor_uid=17535893
http://www.ncbi.nlm.nih.gov/pubmed/17535893
http://www.ncbi.nlm.nih.gov/pubmed?term=Ceccarini%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23624489
http://www.ncbi.nlm.nih.gov/pubmed?term=De%20Hert%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23624489
http://www.ncbi.nlm.nih.gov/pubmed?term=Van%20Winkel%20R%5BAuthor%5D&cauthor=true&cauthor_uid=23624489
http://www.ncbi.nlm.nih.gov/pubmed?term=Peuskens%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23624489
http://www.ncbi.nlm.nih.gov/pubmed?term=Bormans%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23624489
http://www.ncbi.nlm.nih.gov/pubmed?term=Kranaster%20L%5BAuthor%5D&cauthor=true&cauthor_uid=23624489
http://www.ncbi.nlm.nih.gov/pubmed?term=Enning%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23624489
http://www.ncbi.nlm.nih.gov/pubmed?term=Koethe%20D%5BAuthor%5D&cauthor=true&cauthor_uid=23624489
http://www.ncbi.nlm.nih.gov/pubmed?term=Leweke%20FM%5BAuthor%5D&cauthor=true&cauthor_uid=23624489
http://www.ncbi.nlm.nih.gov/pubmed?term=Van%20Laere%20K%5BAuthor%5D&cauthor=true&cauthor_uid=23624489
http://www.ncbi.nlm.nih.gov/pubmed/23624489
http://www.ncbi.nlm.nih.gov/pubmed?term=Confavreux%20C%5BAuthor%5D&cauthor=true&cauthor_uid=9682040
http://www.ncbi.nlm.nih.gov/pubmed?term=Hutchinson%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9682040
http://www.ncbi.nlm.nih.gov/pubmed?term=Hours%20MM%5BAuthor%5D&cauthor=true&cauthor_uid=9682040
http://www.ncbi.nlm.nih.gov/pubmed?term=Cortinovis-Tourniaire%20P%5BAuthor%5D&cauthor=true&cauthor_uid=9682040
http://www.ncbi.nlm.nih.gov/pubmed?term=Moreau%20T%5BAuthor%5D&cauthor=true&cauthor_uid=9682040
http://www.ncbi.nlm.nih.gov/pubmed/?term=pregnancy+in+multiple+sclerosis+confavreux+1998
http://www.ncbi.nlm.nih.gov/pubmed/?term=pregnancy+in+multiple+sclerosis+confavreux+1998
http://www.ncbi.nlm.nih.gov/pubmed?term=de%20Vries%20EF%5BAuthor%5D&cauthor=true&cauthor_uid=14530489
http://www.ncbi.nlm.nih.gov/pubmed?term=van%20Waarde%20A%5BAuthor%5D&cauthor=true&cauthor_uid=14530489
http://www.ncbi.nlm.nih.gov/pubmed?term=Buursma%20AR%5BAuthor%5D&cauthor=true&cauthor_uid=14530489
http://www.ncbi.nlm.nih.gov/pubmed?term=Vaalburg%20W%5BAuthor%5D&cauthor=true&cauthor_uid=14530489
http://www.ncbi.nlm.nih.gov/pubmed/?term=%5B18F%5D-desbromo-Dup-697
http://www.ncbi.nlm.nih.gov/pubmed/?term=%5B18F%5D-desbromo-Dup-697
http://www.ncbi.nlm.nih.gov/pubmed?term=de%20Vries%20EF%5BAuthor%5D&cauthor=true&cauthor_uid=18158941
http://www.ncbi.nlm.nih.gov/pubmed?term=Doorduin%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18158941
http://www.ncbi.nlm.nih.gov/pubmed?term=Dierckx%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=18158941
http://www.ncbi.nlm.nih.gov/pubmed?term=van%20Waarde%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18158941
http://www.ncbi.nlm.nih.gov/pubmed/18158941
http://www.ncbi.nlm.nih.gov/pubmed/18158941
http://www.ncbi.nlm.nih.gov/pubmed?term=Debruyne%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=12752399
http://www.ncbi.nlm.nih.gov/pubmed?term=Versijpt%20J%5BAuthor%5D&cauthor=true&cauthor_uid=12752399
http://www.ncbi.nlm.nih.gov/pubmed?term=Van%20Laere%20KJ%5BAuthor%5D&cauthor=true&cauthor_uid=12752399
http://www.ncbi.nlm.nih.gov/pubmed?term=De%20Vos%20F%5BAuthor%5D&cauthor=true&cauthor_uid=12752399
http://www.ncbi.nlm.nih.gov/pubmed?term=Keppens%20J%5BAuthor%5D&cauthor=true&cauthor_uid=12752399
http://www.ncbi.nlm.nih.gov/pubmed?term=Strijckmans%20K%5BAuthor%5D&cauthor=true&cauthor_uid=12752399
http://www.ncbi.nlm.nih.gov/pubmed?term=Achten%20E%5BAuthor%5D&cauthor=true&cauthor_uid=12752399
http://www.ncbi.nlm.nih.gov/pubmed?term=Slegers%20G%5BAuthor%5D&cauthor=true&cauthor_uid=12752399
http://www.ncbi.nlm.nih.gov/pubmed?term=Slegers%20G%5BAuthor%5D&cauthor=true&cauthor_uid=12752399
http://www.ncbi.nlm.nih.gov/pubmed?term=Dierckx%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=12752399
http://www.ncbi.nlm.nih.gov/pubmed?term=Korf%20J%5BAuthor%5D&cauthor=true&cauthor_uid=12752399
http://www.ncbi.nlm.nih.gov/pubmed?term=De%20Reuck%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=12752399
http://www.ncbi.nlm.nih.gov/pubmed/12752399


Chapter 2 

 

 70 
 

Derfuss T (2012). Personalized medicine in multiple sclerosis: hope or reality? BMC 
Medicine 10:116. 
 
Doorduin J, de Vries EFJ, Dierckx RA, Klein HC (2008). PET imaging of the peripheral 
benzodiazepine receptor: monitoring disease progress and therapy in neurodegenerative 
disorders. Curr Pharm Design 14:3297-3315. 

Evens N, Muccioli GG, Houbrechts N, Lambert DM, Verbruggen AM, Van Laere K, Bormans 
GM (2009). Synthesis and biological evaluation of carbon-11- and fluorine-18-labeled 2-
oxoquinoline derivatives for type 2 cannabinoid receptor positron emission tomography 
imaging. Nucl Med Biol; 36(4):455-465. 

 
Fillippi M, Rocca MA (2011). MR imaging of multiple sclerosis. Radiology 259:659-681. 
 
Fodero-Tavoletti MT, Rowe CC, Maclean CA, Leone L, Li QX, Masters CL, Cappai R, 
Villemagne VL (2009). Characterization of PIB binding to white matter in Alzheimer disease 
and other dementias. J Nucl Med 50:198-204.  
 
Gomez O, Arevalo-Martin A, Garcia-Ovejero D, Ortega-Gutierrez S, Cisneros JA, Almazan G, 
Sanchez-Rodrigues MS, Molina-Holgado F, Molina-Holgado E (2010). The constitutive 
production of the endocannabinoid 2-arachidonoylglycerol participates in oligodendrocyte 
differentiation. Glia 58:1913-1927. 
 
Greene Y, Tariot P, Wishart H, Cox C, Holt CJ, Schwid S, et al. (2000). A 12-week, open trial 
of donepezil hydrochloride in patients with multiple sclerosis and associated cognitive 
impairments. J Clin Psychopharmacol; 20:350–356. 
 
Gulyas B, Toth M, Vas A, Shchukin E, Kostulas K, Hillert J, Halldin C (2012). Visualising 
neuroinflammation in post-stroke patients: a comparative PET study with the TSPO 
molecular imaging biomarkers [11C]PK11195 and [11C]vinpocetine. Curr Radiopharm; 
5:19-28. 
 
Hattingen E, Magerkurth J, Pilatus U, Hübers A, Wahl M, Ziemann U (2011). Combined (1)H 
and (31)P spectroscopy provides new insights into the pathobiochemistry of brain damage 
in multiple sclerosis NMR Biomed;24:536-546. 
 
Hawker K, O'Connor P, Freedman MS, Calabresi PA, Antel J, Simon J, Hauser S, Waubant E, 
Vollmer T, Panitch H, Zhang J, Chin P, Smith CH; OLYMPUS trial group (2009). Rituximab in 
patients with primary progressive multiple sclerosis: results of a randomized double-blind 
placebo-controlled multicenter Trial Ann Neurol; 66(4):460-471. 
 

http://www.ncbi.nlm.nih.gov/pubmed?term=Evens%20N%5BAuthor%5D&cauthor=true&cauthor_uid=19423014
http://www.ncbi.nlm.nih.gov/pubmed?term=Muccioli%20GG%5BAuthor%5D&cauthor=true&cauthor_uid=19423014
http://www.ncbi.nlm.nih.gov/pubmed?term=Houbrechts%20N%5BAuthor%5D&cauthor=true&cauthor_uid=19423014
http://www.ncbi.nlm.nih.gov/pubmed?term=Lambert%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=19423014
http://www.ncbi.nlm.nih.gov/pubmed?term=Verbruggen%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=19423014
http://www.ncbi.nlm.nih.gov/pubmed?term=Van%20Laere%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19423014
http://www.ncbi.nlm.nih.gov/pubmed?term=Bormans%20GM%5BAuthor%5D&cauthor=true&cauthor_uid=19423014
http://www.ncbi.nlm.nih.gov/pubmed?term=Bormans%20GM%5BAuthor%5D&cauthor=true&cauthor_uid=19423014
http://www.ncbi.nlm.nih.gov/pubmed/19423014
http://www.ncbi.nlm.nih.gov/pubmed?term=Gulyas%20B%5BAuthor%5D&cauthor=true&cauthor_uid=22074478
http://www.ncbi.nlm.nih.gov/pubmed?term=Toth%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22074478
http://www.ncbi.nlm.nih.gov/pubmed?term=Vas%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22074478
http://www.ncbi.nlm.nih.gov/pubmed?term=Shchukin%20E%5BAuthor%5D&cauthor=true&cauthor_uid=22074478
http://www.ncbi.nlm.nih.gov/pubmed?term=Kostulas%20K%5BAuthor%5D&cauthor=true&cauthor_uid=22074478
http://www.ncbi.nlm.nih.gov/pubmed?term=Hillert%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22074478
http://www.ncbi.nlm.nih.gov/pubmed?term=Halldin%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22074478
http://www.ncbi.nlm.nih.gov/pubmed/22074478
http://www.ncbi.nlm.nih.gov/pubmed?term=Hattingen%20E%5BAuthor%5D&cauthor=true&cauthor_uid=21674655
http://www.ncbi.nlm.nih.gov/pubmed?term=Magerkurth%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21674655
http://www.ncbi.nlm.nih.gov/pubmed?term=Pilatus%20U%5BAuthor%5D&cauthor=true&cauthor_uid=21674655
http://www.ncbi.nlm.nih.gov/pubmed?term=H%C3%BCbers%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21674655
http://www.ncbi.nlm.nih.gov/pubmed?term=Wahl%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21674655
http://www.ncbi.nlm.nih.gov/pubmed?term=Ziemann%20U%5BAuthor%5D&cauthor=true&cauthor_uid=21674655
http://www.ncbi.nlm.nih.gov/pubmed/21674655
http://www.ncbi.nlm.nih.gov/pubmed?term=Hawker%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19847908
http://www.ncbi.nlm.nih.gov/pubmed?term=O'Connor%20P%5BAuthor%5D&cauthor=true&cauthor_uid=19847908
http://www.ncbi.nlm.nih.gov/pubmed?term=Freedman%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=19847908
http://www.ncbi.nlm.nih.gov/pubmed?term=Calabresi%20PA%5BAuthor%5D&cauthor=true&cauthor_uid=19847908
http://www.ncbi.nlm.nih.gov/pubmed?term=Antel%20J%5BAuthor%5D&cauthor=true&cauthor_uid=19847908
http://www.ncbi.nlm.nih.gov/pubmed?term=Simon%20J%5BAuthor%5D&cauthor=true&cauthor_uid=19847908
http://www.ncbi.nlm.nih.gov/pubmed?term=Hauser%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19847908
http://www.ncbi.nlm.nih.gov/pubmed?term=Waubant%20E%5BAuthor%5D&cauthor=true&cauthor_uid=19847908
http://www.ncbi.nlm.nih.gov/pubmed?term=Vollmer%20T%5BAuthor%5D&cauthor=true&cauthor_uid=19847908
http://www.ncbi.nlm.nih.gov/pubmed?term=Panitch%20H%5BAuthor%5D&cauthor=true&cauthor_uid=19847908
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20J%5BAuthor%5D&cauthor=true&cauthor_uid=19847908
http://www.ncbi.nlm.nih.gov/pubmed?term=Chin%20P%5BAuthor%5D&cauthor=true&cauthor_uid=19847908
http://www.ncbi.nlm.nih.gov/pubmed?term=Smith%20CH%5BAuthor%5D&cauthor=true&cauthor_uid=19847908
http://www.ncbi.nlm.nih.gov/pubmed?term=OLYMPUS%20trial%20group%5BCorporate%20Author%5D
http://www.ncbi.nlm.nih.gov/pubmed/19847908


PET imaging in multiple sclerosis: Present and Future 

 71 
 

Hilfiker H, Guerini D, Carafoli E (1994). Cloning and expression of isoform 2 of the human 
plasma membrane Ca

2+
 ATPase – functional properties of the enzyme and its splicing 

products. J Biol Chem 269:26178-26183. 
 
Honce JM (2013). Gray matter pathology in MS: neuroimaging and clinical correlations. 
Multi Scler Int 2013:627870. 
 
Hospers GAP, Helmond FA, de Vries EGE, Dierckx RA, de Vries EFJ (2008). PET imaging of 
steroid receptor expression in breast cancer and prostate cancer. Curr Pharm Design 
14:3020-3032. 
 
Ishiwata K, Kimura Y, de Vries EFJ, Elsinga PH (2007). PET tracers for mapping adenosine 
receptors as probes for diagnosis of CNS disorders. Cent Nerv Syst Agents Med Chem 7:57-
77.  
 
Johnston JB, Silva C, Gonzalez G, Holden J, Warren KG, Metz LM, Power C (2001). 
Diminished adenosine A1 receptor expression on macrophages in brain and blood of 
patients with multiple sclerosis. Ann Neurol 49:650-8. 
 
Jonson SD, Welch MJ (1999). Synthesis, biological evaluation, and baboon PET imaging of 
the potential adrenal imaging agent cholesteryl-p-[18F]fluorobenzoate. Nucl Med Biol. 
26:131-138. 
 
Káradóttir R, Attwell D (2007). Neurotransmitter receptors in the life and death of 
oligodendrocytes. Neuroscience 145:1426-1438. 
 
Kimura Y, Ishii K, Fukumitsu N, Oda K, Sasaki T, Kawamura K, Ishiwata K (2004). 
Quantitative analysis of adenosine A1 receptors in human brain using positron emission 
tomography and [1-methyl-11C]8-dicyclopropylmethyl-1-methyl-3-propylxanthine. Nucl 
Med Biol; 31:975-81. 
 
Krupp L, Christodoulou C, Melville P, Scherl WF, MacAllister WS and Elkins LE (2004). 
Donepezil improved memory in multiple sclerosis in a randomized clinical trial. Neurology; 
63:1579–1585. 
 
Kumar S, Patel R, Moore S, Crawford DK, Suwanna N, Mangiardi M, Tiwari-Wooodruff SK 
(2013). Estrogen receptor â ligand therapy activates PI3K/Akt/mTOR signaling in 
oligodendrocytes and promotes remyelination in a mouse model for multiple sclerosis. 
Neurobiol Dis 56:131-144. 
 
Kumlien E, Hartvig P, Valind S, Oye I, Tedroff J, Långström B(1999). NMDA-receptor activity 
visualized with (S)-[N-methyl-11C]ketamine and positron emission tomography in patients 
with medial temporal lobe epilepsy. Epilepsia. 40(1):30-7. 
 

http://www.ncbi.nlm.nih.gov/pubmed?term=Johnston%20JB%5BAuthor%5D&cauthor=true&cauthor_uid=11357956
http://www.ncbi.nlm.nih.gov/pubmed?term=Silva%20C%5BAuthor%5D&cauthor=true&cauthor_uid=11357956
http://www.ncbi.nlm.nih.gov/pubmed?term=Gonzalez%20G%5BAuthor%5D&cauthor=true&cauthor_uid=11357956
http://www.ncbi.nlm.nih.gov/pubmed?term=Holden%20J%5BAuthor%5D&cauthor=true&cauthor_uid=11357956
http://www.ncbi.nlm.nih.gov/pubmed?term=Warren%20KG%5BAuthor%5D&cauthor=true&cauthor_uid=11357956
http://www.ncbi.nlm.nih.gov/pubmed?term=Metz%20LM%5BAuthor%5D&cauthor=true&cauthor_uid=11357956
http://www.ncbi.nlm.nih.gov/pubmed?term=Power%20C%5BAuthor%5D&cauthor=true&cauthor_uid=11357956
http://www.ncbi.nlm.nih.gov/pubmed/11357956
http://www.ncbi.nlm.nih.gov/pubmed?term=Jonson%20SD%5BAuthor%5D&cauthor=true&cauthor_uid=10096513
http://www.ncbi.nlm.nih.gov/pubmed?term=Welch%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=10096513
http://www.ncbi.nlm.nih.gov/pubmed/10096513
http://www.ncbi.nlm.nih.gov/pubmed?term=Kimura%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=15607479
http://www.ncbi.nlm.nih.gov/pubmed?term=Ishii%20K%5BAuthor%5D&cauthor=true&cauthor_uid=15607479
http://www.ncbi.nlm.nih.gov/pubmed?term=Fukumitsu%20N%5BAuthor%5D&cauthor=true&cauthor_uid=15607479
http://www.ncbi.nlm.nih.gov/pubmed?term=Oda%20K%5BAuthor%5D&cauthor=true&cauthor_uid=15607479
http://www.ncbi.nlm.nih.gov/pubmed?term=Sasaki%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15607479
http://www.ncbi.nlm.nih.gov/pubmed?term=Kawamura%20K%5BAuthor%5D&cauthor=true&cauthor_uid=15607479
http://www.ncbi.nlm.nih.gov/pubmed?term=Ishiwata%20K%5BAuthor%5D&cauthor=true&cauthor_uid=15607479
http://www.ncbi.nlm.nih.gov/pubmed/15607479
http://www.ncbi.nlm.nih.gov/pubmed/15607479
http://www.ncbi.nlm.nih.gov/pubmed?term=Kumlien%20E%5BAuthor%5D&cauthor=true&cauthor_uid=9924899
http://www.ncbi.nlm.nih.gov/pubmed?term=Hartvig%20P%5BAuthor%5D&cauthor=true&cauthor_uid=9924899
http://www.ncbi.nlm.nih.gov/pubmed?term=Valind%20S%5BAuthor%5D&cauthor=true&cauthor_uid=9924899
http://www.ncbi.nlm.nih.gov/pubmed?term=Oye%20I%5BAuthor%5D&cauthor=true&cauthor_uid=9924899
http://www.ncbi.nlm.nih.gov/pubmed?term=Tedroff%20J%5BAuthor%5D&cauthor=true&cauthor_uid=9924899
http://www.ncbi.nlm.nih.gov/pubmed?term=L%C3%A5ngstr%C3%B6m%20B%5BAuthor%5D&cauthor=true&cauthor_uid=9924899
http://www.ncbi.nlm.nih.gov/pubmed/?term=11C-ketamine+epilepsy


Chapter 2 

 

 72 
 

Kurnellas MP, Donahue KC, Elkabes S (2007). Mechanisms of neuronal damage in multiple 
sclerosis and its animal models: role of calcium pumps and exchangers. Biochem Soc Trans 
35:923-926. 
 
Lassman H (2013). Pathology and disease mechanisms in different stages of multiple 
sclerosis. J Neurol Sci. Doi.org/10.1016/j.jns.2013.05.010. [Epub ahead of print]. 
 
Lassman H, van Horssen J (2011). The molecular basis of neurodegeneration in multiple 
sclerosis. FEBS Lett 585:3715-3723. 
 
Laube M, Kniess T, Pietzsch J (2013). Radiolabeled COX-2 inhibitors for non-invasive 
visualization of COX-2 expression and activity--a critical update.  Molecules; 18(6):6311-
6355. 

Lee JH, Peters O, Lehmann L, Dence CS, Sharp TL, Carlson KE, Zhou D, Jeyakumar M, Welch 
MJ, Katzenellenbogen JA (2012). Synthesis and biological evaluation of two agents for 
imaging estrogen receptor β by positron emission tomography: challenges in PET imaging 
of a low abundance target. Nucl Med Biol. 39:1105-1116. 

Luessi F, Siffrin V, Zipp F (2012). Neurodegeneration in multiple sclerosis: novel treatment 
strategies. Expert Ver Neurother. 12:1061-1076. 

MacDonald WI, Compston A, Edan G, Goodkin D, Hartung HP, Lublin FD, McFarland HF, 
Paty DW, Polman CH, Reingold SC, Sandberg-Wollheim M, Sibley W, Thompson A, van der 
Noort S, Weinshenker BY, Wolinsky JS (2001). Recommended diagnostic criteria for 
multiple sclerosis: Guidelines from the Intenational Panel on the Diagnosis of Multiple 
sclerosis. Ann Neurol 50:121-127. 
 
Mader I, Rauer S, Gall P, Klose U (2008). (1)H MR spectroscopy of inflammation, infection 
and ischemia of the brain Eur J Radiol; 67:250-257. 
 
Majo VJ, Prabhakaran J, Mann JJ, Kumar JSD (2013). PET and SPECT tracers for glutamate 
receptors. Drug Discovery Today 18:173-184. 
 
Maresz K, Pryce G, Ponomarev E, Marsicano G, Croxford J, et al (2007). Direct suppression 
of CNS autoimmune inflammation via the cannabinoid receptor CB1 on neurons and CB2 
on autoreactive T cells. Nat. Med 13: 492–497. 
 
Matthews PM (2009). Brain imaging of multiple sclerosis: the next 10 years. Neuroimag 
Clin N Am 19:101-112. 
 
Mattner F, Staykova M, Berghofer P, Wong HJ, Fordham S, Callaghan P, Jackson T, Pham T, 
Gregoire MC, Zahra D, Rahardjo G, Linares D, Katsifis A (2013). Central nervous system 

http://www.ncbi.nlm.nih.gov/pubmed?term=Laube%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23760031
http://www.ncbi.nlm.nih.gov/pubmed?term=Kniess%20T%5BAuthor%5D&cauthor=true&cauthor_uid=23760031
http://www.ncbi.nlm.nih.gov/pubmed?term=Pietzsch%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23760031
http://www.ncbi.nlm.nih.gov/pubmed/23760031
http://www.ncbi.nlm.nih.gov/pubmed?term=Lee%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=22749433
http://www.ncbi.nlm.nih.gov/pubmed?term=Peters%20O%5BAuthor%5D&cauthor=true&cauthor_uid=22749433
http://www.ncbi.nlm.nih.gov/pubmed?term=Lehmann%20L%5BAuthor%5D&cauthor=true&cauthor_uid=22749433
http://www.ncbi.nlm.nih.gov/pubmed?term=Dence%20CS%5BAuthor%5D&cauthor=true&cauthor_uid=22749433
http://www.ncbi.nlm.nih.gov/pubmed?term=Sharp%20TL%5BAuthor%5D&cauthor=true&cauthor_uid=22749433
http://www.ncbi.nlm.nih.gov/pubmed?term=Carlson%20KE%5BAuthor%5D&cauthor=true&cauthor_uid=22749433
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhou%20D%5BAuthor%5D&cauthor=true&cauthor_uid=22749433
http://www.ncbi.nlm.nih.gov/pubmed?term=Jeyakumar%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22749433
http://www.ncbi.nlm.nih.gov/pubmed?term=Welch%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=22749433
http://www.ncbi.nlm.nih.gov/pubmed?term=Welch%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=22749433
http://www.ncbi.nlm.nih.gov/pubmed?term=Katzenellenbogen%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=22749433
http://www.ncbi.nlm.nih.gov/pubmed/?term=Synthesis+and+biological+evaluation+of+two+agents+for+imaging+estrogen+receptor+%CE%B2+by+positron+emission+tomography%3A+challenges+in+PET+imaging+of+a+low+abundance+target
http://www.ncbi.nlm.nih.gov/pubmed?term=Mader%20I%5BAuthor%5D&cauthor=true&cauthor_uid=18407447
http://www.ncbi.nlm.nih.gov/pubmed?term=Rauer%20S%5BAuthor%5D&cauthor=true&cauthor_uid=18407447
http://www.ncbi.nlm.nih.gov/pubmed?term=Gall%20P%5BAuthor%5D&cauthor=true&cauthor_uid=18407447
http://www.ncbi.nlm.nih.gov/pubmed?term=Klose%20U%5BAuthor%5D&cauthor=true&cauthor_uid=18407447
http://www.ncbi.nlm.nih.gov/pubmed/18407447
http://www.ncbi.nlm.nih.gov/pubmed?term=Mattner%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23321458
http://www.ncbi.nlm.nih.gov/pubmed?term=Staykova%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23321458
http://www.ncbi.nlm.nih.gov/pubmed?term=Berghofer%20P%5BAuthor%5D&cauthor=true&cauthor_uid=23321458
http://www.ncbi.nlm.nih.gov/pubmed?term=Wong%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=23321458
http://www.ncbi.nlm.nih.gov/pubmed?term=Fordham%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23321458
http://www.ncbi.nlm.nih.gov/pubmed?term=Callaghan%20P%5BAuthor%5D&cauthor=true&cauthor_uid=23321458
http://www.ncbi.nlm.nih.gov/pubmed?term=Jackson%20T%5BAuthor%5D&cauthor=true&cauthor_uid=23321458
http://www.ncbi.nlm.nih.gov/pubmed?term=Pham%20T%5BAuthor%5D&cauthor=true&cauthor_uid=23321458
http://www.ncbi.nlm.nih.gov/pubmed?term=Gregoire%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=23321458
http://www.ncbi.nlm.nih.gov/pubmed?term=Zahra%20D%5BAuthor%5D&cauthor=true&cauthor_uid=23321458
http://www.ncbi.nlm.nih.gov/pubmed?term=Rahardjo%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23321458
http://www.ncbi.nlm.nih.gov/pubmed?term=Linares%20D%5BAuthor%5D&cauthor=true&cauthor_uid=23321458
http://www.ncbi.nlm.nih.gov/pubmed?term=Katsifis%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23321458


PET imaging in multiple sclerosis: Present and Future 

 73 
 

expression and PET imaging of the translocator protein in relapsing-remitting 
experimental autoimmune encephalomyelitis. J Nucl Med 54:291-298. 
 
McCarthy TJ, Sheriff AU, Graneto MJ, Talley JJ, Welch MJ (2002). Radiosynthesis, in vitro 
validation, and in vivo evaluation of 18F-labeled COX-1 and COX-2 inhibitors. J Nucl Med; 
43(1):117-124. 
 
Miljkovic D, Spasojevic I (2013). Multiple sclerosis: molecular mechanisms and therapeutic 
oppotunities. Antioxid Redox Signal. [Epub ahed of print]. 
Minghetti L. Cycloooxygenase-2 (COX-2) in inflammatory and degenerative brain diseases. 
J Neuropathol Exp Neurol 63:901-910. 
 
Molina-Holgado E, Vela JM, Arevalo-Martin A, Almazan G, Molina-Holgado F, Borell J, 
Guaza C (2002). Cannabinoids promote oligodendrocyte progenitor survival: involvemente 
of cannabinoid receptors and phosphatidylinositol-3 kinase/Akt signaling. J Neurosci 
22:9742-9753. 
 
Monteith GR, Roufogalis BD (1995). The plasma membrane calcium pump – a physiological 
perpesctive on its regulation. Cell Calcium 18:459-470. 
 
Moresco RM, Casati R, Lucignani G, Carpinelli A, Schmidt K, Todde S, Colombo F, Fazio F 
(1995). Systemic and cerebral kinetics of 16 alpha [18F]fluoro-17 beta-estradiol: a ligand 
for the in vivo assessment of estrogen receptor binding parametersJ Cereb Blood Flow 
Metab. 15:301-311. 
 
Nelissen K, Mulder M, Smets I, Timmermans S, Smeets K, Ameloot M, Hendriks JJ(2012). 
Liver X receptors regulate cholesterol homeostasis in oligodendrocytes. J Neurosci Res; 
90:60-71 
 
Nicot A, Ratnakar PV, Ron Y, Chen CC, Elkabes S (2003). Regulation of gene expression in 
experimental autoimmune encephalomyelitis indicates early neuronal dysfunction. Brain 
126:398-412. 
 
Nicot A, Kurnellas M, Elkabes S (2005). Temporal pattern of plasma membrane cancium 
ATPase 2 expression in the spinal Cord correlates with the course of clinical symptoms in 
two rodent models of autoimmune encephalomyelitis. Eur J Neurosci 21:2660-2670. 
 
Oh U, Fujita M, Ikonomidou VN, Evangelou IE, Matsuura E, Harberts E, Fujimura Y, Richert 
ND, Ohayon J, Pike VW, Zhang Y, Zoghbi SS, Innis RB, Jacobson S (2011). Translocator 
protein PET imaging for glial activation in multiple sclerosis. J Neuroimmune Pharmacol. 
6:354-61. 
 
Orr AG, Orr AL, Li XJ, Gross RE, Traynelis SF (2009). Adenosine A(2A) receptor mediates 
microglial process retraction. Nat Neurosci; 12:872-878. 

http://www.ncbi.nlm.nih.gov/pubmed/23321458
http://www.ncbi.nlm.nih.gov/pubmed?term=McCarthy%20TJ%5BAuthor%5D&cauthor=true&cauthor_uid=11801714
http://www.ncbi.nlm.nih.gov/pubmed?term=Sheriff%20AU%5BAuthor%5D&cauthor=true&cauthor_uid=11801714
http://www.ncbi.nlm.nih.gov/pubmed?term=Graneto%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=11801714
http://www.ncbi.nlm.nih.gov/pubmed?term=Talley%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=11801714
http://www.ncbi.nlm.nih.gov/pubmed?term=Welch%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=11801714
http://www.ncbi.nlm.nih.gov/pubmed/?term=%5B18F%5DSC58125
http://www.ncbi.nlm.nih.gov/pubmed?term=Moresco%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=7860663
http://www.ncbi.nlm.nih.gov/pubmed?term=Casati%20R%5BAuthor%5D&cauthor=true&cauthor_uid=7860663
http://www.ncbi.nlm.nih.gov/pubmed?term=Lucignani%20G%5BAuthor%5D&cauthor=true&cauthor_uid=7860663
http://www.ncbi.nlm.nih.gov/pubmed?term=Carpinelli%20A%5BAuthor%5D&cauthor=true&cauthor_uid=7860663
http://www.ncbi.nlm.nih.gov/pubmed?term=Schmidt%20K%5BAuthor%5D&cauthor=true&cauthor_uid=7860663
http://www.ncbi.nlm.nih.gov/pubmed?term=Todde%20S%5BAuthor%5D&cauthor=true&cauthor_uid=7860663
http://www.ncbi.nlm.nih.gov/pubmed?term=Colombo%20F%5BAuthor%5D&cauthor=true&cauthor_uid=7860663
http://www.ncbi.nlm.nih.gov/pubmed?term=Fazio%20F%5BAuthor%5D&cauthor=true&cauthor_uid=7860663
http://www.ncbi.nlm.nih.gov/pubmed/?term=16+alpha+%5B18F%5Dfluoro-17+beta-estradiol%3A+A+ligand+for+the+in+vivo
http://www.ncbi.nlm.nih.gov/pubmed/?term=16+alpha+%5B18F%5Dfluoro-17+beta-estradiol%3A+A+ligand+for+the+in+vivo
http://www.ncbi.nlm.nih.gov/pubmed?term=Nelissen%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21972082
http://www.ncbi.nlm.nih.gov/pubmed?term=Mulder%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21972082
http://www.ncbi.nlm.nih.gov/pubmed?term=Smets%20I%5BAuthor%5D&cauthor=true&cauthor_uid=21972082
http://www.ncbi.nlm.nih.gov/pubmed?term=Timmermans%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21972082
http://www.ncbi.nlm.nih.gov/pubmed?term=Smeets%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21972082
http://www.ncbi.nlm.nih.gov/pubmed?term=Ameloot%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21972082
http://www.ncbi.nlm.nih.gov/pubmed?term=Hendriks%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=21972082
http://www.ncbi.nlm.nih.gov/pubmed/?term=Liver+X+receptors+regulate+cholesterol+homeostasis+in+oligodendrocytes
http://www.ncbi.nlm.nih.gov/pubmed?term=Oh%20U%5BAuthor%5D&cauthor=true&cauthor_uid=20872081
http://www.ncbi.nlm.nih.gov/pubmed?term=Fujita%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20872081
http://www.ncbi.nlm.nih.gov/pubmed?term=Ikonomidou%20VN%5BAuthor%5D&cauthor=true&cauthor_uid=20872081
http://www.ncbi.nlm.nih.gov/pubmed?term=Evangelou%20IE%5BAuthor%5D&cauthor=true&cauthor_uid=20872081
http://www.ncbi.nlm.nih.gov/pubmed?term=Matsuura%20E%5BAuthor%5D&cauthor=true&cauthor_uid=20872081
http://www.ncbi.nlm.nih.gov/pubmed?term=Harberts%20E%5BAuthor%5D&cauthor=true&cauthor_uid=20872081
http://www.ncbi.nlm.nih.gov/pubmed?term=Fujimura%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=20872081
http://www.ncbi.nlm.nih.gov/pubmed?term=Richert%20ND%5BAuthor%5D&cauthor=true&cauthor_uid=20872081
http://www.ncbi.nlm.nih.gov/pubmed?term=Richert%20ND%5BAuthor%5D&cauthor=true&cauthor_uid=20872081
http://www.ncbi.nlm.nih.gov/pubmed?term=Ohayon%20J%5BAuthor%5D&cauthor=true&cauthor_uid=20872081
http://www.ncbi.nlm.nih.gov/pubmed?term=Pike%20VW%5BAuthor%5D&cauthor=true&cauthor_uid=20872081
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=20872081
http://www.ncbi.nlm.nih.gov/pubmed?term=Zoghbi%20SS%5BAuthor%5D&cauthor=true&cauthor_uid=20872081
http://www.ncbi.nlm.nih.gov/pubmed?term=Innis%20RB%5BAuthor%5D&cauthor=true&cauthor_uid=20872081
http://www.ncbi.nlm.nih.gov/pubmed?term=Jacobson%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20872081
http://www.ncbi.nlm.nih.gov/pubmed/20872081


Chapter 2 

 

 74 
 

 
Ousman SS, Tomooka BH, van Noort JM, Wawrousek EF, O'Connor KC, Hafler DA, Sobel 
RA, Robinson WH, Steinman L (2007). Protective and therapeutic role for alphaB-crystallin 
in autoimmune demyelination. Nature; 448:474-479. 

Paulesu E, Perani D, Fazio F, Comi G, Pozzilli C, Martinelli V, Filippi M, Bettinardi V, Sirabian 
G, Passafiume D, Anzini A, Lenzi GL, Canal N, Fieschi C (1996). Functional basis of memory 
impairment in multiple sclerosis: a[18F]FDG PET study. Neuroimage; 4:87-96 

 
Pettersson K, Gustafsson JA (2001). Role of estrogen receptor beta in estrogen action. 
Annu Rev Physiol 63:165–92. 
 
Pittock SJ, Lucchinetti CF (2007). The pathology of MS. New insights and potential clinical 
applications. The Neurologist 13:45-56. 
 
Politis M, Gianetti P, Su P, Turkheiner F, Keihaninejad S, Wu K, Waldman A, Malik O, 
Matthews PM, Reynolds R, Nicholas R, Piccini P (2012). Increased PK11195 PET binding in 
the córtex with MS correlates with disability. Neurology 79:523-530. 
 
Popescu BFG, Lucchinetti CF (2012) Pathology of demeylinating diseases. Annu Rev Pathol 
Mech Dis 7:185-217. 
 
Prabhakaran J, Underwood MD, Parsey RV, Arango V, Majo VJ, Simpson NR, Van Heertum 
R, Mann JJ, Kumar JS (2007) Synthesis and in vivo evaluation of [18F]-4-[5-(4-
methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl]benzenesulfonamide as a PET imaging 
probe for COX-2 expression Bioorg Med Chem;15(4):1802-1807. 
 
Prentice RL, Manson JE, Langer RD, Anderson GL, Pettinger M, Jackson RD, Johnson KC, 
Kuller LH, Lane DS, Wactawski-Wende J, Brzyski R, Allison M, Ockene J, Sarto G, Rossouw 
JE (2009). Benefits and risks of postmenopausal hormone therapy when it is initiate soon 
after menopause. Am J Epidemiol 170:12-23. 
 
Ratchford JN, Endres CJ, Hammoud DA, Pomper MG, Shiee N, McGready J, Pham DL, 
Calabresi PA (2012). Decreased microglial activation in MS patients treated with 
glatiramer acetate. J Neurol 259:1199-1205. 
 
Ribeiro R, Yu F, Wen J, Vana A, Zhang Y (2013). Therapeutic potential of a novel 
cannabinoid agent CB52 in the mouse modelof experimental encephalomyelitis. 
Neuroscience. [Epub ahead of print]. 
 
Rissanen E, Virta JR, Paavilainen T, Tuisku J, Helin S, Luoto P, Parkkola R, Rinne JO, Airas 
(2013). Adenosine A2A receptors in secondary progressive multiple sclerosis: a [11C]TMSX 
brain PET study. J Cereb Blood Flow Metab. [Epub ahead of print]. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Ousman%20SS%5BAuthor%5D&cauthor=true&cauthor_uid=17568699
http://www.ncbi.nlm.nih.gov/pubmed?term=Tomooka%20BH%5BAuthor%5D&cauthor=true&cauthor_uid=17568699
http://www.ncbi.nlm.nih.gov/pubmed?term=van%20Noort%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=17568699
http://www.ncbi.nlm.nih.gov/pubmed?term=Wawrousek%20EF%5BAuthor%5D&cauthor=true&cauthor_uid=17568699
http://www.ncbi.nlm.nih.gov/pubmed?term=O'Connor%20KC%5BAuthor%5D&cauthor=true&cauthor_uid=17568699
http://www.ncbi.nlm.nih.gov/pubmed?term=Hafler%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=17568699
http://www.ncbi.nlm.nih.gov/pubmed?term=Sobel%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=17568699
http://www.ncbi.nlm.nih.gov/pubmed?term=Sobel%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=17568699
http://www.ncbi.nlm.nih.gov/pubmed?term=Robinson%20WH%5BAuthor%5D&cauthor=true&cauthor_uid=17568699
http://www.ncbi.nlm.nih.gov/pubmed?term=Steinman%20L%5BAuthor%5D&cauthor=true&cauthor_uid=17568699
http://www.ncbi.nlm.nih.gov/pubmed/17568699
http://www.ncbi.nlm.nih.gov/pubmed?term=Paulesu%20E%5BAuthor%5D&cauthor=true&cauthor_uid=9345500
http://www.ncbi.nlm.nih.gov/pubmed?term=Perani%20D%5BAuthor%5D&cauthor=true&cauthor_uid=9345500
http://www.ncbi.nlm.nih.gov/pubmed?term=Fazio%20F%5BAuthor%5D&cauthor=true&cauthor_uid=9345500
http://www.ncbi.nlm.nih.gov/pubmed?term=Comi%20G%5BAuthor%5D&cauthor=true&cauthor_uid=9345500
http://www.ncbi.nlm.nih.gov/pubmed?term=Pozzilli%20C%5BAuthor%5D&cauthor=true&cauthor_uid=9345500
http://www.ncbi.nlm.nih.gov/pubmed?term=Martinelli%20V%5BAuthor%5D&cauthor=true&cauthor_uid=9345500
http://www.ncbi.nlm.nih.gov/pubmed?term=Filippi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9345500
http://www.ncbi.nlm.nih.gov/pubmed?term=Bettinardi%20V%5BAuthor%5D&cauthor=true&cauthor_uid=9345500
http://www.ncbi.nlm.nih.gov/pubmed?term=Sirabian%20G%5BAuthor%5D&cauthor=true&cauthor_uid=9345500
http://www.ncbi.nlm.nih.gov/pubmed?term=Sirabian%20G%5BAuthor%5D&cauthor=true&cauthor_uid=9345500
http://www.ncbi.nlm.nih.gov/pubmed?term=Passafiume%20D%5BAuthor%5D&cauthor=true&cauthor_uid=9345500
http://www.ncbi.nlm.nih.gov/pubmed?term=Anzini%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9345500
http://www.ncbi.nlm.nih.gov/pubmed?term=Lenzi%20GL%5BAuthor%5D&cauthor=true&cauthor_uid=9345500
http://www.ncbi.nlm.nih.gov/pubmed?term=Canal%20N%5BAuthor%5D&cauthor=true&cauthor_uid=9345500
http://www.ncbi.nlm.nih.gov/pubmed?term=Fieschi%20C%5BAuthor%5D&cauthor=true&cauthor_uid=9345500
http://www.ncbi.nlm.nih.gov/pubmed/9345500
http://www.ncbi.nlm.nih.gov/pubmed?term=Prabhakaran%20J%5BAuthor%5D&cauthor=true&cauthor_uid=17166726
http://www.ncbi.nlm.nih.gov/pubmed?term=Underwood%20MD%5BAuthor%5D&cauthor=true&cauthor_uid=17166726
http://www.ncbi.nlm.nih.gov/pubmed?term=Parsey%20RV%5BAuthor%5D&cauthor=true&cauthor_uid=17166726
http://www.ncbi.nlm.nih.gov/pubmed?term=Arango%20V%5BAuthor%5D&cauthor=true&cauthor_uid=17166726
http://www.ncbi.nlm.nih.gov/pubmed?term=Majo%20VJ%5BAuthor%5D&cauthor=true&cauthor_uid=17166726
http://www.ncbi.nlm.nih.gov/pubmed?term=Simpson%20NR%5BAuthor%5D&cauthor=true&cauthor_uid=17166726
http://www.ncbi.nlm.nih.gov/pubmed?term=Van%20Heertum%20R%5BAuthor%5D&cauthor=true&cauthor_uid=17166726
http://www.ncbi.nlm.nih.gov/pubmed?term=Van%20Heertum%20R%5BAuthor%5D&cauthor=true&cauthor_uid=17166726
http://www.ncbi.nlm.nih.gov/pubmed?term=Mann%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=17166726
http://www.ncbi.nlm.nih.gov/pubmed?term=Kumar%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=17166726
http://www.ncbi.nlm.nih.gov/pubmed/17166726
http://www.ncbi.nlm.nih.gov/pubmed?term=Ratchford%20JN%5BAuthor%5D&cauthor=true&cauthor_uid=22160466
http://www.ncbi.nlm.nih.gov/pubmed?term=Endres%20CJ%5BAuthor%5D&cauthor=true&cauthor_uid=22160466
http://www.ncbi.nlm.nih.gov/pubmed?term=Hammoud%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=22160466
http://www.ncbi.nlm.nih.gov/pubmed?term=Pomper%20MG%5BAuthor%5D&cauthor=true&cauthor_uid=22160466
http://www.ncbi.nlm.nih.gov/pubmed?term=Shiee%20N%5BAuthor%5D&cauthor=true&cauthor_uid=22160466
http://www.ncbi.nlm.nih.gov/pubmed?term=McGready%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22160466
http://www.ncbi.nlm.nih.gov/pubmed?term=Pham%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=22160466
http://www.ncbi.nlm.nih.gov/pubmed?term=Calabresi%20PA%5BAuthor%5D&cauthor=true&cauthor_uid=22160466
http://www.ncbi.nlm.nih.gov/pubmed/22160466
http://www.ncbi.nlm.nih.gov/pubmed?term=Rissanen%20E%5BAuthor%5D&cauthor=true&cauthor_uid=23695433
http://www.ncbi.nlm.nih.gov/pubmed?term=Virta%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=23695433
http://www.ncbi.nlm.nih.gov/pubmed?term=Paavilainen%20T%5BAuthor%5D&cauthor=true&cauthor_uid=23695433
http://www.ncbi.nlm.nih.gov/pubmed?term=Tuisku%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23695433
http://www.ncbi.nlm.nih.gov/pubmed?term=Helin%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23695433
http://www.ncbi.nlm.nih.gov/pubmed?term=Luoto%20P%5BAuthor%5D&cauthor=true&cauthor_uid=23695433
http://www.ncbi.nlm.nih.gov/pubmed?term=Parkkola%20R%5BAuthor%5D&cauthor=true&cauthor_uid=23695433
http://www.ncbi.nlm.nih.gov/pubmed?term=Rinne%20JO%5BAuthor%5D&cauthor=true&cauthor_uid=23695433
http://www.ncbi.nlm.nih.gov/pubmed?term=Airas%20L%5BAuthor%5D&cauthor=true&cauthor_uid=23695433
http://www.ncbi.nlm.nih.gov/pubmed?term=Airas%20L%5BAuthor%5D&cauthor=true&cauthor_uid=23695433
http://www.ncbi.nlm.nih.gov/pubmed/23695433


PET imaging in multiple sclerosis: Present and Future 

 75 
 

 
Rodgers JM, Robinson AP, Miller SD (2013). Strategies for protecting oligodendrocytes and 
enhancing remyelination in multiple sclerosis. Discov Med; 16:53-63. 
 
Rojas S, Martín A, Pareto D, Herance JR, Abad S, Ruíz A, Flotats N, Gispert JD, Llop J, 
Gómez-Vallejo V, Planas AM (2011). Positron emission tomography with 11C-flumazenil in 
the rat shows preservation of binding sites during the acute phase after 2 h-transient focal 
ischemia. Neuroscience182:208-216. 
 
Rom S, Persidsky Y (2013). Cannabinoid receptor 2: potential role in immunomodulation 
and neuroinflammation. J Neuroimmune Pharmacol 8:608-20. 
 
Rommer P, Dudesek A, Stüve O, Zettl U (2013). Monoclonal Antibodies in Treatment of 
Multiple Sclerosis Clin Exp Immunol doi: 10.1111/cei.12197. [Epub ahead of print]. 
 
Rose JW, Foley J, Carlson N (2008) Monoclonal antibody treatments for multiple sclerosis 
Curr Neurol Neurosci Rep; 8(5):419-426. 
 
Rossi S, Studer V, Motta C, De Chiara V, Barbieri F, Bernardi G, Centonze D (2012). 
Inflammation inhibits GABA transmission in multiple sclerosis. Mult Scler 18:1633-1635. 
 
Saher G, Brugger B, Lappe-Siefke C, Mobius W, Tozawa R, Wehr MC, Wieland F, Ishibashi 
S, Nave KA (2005). High cholesterol level isessential for myelin membrane growth. Nat 
Neurosci 8:468–475. 
 
Sahraian MA, Eshaghi A (2010). Role of MRI in diagnosis and treatment of multiple 
sclerosis. Clin Neurol Neurosurg. 112:609-615. 
 
Saleem A, Charnley N, Price P (2006). Clinical molecular imaging with positron emission 
tomography. Eur J Cancer 42:1720-1727. 
 
Sand IBK, Lublin FD (2013). Diagnosis and differential diagnosis of multiple sclerosis. 
Continuum (Minneap Minn) 19:922-943. 
 
Schiepers C, Van Hecke P, Vandenberghe R, Van Oostende S, Dupont P, Demaerel P, 
Bormans G, Carton H (1997). Positron emission tomography, magnetic resonance imaging 
and proton NMR spectroscopy of white matter in multiple sclerosis. Mult Scler 3:8-17. 
 
Sicotte NL, Liva SM, Klutch R, Pfeiffer P, Bouvier S, Odesa S, Wu TC, Voskuhl RR (2002). 
Treatment of multiple sclerosis with the pregnancy hormone estriol Ann Neurol; 52:421-
428. 
 
Shukuri M, Takashima-Hirano M, Tokuda K, Takashima T, Matsumura K, Inoue O, Doi H, 
Suzuki M, Watanabe Y, Onoe H (2011). In vivo expression of cyclooxygenase-1 in activated 

http://www.ncbi.nlm.nih.gov/pubmed?term=Rodgers%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=23911232
http://www.ncbi.nlm.nih.gov/pubmed?term=Robinson%20AP%5BAuthor%5D&cauthor=true&cauthor_uid=23911232
http://www.ncbi.nlm.nih.gov/pubmed?term=Miller%20SD%5BAuthor%5D&cauthor=true&cauthor_uid=23911232
http://www.ncbi.nlm.nih.gov/pubmed/23911232
http://www.ncbi.nlm.nih.gov/pubmed?term=Rojas%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21402129
http://www.ncbi.nlm.nih.gov/pubmed?term=Mart%C3%ADn%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21402129
http://www.ncbi.nlm.nih.gov/pubmed?term=Pareto%20D%5BAuthor%5D&cauthor=true&cauthor_uid=21402129
http://www.ncbi.nlm.nih.gov/pubmed?term=Herance%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=21402129
http://www.ncbi.nlm.nih.gov/pubmed?term=Abad%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21402129
http://www.ncbi.nlm.nih.gov/pubmed?term=Ru%C3%ADz%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21402129
http://www.ncbi.nlm.nih.gov/pubmed?term=Flotats%20N%5BAuthor%5D&cauthor=true&cauthor_uid=21402129
http://www.ncbi.nlm.nih.gov/pubmed?term=Gispert%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=21402129
http://www.ncbi.nlm.nih.gov/pubmed?term=Llop%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21402129
http://www.ncbi.nlm.nih.gov/pubmed?term=G%C3%B3mez-Vallejo%20V%5BAuthor%5D&cauthor=true&cauthor_uid=21402129
http://www.ncbi.nlm.nih.gov/pubmed?term=Planas%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=21402129
http://www.ncbi.nlm.nih.gov/pubmed/21402129
http://www.ncbi.nlm.nih.gov/pubmed?term=Rom%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23471521
http://www.ncbi.nlm.nih.gov/pubmed?term=Persidsky%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23471521
http://www.ncbi.nlm.nih.gov/pubmed/23471521
http://www.ncbi.nlm.nih.gov/pubmed?term=Rommer%20P%5BAuthor%5D&cauthor=true&cauthor_uid=24001305
http://www.ncbi.nlm.nih.gov/pubmed?term=Dudesek%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24001305
http://www.ncbi.nlm.nih.gov/pubmed?term=St%C3%BCve%20O%5BAuthor%5D&cauthor=true&cauthor_uid=24001305
http://www.ncbi.nlm.nih.gov/pubmed?term=Zettl%20U%5BAuthor%5D&cauthor=true&cauthor_uid=24001305
http://www.ncbi.nlm.nih.gov/pubmed/24001305
http://www.ncbi.nlm.nih.gov/pubmed?term=Rose%20JW%5BAuthor%5D&cauthor=true&cauthor_uid=18713579
http://www.ncbi.nlm.nih.gov/pubmed?term=Foley%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18713579
http://www.ncbi.nlm.nih.gov/pubmed?term=Carlson%20N%5BAuthor%5D&cauthor=true&cauthor_uid=18713579
http://www.ncbi.nlm.nih.gov/pubmed/18713579
http://www.ncbi.nlm.nih.gov/pubmed?term=Rossi%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22419673
http://www.ncbi.nlm.nih.gov/pubmed?term=Studer%20V%5BAuthor%5D&cauthor=true&cauthor_uid=22419673
http://www.ncbi.nlm.nih.gov/pubmed?term=Motta%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22419673
http://www.ncbi.nlm.nih.gov/pubmed?term=De%20Chiara%20V%5BAuthor%5D&cauthor=true&cauthor_uid=22419673
http://www.ncbi.nlm.nih.gov/pubmed?term=Barbieri%20F%5BAuthor%5D&cauthor=true&cauthor_uid=22419673
http://www.ncbi.nlm.nih.gov/pubmed?term=Bernardi%20G%5BAuthor%5D&cauthor=true&cauthor_uid=22419673
http://www.ncbi.nlm.nih.gov/pubmed?term=Centonze%20D%5BAuthor%5D&cauthor=true&cauthor_uid=22419673
http://www.ncbi.nlm.nih.gov/pubmed/22419673
http://www.ncbi.nlm.nih.gov/pubmed?term=Schiepers%20C%5BAuthor%5D&cauthor=true&cauthor_uid=9160342
http://www.ncbi.nlm.nih.gov/pubmed?term=Van%20Hecke%20P%5BAuthor%5D&cauthor=true&cauthor_uid=9160342
http://www.ncbi.nlm.nih.gov/pubmed?term=Vandenberghe%20R%5BAuthor%5D&cauthor=true&cauthor_uid=9160342
http://www.ncbi.nlm.nih.gov/pubmed?term=Van%20Oostende%20S%5BAuthor%5D&cauthor=true&cauthor_uid=9160342
http://www.ncbi.nlm.nih.gov/pubmed?term=Dupont%20P%5BAuthor%5D&cauthor=true&cauthor_uid=9160342
http://www.ncbi.nlm.nih.gov/pubmed?term=Demaerel%20P%5BAuthor%5D&cauthor=true&cauthor_uid=9160342
http://www.ncbi.nlm.nih.gov/pubmed?term=Bormans%20G%5BAuthor%5D&cauthor=true&cauthor_uid=9160342
http://www.ncbi.nlm.nih.gov/pubmed?term=Carton%20H%5BAuthor%5D&cauthor=true&cauthor_uid=9160342
http://www.ncbi.nlm.nih.gov/pubmed/?term=FDG+multiple+sclerosis+and+schiepers
http://www.ncbi.nlm.nih.gov/pubmed?term=Sicotte%20NL%5BAuthor%5D&cauthor=true&cauthor_uid=12325070
http://www.ncbi.nlm.nih.gov/pubmed?term=Liva%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=12325070
http://www.ncbi.nlm.nih.gov/pubmed?term=Klutch%20R%5BAuthor%5D&cauthor=true&cauthor_uid=12325070
http://www.ncbi.nlm.nih.gov/pubmed?term=Pfeiffer%20P%5BAuthor%5D&cauthor=true&cauthor_uid=12325070
http://www.ncbi.nlm.nih.gov/pubmed?term=Bouvier%20S%5BAuthor%5D&cauthor=true&cauthor_uid=12325070
http://www.ncbi.nlm.nih.gov/pubmed?term=Odesa%20S%5BAuthor%5D&cauthor=true&cauthor_uid=12325070
http://www.ncbi.nlm.nih.gov/pubmed?term=Wu%20TC%5BAuthor%5D&cauthor=true&cauthor_uid=12325070
http://www.ncbi.nlm.nih.gov/pubmed?term=Voskuhl%20RR%5BAuthor%5D&cauthor=true&cauthor_uid=12325070
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sicotte+NL%2C+Liva+SM%2C+Klutch+R%2C+et+al
http://www.ncbi.nlm.nih.gov/pubmed?term=Shukuri%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21680698
http://www.ncbi.nlm.nih.gov/pubmed?term=Takashima-Hirano%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21680698
http://www.ncbi.nlm.nih.gov/pubmed?term=Tokuda%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21680698
http://www.ncbi.nlm.nih.gov/pubmed?term=Takashima%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21680698
http://www.ncbi.nlm.nih.gov/pubmed?term=Matsumura%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21680698
http://www.ncbi.nlm.nih.gov/pubmed?term=Inoue%20O%5BAuthor%5D&cauthor=true&cauthor_uid=21680698
http://www.ncbi.nlm.nih.gov/pubmed?term=Doi%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21680698
http://www.ncbi.nlm.nih.gov/pubmed?term=Suzuki%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21680698
http://www.ncbi.nlm.nih.gov/pubmed?term=Watanabe%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=21680698
http://www.ncbi.nlm.nih.gov/pubmed?term=Onoe%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21680698


Chapter 2 

 

 76 
 

microglia and macrophages during neuroinflammation visualized by PET with 11C-
ketoprofen methyl Ester. J Nucl Med; 52(7):1094-1101. 
 
Solbrig MV, Fan Y, Hermanowicz N, Morgese MG, Giuffrida A (2010). A synthetic 
cannabinoid agonist promotes oligodendrogliogenisis during viral encephalitis in rats. Exp 
Neurol 226:231-241. 
 
Spence RD, Hamby ME, Umeda E, Itoh N, Du S, Wisdom AJ, Cao Y, Bondar G, Lam J, Ao Y, 
Sandoval F, Suriany S, Sofroniew MV, Voskuhl RR (2011). Neuroprotection mediated 
through estrogen receptor-alpha in astrocytes. Proc Natl Acad Sci U S A. 108:8867-8872. 
 
Stankoff B, Wang Y, Bottlaender M, Aigrot MS, Dolle F, Wu C, Feinstein D, Huang GF, 
Semah F, Mathis CA, Klunk W, Gould RM, Lubetzki C, Zalc B (2006). Imaging of CNS myelin 
by positron emission tomography. PNAS 103:9304-9309. 
 
Stankoff B, Freeman L, Aigrot MS, Chardain A, Dollé F, Willinas A, Galanaud D, Armand L, 
Lehericy S, Lubetzki C, Zalc B, Botlaender M (2011). Imaging Central Nervous System 
Myelin by Positron Emission Tomography in Multiple Sclerosis Using [Methyl-11C]-2-(40-
Methylaminophenyl)-6-Hydroxybenzothiazole. Ann Neurol. 69:673-680. 
 
Stuart M, Bergstrom L (2011). Pregnancy and multiple sclerosis. J Midwifery Womens 
healthy 56:41-47. 
 
Stys PK, Lipton SA (2007). White matter NMDA receptors: an unexpected new therapeutic 
target? TRENDS in Pharmacological Sciences 28:561-566. 
 
Stys PK, Zamponi GW, van Minnen J, Geurts JJG (2012). Will the real multiple sclerosis 
please stand up? Nature Reviews Neuroscience 13:507-514. 
 
Sun X, Tanaka M, Kondo S, Okamoto K, Hirai S (1998). Clinical significance of reduced 
cerebral metabolism in multiple sclerosis: a combined PET and MRI study. Ann Nucl Med 
12:89-94. 
 
Sundararajan L, Linden HM, Link JM, Krohn KA, Mankoff DA (2007). 

18
F-fluoroestradiol. 

Semin Nucl Med 37:470-476. 
 
Takano A, Piehl F, Hillert J, Varrone A, Nag S, Gulyás B, Stenkrona P, Villemagne VL, Rowe 
CC, Macdonell R, Tawil NA, Kucinski T, Zimmermann T, Schultze-Mosgau M, Thiele A, 
Hoffmann A, Halldin C (2013). In vivo TSPO imaging in patients with multiple sclerosis: a 
brain PET study with [18F]FEDAA1106. EJNMMI Res 3:30. 
 
Tameh AA, Clarner T, Beyer C, Atlasi MA, Hassanzadeh G, Naderian H (2013). Regional 
regulation of glutamate signaling during cuprizone-induced demeylination in the brain. 
Annals of Anatomy [Epub ahead of print]. 

http://www.ncbi.nlm.nih.gov/pubmed/21680698
http://www.ncbi.nlm.nih.gov/pubmed?term=Spence%20RD%5BAuthor%5D&cauthor=true&cauthor_uid=21555578
http://www.ncbi.nlm.nih.gov/pubmed?term=Hamby%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=21555578
http://www.ncbi.nlm.nih.gov/pubmed?term=Umeda%20E%5BAuthor%5D&cauthor=true&cauthor_uid=21555578
http://www.ncbi.nlm.nih.gov/pubmed?term=Itoh%20N%5BAuthor%5D&cauthor=true&cauthor_uid=21555578
http://www.ncbi.nlm.nih.gov/pubmed?term=Du%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21555578
http://www.ncbi.nlm.nih.gov/pubmed?term=Wisdom%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=21555578
http://www.ncbi.nlm.nih.gov/pubmed?term=Cao%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=21555578
http://www.ncbi.nlm.nih.gov/pubmed?term=Bondar%20G%5BAuthor%5D&cauthor=true&cauthor_uid=21555578
http://www.ncbi.nlm.nih.gov/pubmed?term=Lam%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21555578
http://www.ncbi.nlm.nih.gov/pubmed?term=Ao%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=21555578
http://www.ncbi.nlm.nih.gov/pubmed?term=Sandoval%20F%5BAuthor%5D&cauthor=true&cauthor_uid=21555578
http://www.ncbi.nlm.nih.gov/pubmed?term=Suriany%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21555578
http://www.ncbi.nlm.nih.gov/pubmed?term=Sofroniew%20MV%5BAuthor%5D&cauthor=true&cauthor_uid=21555578
http://www.ncbi.nlm.nih.gov/pubmed?term=Voskuhl%20RR%5BAuthor%5D&cauthor=true&cauthor_uid=21555578
http://www.ncbi.nlm.nih.gov/pubmed/21555578
http://www.ncbi.nlm.nih.gov/pubmed?term=Sun%20X%5BAuthor%5D&cauthor=true&cauthor_uid=9637279
http://www.ncbi.nlm.nih.gov/pubmed?term=Tanaka%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9637279
http://www.ncbi.nlm.nih.gov/pubmed?term=Kondo%20S%5BAuthor%5D&cauthor=true&cauthor_uid=9637279
http://www.ncbi.nlm.nih.gov/pubmed?term=Okamoto%20K%5BAuthor%5D&cauthor=true&cauthor_uid=9637279
http://www.ncbi.nlm.nih.gov/pubmed?term=Hirai%20S%5BAuthor%5D&cauthor=true&cauthor_uid=9637279
http://www.ncbi.nlm.nih.gov/pubmed/9637279
http://www.ncbi.nlm.nih.gov/pubmed?term=Takano%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23618062
http://www.ncbi.nlm.nih.gov/pubmed?term=Piehl%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23618062
http://www.ncbi.nlm.nih.gov/pubmed?term=Hillert%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23618062
http://www.ncbi.nlm.nih.gov/pubmed?term=Varrone%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23618062
http://www.ncbi.nlm.nih.gov/pubmed?term=Nag%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23618062
http://www.ncbi.nlm.nih.gov/pubmed?term=Guly%C3%A1s%20B%5BAuthor%5D&cauthor=true&cauthor_uid=23618062
http://www.ncbi.nlm.nih.gov/pubmed?term=Stenkrona%20P%5BAuthor%5D&cauthor=true&cauthor_uid=23618062
http://www.ncbi.nlm.nih.gov/pubmed?term=Villemagne%20VL%5BAuthor%5D&cauthor=true&cauthor_uid=23618062
http://www.ncbi.nlm.nih.gov/pubmed?term=Rowe%20CC%5BAuthor%5D&cauthor=true&cauthor_uid=23618062
http://www.ncbi.nlm.nih.gov/pubmed?term=Rowe%20CC%5BAuthor%5D&cauthor=true&cauthor_uid=23618062
http://www.ncbi.nlm.nih.gov/pubmed?term=Macdonell%20R%5BAuthor%5D&cauthor=true&cauthor_uid=23618062
http://www.ncbi.nlm.nih.gov/pubmed?term=Tawil%20NA%5BAuthor%5D&cauthor=true&cauthor_uid=23618062
http://www.ncbi.nlm.nih.gov/pubmed?term=Kucinski%20T%5BAuthor%5D&cauthor=true&cauthor_uid=23618062
http://www.ncbi.nlm.nih.gov/pubmed?term=Zimmermann%20T%5BAuthor%5D&cauthor=true&cauthor_uid=23618062
http://www.ncbi.nlm.nih.gov/pubmed?term=Schultze-Mosgau%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23618062
http://www.ncbi.nlm.nih.gov/pubmed?term=Thiele%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23618062
http://www.ncbi.nlm.nih.gov/pubmed?term=Hoffmann%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23618062
http://www.ncbi.nlm.nih.gov/pubmed?term=Halldin%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23618062
http://www.ncbi.nlm.nih.gov/pubmed/23618062


PET imaging in multiple sclerosis: Present and Future 

 77 
 

  
Tsao J, Heilman K (2005). Donepezil improved memory in multiple sclerosis in a 
randomized clinical trial. Neurology; 64:1823. 
 
Tsutsui S, Schnermann J, Noorbakhsh F, Henry S, Yong VW, Winston BW, Warren K, Power 
C (2004) A1 adenosine receptor upregulation and activation attenuates 
neuroinflammation and demyelination in a model of multiple sclerosis. J. Neurosci. 24: 
1521–1529. 
 
Tsutsui S, Vergote D, Shariat N, Warren K, Ferguson SS, Power C (2008). Glucocorticoids 
regulate innate immunity in a model of multiple sclerosis: reciprocal interactions between 
the A1 adenosine receptor and beta-arrestin-1 in monocytoid cells FASEB J; 22:786-796.  
 
Uddin MJ, Crews BC, Ghebreselasie K, Huda I, Kingsley PJ, Ansari MS, Tantawy MN, Reese 
J, Marnett LJ (2011). Fluorinated COX-2 inhibitors as agents in PET imaging of 
inflammation and cancer.  Cancer Prev Res (Phila); 4(10):1536-1545. 
 
van den Hoff J (2005). Principles of quantitative positron emission tomography. Amino 
Acids 29:341-353.  
 
Van Laere K, Goffin K, Casteels C, Dupont P, Mortelmans L, de Hoon J, Bormans G (2008). 
Gender-dependent increases with healthy aging of the human cerebral cannabinoid-type 
1 receptor binding using [(18)F]MK-9470 PET. Neuroimage; 39(4):1533-1541. 
 
van Noort JM, Bsibsi M, Gerritsen WH, van der Valk P, Bajramovic JJ, Steinman L, Amor S 
(2010). Alphab-crystallin is a target for adaptive immune responses and a trigger of innate 
responses in preactive multiple sclerosis lesions J Neuropathol Exp Neurol;69:694-703. 
 
Vas A, Shchukin Y, Karrenbauer VD, Cselényi Z, Kostulas K, Hillert J, Savic I, Takano A, 
Halldin C, Gulyás B.(2008). Functional neuroimaging in multiple sclerosis with radiolabelled 
glia markers: preliminary comparative PET studies with [11C]vinpocetine and 
[11C]PK11195 in patients. J Neurol Sci 264:9-17. 
 
Versijpt J, Debruyne JC, Van Laere KJ, De Vos F, Keppens J, Strijckmans K, Achten E, Slegers 
G, Dierckx RA, Korf J, De Reuck JL (2005). Microglial imaging with positron emission 
tomography and atrophy measurements with magnetic resonance imaging in multiple 
sclerosis: a correlative study. Mult Scler 11:127-34. 
 
Vincenzi F, Corciulo C, Targa M, Merighi S, Gessi S, Cassetta I, Gentile M, Granieri E, Borea 
PA, Varani K (2013). Multiple sclerosis lymphocytes upregulated A2A adenosine receptors 
that are anti-inflammatory when stimulated. Eur J Immunol 43:2206-2216. 
 

http://www.ncbi.nlm.nih.gov/pubmed?term=Tsutsui%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17965263
http://www.ncbi.nlm.nih.gov/pubmed?term=Vergote%20D%5BAuthor%5D&cauthor=true&cauthor_uid=17965263
http://www.ncbi.nlm.nih.gov/pubmed?term=Shariat%20N%5BAuthor%5D&cauthor=true&cauthor_uid=17965263
http://www.ncbi.nlm.nih.gov/pubmed?term=Warren%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17965263
http://www.ncbi.nlm.nih.gov/pubmed?term=Ferguson%20SS%5BAuthor%5D&cauthor=true&cauthor_uid=17965263
http://www.ncbi.nlm.nih.gov/pubmed?term=Power%20C%5BAuthor%5D&cauthor=true&cauthor_uid=17965263
http://www.ncbi.nlm.nih.gov/pubmed/17965263
http://www.ncbi.nlm.nih.gov/pubmed?term=Uddin%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=21900596
http://www.ncbi.nlm.nih.gov/pubmed?term=Crews%20BC%5BAuthor%5D&cauthor=true&cauthor_uid=21900596
http://www.ncbi.nlm.nih.gov/pubmed?term=Ghebreselasie%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21900596
http://www.ncbi.nlm.nih.gov/pubmed?term=Huda%20I%5BAuthor%5D&cauthor=true&cauthor_uid=21900596
http://www.ncbi.nlm.nih.gov/pubmed?term=Kingsley%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=21900596
http://www.ncbi.nlm.nih.gov/pubmed?term=Ansari%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=21900596
http://www.ncbi.nlm.nih.gov/pubmed?term=Tantawy%20MN%5BAuthor%5D&cauthor=true&cauthor_uid=21900596
http://www.ncbi.nlm.nih.gov/pubmed?term=Reese%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21900596
http://www.ncbi.nlm.nih.gov/pubmed?term=Reese%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21900596
http://www.ncbi.nlm.nih.gov/pubmed?term=Marnett%20LJ%5BAuthor%5D&cauthor=true&cauthor_uid=21900596
http://www.ncbi.nlm.nih.gov/pubmed/21900596
http://www.ncbi.nlm.nih.gov/pubmed?term=Van%20Laere%20K%5BAuthor%5D&cauthor=true&cauthor_uid=18077184
http://www.ncbi.nlm.nih.gov/pubmed?term=Goffin%20K%5BAuthor%5D&cauthor=true&cauthor_uid=18077184
http://www.ncbi.nlm.nih.gov/pubmed?term=Casteels%20C%5BAuthor%5D&cauthor=true&cauthor_uid=18077184
http://www.ncbi.nlm.nih.gov/pubmed?term=Dupont%20P%5BAuthor%5D&cauthor=true&cauthor_uid=18077184
http://www.ncbi.nlm.nih.gov/pubmed?term=Mortelmans%20L%5BAuthor%5D&cauthor=true&cauthor_uid=18077184
http://www.ncbi.nlm.nih.gov/pubmed?term=de%20Hoon%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18077184
http://www.ncbi.nlm.nih.gov/pubmed?term=Bormans%20G%5BAuthor%5D&cauthor=true&cauthor_uid=18077184
http://www.ncbi.nlm.nih.gov/pubmed/18077184
http://www.ncbi.nlm.nih.gov/pubmed?term=van%20Noort%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=20535035
http://www.ncbi.nlm.nih.gov/pubmed?term=Bsibsi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20535035
http://www.ncbi.nlm.nih.gov/pubmed?term=Gerritsen%20WH%5BAuthor%5D&cauthor=true&cauthor_uid=20535035
http://www.ncbi.nlm.nih.gov/pubmed?term=van%20der%20Valk%20P%5BAuthor%5D&cauthor=true&cauthor_uid=20535035
http://www.ncbi.nlm.nih.gov/pubmed?term=Bajramovic%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=20535035
http://www.ncbi.nlm.nih.gov/pubmed?term=Steinman%20L%5BAuthor%5D&cauthor=true&cauthor_uid=20535035
http://www.ncbi.nlm.nih.gov/pubmed?term=Amor%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20535035
http://www.ncbi.nlm.nih.gov/pubmed/20535035
http://www.ncbi.nlm.nih.gov/pubmed?term=Vas%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17727889
http://www.ncbi.nlm.nih.gov/pubmed?term=Shchukin%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=17727889
http://www.ncbi.nlm.nih.gov/pubmed?term=Karrenbauer%20VD%5BAuthor%5D&cauthor=true&cauthor_uid=17727889
http://www.ncbi.nlm.nih.gov/pubmed?term=Csel%C3%A9nyi%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=17727889
http://www.ncbi.nlm.nih.gov/pubmed?term=Kostulas%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17727889
http://www.ncbi.nlm.nih.gov/pubmed?term=Hillert%20J%5BAuthor%5D&cauthor=true&cauthor_uid=17727889
http://www.ncbi.nlm.nih.gov/pubmed?term=Savic%20I%5BAuthor%5D&cauthor=true&cauthor_uid=17727889
http://www.ncbi.nlm.nih.gov/pubmed?term=Takano%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17727889
http://www.ncbi.nlm.nih.gov/pubmed?term=Halldin%20C%5BAuthor%5D&cauthor=true&cauthor_uid=17727889
http://www.ncbi.nlm.nih.gov/pubmed?term=Guly%C3%A1s%20B%5BAuthor%5D&cauthor=true&cauthor_uid=17727889
http://www.ncbi.nlm.nih.gov/pubmed/17727889
http://www.ncbi.nlm.nih.gov/pubmed?term=Versijpt%20J%5BAuthor%5D&cauthor=true&cauthor_uid=15794383
http://www.ncbi.nlm.nih.gov/pubmed?term=Debruyne%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=15794383
http://www.ncbi.nlm.nih.gov/pubmed?term=Van%20Laere%20KJ%5BAuthor%5D&cauthor=true&cauthor_uid=15794383
http://www.ncbi.nlm.nih.gov/pubmed?term=De%20Vos%20F%5BAuthor%5D&cauthor=true&cauthor_uid=15794383
http://www.ncbi.nlm.nih.gov/pubmed?term=Keppens%20J%5BAuthor%5D&cauthor=true&cauthor_uid=15794383
http://www.ncbi.nlm.nih.gov/pubmed?term=Strijckmans%20K%5BAuthor%5D&cauthor=true&cauthor_uid=15794383
http://www.ncbi.nlm.nih.gov/pubmed?term=Achten%20E%5BAuthor%5D&cauthor=true&cauthor_uid=15794383
http://www.ncbi.nlm.nih.gov/pubmed?term=Slegers%20G%5BAuthor%5D&cauthor=true&cauthor_uid=15794383
http://www.ncbi.nlm.nih.gov/pubmed?term=Slegers%20G%5BAuthor%5D&cauthor=true&cauthor_uid=15794383
http://www.ncbi.nlm.nih.gov/pubmed?term=Dierckx%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=15794383
http://www.ncbi.nlm.nih.gov/pubmed?term=Korf%20J%5BAuthor%5D&cauthor=true&cauthor_uid=15794383
http://www.ncbi.nlm.nih.gov/pubmed?term=De%20Reuck%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=15794383
http://www.ncbi.nlm.nih.gov/pubmed/15794383


Chapter 2 

 

 78 
 

Virta JR, Laatu S, Parkkola R, Oikonen V, Rinne JO, Ruutiainen J (2011). Cerebral 
acetylcholinesterase activity is not decreased in MS patients with cognitive impairment. 
Mult Scler 17:931-938. 
 
Vowinckel E, Reutens D, Becher B, Verge G, Evans A, Owens T, Antel JP (1997). PK11195 
binding to the peripheral benzodiazepine receptor as a marker of microglia activation in 
multiple sclerosis and experimental autoimmune encephalomyelitis. J Neurosci Res 
50:345-53. 
 
Wadsak W, Mitterhauser M (2010). Basics and principles of radiopharmaceuticals for 
PET/CT. Eur J Radiol 73:461-469. 
 
Wasterlain CG, Naylor DE, Liu H, Niquet J, Baldwin R (2013). Trafficking of NMDA receptors 
during status epilepticus: Therapeutic implications. Epilepsia;54 Suppl 6:78-80. 
 
Wisdom AJ, Cao Y, Itoh N, Spence RD, Voskuhl RR (2013).  Estrogen receptor β ligand 
treatment after disease onset is neuroprotective in the multiple sclerosis model. J 
Neurosci Res 91:901-908. 
 
Wu C, Tian D, Feng Y, Polak P, Wei J, Sharp A, Stankoff B, Lubetzki C, Zalc B, Mufson EJ, 
Gould RM, Feinstein DL, Wang Y (2006). A novel fluorescent probe that is brain permeable 
and selectively binds to myelin. J Histochem Cytochem 54:997-1004. 
 
Wu C, Wang C, Popescu DC, Zhu W, Somoza EA, Zhu J, Condie AG, Flask CA, Miller RH, 
Macklin W, Wang Y (2010). A novel PET marker for in vivo quantification of myelination. 
Bioorg Med Chem 18:8592-8599. 
 
Wu C, Li F, Niu G, Chen X (2013a). PET imaging of inflammation biomarkers. Theranostics 
3:448-466.  
 
Wu C,  Zhu J, Baeslak J, Zaremba A, Hecker J, Kraso J, Matthews PM, Miller RH, Wang Y 
(2013b). Longitudinal PET imaging for monitoring myelin repair in the spinal cord. Ann 
Neurol [Epub ahead of print]. 

Xie L, Yamasaki T, Ichimaru N, Yui J, Kawamura K, Kumata K, Hatori A, Nonomura N, Zhang 
MR, Li XK, Takahara S (2012). [(11)C]DAC-PET for noninvasively monitoring 
neuroinflammation and immunosuppressive therapy efficacy in rat experimental 
autoimmune encephalomyelitis model. J Neuroimmune Pharmacol 7:231-42. 

Xu P, Li D, Tang X, Bao X, Huang J, Tang Y, Yang Y, Xu H, Fan X (2013). LXR Agonists: New 
potential therapeutic drug for neurodegenerative diseases. Mol Neurobiol [Epub ahead of 
print]. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Virta%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=21372113
http://www.ncbi.nlm.nih.gov/pubmed?term=Laatu%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21372113
http://www.ncbi.nlm.nih.gov/pubmed?term=Parkkola%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21372113
http://www.ncbi.nlm.nih.gov/pubmed?term=Oikonen%20V%5BAuthor%5D&cauthor=true&cauthor_uid=21372113
http://www.ncbi.nlm.nih.gov/pubmed?term=Rinne%20JO%5BAuthor%5D&cauthor=true&cauthor_uid=21372113
http://www.ncbi.nlm.nih.gov/pubmed?term=Ruutiainen%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21372113
http://www.ncbi.nlm.nih.gov/pubmed/21372113
http://www.ncbi.nlm.nih.gov/pubmed?term=Vowinckel%20E%5BAuthor%5D&cauthor=true&cauthor_uid=9373043
http://www.ncbi.nlm.nih.gov/pubmed?term=Reutens%20D%5BAuthor%5D&cauthor=true&cauthor_uid=9373043
http://www.ncbi.nlm.nih.gov/pubmed?term=Becher%20B%5BAuthor%5D&cauthor=true&cauthor_uid=9373043
http://www.ncbi.nlm.nih.gov/pubmed?term=Verge%20G%5BAuthor%5D&cauthor=true&cauthor_uid=9373043
http://www.ncbi.nlm.nih.gov/pubmed?term=Evans%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9373043
http://www.ncbi.nlm.nih.gov/pubmed?term=Owens%20T%5BAuthor%5D&cauthor=true&cauthor_uid=9373043
http://www.ncbi.nlm.nih.gov/pubmed?term=Antel%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=9373043
http://www.ncbi.nlm.nih.gov/pubmed/9373043
http://www.ncbi.nlm.nih.gov/pubmed?term=Wasterlain%20CG%5BAuthor%5D&cauthor=true&cauthor_uid=24001081
http://www.ncbi.nlm.nih.gov/pubmed?term=Naylor%20DE%5BAuthor%5D&cauthor=true&cauthor_uid=24001081
http://www.ncbi.nlm.nih.gov/pubmed?term=Liu%20H%5BAuthor%5D&cauthor=true&cauthor_uid=24001081
http://www.ncbi.nlm.nih.gov/pubmed?term=Niquet%20J%5BAuthor%5D&cauthor=true&cauthor_uid=24001081
http://www.ncbi.nlm.nih.gov/pubmed?term=Baldwin%20R%5BAuthor%5D&cauthor=true&cauthor_uid=24001081
http://www.ncbi.nlm.nih.gov/pubmed/24001081
http://www.ncbi.nlm.nih.gov/pubmed?term=Xie%20L%5BAuthor%5D&cauthor=true&cauthor_uid=22038158
http://www.ncbi.nlm.nih.gov/pubmed?term=Yamasaki%20T%5BAuthor%5D&cauthor=true&cauthor_uid=22038158
http://www.ncbi.nlm.nih.gov/pubmed?term=Ichimaru%20N%5BAuthor%5D&cauthor=true&cauthor_uid=22038158
http://www.ncbi.nlm.nih.gov/pubmed?term=Yui%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22038158
http://www.ncbi.nlm.nih.gov/pubmed?term=Kawamura%20K%5BAuthor%5D&cauthor=true&cauthor_uid=22038158
http://www.ncbi.nlm.nih.gov/pubmed?term=Kumata%20K%5BAuthor%5D&cauthor=true&cauthor_uid=22038158
http://www.ncbi.nlm.nih.gov/pubmed?term=Hatori%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22038158
http://www.ncbi.nlm.nih.gov/pubmed?term=Nonomura%20N%5BAuthor%5D&cauthor=true&cauthor_uid=22038158
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=22038158
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=22038158
http://www.ncbi.nlm.nih.gov/pubmed?term=Li%20XK%5BAuthor%5D&cauthor=true&cauthor_uid=22038158
http://www.ncbi.nlm.nih.gov/pubmed?term=Takahara%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22038158
http://www.ncbi.nlm.nih.gov/pubmed/22038158


PET imaging in multiple sclerosis: Present and Future 

 79 
 

Zajicek JP, Apostu VI (2011). Role of cannabinoids in multiple sclerosis. CNS Drugs 25:187-
201. 

Zanzonico P (2012). Principles of nuclear medicine imaging: Planar, SPECT, PET, multi-
modality, and autoradiography systems. Radiation Reseach 177:349-364.  
 
Zhao Y, Robins E, Turton D, Brady F, Luthra SK, Arstad E (2006). Synthesis and 
characterization of N-(2-chloro-5-methylthiophenyl)-N0-(3-methylthiophenyl)-N0-
[11C]methylguanidine [11C]CNS 5161, a candidate PETtracer for functional imaging of 
NMDA receptors. J Label Compd Radiopharm 49: 163–170. 

 
 





 

 

Chapter 

3 
 

 

PET imaging of demyelination and remyelination in the 

cuprizone mouse model for multiple sclerosis: a 

comparison between [11C]CIC and [11C]MeDAS  

 

 

Daniele de Paula Faria, Erik F.J. de Vries, Jurgen W.A. Sijbesma, Rudi A.J.O. 

Dierckx, Carlos A. Buchpiguel, Sjef C.V.M. Copray 

 

 

 

 

 

Accepted for publication in NeuroImage 



Chapter 3  

 

 

 82 
 

ABSTRACT 

 

Multiple Sclerosis (MS) is a neurodegenerative disease characterized by 

demyelinated lesions. PET imaging using specific myelin radioligands might solve 

the lack of a specific imaging tool for diagnosing and monitoring demyelination 

and remyelination in MS patients. In recent years, a few tracers have been 

developed for in vivo PET imaging of myelin, but they have not been fully 

evaluated yet. In this study, we compared [11C]CIC and [11C]MeDAS as PET tracers 

for monitoring demyelination and remyelination in cuprizone-fed  mice. The ex 

vivo biodistribution of [11C]CIC showed decreased tracer uptake in mice fed with 

0.2% cuprizone diet for 5 weeks, as compared to control mice. However, tracer 

uptake did not increase again after normal diet was restored for 5 weeks 

(remyelination). Surprisingly, in vivo PET imaging with [11C]CIC in cuprizone-fed 

mice revealed a significant reduction in whole brain tracer uptake after 5 weeks of 

remyelination. No correlation between ex vivo biodistribution and in vivo imaging 

data was found for [11C]CIC (r2=0.15, p=0.11). However, a strong correlation was 

found for [11C]MeDAS (r2=0.88, p<0.0001). [11C]MeDAS ex vivo biodistribution 

revealed significant decreased brain uptake in the demyelination group, as 

compared to controls and increased the tracer uptake after 5 weeks of 

remyelination. [11C]MeDAS images showed a low background signal and clear 

uptake in the brain white matter and spinal cord. Taken together, the results of 

this comparative study between [11C]CIC and [11C]MeDAS clearly show that 

[11C]MeDAS is the preferred PET tracer to monitor myelin changes in the brain and 

spinal cord in vivo.     
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INTRODUCTION 

 

Multiple Sclerosis (MS) is a disease of the central nervous system with multifocal 

inflammatory and demyelinated lesions throughout the brain and spinal cord 

(Inglese and Bester, 2010). The diagnosis of MS is predominantly made based on 

clinical signs, according to standardized sets of diagnostic criteria (e.g. the 

McDonald criteria), with Magnetic Resonance Imaging (MRI) as an additional 

imaging tool (WHO, 2008; Frullano et al, 2011). MRI is based on local changes in 

water content that can be due to demyelination, but may also reflect 

inflammation, axonal loss, gliosis and edema (Fillipi and Roca, 2011). A highly 

specific in vivo myelin imaging technique could help to speed up early diagnosis 

and be used to monitor the efficacy of new drugs aimed at restoring myelin and 

preventing neurodegeneration. Positron Emission Tomography (PET) is a 

molecular imaging technique which uses specific ligands labeled with a positron 

emitter, such as 18F or 11C.  If a selective radioligand for a disease-specific target is 

available, PET can be an excellent tool for diagnosis and for monitoring disease 

progression with high specificity. 

Since 2006, a few ligands have been developed for in vivo PET imaging of myelin 

(Stankoff et al, 2006; Wang et al, 2009, 2010; Wu et al, 2010; Briard et al, 2011). 

The two most promising radioligands, [11C]CIC and [11C]MeDAS, could be prepared 

by a reliable labeling procedure, showed high stability and good blood brain 

barrier penetration and appeared to be able to reveal differences in myelin 

content in animals. Wu et al (2006) suggested that the unique structure of myelin, 

consisting of 80% lipids and a high amount of low-molecular-mass proteins 

underlies the specific binding of [11C]CIC and [11C]MeDAS to myelin sheaths. 

Compounds with a stilbene moiety, as is present in [11C]CIC and [11C]MeDAS, were 
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shown to have affinity for -sheet structures. Myelin basic protein contains -

sheet structures, but only when myelin sheaths are intact. Although these -sheet 

structures may contain the binding sites of the PET tracers, the exact binding 

mechanism still has not been elucidated yet. Still, a longitudinal [11C]CIC PET study 

in only a small group of lysolecithin-treated rats managed to reveal focal 

demyelination (Wang et al, 2009) and [11C]MeDAS PET could detect differences in 

myelin between wild-type and transgenic hyper-myelinated mice (Plp-Akt-DD) 

(Wu et al, 2010). Recently, imaging of changes in myelin content due to 

demyelination and remyelination were investigated in the spinal cord, but not in 

the brain (Wu et al, 2013). 

The cuprizone mouse model is a well-established animal model to mimic the 

demyelination aspect of MS and it is widely used as animal model to investigate 

the demyelination and remyelination processes (Matsushima and Morell, 2001; 

Kipp and Copray, 2009). Feeding mice with 0.2% cuprizone results in 

demyelination throughout the brain, but in particular in the corpus callosum. 

When the normal diet is subsequently restored, spontaneous and complete 

remyelination occurs.   

The aim of the present study was to compare [11C]CIC and [11C]MeDAS as PET 

ligands for monitoring the demyelination and remyelination processes in the 

cuprizone mouse model. 

 

MATERIAL AND METHODS 

 

Animals 

Demyelination was induced in 8 weeks-old C56Bl/6 male mice (Harlan, the 

Netherlands) by putting them on a diet, consisting of powder chow mixed with 
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0.2% cuprizone (bis(cyclohexanone)oxaldihydrazone, Sigma). After 5 weeks, the 

food was changed again to powder chow without cuprizone to enable 

spontaneous remyelination. A control group received powder chow without 

cuprizone during the whole experiment. Every day, powder chow (with or without 

cuprizone) was freshly prepared and provided to the animals. Food and water 

were given ad libitum and the animals were monitored every day for body weight 

loss. 

The animal experiments were performed according to the Dutch Regulations for 

Animal Welfare. The protocol was approved by the Institutional Animal Care and 

Use Committee of the University of Groningen (protocol: DEC 5040I).  

 

Chemistry 

The [11C]CIC precursor was synthesized as previously published by Wang et al. 

(2010). The [11C]MeDAS precursor was prepared as free base from commercially 

available 4,4′-diaminostilbene dihydrochloride (Sigma-Aldrich) by treatment with 

sodium hydroxide 1M (until pH 10) and extraction using ethyl acetate.  

 

[11C]CIC 

[11C]MeOTf was produced as previously described (Elsinga, 2002; Li and Conti, 

2010) and transported with a stream of helium gas (30 ml/min) into the reaction 

vessel containing 0.7-1 mg [11C]CIC desmethyl precursor in 0.5 ml dry acetone 

(Merck). After the [11C]MeOTf was trapped in the reaction vial, the mixture was 

heated at 90 °C for 3 min. Acetone was evaporated with a flow of nitrogen gas 

and the residue was dissolved in 0.5 ml of acetonitrile and diluted with 0.5 ml of 

water. The product was then purified by HPLC using a reverse-phase C18 platinum 

column (Alltech) and acetonitrile/25 mM phosphate buffer pH 7.2 (50/50) as the 

mobile phase (flow 5 ml/min).  
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The radioactive peak with a retention time of 12 min consisting of purified [11C]CIC 

was collected from the HPLC and formulated as isotonic solution before injection 

in vivo. To this purpose, the collected HPLC fraction was diluted with 100 ml of 

distilled water and passed through a SepPak® C18 light cartridge (Waters) that was 

pre-conditioned with ethanol (8 ml) and water (12 ml). The product was eluted 

from the cartridge with 1 ml ethanol and diluted with 9 ml 0.9% sodium chloride. 

The synthesis of [11C]CIC was fully automated using a Zymark robotic system. 

During the whole labeling and formulation procedure, exposure of the product to 

white light was avoided as much as possible to prevent light-induced cis-trans 

isomerization. 

 

[11C]MeDAS 

The radiolabeling procedure for [11C]MeDAS is identical to the procedure 

described above for [11C]CIC using 4,4′-diaminostilbene (free base) as the 

precursor. For the HPLC purification, a mixture of acetonitrile and 25 mM 

phosphate buffer pH 7.2 (35/65) was used as the mobile phase (flow 5 ml/min). 

The retention time of purified [11C]MeDAS is 8 minutes.  

In contrast to [11C]CIC, [11C]MeDAS does not show rapid light-induced 

isomerization and therefore the synthesis of this compound can be performed 

under normal light conditions. 

 

Quality control  

Radiochemical purity and specific activity were evaluated by analytical HPLC. 

 [11C]CIC quality control was performed with an analytical C18 Luna reversed 

phase HPLC column (Phenomenex) and methanol/water (80/20) as the mobile 
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phase (flow 1 ml/min). The UV signal was measured at a wavelength of 254 nm. 

The retention time of [11C]CIC is 12 minutes. 

[11C]MeDAS quality control was performed using an analytical C18 X-Terra 

reversed phase HPLC column (Waters) and acetonitrile/30 mM ammonium 

acetate pH 10.0 (15/85) as mobile phase (flow 1.5 ml/min). UV measured at a 

wavelength of 254 nm. The retention time of [11C]MeDAS is 14 minutes. 

  

PET imaging and ex vivo biodistribution 

Mice were divided in 4 groups  for small animal PET imaging (each n=6) and ex-

vivo biodistribution (each n=5) studies of both myelin PET tracers: group 1: 

controls – animals fed with powder food without cuprizone, age matched with the 

demyelination group at the moment of imaging and biodistribution (13 weeks 

old); group 2: demyelination -  animals fed with 0.2% cuprizone for 5 weeks; group 

3: early remyelination - animals fed with 0.2% cuprizone  for 5 weeks followed by 

a normal diet for another 2 weeks; group 4: late remyelination - animals fed with 

0.2% cuprizone for 5 weeks followed by a normal diet for another 5 weeks. 

For small animal PET imaging, mice were anesthetized with 2% isoflurane in 

medical air and injected with 10-30 MBq of either [11C]CIC or [11C]MeDAS in the 

penile vein. After tracer injection, the mice were immediately positioned on their 

belly in the microPET camera (Focus  220, Siemens Medical Solutions USA, Inc.) 

with the head in the field of view. 

Five minutes after tracer injection, acquisition of a 50-min dynamic PET scan was 

started (time 0 represents the time of tracer injection). After the emission scan 

was completed, a transmission scan of 515 seconds with a 57Co point source was 

performed for attenuation and scatter correction. 



Chapter 3  

 

 

 88 
 

After the transmission scan, animals were terminated by extirpation of the heart 

and the brain was excised for ex-vivo biodistribution (n=5 for each tracer) and 

histological analysis (n=1 for each tracer). 

Brain biodistribution analysis was performed 60-65 min after tracer injection. 

Each brain was dissected in the following regions: cerebellum, pons, medulla, 

corpus callosum, hippocampus, striatum and the rest of the brain (for calculating 

whole brain tissue uptake). Tissues were weighed and radioactivity was measured 

in a gamma counter (LKB Wallac, Turku, Finland). Tracer uptake in each region 

was corrected for the injected tracer dose and body weight and expressed as 

Standardized Uptake Value (SUV). 

 

PET image reconstruction and analysis  

The list-mode data of the emission scan was separated into 25 frames (8x30, 

6x60, 4x120, 4x180, 2x300 and 1x600). Emission sinograms were iteratively 

reconstructed (OSEM2d, 4 iterations) after being normalized, corrected for 

attenuation and decay of radioactivity. PET images were analyzed by INVEON 

research workstation software (Siemens). Regions of interest were drawn for the 

whole brain. The brain radioactivity concentration was calculated from the 

regions of interest to generate the brain time-activity curves. Time activity curves 

were corrected for injected dose and animal body weight and expressed as SUV. 

The last 10 min frame (45-55min post injection) was used to show the SUV 

differences between the groups.  

 

Myelin histochemistry 

For histological analysis, the animals (1 mouse per tracer for each experimental 

condition: thus in total 2 animals per condition) were perfused with 4% 
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paraformaldehyde before termination. Brains were equilibrated in 20% sucrose 

and cryosectioned in the coronal plane at 20 m thickness. Changes in the level of 

myelination of the corpus callosum were detected by Luxol Fast Blue 

histochemistry. A Luxol Fast Blue solution was prepared by dissolving 0.5 g of 

Solvent Blue 38 (Sigma) in 500 ml of a solution of 10% acetic acid in 96% ethanol. 

Sections were dehydrated in an ascending ethanol series (50%, 70%, 80% and 

96%) and incubated in the Luxol Fast Blue solution at 58 °C for 14-16 hours. After 

incubation, sections were washed with 96% ethanol and distilled water. 

Differentiation was performed in a 0.125% lithium carbonate solution, after which 

the sections were rinsed with 70% ethanol and distilled water, counterstained 

with cresyl violet and coverslipped with DePeX (Merck). Slides were analyzed with 

a Zeiss fluorescent microscope. 

 

Statistical analysis  

Results are presented as mean ± standard deviation. Differences between groups 

were analyzed by 2 way ANOVA (GraphPad Prism), using a Bonferroni post hoc 

test. Differences between groups were considered to be significant if p<0.05. 

 

RESULTS 

 

Radiolabeling 

 [11C]CIC was labeled using [11C]methyl triflate instead of [11C]methyl iodide, as 

was previously published by Wang et al (2010). The use of [11C]MeOTf allowed 

milder reaction conditions, increased the radiochemical yield, decreased the 

amount of precursor required and reduced the total synthesis time of the 
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procedure. The advantages of this new labeling method are summarized in 

Table1. 

We observed that light induced substantial cis-trans isomerization of the central 

double bond. However, when the radiosynthesis of [11C]CIC was performed in the 

dark, high radiochemical yield (30-37%), high radiochemical purity (>95%) and 

high specific activity (90±55 GBq/ mol) were obtained. The purified trans-isomer 

of the product was stored in the dark to avoid isomerization before injection.   

 

Table 1: Advantages of using [
11

C]methyl triflate, instead of [
11

C]methyl iodide, for 

radiolabeling of [
11

C]CIC.  

 [11C]Methyl iodide 

(Wang et al,2010) 

[11C]Methyl triflate 

Precursor 2 mg 0.7-1.0 mg 

Base  K2CO3 Not required 

Reaction time 10 min 3 min 

Reaction temperature 140 °C 90 °C 

Filtration before HPLC Yes No 

Total synthesis time (from trapping) 40-50 minutes 20-30 minutes 

Radiochemical purity >95% >95% 

Yield (decay corrected 
from radioactivity trapped) 

20% - 32% 30% - 37% 

 

 

[11C]MeDAS radiolabeling was performed as described by Wu et al (2010) and 

similar results were obtained. The radiochemical yield was 45-55%, the 

radiochemical purity >95% and the specific activity 133±56 GBq/ mol. 
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Ex-vivo biodistribution 

The brain distribution was determined for each tracer in four experimental 

groups, allowing the evaluation of myelin content in normal conditions (control), 

loss of myelin (demyelination) and recovery of myelin (early and late 

remyelination). 

Figure 1 shows the [11C]CIC ex vivo brain distribution for the different groups 60-

65 minutes after tracer injection. Only in corpus callosum, a significant decrease (-

44%, p<0.001) in tracer uptake was observed after 5 weeks of cuprizone diet 

(demyelination), but tracer uptake did not rise back to normal levels after normal 

diet was restored for 2 weeks (early remyelination) or for 5 weeks (late 

remyelination). 

 

 

Figure 1: [
11

C]CIC ex vivo biodistribution (n=5) in different brain regions of the control, 

demyelination (5 weeks in cuprizone 0.2% diet) and early and late remyelination groups (2 

weeks and 5 weeks back to normal diet, respectively). Significant differences compared to 

controls are illustrated by *** (p<0.001). No significant differences were observed 

between the demyelination and remyelination groups. 
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[11C]MeDAS showed a significant decrease in brain uptake after feeding the mice 

with a 0.2% cuprizone diet for 5 weeks (Figure 2). The decrease in tracer uptake 

was largest (-68%, p<0.001) in the corpus callosum where the effect of the 

cuprizone diet on myelin levels is most prominent (Matsushima and Morell, 2001). 

The uptake of [11C]MeDAS was restored to normal levels after 5 weeks of normal 

diet (without cuprizone),  reflecting the spontaneous remyelination in this model. 

No significant increase in tracer uptake was seen after only 2 weeks of normal 

diet, suggesting that remyelination is still incomplete at this stage. 

 

Figure 2: [
11

C]MeDAS ex vivo biodistribution (n=5) in different brain regions of the control, 

demyelination (5 weeks in cuprizone 0.2% diet) and early and late remyelination groups (2 

weeks and 5 weeks back to normal diet, respectively); Significant differences are 

illustrated by *** (p<0.001) for the comparison  of the demyelination and remyelination 

groups with controls,  by °° (p<0.01) and °°° (p<0.001) for the comparison between 

demyelination and late remyelination and by # (p<0.05), ## (p<0.01) and ### (p<0.001) for 

the comparison between early and late remyelination. 
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PET imaging 

In order to assess the ability of [11C]CIC or [11C]MeDAS to visualize the 

demyelination and remyelination processes, cuprizone-fed mice were imaged 

with both tracers using a dedicated PET camera for small animals. The myelin PET 

tracers showed clear differences in in vivo distribution. [11C]CIC showed significant 

background uptake in extra-cerebral structures, resulting in a low brain-to-

background uptake ratio (Figure 3A). For [11C]MeDAS (Figure 3B), on the other 

hand, the background uptake in extra-cerebral tissues was much lower. 

Consequently, not only myelin in the brain, but also in the spinal cord, a myelin 

rich part of the central nervous system, was clearly visible on the PET images. 

 

 

Figure 3:  Illustrative coronal (left) and sagittal (right) PET images (summed 35-55 min 

images) of control mice using [
11

C]CIC (A) and [
11

]MeDAS (B). Structures are indicated by 

arrows: Hd glands = harderian glands; brain; Smb glands = submandibular glands; spinal 

cord and surrounding tissue.   

 

The tracer kinetics of both tracers are also markedly different. [11C]CIC rapidly 

accumulates in the brain and reaches a plateau within 10 minutes after tracer 

injection (Figure 4). The tracer accumulation in the brain, expressed as SUV, was 

significantly different only for the late remyelination group, which showed lower 

uptake than the control (p<0.01), demyelination (p<0.01) and early remyelination 

(p<0.001) groups (SUV 45-55 min: 0.74±0.04, 0.99±0.15, 1.01±0.11 and 1.16±0.06, 
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respectively). The area under the time-activity curves confirmed the SUV results, 

as no significant differences were found between the control (48.7±7.7) and 

demyelination (51.7±7.1) groups, and the early remyelination group (58.9±1.9). 

Remarkably, the late remyelination group did show a significantly reduced area 

under the curve (34.6±1.6). Thus, the [11C]CIC uptake did not reflect the expected 

myelin content in the brain and did not correlate well (r2=0.15, p=0.11) with the 

ex vivo biodistribution results (Figure 6A).  

 

Figure 4: [
11

C]CIC time activity curve of different groups (n=6); control, demyelination after 

5 weeks on a cuprizone 0.2% diet, early remyelination after 2 weeks on normal diet and 

late remyelination after 5 weeks on normal diet. The PET camera was started 5 min after 

tracer injection. Significant differences between the late remyelination group and the 

other groups are illustrated by * (p<0.05).  

 

In contrast to [11C]CIC, [11C]MeDAS shows rapid washout from the brain (Figure 5), 

resulting in a lower brain uptake with SUV values (45-55 min) of 0.30±0.04, 

0.26±0.02, 0.28±0.02 and 0.35±0.05 for the control, demyelination, early and late 
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remyelination group, respectively. The SUV of [11C]MeDAS (45-55 min) in the late 

remyelination group was significantly higher than in the demyelination group 

(p<0.05), reflecting the increase in myelin density during remyelination. The area 

under the time-activity curves of [11C]MeDAS are in agreement with the expected 

myelin density in the brain, with highest values for the control group (28.9±2.6) 

and late remyelination group (31.9±4.3) and significantly lower values (as 

compared to late remyelination group), for the demyelination group (25.9±1.9, 

p<0.05) and the early remyelination group (26.6±2.8, p<0.05). The whole brain 

uptake of [11C]MeDAS as determined by PET correlated strongly with whole brain 

ex vivo biodistribution data (r2=0.88, p<0.0001; Figure 6B). 

 

Figure 5: [
11

C]MeDAS time activity curve of different groups (n=6); control, demyelination 

5 weeks on cuprizone 0.2% diet, early remyelination after 2 weeks on normal diet and late 

remyelination after 5 weeks on normal diet.  The insert shows the last 20 min of the scan 

in more detail. The PET camera was started 5 min after tracer injection. Significant 

differences between the late remyelination group and the demyelination group are 

illustrated by ** (p<0.01) and * (p<0.05).  
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Figure 6: Correlation between whole brain tracer uptake (SUV) as determined by PET (45-

55 min after tracer injection) and by ex vivo biodistribution (60-65 min). The animals of all 

experimental groups (4 groups), for which both PET and ex vivo biodistribution data were 

available (5 animals per group), were included in the correlation. (A) [
11

C]CIC, (B) 

[
11

C]MeDAS. 

 

Histochemistry 

Luxol Fast Blue staining for myelin was used to validate the PET imaging data of 

the demyelination and remyelination progression in the cuprizone mouse model. 

Figure 7 shows coronal sections of the corpus callosum at the level of the 

hippocampus for the different groups, illustrating the demyelination and 

remyelination in the cuprizone mouse model over time. The corpus callosum in 

control animals shows compact myelin (dark blue), whereas in the demyelination 

group areas of complete demyelination can be seen. Histochemistry of sections 

from the remyelination groups suggests only minor myelin recovery after 2 weeks, 

but more advanced remyelination of corpus callosum after 5 weeks. 
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Figure 7: Myelin histochemistry, using Luxol Fast Blue staining, in the corpus callosum (cc) 

at the hippocampus (hp)/third ventricle (3V) level (region illustrated by the top left image 

– adapted from www.mbl.org; grid = 1mm). The lower row depicts magnifications of areas 

indicated in the upper row (scale bar = 100 m). From left to right: control corpus 

callosum, corpus callosum after 5 weeks on a 0.2% cuprizone diet (demyelination), corpus 

callosum 2 weeks after restoring normal diet (early remyelination) and corpus callosum 5 

weeks after normal diet was restored (late remyelination). 

 

DISCUSSION 

 

Positron Emission Tomography could provide a valuable tool for imaging ongoing 

demyelination processes in the central nervous system of MS patients. 

Quantification of myelin content, using myelin-specific PET tracers, could facilitate 

the MS diagnosis and allow the monitoring of disease progression and treatment 

efficacy. In this study, we aimed to compare [11C]CIC and [11C]MeDAS as PET 

tracers for quantification of myelin content during the demyelination and 

remyelination processes in  cuprizone-fed  mice. 

Compounds with a stilbene structure, such as BMB, BDB, CIC and MeDAS, have 

been shown to bind to amyloid-like proteins with aggregated -sheet structures. 
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This -sheet structure is also found in the myelin basic protein, when myelin 

sheaths are intact. The binding sites of these compounds to myelin have still to be 

determined. However, the theory is that once myelin degenerates 

(demyelination), the -sheet structure of myelin basic protein is lost and 

consequently tracer binding decreases (Wu et al, 2006).   

[11C]CIC was described (Wang et al, 2009) as an improved tracer as compared to 

[11C]BMB – the first ligand used as myelin PET tracer for animal imaging (Stankoff 

et al, 2006) – due to its easy labeling with 11C, high stability and easy dissolution in 

organic solvents. We optimized the procedure for labeling [11C]CIC, using methyl 

triflate as the alkylating agent. As a result, the synthesis was faster with a better 

yield, using less amounts of precursor and a lower reaction temperature (Table 1) 

in comparison to the procedure with [11C]methyl iodide as methylating agent that 

was described  by Wang et al (2009). We observed that [11C]CIC was not stable 

when exposed to light, as light induced reversible cis-trans isomerization of the 

labeled product. This side-reaction could be prevented by performing the 

synthesis in the dark. After the synthesis, exposure of the product to light was 

kept to a minimum. In this manner, the trans isomer of [11C]CIC was obtained with 

a radiochemical purity higher than 95%.  

Previous studies on in vivo imaging of lysolecithin-induced demyelination in rats 

with [11C]CIC showed promising results (Wang et al, 2009). Therefore, we selected 

this tracer for further evaluation and for comparison with another promising 

tracer, [11C]MeDAS. We evaluated both tracers in the 

demyelination/remyelination cuprizone mouse model.  

[11C]CIC ex vivo biodistribution showed a significant decrease in brain uptake after 

5 weeks on the cuprizone diet, reflecting the well-documented demyelination 

induced by the oligodendrocyte-selective toxin cuprizone (Matsushima and Morel, 
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2001). However, restoring the diet to normal powder chow, known to induce 

spontaneous remyelination, did not result in the expected increase in tracer 

uptake to control levels. The fact that myelin layers are, in general, thinner and 

less compact immediately after remyelination (Patrikios et al, 2006; Shrager, 

1988; Ohama et al, 1990), may explain the absence of a clear increase in tracer 

uptake after 2 weeks on normal diet, but this phenomenon cannot explain why no 

increase in uptake was observed in the late remyelination group. In fact, 

histochemistry proved that the restored myelin layers in this late remyelination 

group were comparable to the control group. Small animal PET imaging showed a 

good brain uptake, but slow washout tracer kinetics. This characteristic is a 

disadvantage for 11C-labeled PET tracers, since slow washout results in longer 

acquisition times, which is not compatible with short half-life isotopes such as  11C 

(20min) (Koeppe, 2007). Another problem with [11C]CIC was that PET imaging data 

(SUV or area under the curve) did not reflect myelin content as determined by 

histochemistry at all, nor did imaging data correlate with ex vivo biodistribution 

data (r2=0.15, p=0.11). Probably, the high radioactivity levels in surrounding 

tissues may have caused spill-over effects, which could explain the discrepancy 

between the in vivo PET imaging results and the ex vivo biodistribution data 

(Muzic Jr et al, 1998; Herrero et al, 1989). Another drawback for using [11C]CIC for 

PET imaging is the fact that the spinal cord, a central nervous system structure 

rich in myelin, could not be visualized in in vivo images.  It should be mentioned 

that part of the poor [11C]CIC PET results in our study might be related to the low 

amount of myelin content in mouse brain (Zhang and Sejnowski, 2000) in 

comparison to rat brain used in the lysolecithin studies of Wang et al (Wang et al, 

2009). 

The original paper describing the use of [11C]MeDAS for myelin PET imaging (Wu 

et al, 2010) showed brain images that clearly reflected the differences in myelin 
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content between wild type mice and hyper-myelinated transgenic Plp-Akt-DD 

mice. The same group described in a recent paper (Wu et al, 2013) that 

[11C]MeDAS is also able to show changes in myelin in the spinal cord, but the 

demyelination and remyelination processes in the brain in an animal model like 

the lysolecithin or our cuprizone model have not been investigated with this 

tracer yet.  

We performed the [11C]MeDAS radiosynthesis by the easy and reproducible 

radiolabeling of the commercially available compound 4,4-diaminostilbene with 

[11C]methyl triflate, according to the already published method by Wu et al 

(2010). In this study, we obtained comparable results as described by Wu et al.  

Ex vivo biodistribution of [11C]MeDAS (Figure 2) showed a decrease in tracer 

uptake in corpus callosum of mice that were fed with a 0.2% cuprizone diet for 5 

weeks. The decrease in uptake in other brain regions was also present but was not 

statically significant. In contrast to [11C]CIC, ex vivo biodistribution of [11C]MeDAS 

revealed the spontaneous remyelination in corpus callosum and in other brain 

regions as cerebellum, pons, medulla, hippocampus and striatum, which are 

regions known to be affected by the cuprizone diet (Steelman et al, 2012). The 

fact that the differences in tracer uptake in other brain regions were significant 

between the demyelination group and the late remyelination, but not between 

the demyelination group and the control group may be explained by differences in 

age between controls and the late remyelination group. In mice, the myelin 

density keeps increasing with age until the animals are around 9 months old 

(Calderini et al, 1983). The control group was age matched with the 5 weeks 

demyelination group (13 weeks old). However, the late remyelination group was 5 

weeks older, which may have caused a slightly higher myelin density due to the 
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natural myelination process in addition to the spontaneous remyelination after 

removal of the cuprizone from the diet.  

Small animal PET imaging using [11C]MeDAS revealed fast kinetics, allowing image 

acquisition soon after injection (favorable for 11C-labeled tracers) and a high 

target-to-background ratio. On the other hand the fast washout of [11C]MeDAS 

resulted in relatively low SUV values at the end of the scan, complicating the 

detection of significant  differences between the groups. Significant differences 

were observed only between the demyelination group and the late remyelination 

group (last 30 min of the scan). The area under the time-activity curve however 

did show significant differences between the demyelination and the late 

remyelination group (p<0.05) and also between early and late remyelination 

group (p<0.05). PET imaging data strongly correlated with the ex vivo 

biodistribution data (r2=0.88, p<0.0001) and were in close agreement with 

histochemical findings.  

In this study, PET data were expressed as SUV, which is sensitive to several 

factors, such as tracer delivery and metabolism. To correct for these variables, 

pharmacokinetic modeling could be applied. However, repetitive arterial blood 

sampling to obtain the input function is problematic in mice, due to the small total 

blood volume. In a parallel study in rats (data will be published elsewhere), we 

observed that the distribution volume (Logan analysis) showed an excellent 

correlation with the SUV for [11C]MeDAS, but not for [11C]CIC, suggesting that 

correction for tracer input and metabolism may improve the performance of 

[11C]CIC. 

Another limitation of PET imaging in mice is that the resolution of the PET camera 

does not allow discrimination between grey and white matter in the small mouse 

brain. Consequently, PET data comprise both grey and white matter. Since white 

matter is richer in myelin than grey matter, PET will give an underestimation of 
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the myelin changes in white matter. In fact, we observed that the differences 

between groups were larger for ex vivo biodistribution than for PET. This issue 

becomes less important when PET imaging of myelin is applied in larger animals 

or humans. 

 

CONCLUSION 

 

Our head-to-head comparison of [11C]CIC and [11C]MeDAS as potential PET tracers 

for imaging of myelin changes in the brain, revealed clear differences in imaging 

properties between both tracers. [11C]MeDAS showed much faster tracer 

clearance from non-target tissues.  Although both [11C]CIC and [11C]MeDAS were 

able to detect ongoing demyelination, only [11C]MeDAS was able to show 

remyelination. Moreover, only [11C]MeDAS PET imaging data correlated well with 

ex vivo biodistribution data and histochemistry. These properties, together with 

the easier labelling procedure, make [11C]MeDAS the  preferred myelin PET tracer 

for in vivo PET imaging of myelin density. 
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ABSTRACT 

 

Injection of lysolecithin in the central nervous system results in demyelination 

accompanied by local activation of microglia and recruitment of monocytes. PET 

imaging, using specific tracers, may be an adequate technique to monitor these 

events in-vivo and therefore may become a tool for monitoring disease 

progression in MS patients. In this study, we aimed to evaluate the potential of 

PET imaging in monitoring local lesions, using [11C]MeDAS, [11C]PK11195 and 

[18F]FDG as PET tracers for myelin density, microglia activation and glucose 

metabolism, respectively. Sprague-Dawley rats were stereotactically injected with 

either 1% lysolecithin or saline in the corpus callosum and striatum of the right 

brain hemisphere. PET imaging was performed 3 days, 1 and 4 weeks after 

injection. Animals were terminated after PET imaging and the brains were 

explanted for (immuno)histochemical analysis. PET imaging was able to detect 

local demyelination induced by lysolecithin in the corpus callosum and striatum 

with [11C]MeDAS and concomitant microglia activation and monocyte recruitment 

with [11C]PK11195. [18F]FDG imaging demonstrated that glucose metabolism was 

maintained in the demyelinated lesions. In conclusion, PET imaging with multiple 

tracers allows simultaneous in-vivo monitoring of myelin density, 

neuroinflammation and brain metabolism in small MS-like lesions, indicating its 

potential to monitor disease progression in MS patients. 
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INTRODUCTION 

 

Research on pathogenic processes in multiple sclerosis (MS) notably depends on 

animal models for this disease. Local disintegration of myelin by injection of 

lysolecithin in the central nervous system (CNS) has been used in mouse, rat, 

rabbit, cat and monkey to generate models for MS (Blakemore and Franklin, 2008; 

Dousset et al, 1995; Gensert and Goldman 1997; Hall, 1972; Triarhou and 

Herndon 1986; Waxman et al 1979; Woodruff and Flanklin, 1999). Lysolecithin-

induced demyelination is accompanied by recruitment of microglia activation and 

monocytes that remove myelin debris, mimicking similar processes occurring in 

MS. Since lysolecithin has a short biological half-life (5 hours), damage is restricted 

in time and space, allowing local oligodendrocyte precursor cells to completely 

restore the myelin sheaths.  

Most studies in MS models rely on ex vivo analysis of brain tissue or on structural 

imaging. Magnetic Resonance Imaging (MRI) is currently the standard imaging 

tool in MS. However, detection of MS lesions by MRI is not very specific, as it is 

based on changes in water content, rather than on specific disease-related 

processes (Fillip and Rocca, 2011). Functional imaging, on the other hand, may 

provide more disease-specific and quantitative information. In particular, Positron 

Emission Tomography (PET) shows potential to become a valuable imaging tool 

for monitoring MS-related biological processes over time, such as brain 

metabolism, myelin content and neuroinflammation in focal lesions in the CNS.  

[11C]MeDAS is a recently published PET tracer for imaging myelin content (Wu et 

al, 2010). This tracer has a stilbene based structure, related to the congo red dye 

(Stankoff et al, 2006), and has been shown to be able to detect differences in 

myelin content in the brain between wild-type and hyper-myelinated mice (Wu et 
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al, 2010) and could also reveal demyelinated lesions in the spinal cord of 

lysolecithin and EAE rat models (Wu et al, 2013). [11C]PK11195 is a PET tracer for 

imaging 18 kDa translocator protein (TSPO), which is expressed in all glial cells, 

and over-expressed during neuroinflammatory process (Doorduin et al, 2008). PET 

imaging with this tracer can therefore provide a noninvasive measure of the 

activation status of microglia and monocytes, although signal from reactive 

astrocytes can also occur. [18F]FDG is a radiolabeled glucose analogue that is 

widely used as a PET tracer to measure glucose metabolism. [18F]FDG PET images 

show increased uptake in tissues with metabolically active cells, like growing 

tumors, or in organs that rely on glucose as a source of energy, like the brain 

(Chierichetti and Pizzolato, 2010; Kang et al, 2012). [18F]FDG uptake in brain tissue 

is generally considered as a surrogate biomarker of brain activity. 

In this study, we aimed to assess the feasibility of in-vivo monitoring of MS-

specific disease processes with PET. To this purpose, we used a combination of 

three PET ligands to monitor demyelination, remyelination, glucose metabolism 

and neuroinflammation in small MS-like brain lesions in the lysolecithin rat model.  

 

METHODS 

 

Animals 

Demyelination was induced in 8-10 weeks old male Sprague-Dawley rats (Harlan, 

the Netherlands) by stereotactic injection of 1% lysolecithin (lysophosphatidyl 

choline, LPC; Sigma-Aldrich) in saline, in the corpus callosum and striatum on the 

right-hand side of the brain (stereotactic coordinates: anterior -0.30, lateral -3.0 

and ventral -3.0, -4.2, -5.0 mm to the Bregma point). Control animals were 

injected with saline. Food and water were given ad libitum and the animals were 

daily monitored for body weight and mobility. 
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Animal experiments were performed according to the Dutch Regulations for 

Animal Welfare. The protocol was approved by the Institutional Animal Care and 

Use Committee of the University of Groningen (protocol: DEC 5040J).  

 

PET tracers  

[18F]FDG, [11C]-(R)-PK11195 and [11C]MeDAS were produced as previously 

described (Wu et al, 2010; Cremer et al, 1992). Radiochemical purity was always 

>95%. 

 

PET imaging  

 [18F]FDG (n=4) and [11C]PK11195 (n=6) PET imaging was performed on 

experimental animals 3 days, 1 and 4 weeks after injection of 1% lysolecithin 

(Figure 1). Control animals were scanned at 3 days and 1 week after injection of 

saline. [11C]MeDAS PET (n=6) was performed at 1 week and 4 weeks time points. 

Animals were anesthetized with 2% isoflurane in medical air. Before [18F]FDG PET, 

blood glucose levels were determined by taking a drop of blood from the tail vein 

(one touch ultra 2 glucose meter, Johnson & Johnson). The animals were either 

intraperitoneally injected with 20-30 MBq of [18F]FDG, or  intravenously injected 

in the penile vein with 50-60 MBq of [11C]PK11195 (specific activity >30 

GBq/µmol) or 50-60 MBq of [11C]MeDAS (specific activity >50 GBq/µmol). Animals 

were allowed to wake up in their home cage after administration of [18F]FDG or 

[11C]PK11195 for better tracer distribution. After 40 min, these animals were 

anesthetized again and placed in the PET camera (Focus 220, Siemens; spatial 

resolution 1.35 mm at the center of the field-of-view). Acquisition of a 30-min 

static emission scan was started 45 minutes after tracer injection. [11C]MeDAS PET 

was performed by a 60-min dynamic acquisition, starting immediately after tracer 
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injection. After the emission scan, a transmission scan of 515 seconds with a 57Co 

point source was performed for attenuation and scatter correction.  

 

 

Figure 1: Scheme representing the study design and the time points of analyses after LPC 

or saline injection in the corpus callosum/striatum. The (intensity of the) red color in the 

bars reflects the state of myelination or microglia activation level at the site of injection.  

 

PET image reconstruction and analysis 

Emission sinograms were iteratively reconstructed (OSEM2d, 4 iterations) after 

being normalized, corrected for attenuation and decay of radioactivity. The 

[11C]MeDAS list-mode data was separated into 20 frames (8x30, 2x60, 2x120, 

2x150, 3x300 and 3x600 sec). After reviewing the time-activity curves, [11C]MeDAS 

uptake was quantified for the last 30 min of the scan by summation of the last 3 

frames. Static [18F]FDG and [11C]PK11195 were reconstructed as a single 30-min 

frame.  
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The images were analyzed by INVEON software (Siemens). PET images were 

manually co-registered with a rat brain T2 MRI template available in the software. 

Regions of interest (ROI) were drawn for focal lesion (injection site), contralateral 

side, left and right brain hemisphere and whole brain on the MRI template and 

copied to the [18F]FDG, [11C]PK11195 and [11C]MeDAS PET images.  For each ROI, 

the radioactivity concentration was determined and corrected for the injected 

dose and body weight to give Standardized Uptake Values (SUV). [18F]FDG brain 

uptake was normalized for the blood glucose level (5.55 mmol/L; Woo et al, 2008) 

at the time of tracer injection:  SUVcorr= [(SUV x blood glucose (mmol/L)) / 5.55 

mmol/L]. 

For localizing the portion of corpus callosum and striatum affected by the 

injection and drawing the ROI “lesion” in the PET image, Luxol Fast Blue 

histochemistry of each respective animal was used as a visual guide. The ROI of 

the lesion was copied to the contralateral side for quantification of tracer uptake 

in the same region of the unaffected hemisphere. For [11C]MeDAS the results are 

presented as lesion-to-contralateral ratios.  

 

In vitro autoradiography 

The distribution of [11C]MeDAS binding in the rat brain was also analyzed by in 

vitro autoradiography. Brain cryosections (20 m) of the demyelination group (1 

week after lysolecithin injection) and the control group (1 week after saline 

injection) were incubated in [11C]MeDAS solution (30-40 MBq in 40-50 ml PBS) for 

10 minutes and washed in running tap water for 20 minutes. After drying by 

exposure to air for 15 min, the sections were exposed to a multisensitive 

phosphor storage screen for 2 hours. The exposed phosphor screens were 

scanned with a Cyclone® phosphor system (PerkinElmer) and images were 

analyzed by Optiquant software. 
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(Immuno)histochemistry analysis 

Changes in the level of myelination were detected by Luxol Fast Blue 

histochemistry (all animals). Iba1 immunohistochemistry was used for detection 

of microglia activation and monocyte invasion in the animals submitted to 

[11C]PK11195 PET (3 animals for the 3 days time point and 6 animals for the 1 

week and 4 weeks time points). Protocols are published elsewhere (Olah et al, 

2012).    

 

Statistical analysis  

The results are presented as mean ± standard deviation. The data passed the 

Kolmogorov-Smirnov test for normality and the Bartlett´s test for common 

variance. Differences between groups were analyzed for statistical significance by 

2-way ANOVA (GraphPad Prism) using a Bonferroni post hoc test. Differences 

were considered significant when p <0.05. 

 

RESULTS 

 

Induction of lysolecithin lesions 

The size of the demyelinated lesion appeared to depend on the volume as well as 

the speed of lysolecithin injection. Injection of only 3 l 1% lysolecithin at a speed 

of 1 l/min in the corpus callosum resulted in only minute lesions (< 1 mm), not 

detectable with PET. On the other hand, injection of 7 l 1% lysolecithin, divided 

in 3 l in corpus callosum and 2x2 l in striatum at a speed of 1 l/min resulted in 

massive tissue damage and necrosis, still visible 4 weeks after injection (Figure 

2A). 
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Figure 2: Coronal view of rat brains after stereotactic injection of 1% lysolecithin (A,C,D,E) 

or saline (B). Four weeks after fast injection of lysolecithin (1 l/min) substantial tissue 

damage (arrows) is induced (A). Slow speed (0.1 l/min) saline injection does not lead to 

tissue damage or demyelination at the injection site (arrow) at one week after injection 

(B). Slow (0.1 l/min) 1% lysolecithin injection results in demyelination in the right corpus 

callosum (arrow) after one week (C) and partial remyelination (arrow) without tissue 

damage (D), or complete remyelination (arrow) without tissue damage (E) after 4 weeks. 

 

However, injection of 7 l of 1% lysolecithin at the same coordinates, but at a 

speed of only 0.1 l/min, resulted in small, reproducible demyelinated lesions (1.5 

- 2 mm) without nonspecific tissue damage after 1 week (Figure 2C). Control 

injections with 7 l saline at the same speed did not induce significant lesions 

(Figure 2B). Four weeks after slow injection of lysolecithin the remyelination rate 

was variable (Figure 2D-E). Animals did not present any symptoms or adverse 

effects (weight loss or mobility disturbance) after slow saline or 7 l 1% 

lysolecithin injection. 

 

[18F]FDG PET imaging of glucose metabolism 

 [18F]FDG PET imaging confirmed the absence of tissue necrosis after 7 l 1% 

lysolecithin injection at a speed of only 0.1 l/min (Figure 3). No significant 

differences were found in blood glucose-corrected [18F]FDG uptake in the injected 

site (lesion) between animals injected with saline and lysolecithin for any time 

point (SUVcorr 4.0±1.1 and 3.1±0.6 for controls at 3 days and 1 week after saline 



Chapter 4  

 

 

 116 

injection vs. 4.0±1.5, 3.1±0.4 and 3.9±1.1 for experimental animals at 3 days, 1 

and 4 weeks after injection of lysolecithin, respectively). Contralateral side and 

whole brain did not show significant differences either. 

 

Figure 3: [
18

F]FDG uptake in different brain regions of the control group and the 

lysolecithin group at different time points (3 days, 1 week and 4 weeks) after stereotactic 

injection. 

 

 

[11C]PK11195 PET imaging of neuroinflammation 

Microglia activation and monocyte recruitment, induced by the injection of 

lysolecithin or saline, were evaluated by [11C]PK11195 PET imaging. In-vivo PET 

images (Figure 4) show focal inflammation at the injection site in all animals 3 

days after lysolecithin injection, but not in animals injected with saline. At day 7 

after lysolecithin injection, [11C]PK11195 uptake was still increased at the injection 

site. Four weeks after lysolecithin injection, however, none of the animals showed 
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visible [11C]PK11195 uptake at the injection site, suggesting that 

neuroinflammation had completely resolved. 

Quantitative analysis of the [11C]PK11195 PET data revealed a significantly higher 

tracer uptake (p<0.001) in the lesion of lysolecithin-treated (0.79±0.07) rats at day 

3 after injection, as compared to controls (0.43±0.11) (Figure 5). After 1 week, the 

uptake in the lesion was still significantly higher (p<0.01) in the lysolecithin group 

(0.66±0.14) as compared to saline 1 week (0.48±0.07) and significantly decreased 

(p<0.05) as compared to day 3 of lysolecithin injected animals. Tracer uptake was 

reduced to almost baseline levels (0.55±0.16) after 4 weeks. No significant 

differences between groups were found in the contralateral side and whole brain.  

 

 

Figure 4: [
11

C]PK11195 PET images showing coronal sections of the rat heads. Brains are 

delineated by white interrupted lines and the red arrows show the injection site: (A) 3 

days after stereotactic injection of saline; (B) 3 days after stereotactic injection of 

lysolecithin; (C) 1 week after stereotactic injection of lysolecithin and (D) 4 weeks after 

stereotactic injection of lysolecithin.  
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Figure 5: Quantitative [
11

C]PK11195 uptake in different brain regions of the control 

animals and the lysolecithin treated rats at different time points (3 days, 1 week and 4 

weeks) after stereotactic injection.  Significant differences compared to control are 

indicated by ** (p<0.01) and *** (p<0.001). Significant differences of the lysolecithin 

injected animals at day 3 and 1 week is represented by о (p<0.05). Significant differences 

of the lysolecithin injected animals at day 3 and 4 weeks is represented by ### (p<0.001). 

 

Immunohistochemical analysis of activated microglia and monocytes  

Brain tissue sections were analyzed by immunohistochemistry for activated 

microglia and monocytes using anti-Iba1 antibodies (Figure 6). In lysolecithin-

injected rats, activated microglia was observed in the ipsilateral striatum and 

corpus callosum at day 3 and 1 week after lysolecithin injection. At week 4, Iba1 

staining was strongly reduced, although especially in the striatum it was still 

higher than in saline-treated animals. No microglia activation was seen in the 

hemisphere contralateral to the lysolecithin or the saline injection site. 
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Figure 6: Iba1 immunohistochemistry showing microglia activation and monocyte invasion 

in the saline and lysolecithin treated rats at different time points after unilateral 

stereotactic injection in corpus callosum and striatum. 

 

[11C]MeDAS PET imaging of myelin content 

Focal demyelination and remyelination in the lysolecithin-induced lesions were 

evaluated by in-vivo [11C]MeDAS PET imaging. [11C]MeDAS PET images (Figure 7) 

did not show any lesions after saline injection, but clearly delineated the 

demyelinated lesion as a cold spot 1 week after lysolecithin injection. Four weeks 

after lysolecithin injection, a focal lesion could still be seen in the PET images. 

 



Chapter 4  

 

 

 120 

 

Figure 7: [
11

C]MeDAS PET imaging showing coronal (left) and  sagittal (right) view of the 

rat heads. (A) No visual lesion 1 week after saline injection; (B) Lesion 1 week after 

lysolecithin injection; (C) Lesion 4 weeks after lysolecithin injection. Arrows indicate the 

injection site. Note that the spinal cord is clearly visible in the PET images. 

 

[11C]MeDAS brain uptake showed more affinity to white matter (+40%) then grey 

matter. Time activities curves (TAC) showed fast washout, with a half-life of 18 

minutes. TACs did not show any significant differences between groups for any 

brain region. The TAC of the injection site (lesion) is represented in figure 8. 

[11C]MeDAS uptake values (SUV) showed relatively high inter-individual variability 

between animals (about 12%, 25% and 29% for the control, demyelination and 

remyelination groups, respectively). Therefore, [11C]MeDAS uptake was quantified 

as lesion-to-contralateral side ratio. As shown in Figure 8, the [11C]MeDAS uptake 

ratio was significantly lower in the lysolecithin than in the control group 

(0.97±0.005), both 1 week (0.90±0.03, p<0.001) and 4 weeks after injection 

(0.91±0.06, p<0.001). These results suggest that remyelination was still 

incomplete 4 weeks after lysolecithin injection. The left -to-right-hemisphere ratio 

(total brain) did not reveal any significant differences between groups, proving the 

focal aspect of the lesion.  
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Figure 8: [
11

C]MeDAS PET uptake quantification. (A) [
11

C]MeDAS time activity curves of the 

injected site (lesion) do not show significant differences between groups; (B) [
11

C]MeDAS 

lesion-to-contralateral side uptake ratio of the control group, demyelination group 

(lysolecithin 1 week) and remyelination group (lysolecithin 4 weeks) for lesion site and 

total brain hemisphere regions-of-interest. Significant differences, as compared to control, 

are illustrated by *** (p<0.001) and **(p<0.01). 

 

 [11C]MeDAS autoradiography 

Because the limited spatial resolution of the PET camera (1.35 mm) precludes 

visualization of the corpus callosum as an individual brain region, [11C]MeDAS 

binding was assessed by in-vitro autoradiography to gain more insight in the 

spatial distribution and thus the myelin-specificity of this tracer. [11C]MeDAS 

autoradiography images showed highest tracer uptake in corpus callosum, a brain 

region with a high myelin density. Saline-injected animals revealed homogeneous 

uptake in the entire corpus callosum (Figure 9A). In contrast, [11C]MeDAS binding 

was strongly decreased in the corpus callosum at the site where lysolecithin was 

injected (lesion/contralateral ratio 0.43), suggestive for demyelination of this part 

of the corpus callosum (Figure 9B). 
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Figure 9: [
11

C]MeDAS in vitro autoradiography showing brain sections 1 week after 

stereotactic injection of (A) saline and (B) lysolecithin. Arrows indicate the injection site. 

 

Myelin histochemistry 

To confirm the results of the [11C]MeDAS PET and autoradiography experiments, 

Luxol Fast Blue histochemistry for myelin was performed (Figure 10). No myelin 

damage could be seen after injection of saline, nor was any loss of myelin fibers 

observed in the contralateral hemisphere of lysolecithin-injected animals. In 

contrast, focal demyelination in the corpus callosum and striatum was evident at 

the injection site 1 week after lysolecithin injection. Four weeks after lysolecithin 

injection, complete remyelination was observed in only 1 animal, partial 

remyelination was observed in 1 animal, whereas the other 4 animals showed no 

sign of remyelination. 

 

Figure 10: Luxol fast blue staining showing the injection sites in corpus callosum (cc) and 

striatum (str): (A) contralateral side of the stereotactic injection; (B) injection site 1 week 

after saline injection; (C) injection site 1 week after lysolecithin injection; (D) injection site 

4 weeks after lysolecithin injection. Scale bar = 100 m. 
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DISCUSSION 

 

For our small animal PET imaging study, the lysolecithin-induced demyelination 

lesions needed to be bigger than the resolution of the scanner (1.35mm). 

However, inducing too large lesions with lysolecithin can lead to nonspecific 

cellular damage and local necrosis, preventing spontaneous remyelination 

(Woodruff and Franklin, 1999). Apparently, slow injection of the toxin was crucial 

for controlled focal demyelination. Lysolecithin diffuses into the white fibers 

(Waxman et al, 1979) and only a slow steady injection allows the solution to 

diffuse uniformly, preventing accumulation of a high toxic concentration causing 

tissue necrosis (Dousset et al 1995; Hall, 1972; Waxman et al, 1979). By 

standardizing our procedure for the induction of small reversible lesions, we were 

able to systematically evaluate their characteristics by multiple tracer in-vivo PET 

imaging.  

No significant differences in [18F]FDG uptake were detected in our study; in 

contrast, increased [18F]FDG uptake in inflammatory lesions has been 

demonstrated in the spinal cord of experimental autoimmune encephalomyelitis 

model (Radu et al, 2007; Buck et al 2012). Buck et al (2012) were able to detect 

inflammatory lesions in the spinal cord, but they also demonstrated that [18F]FDG 

PET presented a low sensibility in detecting inflammatory lesions in the brain. The 

high physiologic uptake of [18F]FDG in the brain is likely the reason for not 

detecting inflammatory lesions in this study. The absence of significant local 

decreases in [18F]FDG uptake after lysolecithin injection seems to indicate that no 

severe tissue necrosis was induced by  our injection procedure.  

Based on the previously described time course of lesion formation and recovery 

(Dousset et al, 1995; Hall, 1972; Hall and Gresgon, 1971; Gegaonkar et al, 2002; 
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2005), we have chosen to monitor neuroinflammation with [11C]PK11195 PET at 3 

days, 1 and 4 weeks after lysolecithin injection. [11C]PK11195 PET, in contrast to 

[18F]FDG PET, showed the highest uptake at day 3 and uptake was still elevated 1 

week after injection. [11C]PK11195 uptake almost returned to baseline levels at 4 

weeks after injection. This uptake pattern at the lesion site correlated well with 

immunohistochemistry of activated microglia and infiltrating monocytes in the 

same animals. 

The demyelination and remyelination processes were monitored at 1 and 4 weeks 

after lysolecithin injection using [11C]MeDAS. This tracer binds to intact myelin 

sheaths and its brain uptake is decreased in case of myelin loss (Wu et al, 2010; 

Wu et al, 2013; Wu et al, 2006). [11C]MeDAS TACs show a faster tracer washout, in 

agreement with previously published data (Wu et al, 2010) and did not show 

significant differences between groups due to inter-subject variability, even in 

normal brain tissue. It is not clear whether the inter-individual variability in 

[11C]MeDAS uptake is due to individual differences in myelin density in normal 

brain, to differences in the size of the demyelinated lesion or to differences in 

tracer delivery to the brain. To overcome inter-subject variability, we used the 

ratio between tracer uptake at the injection site and at the same region in the 

contralateral hemisphere (internal control) as a measure for focal demyelination. 

In this manner, [11C]MeDAS PET was able to show the decrease in myelin content 

in the focal lesion at 1 week after lysolecithin injection. Despite ongoing 

remyelination, reduced [11C]MeDAS uptake was still observed in week 4. 

Histochemistry confirmed that demyelinated lesions were still present in most of 

the animals 4 weeks after lysolecithin injection.  

In absolute terms, the reduction in [11C]MeDAS uptake at the lesion site is lower 

than expected based on histochemistry. Because the size of the lesion is in the 
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same range as the spatial resolution of the PET camera, the tracer uptake at the 

lesion site will be affected by partial volume effects: i.e. the observed signal of the 

lesion is contaminated with signal from surrounding tissue. Consequently, the 

measured reduction in tracer uptake at the lesion site will be an underestimation 

of the actual reduction in tracer uptake, since the surrounding normal brain shows 

higher tracer uptake than the lesion. In-vitro autoradiography indeed confirmed 

that the reduction of [11C]MeDAS binding in the demyelinated area in the corpus 

callosum was much larger than the reduction observed by PET imaging, suggesting 

that the sensitivity of the tracer could be better for larger lesions that are less 

prone to partial volume effects. Since spill-over is dependent on the lesion size 

and modern clinical PET cameras can obtain a reconstructed spatial resolution of 

about 2 mm, the influence of partial volume effects and spill-over is expected to 

be much smaller in MS patients that generally have larger lesions relative to the 

spatial resolution of the PET camera.  

MRI clearly lacks sufficient specificity to evaluate key cellular processes in MS 

lesion formation, like microglia activation, monocyte infiltration, demyelination 

and cell death (Rovira and León, 2008; Szymanski et al, 2010). Our results indicate 

that PET imaging can monitor cellular processes in lesions over time and thus may 

be a tool to distinguish between chronic and acute lesions in MS patients. Acute 

lesions, formed during relapses in relapsing-remitting MS, are characterized by 

inflammatory infiltrates and active demyelination, processes that can be 

identified by a local increase in [11C]PK11195 uptake and a decrease in [11C]MeDAS 

uptake, respectively. Chronic lesions, in the more progressive stages of MS, are 

characterized by low inflammation and extensive demyelination, possibly 

accompanied by axonal loss (Constantinescu et al, 2011). Lesions showing low 

[18F]FDG uptake (low glucose metabolism) and decreased [11C]MeDAS uptake 

(myelin content loss) may suggest irreversible focal demyelination, while normal 
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[18F]FDG uptake with decreased [11C]MeDAS uptake may indicate a reversible 

demyelination or even an ongoing remyelination process.  

The specific information about the characteristics of each lesion that is provided 

by a multiple tracer PET imaging approach can offer most valuable support to the 

treatment of MS patients and help to assess the effects and mechanisms of new 

MS drugs.  
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ABSTRACT 

Recently, several candidate tracers for imaging of myelin loss with Positron 

Emission Tomography (PET) have been described. PET of myelin can facilitate 

monitoring of disease progression and evaluation of new treatment strategies. In 

this study, we compared the ability of [11C]CIC, [11C]MeDAS and [11C]PIB to reveal 

temporal changes in myelin content in focal lesions in the lysolecithin rat model 

for multiple sclerosis. Pharmacokinetic modeling was performed to determine the 

best method to quantify tracer uptake. Sprague-Dawley rats were stereotactically 

injected with either 1% lysolecithin or saline in the corpus callosum and striatum 

of the right brain hemisphere. Dynamic PET imaging was performed 7 days after 

saline injection (control group) and 7 days and 4 weeks after lysolecithin injection 

(demyelination and remyelination group, respectively). [11C]CIC, [11C]MeDAS and 

[11C]PIB could be better fitted by Logan graphical analysis, suggesting that tracer 

binding is reversible. Compartment modeling revealed that all tracers fitted best 

with the reversible two-tissue compartment model. All tracers were able to 

demonstrate demyelination and remyelination processes in the focal lesion. 

However, the slow kinetics and homogeneous brain uptake of [11C]CIC make this 

tracer less suitable for in vivo PET imaging. [11C]PIB showed good uptake in white 

matter in cerebrum, but [11C]PIB uptake in cerebellum was low, despite high 

myelin density in this region. In contrast, [11C]MeDAS distribution correlates well 

with the myelin density in different brain regions. In conclusion, this study shows 

that PET imaging of demyelination and remyelination processes in focal lesions is 

feasible. Our comparison of three myelin tracers shows that [11C]MeDAS has more 

favorable proprieties for quantitative PET imaging of demyelinated and 

remyelinated lesions throughout the CNS than [11C]CIC and [11C]PIB.    
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INTRODUCTION 
 

Multiple Sclerosis (MS) is an inflammatory neurodegenerative disorder of the 

central nervous system. The disease is characterized by the formation of focal 

demyelinated lesions as a consequence of inflammatory damage to myelin and 

oligodendrocytes (Compston and Coles, 2008). Initially, lesions may recover when 

remyelination occurs. After multiple attacks in chronic progressive MS, however, 

remyelination fails and axons are left demyelinated and prone to degeneration 

(Franklin and Ffrench-Constant, 2008; Traveggia et al, 2010). MRI is frequently 

used for detection of lesions in MS. MRI measures differences in water 

concentration in tissue, but it is not specific for MS lesions, as differences in water 

concentration can be related to demyelination and remyelination, but also to 

edema, inflammation, gliosis and/or axonal loss (Phillipi and Rocca, 2011).  

PET with ligands for myelin may be more specific for detecting ongoing 

demyelination and remyelination. Compounds with a stilbene structure like CIC 

and MeDAS, but also thiophene derivatives like PIB, have been explored as PET 

tracers for myelin imaging, as they were shown to bind to proteins with 

aggregated -sheet structures. These -sheet structures are also found in the 

myelin basic protein (MBP) when present in intact myelin. However, once myelin 

disintegrates (demyelination), the -sheet structure of MBP is lost and 

consequently tracer binding decreases (Wu et al, 2006). [11C]CIC PET has been 

used for imaging myelin changes in the lysolecithin rat model (Wang et al, 2009), 

showing encouraging results. We have evaluated [11C]CIC in the cuprizone mouse 

model, but a poor correlation between ex vivo biodistribution and PET imaging 

was found. [11C]MeDAS PET could demonstrate differences in myelin content 

between transgenic hyper-myelinated and wild type mice (Wu et al, 2010). 

Recently, [11C]MeDAS was used to detect lesions in the spinal cord of lysolecithin 
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injected mice and the experimental autoimmune encephalomyelitis model (Wu et 

al, 2013). [11C]PIB is a widely used PET tracer for detection of β-amyloid plaques in 

Alzheimer´s disease. However, Stankoff et al (2011) recently showed that [11C]PIB 

has affinity for white matter in animals and human sections and that [11C]PIB was 

also able to detect focal lesions in two MS patients. 

The aim of this study is to determine which tracer has the best characteristics for 

in vivo PET imaging of demyelinated lesions in MS. Therefore, we compared the 

imaging characteristics and kinetic properties of [11C]CIC, [11C]MeDAS and [11C]PIB 

in the well-established lysolecithin-induced demyelination rat model for MS.  

  

MATERIAL AND METHODS 

 

Animals 

Demyelination was induced in 8-10 weeks old male Sprague-Dawley rats (Harlan, 

the Netherlands) by unilateral stereotactic injection of 7 l of a 1% lysolecithin 

(LPC; Sigma-Aldrich) solution in saline into the corpus callosum (3 l) and striatum 

(4 l) (anterior -0.30, lateral -3.0 and ventral -3.0 -4.2 -5.0 mm to Bregma point) at 

a speed of 0.1 l/min. Controls were injected with saline, using the same 

procedure. The procedure was optimized to give 1.5 to 2.0 mm demyelinated 

lesions without major tissue damage (necrotic areas). Body weight and signs of 

movement disorders were monitored daily. Food and water were given ad 

libitum. 

The animal experiments were performed according to the Dutch Regulations for 

Animal Welfare. The protocol was approved by the Institutional Animal Care and 

Use Committee of the University of Groningen (protocol: DEC 5040J).  
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Radiochemistry 

[11C]MeDAS was prepared as described by Wu et al (2010). The radiochemical 

purity was ≥95% and the specific activity >80 GBq/ mol. [11C]CIC was synthesized 

by the same procedure as [11C]MeDAS. Exposure of [11C]CIC to  light was avoided 

to prevent cis-trans isomerization. [11C]CIC had a radiochemical purity ≥95% and a 

specific activity >40 GBq/ mol. [11C]PIB was labeled as previously described 

(Solbach et al, 2005). Its radiochemical purity was >95% and the specific activity 

>50 GBq/ mol. 

  

PET imaging 

Animals were separated in 3 groups: 1) Control – animals injected with saline and 

imaged 1 week after stereotactic injection; 2) Demyelination – animals injected 

with 1% lysolecithin and imaged 1 week after stereotactic injection; 3) 

Remyelination – animals injected with 1% lysolecithin and imaged 4 weeks after 

injection. Each experimental group was evaluated with [11C]CIC, [11C]MeDAS and 

[11C]PIB (each n = 6). 

Rats were anesthetized with 2% isoflurane in medical air. A cannula was surgically 

inserted in the femoral artery for blood sampling and another cannula was placed 

in the femoral vein for tracer injection. Animals were positioned on their back in 

the microPET camera (Focus 220, Siemens) with their head in the field of view. 

Rats were injected in the femoral vein with 30-60 MBq of tracer in 1ml 10% 

ethanol by an infusion pump with a speed of 1 ml/min. Acquisition of a 60-min 

dynamic scan was started when the tracer entered the femoral vein. Animals 

were monitored during the whole scan procedure for heart rate and oxygen 

saturation. A transmission scan of 515 seconds with a 57Co point source was 

performed after the emission scan for the correction of attenuation and scatter. 
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Blood sample processing 

Eighteen arterial blood samples (100 l) were taken during the PET scan (at 1, 5, 

10, 15, 20, 30, 45, 60, 75, 90, 120, 180, 300, 450, 600, 900, 1800, 3600 seconds). A 

larger blood sample (200 l) was collected at 1, 5, 10, 15, 30 and 60 min, as these 

samples were also used for metabolite analysis. Heparinized saline was injected in 

the arterial cannula between blood samples to prevent large changes in blood 

pressure. A 25 l aliquot of whole blood was taken for radioactivity measurement. 

In the remaining blood sample, plasma was separated from blood cells by 

centrifugation (5 minutes at 13000 rpm). Radioactivity in 25 l plasma and 25 l 

whole blood was measured with a gamma counter (LKB Wallac, Turku, Finland). 

 

Metabolite analysis   

Metabolite analysis of [11C]PIB was performed by liquid-liquid extraction as 

described by Price et al (2005). The same procedure was used for metabolite 

analysis of [11C]CIC, except phosphate buffer pH 7.2 was used instead of 

ammonium formate buffer pH 4.2 due to the poor solubility of the carrier. 

Metabolite analysis of [11C]MeDAS was performed by solid phase extraction. The 

plasma sample (100 l) was diluted with 200 l of 0.30 mol/L ammonium acetate 

(pH 10.0) and passed through an Oasis HLB 30 mg cartridge (Waters). The 

cartridge was washed with 0.5 ml 0.30 mol/L ammonium acetate (pH 10.0) and 

subsequently eluted with 1 ml acetonitrile. The radioactivity in the cartridge, 

aqueous and acetonitrile fractions were measured with a gamma counter. The 

percentage of intact tracer was calculated by dividing the activity in the 

acetonitrile fraction by the total amount of activity in the cartridge, the aqueous 

and the acetonitrile fractions. 
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Each technique was validated by injecting the same plasma sample also into the 

HPLC quality control system of the respective tracer. The eluted fractions (1 

fraction/min) were collected and counted with the gamma counter. The deviation 

between the extraction methods and HPLC analysis was <10%. 

 

PET image reconstruction and analysis  

The list-mode data of the emission scan was separated into 20 frames (8x30, 

2x60, 2x120, 2x150, 3x300 and 3x600). Emission sinograms were iteratively 

reconstructed (OSEM2d, 4 iterations) after being normalized, corrected for 

attenuation and decay of radioactivity. Regions of interest (ROI) were drawn 

manually in different parts of the brain. To this purpose, the PET images were co-

registered with a MRI template to facilitate the identification of the different 

brain regions. The exact position of the lesion was determined from the Luxol Fast 

Blue histochemistry images of the same animal and a ROI was drawn in the same 

region in the PET images. The ROI of the lesion was copied to the contralateral 

hemisphere for quantification of tracer uptake in the unaffected hemisphere. The 

results are presented as lesion-to-contralateral brain ratios.  

The whole blood and plasma time-activity curves were corrected for decay and 

the plasma curve was also corrected for metabolites. Pharmacokinetic modeling 

and standardized uptake values (SUV) calculations were performed using INVEON 

research workstation software (Siemens). Graphical Logan analysis and Patlak 

analysis were used to determine the volume of distribution (VT) and the metabolic 

rate (Ki). Subsequently, the one-tissue (1TCM) and the reversible two-tissue 

(2TCMR) compartment model were used to fit ROI data. The optimal model was 

selected based on the Akaike information criterion (AIC) values generated by the 

INVEON software.  
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Myelin histochemistry  

After the PET procedure was completed, animals were terminated by intra-cardiac 

perfusion with 4% paraformaldehyde. Their brains were explanted and overnight 

submerged in 20% sucrose. Brains were cryosectioned in the coronal plane at 20 

m thickness. Sections containing the corpus callosum were dehydrated in an 

ascending ethanol series (50%, 70%, 80% and 96%) and incubated in the Luxol 

Fast Blue (LFB) solution (0.5 g Solvent Blue 38 (Sigma) in 500 ml 10% acetic acid in 

96% ethanol) at 58 °C for 14-16 hours. After incubation, sections were washed 

with 96% ethanol and distilled water. Differentiation was performed in a 0.125% 

lithium carbonate solution, after which the sections were rinsed with 70% ethanol 

and distilled water, counterstained with cresyl violet and coverslipped with DePeX 

(Merck). Slides were analyzed with a Zeiss fluorescent microscope. 

The extent of remyelination of the lesions was semi-quantitatively scored by an 

experienced observer, who was blinded for information about the experimental 

groups. A 4-point demyelination scale was used: (1) complete demyelination; (2) 

predominate demyelination (>50%) with small remyelinated areas; (3) small areas 

of demyelination (<50%) with remyelination in the major part of the lesion; (4) 

complete remyelination.     

 

Statistical analysis  

Results are presented as mean ± standard deviation. Differences between groups 

were analyzed for statistical significance by 2-way ANOVA (GraphPad Prism) using 

a Bonferroni post hoc test. Differences were considered significant when p<0.05. 
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RESULTS 

 

Lysolecithin induced lesions 

One week after lysolecithin injection demyelinated lesions, approximately 2 mm 

in diameter, were observed at the injection site. Four weeks after lysolecithin 

injection, lesion recovery was highly variable, indicating different remyelination 

rates between animals. No abnormalities were observed in the contralateral 

hemisphere of lysolecithin injected rats. The control group did not show any 

demyelination at all after saline injection. No differences in behavior, mobility or 

weight loss between control and lysolecithin-injected animals were noticed.  

 

Tracer uptake in control rats 

[11C]CIC was uniformly distributed throughout the brain in control rats (Figure 1). 

Highest tracer uptake (SUV 50-60 min) was found in midbrain (1.01±0.46) and 

thalamus (1.00±0.44). Other brain regions had uptake values between 0.86 and 

0.99.  

[11C]MeDAS exhibited higher whole brain uptake at all time points than [11C]CIC 

and [11C]PIB. [11C]MeDAS and [11C]PIB were more heterogeneously distributed 

over the brain than [11C]CIC. Highest [11C]MeDAS uptake was found in brain 

regions with high white matter density, like brainstem (1.46±0.23) and midbrain 

(1.40±0.19). Lowest uptake was observed in the cortex (0.92±0.19). [11C]PIB 

distribution corresponded less well to white matter density. The highest [11C]PIB 

uptake was found in the thalamus (0.81±0.45) and the hypothalamus (0.78±0.43), 

whereas  the lowest SUV was observed in the cerebellum (0.34±0.23). [11C]PIB 

uptake in cerebellum was significantly (3-fold) lower than the uptake of 

[11C]MeDAS (1.06±0.14, p<0.01) and [11C]CIC (0.97±0.41, p<0.05). [11C]PIB also 
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showed significantly lower uptake in highly myelinated regions like brainstem 

(0.50±0.35 p<0.001) and midbrain (0.69±0.44 p<0.01) than [11C]MeDAS (1.46±0.23 

and 1.40±0.19). The standard deviations for [11C]PIB uptake were much higher 

(deviation >50%) then for [11C]MeDAS.  

The time-activity curves (TAC, Figure 1A) reveal that [11C]CIC has a different kinetic 

brain uptake profile than [11C]MeDAS and [11C]PIB. The TACs of [11C]MeDAS and 

[11C]PIB showed a fast peak uptake, followed by gradual tracer washout. 

[11C]MeDAS showed a higher peak uptake than [11C]PIB, but a similar clearance 

half-life (18.5 vs. 18.0 min). [11C]CIC showed a much lower initial uptake, followed 

by a slow increase in uptake over time. This suggests that [11C]CIC exhibited 

poorer brain penetration, but stronger binding than [11C]MeDAS and [11C]PIB. 

 

Figure 1: [
11

C]CIC, [
11

C]MeDAS and [
11

C]PIB uptake in the brains of control rats (n=6). (A) 

Whole brain time-activity curves. (B) Tracer uptake in the different brain regions, 50-60 

min after tracer injection. Stastical differences are represented by * (p<0.05) when 

comparing [
11

C]CIC and [
11

C]PIB and by °(p<0.05), °°(p<0.01) and °°°(p<0.001) when 

comparing [
11

C]MeDAS and [
11

C]PIB. 

 

Plasma clearance and metabolism 

As shown in Figure 2, no significant differences in plasma clearance were found 

between the evaluated tracers. [11C]CIC and [11C]MeDAS showed similar metabolic 
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rates, whereas [11C]PIB was metabolized faster.  Five minutes after injection, the 

percentage of parent tracer was 61±7%, 62±6% and 39±7% for [11C]CIC, 

[11C]MeDAS and [11C]PIB respectively, whereas at 60 min these percentages 

decreased to 29±13%, 32±6% and 14±7%, respectively.  Metabolites of [11C]CIC, 

[11C]MeDAS and [11C]PIB were all more hydrophilic than the intact tracer, 

suggesting that metabolites are less likely to cross the blood brain barrier (BBB). 

 

Figure 2: Left: plasma clearance of [
11

C]CIC, [
11

C]MeDAS and [
11

C]PIB during the 60-min 

dynamic PET scan. The insert shows a magnification of the first 3 min of the curve. Right: 

The percentage of intact tracer in plasma from the time of injection until the end of the 

PET scan. 

 

PET imaging of lysolecithin induced lesions  

One week after lysolecithin injection, [11C]CIC, [11C]MeDAS and [11C]PIB PET could 

all clearly detect focal demyelinated lesions (Figure 3A). Four weeks after 

lysolecithin injection, the degree of remyelination varied considerably between 

animals (vide infra) and likewise tracer uptake in the lesions showed a high degree 

of variability. No lesions were detected after saline injection. Moreover, clear 

delineation of the spinal cord was observed in the [11C]MeDAS and [11C]PIB 

images, but not in the [11C]CIC images (Figure 3B). 
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Figure 3: (A) Illustrative [
11

C]CIC (top row), [
11

C]MeDAS (middle row) and [
11

C]PIB (bottom 

row) PET images (last frame: 50-60 min) of control rats (left lane) and rats 1 week (middle 

lane) and 4 weeks (right lane) after lysolecithin injection. Arrows indicate the injection 

site. (B) Sagittal view of control rats. Arrows indicate the spinal cord.  

 

Quantification of tracer uptake during demyelination and remyelination 

Tracer uptake in the lesion was quantified as SUV and expressed lesion-to-

contralateral brain ratios (Figure 4). The lesion-to-contralateral brain ratios for 

[11C]CIC, [11C]MeDAS and [11C]PIB were close to unity in control animals 

(0.98±0.04, 0.97±0.005 and 0.97±0.05, respectively). In the demyelination group, 

all tracers showed a significantly reduced lesion-to-contralateral brain ratio 

(0.86±0.07, p<0.01; 0.90±0.03, p<0.001 and 0.81±0.04, p<0.001 for [11C]CIC, 

[11C]MeDAS and [11C]PIB, respectively). Lesion-to-contralateral brain ratios in the 

remyelination group were still significantly lower than controls for [11C]CIC 

(0.89±0.09, p<0.05) and [11C]MeDAS (0.91±0.06, p<0.01), but not significantly 

different from the demyelination group. The lesion-to-contralateral brain ratio of 

[11C]PIB in the remyelination group (0.97±0.04, p<0.01), however,  was 
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significantly higher than in the demyelination group and not significantly different 

from control animals anymore. 

 

Figure 4: [
11

C]CIC (left),  [
11

C]MeDAS (middle) and [
11

C]PIB (right) lesion-to-contralateral 

brain uptake ratios (n=6). Significant differences with controls are illustrated by *** 

(p<0.001), ** (p<0.01) and * (p<0.05). Significant differences between the demyelination 

group and the remyelination group are indicated by ### (p<0.001). 

 

Kinetic modeling fitting    

None of the tracers showed any significant differences in plasma clearance and 

metabolism rate between controls and the demyelination and remyelination 

groups.  

Tracer kinetics were analyzed by Logan and Patlak graph analysis, using delay 

times of 10 min and 20 min, respectively. Logan analysis showed a significantly 

better fit than Patlak analysis for [11C]CIC (0.998±0.001 vs. 0.997±0.003; p=0.046), 

[11C]MeDAS (0.999±0.0002 vs. 0.984±0.006; p=0.0003) and [11C]PIB (0.999±0.0003 

vs.  0.997±0.001; p=0.001). Compartment modeling was carried out using the 

1TCM and 2TCMR. The AIC indicated that the 2TCMR gave the best fit for [11C]CIC, 

[11C]MeDAS and [11C]PIB (Table 1).  
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Table 1: AIC for the fit of [
11

C]CIC, [
11

C]MeDAS and [
11

C]PIB PET data with 1TCM and the 

2TCMR. 

  1TCM 2TCM p value 

[11C]CIC 449±15 401±32 p=0.017 

[11C]MeDAS 494±12 457±21 p=0.010 

[11C]PIB 485±18 433±10 p=0.0004 

 
 

Volume of distribution  

The VT was determined by 2TCMR and by Logan graph analysis (Figure 5). An 

excellent correlation between 2TMCR and Logan analysis was found for 

[11C]MeDAS (r2=0.98) and [11C]PIB (r2=0.99), whereas the correlation was 

substantially worse for [11C]CIC (r2=0.78). The points on the [11C]CIC regression 

that showed the worst correlation were derived from small ROIs of the lesions in 

the demyelination and remyelination groups, suggesting that the 2TMCR for 

[11C]CIC is more sensitive to noise. Likewise, an excellent correlations between VT 

(Logan) and uptake (SUV) lesion-to-contralateral brain was also observed for 

[11C]MeDAS (r2=0.95) and [11C]PIB (r2=0.94), but not for  [11C]CIC (r2=0.57). 
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Figure 5: Correlation between VT determined by the 2TCMR and Logan graph analysis (top 

row) for (A) [
11

C]CIC, (B) [
11

C]MeDAS  and (C) [
11

C]PIB. Correlation between the VT ratio 

(Logan) and the lesion-contralateral brain uptake ratio (bottom row) for (D) [
11

C]CIC, (E) 

[
11

C]MeDAS and (F) [
11

C]PIB. 

 

None of the tracers showed any significant differences in VT (Logan) of the lesion 

between the control, demyelination and remyelination group: 4.01±1.23, 

3.13±1.47 and 2.64±0.98 for [11C]CIC; 3.28±0.90, 3.93±1.03 and 3.62±0.84 for 

[11C]MeDAS and 3.39±0.45, 4.75±0.61 and 4.11±1.40 for [11C]PIB, respectively. 

To reduce inter-subject variability, lesion-to-contralateral brain VT ratios were 

calculated (Figure 6). The VT (Logan) lesion-to-contralateral brain ratios of [11C]CIC 

(0.73±0.09), [11C]MeDAS (0.90±0.03) and  [11C]PIB (0.81±0.05) in the 

demyelination group were significantly lower (p<0.001) than in control rats 

(1.02±0.10, 0.98±0.01 and 0.98±0.04, respectively). The VT ratio of [11C]CIC in the 

remyelination group (0.85±0.11) was significantly higher (p<0.05) than in the 

demyelination group, but still significantly lower (p<0.001) than in control 

animals, suggesting partial remyelination. The VT ratio of [11C]MeDAS in the 
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remyelination group (0.90±0.05) was not significantly different the demyelination 

group, indicating absence of remyelination. In contrast, VT ratio of [11C]PIB in the 

remyelination group (0.96±0.04) was similar to control animals and significantly 

higher (p<0.001) than in the demyelination group, suggesting complete 

remyelination. 

When the entire hemisphere was considered, no differences between the VT of 

the left and right hemisphere were found for any of the tracers, indicating that 

the myelin changes were restricted to the focal lesion.   

 

Figure 6: [
11

C]CIC (left), [
11

C]MeDAS (middle) and [
11

C]PIB (right) VT (Logan) lesion-to-

contralateral brain ratios (n=6). Significant differences compared to controls are 

represented by *** (p<0.001). Significant differences between demyelination and 

remyelination groups are indicated by # (p<0.05) and ### (p<0.001).  

 

Myelin histochemistry 

Myelin histochemistry revealed no abnormalities in control animals, whereas all 

lysolecithin-treated rats presented focal demyelination 1 week after injection. 

Four weeks after lysolecithin injection, animals showed highly variable myelin 

recovery. Surprisingly, hardly any remyelination was observed in the [11C]MeDAS 

group (1.6±1.3), whereas  intermediate and almost complete remyelination was 

found in the [11C]CIC group (2.6±1.1) and [11C]PIB group (3.3±0.8), respectively. 
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Figure 7: LFB histochemistry: (A) Control rat showing no demyelination in corpus callosum 

and striatum; (B) Demyelination in the corpus callosum and striatum 1 week after 

lysolecithin injection; (C) Demyelination in the corpus callosum 4 weeks after lysolecithin 

injection; (D) Demyelination in the striatum 4 weeks after lysolecithin injection; (E) 

Incomplete remyelination in the corpus callosum and striatum 4 weeks after lysolecithin 

injection; (F) Complete remyelination 4 weeks after lysolecithin injection. cc = corpus 

callosum, str = striatum, ctx = cortex, LV = lateral ventricle. Scale bar = 200 μm. 

 

DISCUSSION 

 

[11C]CIC, [11C]MeDAS and [11C]PIB have previously been evaluated as tracers for 

PET imaging of myelin changes (Wang et al, 2009; Wu et al, 2010; Wu et al, 2013; 

Stankoff et al, 2011), but no direct comparison has been made so far. The present 

study demonstrates that these PET tracers can all reflect the myelin content in 

focal lesions in the lysolecithin rat model.  

[11C]PIB is usually used for PET imaging of β-amyloid deposition in Alzheimer´s 

disease (Price et al, 2005; Klunk et al 2004), but the tracer also showed high 

uptake in white matter (Fodero-Tavolett et al, 2009). Stankoff and coworkers 

(2011) showed that [11C]PIB PET was able to detect lesions in an MS animal model 

and MS patients, suggesting that the tracer binds specifically to myelin. Kinetic 

modeling studies in healthy controls and Alzheimer patients showed that [11C]PIB 

kinetics were fitted best by the 2TCMR; the VT determined by Logan graph 
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analysis gave most reliable and stable results (Price et al, 2005). Our study 

confirmed that [11C]PIB uptake can best be analyzed with the 2TCMR or Logan 

analysis. These modeling methods also worked best for [11C]MeDAS and [11C]CIC. 

Binding potentials calculated by the 2TCMR showed high variability for all 3 

tracers, likely due to the lack of accuracy in k3 and k4 (Lammertsma, 2007). The VT 

(Logan) and VT (2TCMR) correlated well for [11C]MeDAS and [11C]PIB. The 

correlation was less strong for [11C]CIC, especially for the small ROIs of the lesions, 

suggesting that the 2TCMR is more sensitive to noise for this tracer. Thus, VT 

(Logan) seemed to give the most stable results. Yet, high variability in VT was 

observed between individual animals, even in the control group. To decrease 

variability among animals, we used the ratio between the tracer uptake at the 

injection site and uptake in the same region in the contralateral hemisphere to 

measure changes in the tracer uptake during demyelination and remyelination. 

Interestingly, the VT ratio and the uptake (SUV) ratio correlated strongly for 

[11C]MeDAS and [11C]PIB indicating that a static PET scan without arterial blood 

sampling  could give similarly reliable results as kinetic modeling. 

All tracers were able to detect loss of myelin in the demyelination group, but 

analysis of the PET imaging results in the remyelination group seemed to suggest 

that only [11C]PIB was able to detect remyelination. However, myelin 

histochemistry in the remyelination group showed that almost complete 

remyelination occurred only in the [11C]PIB group, whereas intermediate 

remyelination was observed in the [11C]CIC group and hardly any remyelination in 

the [11C]MeDAS group. The same trend was also observed in the VT ratios of the 

different PET tracers. This means that the VT ratio of all tracers actually correctly 

reflects the extent of remyelination. However, other properties than lesion 
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detection should also be considered when comparing the tracers for in vivo PET 

imaging.  

A disadvantage of [11C]CIC is the necessity to avoid light exposure during 

radiosynthesis to prevent the cis-trans isomerization of the tracer. Besides, 

[11C]CIC shows low, homogeneous brain uptake and slow washout kinetics. The 

slow kinetics may indicate some level of irreversible binding, which is supported 

by the fact that [11C]CIC performed better in the Patlak analysis than the other 

two tracers. Finally, [11C]CIC does not show any uptake in the spinal cord, which 

would preclude imaging of lesions in the spinal cord. 

Both [11C]PIB and [11C]MeDAS have an easy synthesis procedure and show faster 

brain clearance kinetics. Both tracers are able to visualize the spinal cord, but they 

show different distribution patterns in the brain. [11C]MeDAS showed higher brain 

uptake than [11C]PIB, especially in white matter regions.  Lesions in MS patients 

can be found throughout the central nervous system, but the optic nerve, 

brainstem, cerebellum and spinal cord are sites of predilection (McDonald and 

Ron, 1999). [11C]MeDAS uptake in (healthy) cerebellum and brainstem was 

significantly higher than [11C]PIB, which makes [11C]MeDAS the preferred tracer 

for lesion imaging. Price et al (2005) proposed the use of cerebellum as a 

reference tissue for kinetic modeling of [11C]PIB in Alzheimer patients, due to the 

absence of plaques in cerebellum. The low uptake in cerebellum indeed suggests 

low specific binding to white matter in this region. In multiple sclerosis the low 

cerebellar [11C]PIB uptake would complicate the detection of lesions in the 

cerebellum, since the demyelinated lesions show decreased signal compared to 

intact myelin.  

Although [11C]PIB seems to be less favorable than [11C]MeDAS for MS lesion 

imaging, it is already available for clinical use. The study by Stankoff et al (2011) 

showed that [11C]PIB can show lesions in patients, but  it did not evaluate lesions 
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in the cerebellar region. We propose that additional studies in MS patients are 

needed to assess the feasibility of [11C]PIB PET in imaging lesions throughout the 

brain and spinal cord, including the cerebellar region. In addition, studies using 

[11C]MeDAS in patients are needed to confirm the promising results of this tracer 

in preclinical studies.   

 

 

CONCLUSION 

 

This study shows that [11C]CIC, [11C]MeDAS and [11C]PIB were all able to reveal 

demyelination in focal lesions of the lysolecithin injected rat model. Their kinetics 

showed to fit best to the two-tissue reversible compartment model. The lesion-to-

contralateral VT ratio, either calculated by the 2TCMR or Logan analysis, appeared 

to be a reliable method to quantify myelin changes by PET imaging. However, the 

strong correlation between the VT ratio and the uptake ratio for [11C]MeDAS and 

[11C]PIB, makes the SUV the preferred parameter, as it requires a simpler 

procedure without blood sampling and metabolite analysis. The brain distribution 

of [11C]MeDAS correlates better with white matter density in different brain 

regions than [11C]CIC and [11C]PIB. Therefore, [11C]MeDAS would be the preferred 

tracer to monitor changes in myelin density in white matter. 
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ABSTRACT 

 

The experimental autoimmune encephalomyelitis (EAE) model is a model of 

multiple sclerosis (MS) that closely mimics the disease characteristics in humans. 

The main hallmarks of MS are neuroinflammation (microglia activation and 

monocyte invasion), demyelination and T-cell infiltration. PET imaging may be a 

useful non-invasive technique for monitoring disease progression and drug 

treatment efficacy in vivo. In this study, we evaluated PET imaging as a tool for 

simultaneous monitoring of neuroinflammation, demyelination and T-cell 

infiltration during normal disease progression and during treatment with the anti-

inflammatory drug dexamethasone in the EAE rat model. Activated microglia were 

detected using [11C]PK11195, showing an increased uptake in the brainstem and 

spinal cord during disease progression. [11C]PK11195 uptake was also elevated in 

dexamethasone treated animals that showed mild clinical symptoms, which had 

gone at the time of imaging. Myelin was detected using [11C]MeDAS, probably due 

to the small size of the lesions (average of  0.13 mm), demyelination was not 

detected. The [18F]FB-IL2 binding potential was decreased at 6 and 15 days after 

immunization, likely due to the reduction in the number of T-cells in the blood 

vessels of the brain. CD3 and CD25 immunohistochemistry results were negative 

at all time points. We conclude that PET imaging of neuroinflammation can be 

used to monitor disease progression and the consequences of treatment in the 

EAE rat model. PET imaging was more sensitive than clinical symptoms for 

detecting neuroinflammatory changes in the CNS. 
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INTRODUCTION 

 

Multiple sclerosis (MS) is a neurodegenerative disease characterized by 

inflammation (microglia activation, monocyte invasion and T-cells infiltration) and 

demyelination in the Central Nervous System (CNS). There are different types of 

MS, based on the clinical course of the disease. Relapsing-remitting MS (RRMS) is 

characterized by fluctuating periods of relapses and remission of clinical 

symptoms. In most patients, this type of MS proceeds into secondary progressive 

MS (SPMS), which is accompanied by an increase in neurological deficits. Primary 

progressive MS (PPMS) is characterized by a gradual neurodegeneration starting 

from disease onset, without clearly distinguishable periods of inflammatory 

exacerbations and remission (Luessi et al 2012). 

At present, there is no cure for MS. The most common treatment of MS is 

immunomodulatory therapy, which focusses primarily on preventing or reducing 

the infiltration of aggressive immune cells into the CNS (Mulakayala et al, 2013; 

Thöne & Ellrichmann, 2013). Apart from the more “classical” immunomodulatory 

drugs, such as interferon and glucocorticoids, various novel very promising 

antibodies directed against molecules involved in T-cell migration and invasion 

(e.g. Nataluzimab) have been developed. These drugs show encouraging results, 

as they can significantly reduce the number, the extent and the duration of 

relapses in RRMS with a concomitant delay of the transition into the SP phase 

(Rommer et al 2013). 

Severe acute relapses in MS are still treated with high doses of glucocorticoids in 

clinical practice. Glucocorticoids modulate the survival and migration to the CNS 

of inflammatory cells, resulting in a shorter duration and reduced severity of the 

relapse and acceleration of recovery. Methylprednisolone, intravenously injected, 

is the most popular glucocorticoid for treating acute relapses in MS patients, due 
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to its fast action and few side effects. Dexamethasone (DEX) is another example of 

glucocorticoid that gives a similar treatment response as methylprednisolone. 

However, DEX is less commonly used in MS patients, despite being a less 

expensive alternative for MS relapse treatment (Polman et al, 2001; Wüst et al, 

2008). Prophylactic and early therapeutic administration of DEX strongly 

decreased the clinical symptoms and the disease duration of experimental 

autoimmune encephalomyelitis (EAE) in rats, and in other species, but it induced 

pronounced body weight loss as a clinical side effect (Donia et al, 2010). 

Treatment response in MS patients is basically monitored by clinical symptom 

changes and by magnetic resonance imaging (MRI), which detects lesions in the 

CNS, but does not differentiate these lesions as inflammation, demyelination or 

axonal damage (Filippi and Rocca, 2011). A non-invasive imaging technique that 

could differentiate and quantify MS hallmarks, would be an important tool to 

specifically monitor therapeutic response and help to better understand drug 

mechanisms.       

Positron Emission Tomography (PET) is a non-invasive, molecular imaging 

technique that has been used in multiple sclerosis for imaging activated microglia 

and macrophages in the EAE animal model (Mattner et al, 2013; Abourbeh et al, 

2012; Xie et al, 2012; Vowinckel et al, 1997) and MS patients (Takano et al, 2013; 

Politis et al, 2012; Oh et al, 2011, Vas et al, 2008; Versijpt et al, 2005; Debruyne et 

al 2003). PET imaging of glucose metabolism has also been used in MS animal 

models (Buck et al, 2012) and patients (Shkil'niuk et al, 2012; Derache et al, 2006; 

Schiepers, 1997) and also myelin content has been imaged by PET in MS animal 

models (Stankoff et al, 2011, 2006; Wang et al, 2011, 2009; Wu et al, 2013, 2010; 

Briard et al, 2011). In two MS patients, demyelinated lesions were detected by 

[11C]PIB PET in a proof of concept study (Stankoff et al, 2011). However, different 



PET imaging of disease progression and treatment effects in the EAE model 

 

 157 

hallmarks were not longitudinally measured at the same time in these studies, 

while MS comprises multiple aspects that are important to monitor. 

The aim of the current study was to evaluate the potentials of PET imaging as a 

tool for simultaneous monitoring of neuroinflammation, demyelination and T-cell 

infiltration during normal disease progression and during treatment with the anti-

inflammatory drug dexamethasone in the experimental allergic encephalomyelitis 

(EAE) rat model. To this end, we used [11C]PK11195 for neuroinflammation, 

[11C]MeDAS for demyelination and [18F]FB-IL2 for T cell infiltration. [11C]PK11195 

binds to the translocator protein (TSPO) which is increased in activated microglia 

and infiltrating monocytes and it is a well validated tracer for imaging 

inflammation in many neurological and psychiatric diseases, including multiple 

sclerosis  (Doorduin et al, 2008). [11C]MeDAS is a novel ligand for in vivo PET 

imaging of myelin content which has recently shown ability to detect 

demyelinated lesions in the spinal cord of EAE and lysolecithin models for MS (Wu 

et al 2013); it also could show myelin changes in the brain of the cuprizone-

induced mouse model for demyelination (de Paula Faria et al submitted data).  

[18F]FB-IL2 is a new PET tracer for imaging T-cell infiltration, which was recently 

validated by di Gialleonardo et al. (2012a, 2012b) in models of peripheral 

inflammation. The tracer binds specifically to interleukin-2 receptors (IL-2R), 

which are overexpressed by activated T lymphocytes. The use of [18F]FB-IL2 in CNS 

imaging has not been investigated yet.  

In this study, the EAE rat model was used. This is an established model for MS 

exhibiting its major hallmarks, such as infiltration of T-cells and monocytes in the 

CNS, demyelination and neurodegeneration (Constantinescu et al, 2011; Stosic-

Grujisic et al, 2004), resulting in MS-like neurological deficits. The exact nature of 

the hallmarks found in EAE models depends on the animal species, strains and sex 

that are used. EAE induced in female Dark Agouti (DA) rats by myelin 
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oligodendrocyte glycoprotein (MOG) in Incomplete Freund´s adjuvant (IFA) is an 

animal model of RRMS, which is characterized by multiple phases of neurological 

deficits, increased blood-brain barrier (BBB) permeability, multifocal infiltrations 

in the CNS and demyelination (Ledeboer et al, 2003). Furthermore, the use of this 

EAE model brings along an ethical improvement of the traditional EAE models, 

due to the absence of mycobacterium in emulsion used for the immunization 

procedure; this emulsion causes serious skin lesions and inflamed lymph nodes, 

being excessively painful to the animals (Storch et al, 1998; Ledeboer et al, 2003; 

´t Hart et al, 2011; Billiau & Matthys, 2001). 

 

MATERIAL AND METHODS 

 

Animals, disease induction and scoring 

EAE was induced according to the protocol described by Ledeboer et al. (2003). In 

order to reduce the risk of side effects, e.g. severe bladder infection, the protocol 

was slightly adapted. In short: adult 9-12 weeks-old 150-170 g female Dark Agouti 

(DA) rats (Janvier, France) were used for EAE induction. Animals were housed in 

groups during the entire study. DA rats were anaesthetized with isoflurane and 

immunized intradermally at the dorsal tail base with 25 g of endotoxin-free rat 

recombinant MOG1–125 (Tebu-bio) dissolved in 100 μl of 25 mM sodium acetate pH 

4.0, and emulsified in 100 μl of incomplete Freund’s adjuvant (IFA; Difco, Detroit, 

MI,USA). A total volume of 200 l (1:1) was divided in two batches of 100 l and 

injected at two different locations. Rats were weighed and examined daily for 

neurological symptoms. Symptoms were scored on a 5-point scale: 0, no clinical 

symptoms; 0.5, distal limp tail; 1, complete limp tail; 2, ataxia; 3, moderate 



PET imaging of disease progression and treatment effects in the EAE model 

 

 159 

paraparesis, i.e. the rats trips from time to time; 3.5, one hind limb paralyzed; 4, 

complete hind limb paralysis; 5, moribund or dead due to EAE.  

Food and water were given ad libitum, but animals suffering from paralysis were 

provided water and food by hand (3-4 times a day). In case of paralysis, daily 

injections (1-2 times) of saline (subcutaneously) were also given. Animals reaching 

score 5 were terminated. 

The animal experiments were performed according to the Dutch Regulations for 

Animal Welfare. All procedures were approved by the Institutional Animal Care 

and Use Committee of the University of Groningen (protocol: DEC 6480A).  

 

Experimental groups 

Animals were divided in two groups: saline treated animals and dexamethasone 

treated animals. The sample size was 10 animals per group at the start of the 

experiment: 6 animals per group were scanned longitudinally at all time points 

(days -2, 6, 11, 15 and 19 after immunization). The remaining 4 animals per group 

(1 per time) were imaged at only one time point and then terminated for 

immunohistochemical analysis for correlation with PET data.  

At day 8 after immunization (onset of symptoms) the treatment was started: the 

saline treated group received daily intraperitoneal (i.p.) injections of saline, 

whereas dexamethasone treated animals received daily i.p. injections of 

dexamethasone acetate (Sigma-Aldrich) in saline at a dose of 1 mg/kg (0.4-0.5 ml 

of total injected volume). 

 

[11C]PK11195 synthesis 

[11C]-(R)-PK11195 was synthesized by trapping [11C]methyl iodide in a solution of 1 

mg (R)-N-desmethyl-PK11195 (ABX) and 10 mg potassium hydroxide in 300 l  dry 

dimethylsulfoxide (Sigma-Aldrich). The reaction mixture was allowed to react for 1 
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minute at 40°C.The mixture was neutralized with 1M HCl and passed through a 

45 m Millex HV filter. The filtrate was purified by HPLC using a Bondapak C18 

column (7.8x300 mm) with acetonitrile / 25 mM phosphate buffer pH 3.5 (55/45) 

as the mobile phase (flow 5 ml/min). To remove organic solvents from the 

product, the collected HPLC fraction (retention time 7 min) was diluted with 100 

ml of water and passed through an Oasis HLB 30 mg cartridge (Waters). The 

cartridge was washed twice with 10 ml water, eluted with 8 ml ethanol and 

diluted in 9 ml saline. Quality control was performed by HPLC, using a Novapak 

C18 column (150x3.9 mm) with acetonitrile / 25 mM phosphate buffer pH 3.5 

(60/40) as mobile phase at a flow of 1 ml/min. The radiochemical purity was 

always higher than 95% and the specific activity >30 GBq/ mol. 

 

[11C]MeDAS synthesis 

[11C]MeOTf was produced as previously described (Elsinga, 2002; Li & Conti, 2010) 

and transported with a stream of helium gas (30 ml/min) into the reaction vessel 

containing 0.7-1 mg of N-desmethyl-MeDAS precursor (Sigma-Aldrich) in 0.5 ml 

dry acetone (Merck). After the [11C]MeOTf was trapped in the reaction vial, the 

mixture was heated at 90 °C for 3 min. The acetone was evaporated and the 

residue dissolved in 0.5 ml of acetonitrile and diluted with 0.5 ml of water and 

then purified by HPLC using a reverse-phase C18 platinum column (Alltech) and 

acetonitrile / 25 mM phosphate buffer pH 7.2 (35/65) as mobile phase (flow 5 

ml/min).  

The radioactive peak with a retention time of 8 min consisting of purified 

[11C]MeDAS was collected from the HPLC and formulated as isotonic solution 

before injection in vivo. To this purpose, the collected HPLC fraction was diluted in 

100 ml of distilled water and passed through a SepPak® C18 light cartridge 
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(Waters) that was pre-conditioned with ethanol (8 ml) and water (12 ml). The 

product was eluted from the cartridge with ethanol (1ml) and diluted with 0.9% 

sodium chloride (9 ml). The synthesis of [11C]MeDAS was fully automated using a 

Zymark robotic system. 

[11C]MeDAS quality control was performed using an analytical C18 X-Terra 

reversed phase HPLC column (Waters) and acetonitrile/30 mM ammonium 

acetate pH 10.0 (15/85) as mobile phase (flow 1.5 ml/min). UV absorption was 

measured at a wavelength of 254 nm. The [11C]MeDAS peak appeared at a 

retention time of 14 minutes. Radiochemical purity was always >95% and the 

specific activity >80 GBq/ mol. 

 

[18F]FB-IL2 synthesis 

[18F]SFB (N-succinimidyl 4-[18F]fluorobenzoate) was prepared according to a 

method described by Wester et al (1996) and the conjugation procedure with IL2 

(Proleukin, Novartis) was described by di Giolleonardo et al (2012).  

Purification was done by HPLC using C18 Econosphere column (Alltech) and 

ethanol:water containing 0.1% trifluoactic acid (25:75) as mobile phase (flow 1 

ml/min). The tracer was diluted in PBS (1:1) before administration to animals. The 

total injected volume was 0.4 ml (20-30 MBq) per animal.   

 

PET imaging 

Animals were longitudinally imaged with different PET tracers in a dedicated small 

animal PET scanner (Focus 220, Siemens Medical Solutions USA, Inc.) at five 

different time points: baseline (day -2) and day 6, day 11, day 15 and day 19 after 

immunization. On each scan day, animals were anesthetized with isoflurane 5% in 

medical air, and then kept under isoflurane (1.0-2.0%) anesthesia during tracer 
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injection, tracer distribution and image acquisition. In each animal, [11C]PK11195 

PET was performed in the morning, followed by [11C]MeDAS PET in the afternoon: 

1. For imaging of microglia activation/monocyte invasion, 30-60 MBq of 

[11C]PK11195 (0.5 ml) was injected into the tail vein. After 40 minutes, the 

animals were positioned on their belly in the PET camera with the head 

and upper part of the spinal cord (cervical + half of the thoracic part) in 

the field of view. Forty-five minutes after tracer injection a 30 min static 

emission scan was acquired.  

2. PET imaging of demyelination was performed in a similar manner, with 

the exception that the emission scan was started 30 min after injection of 

[11C]MeDAS (40-60 MBq; 0.5ml). 

 

In addition, a pilot PET imaging study with [18F]FB-IL2 was performed in EAE 

animals that did not receive any treatment (n=4), because brain imaging with this 

tracer has never been performed before. The purpose of this study was to 

investigate the feasibility of the imaging technique, rather than to investigate 

treatment efficacy. 

3. For imaging of T-cell infiltration, [18F]FB-IL2 (20-30 MBq; 0.4 ml) was 

injected into the tail vein and a 60 min dynamic emission scan started 

immediately after injection. 

 

After each emission scan, a transmission scan of 515 seconds with a 57Co point 

source was performed for attenuation and scatter correction. 

Animals were allowed to wake up in a pre-warmed cage after imaging acquisition 

and they were visually monitored until complete recovery from anesthesia. 

Immediately after the last PET scan in the study was completed, animals were 
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perfused with saline under deep anesthesia and the brain and spinal cord were 

dissected for (immuno)histochemical analysis. 

 

PET image reconstruction and analysis 

Emission sinograms were iteratively reconstructed (OSEM2d, 4 iterations) after 

being normalized, corrected for attenuation and decay of radioactivity. The list-

mode data of the dynamic [18F]FB-IL2 emission scans were separated into 20 

frames (8x30, 2x60, 2x120, 2x150, 3x300 and 3x600). 

The images were analyzed by INVEON research workstation software (Siemens), 

by drawing regions of interest (ROI) in different parts of the brain (cerebellum, 

brainstem, striatum and whole brain) using a rat brain MRI image as the template 

and the spinal cord using the [11C]MeDAS image of the same animal and the same 

time point as the template.  

Radioactivity concentration, obtained from the ROIs, were corrected for injected 

dose and presented as percentage of injected dose per gram of tissue (%ID/g) for 

[11C]PK11195 and [11C]MeDAS PET. 

For [18F]FB-IL2, the apparent binding potential in the whole brain was measured 

with a two tissue compartment model (2TCM) using the time-activity curve (TAC) 

of the heart as input curve. 

 

Luxol Fast Blue histochemistry 

The changes in the level of myelination of the brain and spinal cord were analyzed 

by Luxol Fast Blue (LFB) histochemistry. The LFB working solution was prepared by 

dissolving 0.5 g of Solvent Blue 38 (Sigma) in 500 ml 96% ethanol supplemented 

with 10% acetic acid. Sections were dehydrated in an ascending ethanol series 

(50%, 70%, 80% and 96%) and incubated in the LFB working solution at 58°C for 

14-16 hours. After incubation, sections were washed with 96% ethanol and 
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distilled water. Differentiation was performed with a 0.125% lithium carbonate 

solution, after which the sections were rinsed with 70% ethanol and distilled 

water, counterstained with cresyl violet and coverslipped with DePeX (Merck). 

 

Iba1 immunohistochemistry and scoring 

Brain and spinal cord sections for immunohistochemistry were blocked with 5% 

normal goat serum (NGS) and 3% fetal calf serum (FCS) in phosphate buffered 

saline (PBS) containing 0.1% Triton-X (Fluka) for 1 hour at room temperature. The 

primary antibody, rabbit anti-Iba1 (Wako), was applied in PBS-Triton-X containing 

1% of NGS and 1% FCS overnight at 4°C (dilution 1:1000). On the next day, the 

sections were washed three times with PBS at room temperature and incubated 

in the dark with the secondary antibody (anti rabbit Cy3 1:400 in 1% FCS and 1% 

NGS in PBS-Triton-X) for 90 minutes at room temperature.  After that, the sections 

were washed 3 times with PBS and then counterstained with Hoechst 1:1000 

(Fluka) and coverslipped with Mowiol (Calbiochem). The slides were analyzed 

using a Zeiss fluorescent microscope.  

Scoring of neuroinflammation was performed by an independent researcher with 

expertise in Iba1 immunohistochemistry, who received the slides coded by 

numbers without any indication of the identity of the rat or study group. The 

inflammation score was given as (0) no inflammation; (1) Sporadic inflammation 

in 1-5 small areas; (2) Multifocal inflammation in 5-10 small areas; (3) Multifocal 

inflammation in 5-10 large areas; (4) Multifocal inflammation in large parts of the 

tissue.  
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CD3/CD25 immunohistochemistry 

Cryostat sections of brain and spinal cord were blocked with 5% bovine serum 

albumin (BSA) in PBS for 15 minutes at room temperature. Subsequently, sections 

were incubated overnight at 4°C with biotin labeled mouse anti rat CD3 (1:250, BD 

Biosciences cat.no. 554831) or with biotin labeled mouse anti rat CD25 (1:100, 

eBiosciences, San Diego, USA, cat. no. 13-0390). Biotin labeled mouse IgG (1:250, 

BD Biosciences cat.no. 559805) and biotin labeled mouse IgG1 (1:100, BD 

Biosciences cat.no. 550615) served as isotype controls, respectively. All antibodies 

were diluted in PBS containing 1% BSA. Sections were washed for 5 minutes in 

PBS and then incubated for 5 minutes with Dako Real peroxidase block (Dako 

Netherlands BV, Belgium, cat.no. S2023). After washing two times with PBS for 5 

minutes, the sections were incubated with Avidin horseradish peroxidase 

according to the manufacturers’ instructions (Vectastain® ABC kit, PK-4000, 

Vector Laboratories, Burlingame, USA). Sections were rinsed three times with PBS 

and then incubated with Novared (Vector®Novared substrate kit for peroxidase, 

SK-4800, Vector Laboratories) for 10 minutes. Sections were counterstained with 

hematoxilin. Rat spleen was used as a positive control for staining. Per rat three 

non-serial sections were analyzed for positive staining in a blind fashion. 

 

Statistical analysis   

The results are presented as mean ± standard deviation. Differences between 

groups were analyzed by 1 way ANOVA, 2 way ANOVA, or t-test, whenever 

applicable, (GraphPad Prism) using a Bonferroni post hoc test to correct for 

multiple comparisons. Differences were considered statistically significant when 

p<0.05. 
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RESULTS 

 

EAE disease progression 

EAE incidence was 100% in the animals treated with saline, of which 92% became 

paralyzed. Of the animals treated with dexamethasone only 50% showed minor 

symptoms of disease, but never became paralyzed, confirming the positive effect 

of dexamethasone treatment on disease development. Weight loss and disease 

score during the disease progression in both study groups are shown in Figure 1. 

The disease onset was between 7 and 13 days after immunization. Relapses of this 

Relapsing-Remitting EAE rat model took place at 14-15 days (first relapse) and at 

day 19 after immunization (second relapse). The condition of the animals 

improved in the recovering phase (day 16-18), but the disease regression was not 

complete. 

The weight loss in the dexamethasone treated EAE group (maximum 20%) was 

significantly higher than in the saline treated EAE group (maximum 12%), except 

during the two relapses (14-15 days and 19 days after immunization) when the 

paralyzed animals in the saline group obviously ate less. 
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Figure 1: EAE disease progression in saline treated rats and rats treated with 

dexamethasone (1 mg/kg daily, starting at day 8). All animals were included, independent 

if imaging was performed or not at that specific time point (per group: n = 10 from day 1 

to 6; n= 8 from 7 to11; n=6 from day 12 to 14; n= 4 from 15 to 19). The bar graph shows 

disease scores and the line graph shows the percentage of weight loss relative to the day 

of the immunization procedure (day 0). Black line and bars represent the saline treated 

EAE group and the interrupted line and stripped bars represent the dexamethasone 

treated EAE group. Statistical differences in weight loss between control and 

dexamethasone groups are represented by *(p<0.05), **(p<0.01) and ***(p<0.001). 

Disease scores are significantly different between groups for day 11 onward. 

 

PET imaging of microglia activation and monocyte invasion 

[11C]PK11195 PET images (Figure 2) and quantitative analysis of tracer uptake in 

the brain (Figure 3) show an increase in neuroinflammation over time. The saline 

treated group showed a significant increase in [11C]PK11195 uptake in the 

brainstem at day 15 (+74%, p<0.001) and day 19 (+55%, p<0.001) after 

immunization as compared to baseline scan. Increased [11C]PK11195 uptake was 

also observed in the spinal cord at day 11 (+38%, p<0.001), day 15 (+45%, 
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p<0.001) and day 19 (+38%, p<0.001) after immunization, as compared to the 

baseline scan. Other regions of the brain did not show any significant increase in 

tracer uptake. 

In the dexamethasone treated group, uptake of [11C]PK11195 was significantly 

increased only in the brainstem (+26%, p<0.05) at  day 19 after immunization.   

 

Figure 2: Illustrative [
11

C]PK11195 PET images at baseline and at different time points after 

immunization. Top: animals treated with saline, Bottom: animals treated with 

dexamethasone. White interrupted lines show whole brain area in the coronal view; solid 

arrows show brainstem and dashed arrows depict the spinal cord in the sagittal view. 
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Figure 3: Quantification of [
11

C]PK11195 uptake at different time points showing 

progression of neuroinflammation in the saline treated EAE group (left) and in the 

dexamethasone treated (DEX) EAE group (right). Significant differences, as compared to 

baseline, are illustrated by *(p<0.05) and ***(p<0.001) (n= 6 for the first 3 time points and 

n=4 for the last 2 time points).  

 

Figure 4 shows the correlation between [11C]PK11195 uptake and the disease 

score at the day of the scan. The saline treated group was divided in 3 groups: 

animals without symptoms (score 0), animals with symptoms, but without 

paralysis (score 0.5-3.0) and animals with paralysis (score 3.5-4.0). The 

dexamethasone treated group was divided in two groups: animals that never 

presented any symptoms (DEX never symptoms) and animals that presented 

symptoms at an early time point during the study (DEX previous symptoms), even 

though symptoms had resolved at the day of imaging (excepted for 1 animal 

scanned at day 11 that presented distal limp tail, score 0.5). 

When [11C]PK11195 uptake was correlated with the disease score in the saline 

treated EAE group, an increase in tracer uptake was detected in the brainstem 

(+30%, p<0.05 and +76%, p<0.001) and in the spinal cord (+24%, p<0.01 and 

+65%, p<0.001) in moderately (score 0.5-3.0) and severely affected animals (score 
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3.5-4.0), respectively. The dexamethasone treated EAE animals showed increased 

uptake in the brainstem (+25%, p<0.05) and spinal cord (+22%, p<0.01) in the 

animals that presented symptoms at an earlier time point during the study, but 

not in the animals that never presented symptoms during the entire course of the 

study. These results suggest, that [11C]PK11195 can be used to detect 

neuroinflammation even when clinical symptoms of the disease are not present 

(anymore). 

 

 

Figure 4: [
11

C]PK11195 uptake related to disease score, presented as percentage of the 

injected dose per gram of tissue, classified according to the disease score at the day of 

imaging. Scans were grouped by the disease score, independent of the time point, at 

which the image was acquired. Black bars represent the saline treated group and white 

bars represent dexamethasone treated group. Statistically significant differences, as 

compared to score 0 of the respective group, are illustrated by *(p<0.05), **(p<0.01) and 

***(p<0.001).  
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The [11C]PK11195 uptake results were confirmed by Iba1 immunohistochemistry 

(Figure 5). Immunohistochemistry showed the presence of activated 

microglia/macrophages only in the brainstem and spinal cord. The intensity of this 

inflammation correlated well with PET imaging in both regions (Figure 6). The 

correlation of inflammation intensity was made between ex vivo tissue and the 

respective [11C]PK11195 image at the termination day. 

 

 

 

Figure 5: Iba1 immunohistochemistry illustrating differences in microglia activation in 

brainstem (top) and spinal cord (bottom) in saline treated animals without symptoms 

(left) and animals presenting paralysis (right).  Scale bar = 100 m. 
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Figure 6: Correlation between [
11

C]PK11195 uptake at the termination day (last scan) and 

Iba1 immunohistochemistry score in the same animal. Each dot corresponds to an 

individual animal: brainstem (left) and spinal cord (right). Both groups (saline and 

dexamethasone treated) were included in the correlation.  

 

 

 

PET imaging of demyelination 

 [11C]MeDAS PET was used for imaging of demyelination in the EAE rat model. No 

significant differences were found at any time point of the disease progression, as 

compared to baseline (Figure 7 and 8). When tracer uptake was compared to 

disease score, no correlation was found either (Figure 9), suggesting that 

[11]MeDAS PET imaging was not sensitive enough to detect demyelination in the 

current set up.  
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Figure 7: Illustrative [
11

C]MeDAS PET images at the different stages of EAE progression in 

the saline treated EAE group. Solid arrows indicate the brain and dashed arrows indicate 

the spinal cord in the sagittal view. 

 

 

 

 

Figure 8: [
11

C]MeDAS uptake at different time points after immunization in the saline 

group (left) and in the dexamethasone (DEX) group (right). No significant differences 

compared to baseline were found at any time point (n= 6 for the first 3 time points and 

n=4 for the last 2 time points). 
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Figure 9: [
11

C]MeDAS uptake related to disease score, presented as percentage of the 

injected dose per gram of tissue, classified according to the disease score at the day of 

imaging. Scans were grouped by the disease score, independent of the time point, at 

which the image was acquired. No significant differences were found. 

 

To confirm the presence of lesions, which was not detected by the PET scan, 

histochemistry was performed. Tissues were stained for myelin (Luxol Fast Blue) 

showing small demyelinated lesions in the brainstem and upper part of the spinal 

cord (figure 10). The average of lesion diameters of 8 rats was 0.13±0.06 mm. 

Together these results suggest that demyelination could not be detected by PET 

scanning due to the relatively small lesion sizes in this animal model.  
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Figure 10: Luxol Fast Blue staining image illustrating small demyelinated lesions in the 

spinal cord. Scale bar = 500 µm. 

 

PET imaging of T-cell infiltration 

The third hallmark of MS to be measured by PET was T-cell infiltration in the brain 

using [18F]FB-IL2. In all animals brain uptake of [18F]FB-IL2 was low. It was 

impossible to detect any temporal changes in tracer uptake by visual analysis 

(Figure 11). However, the whole brain binding potential of this tracer (Figure 12) 

was significantly decreased at day 6 (0.29±0.56, p<0.01) and at day 15 (0.83±1.17, 

p<0.05) after immunization, as compared to baseline scan (4.66±1.38). In 

contrast, the binding potential of [18F]FB-IL2 had returned to baseline levels at day 

11 (4.34±0.83) and 19 (3.58±2.62) after immunization. 

 

 

Figure 11: Illustrative [
18

F]FB-IL2 PET images of EAE rats at different time points after 

immunization. Brain is indicated by white interrupted lines in the coronal view. 
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Figure 12: [
18

F]FB-IL2 PET showing a significant decrease in whole brain binding potential 

at  day 6 (** p<0.01) and  day 15 (* p<0.05) after immunization, as compared to baseline 

(n= 4 for the first 3 time points and n=2 for the last 2 time points). 

 

Immunohistochemistry CD3 and CD25 

To confirm the [18F]FB-IL2  PET results immunohistochemistry was performed at 

brain sections using antibodies against CD3 and CD25. However, T-cell infiltration 

was not detected in the brain and spinal cord at any time point. Therefore, with 

the temporal changes in [18F]FB-IL2 PET could not be correlated to 

immunohistochemistry of T cells in the brain parenchyma.  

 

DISCUSSION 

 

This study showed that [11C]PK11195 uptake was increased in the brainstem and 

spinal cord during disease progression of the saline treated EAE animals. 

[11C]PK11195 uptake was also elevated in dexamethasone treated EAE animals 

that showed mild clinical symptoms at disease onset, which resolved after the 



PET imaging of disease progression and treatment effects in the EAE model 

 

 177 

start of treatment. [11C]MeDAS PET could not detect demyelination, probably due 

to the small size of the CNS lesions, being smaller than the resolution of the PET 

scanner. [18F]FB-IL2 binding potential decreased at day 6 and 15 after 

immunization, likely due to the absence of T-cells in the blood vessels of the brain 

and not due to decreased infiltration of these cells into the CNS parenchyma.  

The EAE rat model for RRMS is characterized by periods of relapse and remission 

of the clinical symptoms, which is related to the waves of inflammatory cell 

infiltration. We planned to image three different types of temporal changes in the 

model during periods of relapse and remission. By using three different PET 

tracers within one study, a very complete view of disease progression in individual 

animals over time could be obtained. This led to a dramatic decrease of the 

number of animals required for this type of longitudinal studies. For this study, we 

designed our set-up based on literature (Ledeboer et al, 2003) and yet 

unpublished studies from our groups, which have shown that the first 

neurological symptoms are usually observed at 8-9 days after immunization, with 

the first disease peak at 11-12 days, the remission at 15-17 and the beginning of 

the second relapse at 18 days after immunization. However, in the present study 

the disease progression was somewhat different with regard to the peak of the 

first relapse (appeared at day 15) and the remission phase (at 16-17 days after 

immunization), resulting in a longer period of clinical symptoms and a shorter 

period of remission. This difference compared to previous studies may be caused 

by the use of anesthesia at multiple occasions during this study (for immunization 

and multiple PET scans); in previous studies anesthesia was only used for 

immunization. Our animals had higher maximum disease scores (3.5±1.3) than 

previously published (2.4±0.1) (Ledeboer et al, 2003) and a relatively high death 

incidence, which led to a decrease in group size from 6 to 4 animals for the last 2 

time points (days 15 and 19 after immunization). This could be caused by the use 
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of anesthesia in this study, but also to some variation in disease progression in 

animal models between different laboratories or other factors. Even though the 

intent to image animals during the remission phase was unfortunately 

compromised, we could nicely show that [11C]PK11195 uptake, corresponding to 

microglia activation and monocyte invasion, correlated well to the clinical 

progression of the rats. The maximum tracer uptake was found during the clinical 

peak of the disease (15 days after immunization). When tracer uptake was 

compared to the disease score (Figure 5), [11C]PK11195 uptake was maximum in 

animals with the highest disease scores (paralysis). The increase in tracer uptake 

was significant only in the brainstem and spinal cord. The presence of activated 

microglia in these regions was confirmed by immunohistochemistry and in 

agreement with previous findings by Storch et al (1998). These results show that 

the brainstem and spinal cord are among the predilection sites for inflammatory 

lesions. 

Using [11C]PK11195 PET, we could also monitor the treatment effects on the 

inflammatory response in the animals treated with the anti-inflammatory drug 

dexamethasone. The treatment started at the disease onset (day 8) and it was 

responsible for preventing clinical symptoms in 50% of the animals. Animals that 

did not show any clinical symptoms also did not show any changes in 

[11C]PK11195 uptake. This likely means that the glucocorticoid treatment 

prevented the auto-inflammatory response in these animals. Glucocorticoids were 

shown to moderate the initial inflammatory response and decrease leukocyte 

infiltration to the inflammation site (Coutinho & Chapman, 2011). Furthermore, 

glucocorticoids have shown to induce weight loss and decrease food intake in 

rodents. Although the mechanism is not confirmed, it is suggested that orexigenic 

neuropeptides are down-regulated in hypothalamus of rats during glucocorticoid 
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treatment, inducing metabolic changes (Liu et al, 2011). Weight loss in EAE 

animals after dexamethasone treatment has been reported previously (Kiefer & 

Kreutzberg, 1991; Donia et al, 2010) and it was confirmed in our study that 

dexamethasone treated animals lost more body weight than the saline treated 

animals (about 10% more). Glucocorticoids act on T-cells, macrophages and 

microglia, but T-cells are the most important target for treatment of EAE. 

Glucocorticoids induce apoptosis of peripheral lymphocytes (Wüst et al, 2008). 

Consequently, T-cell can no longer infiltrate in the CNS, which explains the lack of 

inflammation after treatment, as was observed by [11C]PK11195 and 

immunohistochemistry.   

The other 50% of the animals treated with dexamethasone presented only mild 

symptoms and never became paralyzed. Interestingly, the [11C]PK11195 uptake in 

these animals was increased to the same level as that in the saline treated animals 

with score 0.5-3.0 (no paralysis). In both groups, the same regions of the CNS 

(brainstem and spinal cord) were affected. These results suggest that 

dexamethasone treatment in the animals that did show some clinical symptoms 

was started after the initiation of T-cell infiltration, whereas T-cell infiltration had 

not started at the initiation of treatment in the animals that never showed any 

symptoms. Treatment with dexamethasone was started at day 8 after 

immunization, when disease onset was expected. Apparently, treatment was 

started too late to inhibit cellular infiltration in half of the animals, but treatment 

was still able to reduce the inflammatory response. 

Our results show the ability of [11C]PK11195 PET to show temporal inflammatory 

changes during disease progression, as well as the effects of treatment on the 

inflammation. PET imaging with this tracer is clearly more sensitive for the 

detection of changes in disease status than clinical evaluation, since PET showed 

increased tracer uptake even in animals on dexamethasone treatment that 
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presented no symptoms anymore at the time of the scan. These results were 

confirmed by immunohistochemistry. [11C]PK11195 PET may therefore be an 

important imaging tool not only for monitoring disease progression and drug 

efficacy in the clinic, but also to facilitate drug development, where different 

molecules, different doses, different administration routes, etcetera can be 

evaluated by a non-invasive in vivo technique, that is faster, more reliable, more 

sensitive and using less animals than conventional neuropathological methods.  

Another inflammatory process evaluated in this study was T-cell infiltration. It is 

known (Ledeboer et al, 2003; Coutinho & Chapman, 2011) that T-cell infiltration is 

responsible for EAE development, but in vivo imaging techniques are not yet 

available for evaluation of this process in living animals. In addition to the 

evaluation of monocyte invasion and microglia activation by [11C]PK11195 PET, 

the in vivo evaluation of T-cell infiltration would be highly relevant for monitoring 

disease mechanisms, disease progression and therapeutic efficacy. In the attempt 

to achieve this goal, we evaluated a PET tracer that was recently validated by our 

group, [18F]FB-IL2, for imaging T-cell infiltration in the CNS. [18F]FB-IL2 has been 

validated in peripheral inflammatory models (di Gialleonardo et al 2012a, 2012b), 

but it has not been used for CNS imaging yet. Since BBB permeability is increased 

in the EAE model (Ledeboer et al, 2003), the hydrophilic properties of the tracer 

may in this disease model be less limiting for its use. Therefore, we decided to 

perform a pilot study to evaluate the perspectives of this tracer in CNS imaging of 

RRMS. 

The best way to evaluate [18F]FB-IL2 PET data is to use the binding potential for 

quantification of tracer uptake (di Gialleonardo et al, 2012b). This normally 

requests arterial plasma sampling during the dynamic scan to obtain a plasma 

input curve. Since arterial sampling is not possible in longitudinal studies such as 
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ours, and since the heart was visible in the images (within the field of view), we 

used the blood pool of the heart as input curve (Koeppe, 2007). [18F]FB-IL2 does 

not show any metabolites in plasma and therefore metabolite analysis in plasma 

was not required. 

Our results did not show an increase in tracer uptake at any time point, but 

unexpectedly, showed significant decreases in the apparent binding potential at 

day 6 and day 15 after immunization, as compared to baseline scan. It should be 

noted that despite the small sample sizes (n = 2-4) used in this pilot study, the 

decrease in the apparent binding potential was statistically highly significant. It is 

known (Ledeboer et al, 2003) that T-cell infiltration occurs in the CNS tissue during 

EAE, but it was not detected by either [18F]FB-IL2 PET or  immunohistochemical 

analysis,  at the times points evaluated. This is likely due to the fact that T-cell 

infiltration is an early event in the EAE progression and was not present anymore 

at the time of investigation.  On the other hand, peripheral blood abnormalities in 

EAE model have been studied by Rose et al (Rose et al, 1989), who showed 

differences in peripheral T-cell levels during EAE progression. The peripheral T-cell 

concentration in blood was decreased before disease onset, returned to normal 

when clinical symptoms appeared, decreased again at the peak of the first 

relapse, and increased to the normal values during the remission phase and 

following relapses. This description of peripheral T-cell alterations fits perfectly 

with the profile found in apparent binding potentials of [18F]FB-IL2 in our study: 

periods of low levels of peripheral T-cell corresponded to reduced tracer binding. 

We propose that [18F]FB-IL2 uptake reflects the presence of T-cells in the brain 

blood vessels, rather than T-cells infiltrated in the brain parenchyma, which could 

be explained by the inability of the tracer to pass the BBB and/or by the absence 

of significant levels of T-cells in the CNS. Consequently, the only accessible binding 

sites remaining were the peripheral T-cells in the brain vasculature. Binding of the 
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tracer to peripheral T-cells would also explain the discrepancy between PET 

imaging and immunohistochemistry, which indicated an absence of significant 

amounts T-cells in the CNS tissue in all time points.     

Demyelination was another hallmark evaluated by PET imaging in our study. The 

tracer [11C]MeDAS was used to image myelin content. Brain and part of the spinal 

cord (cervical + half of thoracic) were visualized in the images. It was not possible 

to image the lower spinal cord due to the dimensions of the field of view of the 

microPET scanner. No changes in myelin content were observed over time in this 

study. Our results differ from the recently published study by Wu et al (2013), 

who showed differences in myelin content in the spinal cord in EAE and 

lysolecithin models. However, the significant demyelination found by Wu et al. 

(2013) was located in the bottom part of the thoracic spinal cord, which was not 

included in our images. Demyelination was detected in brainstem and spinal cord 

of our control animals by the Luxol Fast Blue staining, but the lesions were too 

small (average 0.13 mm) to be detected with the resolution of our small animal 

PET scanner (approximately 1.5 mm). Therefore, we cannot conclude, that 

[11C]MeDAS PET is unable to show demyelination. We can only speculate that 

technical limitations were the reason for the inability to detect the lesions. 

In conclusion, disease progression and therapeutic effects of dexamethasone on 

microglia activation and monocyte invasion in the EAE rat model for MS could be 

longitudinally monitored by [11C]PK11195 PET. Using this tool, we could still detect 

activated microglia/monocyte in the brainstem and spinal cord of dexamethasone 

treated EAE rats, even when clinical symptoms were no longer present, suggesting 

that PET can detect even very subtle changes in disease status. [18F]FB-IL2 PET 

showed a strong reduction in the apparent binding potential of the whole brain 

during disease progression (day 6 and 15), but this is likely related to changes the 
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in T-cell levels in the brain blood vessels, rather than changes in T-cell numbers in 

the brain parenchyma. Changes in myelin content could not be detected during 

disease progression by [11C]MeDAS PET, likely because the resolution of the PET 

camera was insufficient to detect the small lesions. Overall, this study shows that 

PET imaging with multiple tracers, in combination with relevant disease models, 

provides a highly useful approach to longitudinally study disease progression of 

MS at a molecular level. 
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Positron emission tomography (PET) can monitor molecular and biochemical 

processes in vivo, offering a valuable tool for monitoring the evolution of specific 

aspects of multiple sclerosis (MS) and for evaluating the effects of (novel) 

therapies. 

So far, magnetic resonance imaging (MRI) is the “gold standard” for detecting and 

monitoring changes in (the number of) lesions in MS. MRI has a high spatial 

resolution, but lacks specificity for characteristic processes in MS, as it does not 

discriminate between inflammation related processes and myelin changes (Filippi 

& Rocca, 2011). PET imaging with the use of specific radioligands could provide 

more specific information about temporal changes in MS focal lesions and enable 

discrimination between inflammation, demyelination and remyelination 

processes. However, PET lacks the high resolution of MRI. 

To date, PET imaging studies in MS patients are still limited to the evaluation of 

two parameters: neuroinflammation and glucose metabolism. However, for 

monitoring other crucial aspects of MS, such as myelin changes and 

neurodegeneration, novel PET tracers still need to be validated. In this thesis, we 

have shown the relevance of PET imaging of neuroinflammation for evaluating 

disease progression and therapeutic efficacy and the feasibility of imaging myelin 

content to monitor demyelination and remyelination processes.  

 

Neuroinflammation PET imaging 

[11C]PK11195 appeared to be an appropriate tracer to assess the temporal 

changes in neuroinflammation in brain and spinal cord in the lysolecithin and 

experimental autoimmune encephalomyelitis (EAE) animal models. This tracer has 

already been applied to investigate microglia activation in brain lesions in MS 

patients, but imaging of spinal cord lesions in MS patients has not been reported 
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so far. Lesions in spinal cord are correlated to movement disorders and they are 

common in primary-progressive MS (PPMS) patients, who have more walking 

disabilities than patients with relapsing type of MS (Miller & Leary, 2007). 

Although inflammatory lesions are less common in PPMS than in relapsing types 

of MS, monitoring spinal cord and brain lesions by [11C]PK11195 PET could help to 

better understand the temporal changes in the inflammation related processes in 

each type of MS and to correlate inflammation with clinical symptoms. In this 

respect, a hybrid system PET-MRI could be an interesting medical device, as it 

brings together the high spatial resolution of MRI and the specific functional 

information provided by PET.  

 

Myelin PET imaging 

We have demonstrated the feasibility of imaging myelin content in vivo with new 

myelin tracers in different MS animal models. Comparison of three myelin PET 

tracers led us to conclude that [11C]MeDAS can be considered the most promising 

PET tracer for imaging myelin content in the brain and spinal cord. Although, 

[11C]MeDAS showed promising results in MS animal models, further studies in 

humans need to be performed to prove feasibility of this tracer for PET imaging in 

MS patients. Before [11C]MeDAS can be used in MS patients, toxicological 

evaluation and assessment of the radiation burden of [11C]MeDAS in animals will 

first be required to prove the safety of clinical application of this tracer. Only after 

proven to be safe, [11C]MeDAS can be tested in healthy volunteers (clinical study 

phase I) and then in a limited group of MS patients (clinical study phase II).When 

successful results have been obtained, the tracer can be applied in large clinical 

studies, including intervention studies.   

 It is suggested that [11C]MeDAS binds to β-sheet structures, as present in the 

myelin basic protein (MBP), but the exact binding site of this tracer is not known 
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and needs to be elucidated to determine whether this tracer is truly specific for 

myelin content. Other binding sites that are specific for or restrict to myelination 

processes could be also considered for further development of PET imaging 

agents. We suggest oligodendrocytes and oligodendrocyte precursor cells as 

potential targets for PET tracer development, because these cells are responsible 

for the production of myelin in the brain and spinal cord and so directly involved 

in demyelination and remyelination processes. So far, no distinct biomarker on 

oligodendrocytic cells has been identified that could be targeted by a PET tracer. 

Specific demyelination biomarkers can be a target for PET imaging as well. For 

example, αB-Crystalline protein is over-expressed in the demyelination process, as 

compared to healthy myelin (Katsavos & Anagnostouli, 2013). A major advantage 

of imaging αB-Crystalline protein would be that it gives an increased uptake of a 

specific PET tracer during on-going demyelination, rather than a reduction in the 

imaging signal as is observed for tracers like [11C]MeDAS. 

 

Neurodegeneration PET imaging  

Degeneration of axons and the concomitant damage to neurons are responsible 

for the major disabling symptoms of MS. Recent new ideas about the 

pathogenesis of MS consider MS as a chronic, gradually aggravating 

neurodegenerative disease with oligodendrocytes and axons as primary affected 

targets. In this thesis, we investigated ongoing neurodegeneration in MS models 

by PET with the tracer for glucose metabolism: [18F]FDG. Absence of local 

accumulation of this tracer can be considered a sign of ongoing degeneration and 

loss of cells. [18F]FDG PET may help to discriminate between acute lesions and 

chronic lesions. In the [18F]FDG PET images, hyper-metabolism would indicate 

acute lesions (on-going inflammation) and hypo-metabolism would indicate 
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chronic lesions with possible axonal damage, which makes these chronic lesions 

less suitable for myelin repair therapies. Another application of [18F]FDG PET may 

be the detection of focal cortical changes in glucose metabolism which could 

subsequently be correlated with evolution of clinical impairment. However, 

detection of changes in glucose metabolism in small focal lesions of the grey 

matter will be challenging due to the limited resolution and associated partial 

volume effects. Future technological advances in PET quantification and 

reconstruction will further enhance the potential of [18F]FDG PET for focal lesion 

detection and quantification in MS. 

 

Treatment monitoring 

In view of the major impact of continuous neurodegeneration on disease 

progression and functional loss in all MS types, it is to be expected that a large 

portion of future therapeutic developments in MS will primarily be directed at 

protecting axons and neurons and preventing their loss. PET with appropriate 

radioligands that target neurodegeneration/neuroregeneration markers will be a 

crucial tool to establish the efficacy of these novel neuroprotective drugs. The 

best way to salvage axons, and so indirectly neurons, is to prevent demyelination 

and promote rapid remyelination of damaged and denuded axons by novel 

approaches. These may include stimulation of the endogenous remyelination 

potential or exogenous cell transplantation strategies. Monitoring the success of 

remyelination can potentially be done with PET imaging.  

The progress in recent years in the development of immunomodulatory drugs 

(e.g. glatiramer acetate, nataluzimab, fingolimoid, etc) that suppress inflammation 

and delay or even prevent relapses will presumably continue in the coming years. 

The effectiveness of these novel drugs and the consequences for local 

neuroinflammation in the CNS can be monitored with PET and [11C]PK11195 or 
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other appropriate tracers for neuroinflammation. Being a non-invasive technique, 

PET imaging can also be used as a tool for monitoring responses of individual 

patients to a specific drug, help early decision making and timely therapy changes. 

Labeling of therapeutic antibodies used in MS, such as natalizumab, alemtuzumab 

and rituximab, can be employed to better select the right treatment for each 

individual patient based on the in vivo information of the presence and affinity of 

each antibody target in each MS patient.  

 

MS imaging development 

A new challenge for the PET community will be to develop new tracers for 

detection of early lesions in grey matter (Geurtz et al, 2005).  These lesions have 

limited inflammatory cell infiltration and show only minor blood-brain barrier 

damage, making them difficult to detect by gadolinium-enhancement MRI (Kipp et 

al, 2012). Since myelin levels obviously are very low in grey matter, it remains to 

be investigated whether [11C]MeDAS PET can be successfully applied for the 

detection of grey matter lesions. More sensitive PET ligands for imaging of myelin 

(components) may need to be developed for this. 

New developments in MRI are also trying to compensate the lack of specificity of 

the current MRI procedures in MS. For example, Magnetic Resonance 

Spectroscopy (MRS) has been developed to measure pathobiochemical processes 

and it has shown promising results in MS (Katsavos & Anagnostouli, 2013). MRS 

has shown a decrease in N-acetylaspartate (NAA) in lesions of relapsing-remitting 

MS patients, which can be used as a biomarker of neuronal and axonal loss. 

Moreover, choline could be a biomarker of myelin loss and glutamate a biomarker 

of acute inflammation. However, changes in NAA, choline or glutamate levels are 

not specific to MS. Diffusion Tensor Imaging (DTI) is another development in the 



Concluding remarks and future perspectives 

 195 

MRI field, which detects microstructure changes in white matter based on the 

anisotropic diffusion of the water molecules in the white matter fibers. Studies in 

MS patients have shown correlation of diffusion abnormalities and clinical 

condition (Sbardella et al, 2013) and DTI could detect abnormalities in corpus 

callosum before lesions could be seen by conventional MRI (Wahl et al, 2011). DTI 

seems to be a very sensitive technique to detect changes in the brain and spinal 

cord, however, common DTI does not differentiate axonal disruption from 

demyelination or focal edema (Lerner et al, 2013). The combination of DTI and 

[11C]PK11195 PET has been used in a patient after stroke. The results indicate that 

the combination of DTI and PET can be useful to correlate neuroinflammation and 

neuronal damage (Thiel et al, 2010), which could also been interesting for MS 

studies. 

 

CONCLUSION 

The combined use of PET tracers for evaluating neuroinflammation with tracers 

for neurodegeneration and for myelin changes can give new insights in the status 

of the lesions and thus improve our understanding in disease progression and 

therapy monitoring. Combination of different imaging approaches, such as PET 

and MRI may also be valuable in MS, since the specificity of PET imaging would 

complement the high spatial resolution and functional information of MRI and 

thus enable the fusion of morphologic localization of lesions with information 

about the physiologic changes in the lesions. 
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Multiple sclerosis (MS) is a neurodegenerative disease characterized by infiltration 

of inflammatory cells and the formation of demyelinated lesions in the central 

nervous system (CNS). Inflammation, demyelination and remyelination are 

dynamic processes that change over time in individual lesions within a single MS 

patient. 

So far, magnetic resonance imaging (MRI) is the method of choice to detect 

ongoing changes in (the number of) lesions in MS patients. However, this 

technique does not allow distinction between inflammation and 

demyelination/remyelination processes.  

Positron emission tomography (PET) is a non-invasive imaging technique that 

enables in vivo monitoring of molecular and biochemical processes, with the use 

of specific ligands labeled with positron emitter isotopes. This thesis describes our 

studies that aimed to evaluate the potential of PET imaging for detecting and 

monitoring changes in myelin content and inflammation in different animal 

models for MS. 

The specific aims of this project were to evaluate: (1) the feasibility of several PET 

tracers for imaging demyelination and remyelination processes in animal models 

of MS and to select the tracer that has the best characteristics for PET imaging; (2) 

the feasibility of PET to detect changes in neuroinflammation in the brain and 

spinal cord during disease progression; (3) the potential of PET imaging to monitor 

the efficacy of anti-inflammatory treatment. 

 

In chapter 1, this thesis kicks off with a general introduction about the 

characteristics of MS, followed by an overview of the animal models that are 

applied in preclinical research on MS and a description of the principles of PET 

imaging. 
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Chapter 2 reviews the use of PET imaging in clinical and pre-clinical MS research.  

In the majority of these studies, the application of PET is still limited to the 

evaluation of neuroinflammation and glucose metabolism. Since other processes 

play a pivotal role in MS as well, imaging methods for imaging biomarkers of these 

processes are urgently needed. And so, potential new imaging targets and their 

potential future applications in MS are forwarded and discussed in this chapter as 

well. 

 

In Chapter 3, the ability of two myelin PET tracers ([11C]CIC and [11C]MeDAS) to 

detect demyelination and remyelination processes in the cuprizone mouse model 

is investigated. Ex vivo brain biodistribution studies indicated that both tracers 

appeared to be able to reveal demyelination in the animals after 5 weeks on a 

cuprizone diet. However, only [11C]MeDAS allowed detection of complete 

remyelination 5 weeks after normal diet was restored. In vivo PET imaging data 

showed slow kinetics for [11C]CIC and spinal cord uptake of [11C]CIC was not 

detectable. [11C]MeDAS, in contrast, had fast kinetics and clear spinal cord uptake. 

No correlation was found between ex vivo and in vivo data for [11C]CIC, whereas 

[11C]MeDAS showed a strong correlation. It was concluded that [11C]MeDAS was 

superior for detecting demyelination and remyelination processes in the 

cuprizone model in comparison to [11C]CIC. A disadvantage of the cuprizone 

model is that it does not show focal lesions, like in MS patients, but rather general 

changes in myelin density throughout the brain.  Moreover, mice have a less 

amount of myelin in comparison to other species, such as rats and primates. 

Therefore, it is important to repeat our experiments in another species and in a 

model with focal lesions. 
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To mimic the focal inflammatory demyelinating lesions in the CNS of MS patients, 

the lysolecithin rat model was used in the PET experiments described in chapter 4. 

The aim of these experiments was to evaluate the potential of PET imaging in 

monitoring local lesions, using [11C]MeDAS, [11C]PK11195 and [18F]FDG as PET 

tracers for myelin density, microglia activation and glucose metabolism, 

respectively. To induce an MS-like lesion in this rat model, lysolecithin was slowly 

injected stereotactically in the right corpus callosum and striatum. After 

optimization of the injection procedure, a small lesion with a size detectable by 

the small animal PET scanner (resolution of 1.35 mm) was reproducibly obtained. 

PET imaging was performed in this model to monitor glucose metabolism, 

neuroinflammation and changes in myelin content in the focal lesion. [18F]FDG 

PET did not show any significant differences in glucose metabolism 3 days, 1 week 

and 4 weeks after lysolecithin injection, suggesting the absence of significant 

tissue damage. [11C]PK11195 PET was used to analyze neuroinflammation.  

Increased uptake of this tracer was observed only at the injection site 3 days and 

1 week after injection, whereas tracer uptake had returned almost to baseline 

level 4 weeks after injection. [11C]MeDAS PET was used to evaluate demyelination 

and remyelination of the lesion. The lesion-to-contralateral brain uptake ratio 

showed a decrease in tracer uptake in the lesion 1 week after lysolecithin 

injection, which was still present 4 weeks after injection. Histochemical analysis 

demonstrated that only minimal remyelination had occurred 4 weeks after 

lysolecithin injection, which is in accordance with the PET data. It was concluded 

that PET imaging was able to detect temporal changes in characteristic processes 

in focal lesions of rat model for MS. 
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After having established a well optimized lysolecithin rat model for MS, the model 

was used to study the pharmacokinetic properties of three myelin tracers, as 

described in chapter 5. The two tracers used in the cuprizone mouse model 

([11C]CIC and [11C]MeDAS) were compared  in the lysolecithin rat model as well. 

Since, the widely used PET tracer for β-amyloid plaque imaging [11C]PIB was 

recently described as a potential tracer for imaging myelin content, it was also 

included in the comparison with the other myelin tracers. The kinetics of the three 

evaluated tracers could best be fitted by Logan graphical analysis or the reversible 

two-tissue compartment model. The volume of distribution could reliably be 

determined by Logan analysis or compartment modeling. The volume of 

distribution showed an excellent correlation with the standardized uptake value 

for [11C]MeDAS and [11CPIB. All evaluated tracers were able to detect the 

demyelinated lesions. The rate of remyelination showed a high variability, but PET 

images correlated well with histochemical data, indicating that this variability in 

remyelination was due to animal model variability and not to tracer specificity. 

Homogeneous brain uptake, lack of spinal cord uptake and slow kinetics made 

[11C]CIC the least promising  tracer for imaging myelin content. [11C]MeDAS and 

[11C]PIB showed fast kinetics, a heterogeneous brain uptake, as well as uptake in 

spinal cord. However [11C]MeDAS exhibited a generally higher brain uptake and a 

significantly higher uptake in regions rich in myelin, such as brainstem and 

midbrain, than [11C]PIB. [11C]PIB had the lowest uptake in cerebellum, which is a 

region frequently containing lesions in MS patients, making this tracer less 

suitable for myelin PET imaging.  

 

Proceeding on the results from the previous chapters, the PET tracers were 

further evaluated in another MS animal model that particularly mimics the 
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immunological characteristics of MS, the experimental autoimmune 

encephalomyelitis (EAE) model (chapter 6). The EAE model used in our study 

mimicked relapsing-remitting MS (RRMS) and was characterized by periods of 

clinical symptoms (e.g. hind limb paralysis) and periods of remission. The aim of 

this study was to evaluate the feasibility of PET to monitor treatment efficacy by 

imaging of inflammation and demyelination in the brain and spinal cord during 

disease progression. In this study, dexamethasone was selected as a typical anti-

inflammatory drug.  The experimental design did not allow imaging during the 

period of remission, because the remission was shorter and occurred later than 

anticipated based on literature data. However, it was possible to detect a 

significant increase of macrophage/microglia activation in the brainstem and 

spinal cord of animals treated with saline: the highest levels of inflammation were 

detected at the peak of the clinical score. About 50% of the rats treated with 

dexamethasone presented only mild clinical symptoms, but did not develop 

paralysis. Despite the absence of clinical symptoms in the dexamethasone treated 

rats at the time of the PET scan, a significant increase of [11C]PK11195 uptake was 

detected in the brainstem and spinal cord in animals that had previously shown 

symptoms. The occurrence of neuroinflammation was confirmed by 

immunohistochemical analysis, demonstrating the sensitivity of [11C]PK11195 PET. 

Demyelination was evaluated by [11C]MeDAS, the myelin tracer that showed best 

results in the previous experiments. No significant indication of demyelination by 

[11C]MeDAS PET could be found, likely due to the small size of the lesions 

(<0.5mm), as confirmed by histochemistry. Another characteristic investigated 

with PET imaging was the T cell infiltration into the CNS. The recently validated 

PET tracer [18F]FB-IL2 was used for imaging T cell infiltration in the EAE model. The 

hydrophilic propriety of this tracer makes it difficult to penetrate the blood-brain 
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barrier (BBB), but since BBB permeability in EAE model is increased, [18F]FB-IL2 

was still tested in the EAE rats. Unexpectedly, our results showed a decreased 

[18F]FB-IL2 binding potential in the whole brain at day 6 and day 15 after 

immunization and a normal uptake, as compared to baseline scan, at days 11 and 

19. Based on the literature, the decreases in tracer uptake before disease onset 

and at the peak of the clinical symptoms correlate with peripheral lymphopenia, 

suggesting that the binding potentials measured in our images were related to 

lymphocytes present in brain blood vessels and not to infiltrated T cells in the 

CNS.  In conclusion, [11C]PK11195 PET was shown to be a sensitive tool for 

monitoring ongoing neuroinflammation during disease progression and for 

monitoring the therapeutic effects of anti-inflammatory treatment. [11C]MeDAS 

PET encountered technical limitations in this model, while [18F]FB-IL2 requires 

further investigation before application in MS can be considered.    

 

In conclusion, the work presented in this thesis showed the feasibility of PET 

imaging in monitoring MS characteristics. Further investigation remains necessary 

before the feasibility of myelin imaging with [11C]MeDAS can be investigated in 

MS patients. First, toxicological studies in animals have to be performed and then 

proof-of-concept has to be established in a small number of patients. A very 

interesting opportunity would be to assess the ability of the myelin tracer to 

detect lesions in grey matter, as MRI is not suitable for this application. 

Combination of different PET tracers ([18F]FDG, [11C]PK11195 and [11C]MeDAS) can 

contribute to characterization of individual lesions, monitoring of temporal 

changes in MS and evaluation of treatment response. Hybrid imaging approaches, 

such as PET-MRI, that combine the high specificity of PET and the high spatial 
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resolution of MRI, should be considered in MS as tool for disease characterization, 

progression monitoring and treatment evaluation.     

To conclude this thesis, it is fair to say that interesting applications for PET 

imaging in MS are within grasp now.      
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SAMENVATTING 

Multiple sclerose (MS) is een neurodegeneratieve ziekte die gekenmerkt wordt 

door het binnendringen in het centraal zenuwstelsel (CZS) van ontstekings- en 

immuuncellen en de vorming van laesies. Ontsteking, demyelinisatie en 

remyelinisatie zijn dynamische processen die gedurende het verloop van de ziekte 

veranderen in de afzonderlijke laesies in een MS patiënt. 

Tot nu toe is MRI (magnetic resonance imaging) de enige beeldvormingstechniek 

die gebruikt kan worden om de veranderingen in de aard en het aantal laesies in 

een MS patiënt te volgen. Met deze techniek is het echter niet mogelijk 

onderscheid te maken tussen de afzonderlijke pathologische processen, i.e. 

ontsteking (inflammatie), de-/remyelinisatie en neurodegeneratie.  

PET (positron emission tomography) is een niet-invasieve beeldvormingstechniek 

die moleculaire en biochemische processen in het lichaam zichtbaar kan maken 

met behulp van specifieke liganden gelabeld met isotopen die positronen 

uitzenden (positron emitters). Dit proefschrift beschrijft de experimenten die wij 

hebben gedaan om te onderzoeken of PET scanning gebruikt kan worden om 

veranderingen in myeline (i.e. samenstelling en hoeveelheid) en het optreden van 

ontstekingen in het CZS te detecteren en over tijd te volgen; daarbij is gebruik 

gemaakt van een aantal proefdiermodellen waarin MS werd nagebootst. 

De specifieke doelstellingen van dit promotie-onderzoek waren: (1) het testen van 

de efficiëntie en specificiteit van nieuw ontwikkelde myeline PET tracers en het 

bepalen van hun geschiktheid om de- en remyelinisatie zichtbaar te maken in het 

CZS tijdens de ontwikkeling van “MS laesies” in proefdieren; (2) het bepalen van 

de geschiktheid van PET om (veranderingen in) neuro-inflammatie in de hersenen 

en het ruggenmerg te detecteren gedurende de ontwikkeling van MS en (3), 

daaraan gerelateerd, het bepalen van de geschiktheid van PET imaging om de 
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effectiviteit van een anti-inflammatoire MS behandeling in kaart te brengen en te 

evalueren.  

 

Het proefschrift begint in hoofdstuk 1 met een algemene inleiding in de 

belangrijkste karakteristieken van MS, gevolgd door een overzicht van de 

proefdiermodellen die in het preklinisch onderzoek naar MS gebruik worden en 

een beschrijving van de belangrijkste principes van PET imaging.  

In hoofdstuk 2 volgt een uitgebreid review over de toepassing van PET imaging in 

klinisch en preklinisch MS onderzoek. Tot nu toe is het gebruik van PET binnen het 

MS onderzoek beperkt geweest tot het detecteren van neuro-inflammatie al dan 

niet in combinatie met het in beeld brengen van het glucose metabolisme. 

Aangezien naast neuro-inflammatie, ook andere processen, zoals de- en 

remyelinisatie en neurodegeneratie, een cruciale rol spelen in MS, is het van 

essentieel belang PET liganden voor biomarkers van deze processen te 

ontwikkelen en te testen. In het review worden dan ook enkele nieuwe potentiele 

PET targets voorgesteld en bediscussieerd.  

 

In hoofdstuk 3 is onderzocht of 2 nieuwe myeline PET tracers ([11C]CIC en 

[11C]MeDAS) in staat zijn om demyelinisatie en remyelinisatie processen in het 

cuprizone muismodel voor MS te detecteren. Ex vivo biodistributie studies 

toonden aan dat beide tracers in staat waren om demyelinisatie te detecteren in 

de muizen na 5 weken op een cuprizone dieet. Echter alleen met [11C]MeDAS kon 

de complete remyelinisatie, 5 weken nadat de muizen weer op gewoon dieet 

waren geplaatst, gedetecteerd worden. De in vivo PET imaging data toonden een 

trage kinetiek voor [11C]CIC en opname van [11C]CIC in het ruggenmerg was niet 

detecteerbaar. [11C]MeDAS, daarentegen, vertoonde een snelle kinetiek en een 
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duidelijke opname in het ruggenmerg. Er was geen correlatie tussen de ex vivo en 

de in vivo data voor [11C]CIC, in tegenstelling tot [11C]MeDAS waar een sterke 

correlatie kon worden aangetoond. [11C]MeDAS bleek duidelijk superieur ten 

opzichte van [11C]CIC wat betreft detectie van de- en remyelinisatie processen in 

het cuprizone muismodel. Het cuprizone muismodel moet echter als niet volledig 

geschikt MS model beschouwd worden voor dit onderzoek, omdat het niet tot 

echt focale laesies leidde, zoals die bij MS patiënten worden aangetroffen, maar 

slechts in een meer algehele vermindering van myeline-dichtheid; bovendien is 

het een nadeel dat de hoeveelheid myeline in de muis, in vergelijking met ratten 

of primaten, veel minder is.  

 

Vandaar dat we in hoofdstuk 4 enkele PET experimenten weer herhaald hebben in 

een ratmodel met focale laesies. De inductie van focale, inflammatoire en 

demyelinisatie laesies in deze ratten vond plaats door middel van stereotactische 

injectie van lysolecithine. Het doel van de experimenten in hoofdstuk 4 was om te 

testen of de verschillende processen die zich afspelen in lokale laesies, met 

behulp van multipele PET imaging, parallel in kaart gebracht konden worden; de 

gebruikte PET liganden waren [11C]MeDAS, [11C]PK11195 en [18F]FDG, tracers voor 

respectievelijk myeline, microglia activatie en glucose metabolisme. Een langzame 

stereotactische injectie met lysolecithine leidde tot een kleine reproduceerbare 

laesie in het rechter corpus callosum en het onderliggend striatum die 

detecteerbaar was in de micro-PET scanner, ontwikkeld voor kleine proefdieren 

(resolutie: 1.35 mm). [18F]FDG PET kon geen significante verschillen aantonen in 

het glucose metabolisme in de laesies, 3 dagen, 1 week of 4 weken na 

lysolecithine injectie, duidend op het ontbreken van significante weefselschade. 

Met [11C]PK11195 PET werd het proces van neuroinflammatie geanalyseerd.  Een 
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toename in opname van deze tracer kon alleen geobserveerd worden op de plaats 

van de injectie 3 dagen en 1 week na injectie; [11C]PK11195 opname was weer 

teruggekeerd tot op baseline niveau 4 weken na injectie. [11C]MeDAS PET werd 

tenslotte gebruikt om demyelinisatie en remyelinisatie processen in de laesies te 

evalueren. De ratio tussen [11C]MeDAS opname in de laesie ten opzichte van die in 

de contralaterale hersenhelft liet een afname zien 1 week na lysolecithine injectie 

en zelfs nog 4 weken na injectie. Histochemische validatie bevestigde dat er 

inderdaad nog slechts een minimale remyelinisatie had plaatsgevonden 4 weken 

na lysolecithine injectie. De resultaten van onze experimenten leidden tot de 

conclusie dat met PET imaging tijdelijke veranderingen in karakteristieke 

processen in focale laesies in ons ratmodel voor MS parallel gevolgd kunnen 

worden. 

 

Nadat wij het lysolecithine ratmodel geoptimaliseerd en gestandaardiseerd 

hadden, hebben we dit model gebruikt om de pharmacokinetische eigenschappen 

van [11C]MeDAS en [11C]CIC te bestuderen (hoofdstuk 5). Omdat de PET tracer 

voor β-amyloid plaque imaging, [11C]PIB, recentelijk ook was aangemerkt als een 

potentiele PET ligand voor myeline, hebben we die ook meegenomen in de 

vergelijking met de andere myeline tracers. De kinetiek van de 3 myeline tracers 

kon het best beschreven worden met de Logan grafische analyse of het reversible 

two-tissue compartment model. Ook het distributievolume kon betrouwbaar 

vastgesteld worden met de Logan analyse of compartment modeling. Het 

distributievolume bleek sterk gecorreleerd aan de SUV (standardized uptake 

value) voor [11C]MeDAS en [11C]PIB. Alle 3 de myeline tracers bleken in staat 

gedemyeliniseerde laesies te detecteren. De snelheid en mate van remyelinisatie 

in het lysolecithine ratmodel bleek zeer variabel, maar over het algemeen 
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correleerde de PET images goed met de histochemische data, waaruit kan worden 

opgemaakt dat deze remyelinisatie variabiliteit toegeschreven moet worden aan 

het proefdiermodel en niet aan de tracer specificiteit. De homogene opname in 

de hersenen, de afwezigheid van opname in het ruggenmerg en de trage kinetiek 

maakten [11C]CIC tot de minst geschikte tracer voor PET imaging van myeline. 

[11C]MeDAS en [11C]PIB hadden de snelste kinetiek, werden heterogeen 

opgenomen in de hersenen en hadden een zeer duidelijke opname in het 

ruggenmerg. Echter, gezien het feit dat [11C]MeDAS in het algemeen een veel 

hogere opname had in de hersenen en een significant hogere opname in myeline-

rijke gebieden zoals hersenstam, middenhersenen en cerebellaire pedunculus dan 

[11C]PIB, kan [11C]MeDAS als de meest geschikte myeline PET tracer beschouwd 

worden.  

 

De PET tracers werden verder geëvalueerd in een ander MS diermodel waarin met 

name de immunologische kenmerken van MS worden nagebootst, het EAE 

(experimental autoimmune encephalomyelitis) ratmodel (hoofdstuk 6). Het EAE 

ratmodel dat wij gebruikten imiteerde de relapsing-remitting vorm van MS 

(RRMS) en kenmerkte zich door periodes van klinische symptomen (e.g. 

achterpootverlamming) en periodes van herstel. Het doel van deze experimenten 

was te onderzoeken of PET geschikt was om de effectiviteit van een specifieke 

therapie te registreren in hersenen en ruggenmerg met behulp van PET tracers 

voor neuroinflammatie en de-/remyelinisatie gedurende alle fases van EAE. De 

behandeling die in onze studie werd toegepast was de toediening van 

dexamethason, een veel toegepaste ontstekingsremmer. Helaas konden geen 

vooraf geplande PET scans gedaan worden gedurende de remissie periode, omdat 

deze periode veel korter bleek en later kwam dan uit de literatuur bekend was. 



Samenvatting/Resumo 

 211 

Op de piek van de klinische score werden met behulp van [11C]PK11195 de 

hoogste niveaus van inflammatie gemeten. Immunohistochemische analyses 

bevestigden dat een toename in [11C]PK11195 opname gepaard ging met een 

toename in macrofaag/microglia activatie. Ongeveer 50% van de met 

dexamethason behandelde ratten vertoonden slechts milde klinische symptomen 

maar ontwikkelden geen verlammingsverschijnselen. Ondanks het ontbreken van 

klinische symptomen tijdens de PET scan in de dexamethason behandelde ratten, 

werd een significante toename in [11C]PK11195 opname gedetecteerd in de 

hersenstam en het ruggenmerg in dieren die eerder wel symptomen hadden. Met 

behulp van de myeline PET tracer [11C]MeDAS, werd het proces van 

demyelinisatie tijdens EAE gevolgd, echter geen teken van demyelinisatie kon 

worden gedetecteerd waarschijnlijk doordat de laesies te klein waren (<1mm), 

zoals bevestigd in de histologie. Met behulp van een recent ontwikkelde PET 

tracer, [18F]FB-IL2, voor T lymfocyten, werd getracht T-cel infiltratie tijdens EAE in 

kaart te brengen. Alhoewel het hydrofiele karakter van deze tracer penetratie van 

de bloed-hersen-barrière (BBB) belemmert, werd besloten om deze tracer toch uit 

te testen omdat bij EAE de BBB permeabiliteit aanzienlijk is toegenomen. Geheel 

onverwachts lieten onze resultaten een afname in de binding van [18F]FB-IL2 zien 

in heel de hersenen op dag 6 en dag 15 na immunisatie en een normaal baseline 

niveau op dag 11 en 19. De afname in [18F]FB-IL2 binding vlak voor de eerste EAE 

symptomen en tijdens de piek van de symptomen correleert met een perifere 

lymfopenie eerder beschreven in EAE literatuur. Dit suggereert dat de [18F]FB-IL2 

bindingsdata uit onze PET scans van de EAE hersenen slechts lymfocyten 

betroffen aanwezig in de hersenbloedvaten en niet geïnfiltreerde T cellen.  Uit de 

EAE experimenten konden we concluderen dat PET met [11C]PK11195 een 

gevoelige beeldvormingstechniek is om neuroinflammatie tijdens de ontwikkeling 

en de voortgang van de ziekte te volgen (en daarmee ook het therapeutisch effect 
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van een anti-inflammatoire behandeling), dat het gebruik van [11C]MeDAS helaas 

beperkingen heeft gerelateerd aan de beschikbare resolutie van de PET scanner 

en dat toepassing van [18F]FB-IL2 vooralsnog verder onderzoek vereist.    

Het onderzoek in dit proefschrift heeft de mogelijkheden laten zien die PET 

imaging biedt om karakteristieke patho-cellulaire processen in hersenlaesies, 

zoals die ook optreden in MS, te volgen. Verder onderzoek is nodig voordat 

[11C]MeDAS gebruikt kan gaan worden om de- en remyelinisatie in MS patiënten 

veilig in beeld te brengen. Daarvoor dienen eerst toxicologische studies opgezet te 

worden in proefdieren, voordat het uitgetest kan worden in een kleine groep MS 

patiënten. Het zou zeer interessant zijn als, met behulp van [11C]MeDAS PET, 

laesies in grijze stof gedetecteerd kunnen worden, aangezien MRI daartoe 

ongeschikt is. De combinatie van de verschillende PET tracers ([18F]FDG, 

[11C]PK11195 en [11C]MeDAS) biedt een unieke mogelijkheid om individuele MS 

laesies optimaal te karakteriseren, veranderingen in hun samenstelling te volgen 

en het effect van specifieke behandelingen daarop in beeld te brengen. Deze 

mogelijkheden zullen nog verder vergroot worden als hybride 

beeldvormingstechnieken, zoals PET-MRI, waarin de hoge specificiteit van PET 

gecombineerd wordt met de hoge resolutie van MRI, verder ontwikkeld worden. 

De ongekende specifieke toepassingsmogelijkheden van PET voor MS bevinden 

zich nog slechts in een beginstadium.  
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RESUMO 

Esclerose múltipla é uma doença neurodegenerativa caracterizada por infiltração 

de células inflamatórias e formação de lesões desmielinizadas no sistema nervoso 

central. Inflamação, desmielinização e remielinização são processos dinâmicos 

que mudam com o tempo em lesões individuais de um mesmo paciente.  

Até o momento, ressonância magnética nuclear é o método de escolha para 

detectar mudanças em (e número de) lesões em pacientes com esclerose 

múltipla. Porém, essa técnica não permite distinguir entre processos de 

inflamação e desmielinização/remielinização. 

Tomografia por emissão de pósitron (PET) é uma técnica de imagem não invasiva 

que permite monitoramento de processos bioquímicos e moleculares in vivo, por 

meio do uso de ligantes específicos marcados com isótopos emissores pósitron. 

Essa tese descreve nossos estudos que tiveram como objetivo avaliar o potencial 

da imagem PET em detectar e monitorar mudanças no conteúdo de mielina e 

inflamação in diferentes modelos animais de esclerose múltipla.  

Os objetivos específicos deste projeto foram avaliar: (1) a viabilidade de vários 

traçadores PET para imagem de processos de desmielinização e remielinização em 

modelos animais de esclerose múltipla e selecionar o traçador com as melhores 

características para imagem PET; (2) a viabilidade do PET em detectar mudanças 

em neuroinflamação cerebral e medula espinhal durante o progresso da doença; 

(3) o potencial da imagem PET em monitorar a eficácia de tratamento anti-

inflamatório. 

 

No capítulo 1, essa tese começa com uma introdução geral sobre as 

características da esclerose múltipla, seguido por uma visão global dos modelos 
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animais que são usados em pesquisa pré-clínica em esclerose múltipla e uma 

descrição dos princípios de imagem PET. 

 

Capítulo 2 revisa o uso pré-clínico e clínico de imagem PET em esclerose múltipla. 

Na maioria dos estudos, a aplicação de PET é limitada a avaliação de 

neuroinflamação e metabolismo de glicose. Desde que outros processos também 

têm um papel importante em esclerose múltipla, métodos para imagem de 

biomarcadores destes processos são urgentemente necessários. Portanto, novos 

potenciais alvos para imagem e futuras aplicações em esclerose múltipla são 

também discutidos neste capítulo.  

 

No capítulo 3, a capacidade de dois traçadores PET para imagem de mielina 

([11C]CIC and [11C]MeDAS) em detectar  processos de desmielinização e 

remielinização no modelo cuprizone foi investigada. Estudos ex vivo de 

biodistribuição cerebral indicaram que os dois traçadores são capazes de revelar 

desmielinização nos animais com 5 semanas em dieta de cuprizone. Porém, 

somente [11C]MeDAS permitiu a detecção da completa remielinização 5 semanas 

depois que a dieta normal foi restaurada.  Dados de imagem PET in vivo 

mostraram cinética lenta para [11C]CIC e captação em medula espinhal não foi 

detectada com esse traçador. [11C]MeDAS, ao contrário, teve uma cinética rápida 

e uma clara captação em medula espinhal. Não foi encontrado correlação entre 

dados ex vivo e in vivo para [11C]CIC, mas para [11C]MeDAS a correlação foi forte. 

Foi concluído que [11C]MeDAS foi superior em detectar processos de 

desmielinização e remielinização no modelo animal cuprizone, quando 

comparado ao [11C]CIC. A desvantagem do modelo cuprizone e que ele não 

apresenta lesões focais, como em pacientes com esclerose múltipla, mais sim 
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mudanças gerais no conteúdo de mielina por todo o cérebro. Além disso, 

camundongos tem uma quantidade menor de mielina quando comparado a 

outras espécies, como ratos e primatas. Portanto, é importante repetir nossos 

experimentos em outras espécies e em um modelo de lesão focal. 

 

Para imitar uma lesão focal inflamatória desmielinizante do sistema nervoso 

central em pacientes com esclerose múltipla, o modelo lisolecitina foi usado nos 

experimentos PET descritos no capítulo 4. O objetivo destes experimentos foi 

avaliar o potencial da imagem PET para monitorar lesões locais usando 

[11C]MeDAS, [11C]PK11195 e [18F]FDG como traçadores PET de mielina, micróglia 

ativada e metabolismo de glicose, respectivamente. Para induzir lesão no rato, 

semelhante a lesões em pacientes com esclerose múltipla, lisolecitina foi 

lentamente injetada estereotaticamente no corpo caloso direito e estriado 

direito. Após otimização do procedimento de injeção, uma pequena lesão com 

tamanho detectável por um PET scanner para pequenos animais (resolução de 

1.35 mm) foi reprodutivelmente obtida. Imagem PET deste modelo foi realizada 

para monitorar metabolismo de glicose, neuroinflamação e mudanças de mielina 

da lesão focal. [18F]FDG PET não mostrou diferenças significativas no metabolismo 

de glicose 3 dias, 1 semana e 4 semanas após injeção de lisolecitina, sugerindo a 

ausência de dano tecidual significante. [11C]PK11195 PET foi utilizado para avaliar 

neuroinflamação. Aumento da captação deste traçador foi observado somente no 

local da injeção 3 dias e 1 semana após a injeção, enquanto que a captação 

retornou quase ao nível inicial após 4 semanas.  [11C]MeDAS PET foi usado para 

avaliar desmielinização e remielinização na lesão. A razão lesão/lado contralateral 

da captação cerebral mostrou um aumento da captação do traçador 1 semana 

após injeção de lisolecitina, o que ainda estava presente 4 semanas após injeção. 
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Avaliação histoquímica demonstrou que o mínimo de remielinização ocorreu 4 

semanas após injeção de lisolecitina, o que está em concordância com os dados 

do PET. Foi concluído que imagem PET é capaz de detectar mudanças temporais 

de processos característicos em lesões focais do modelo lisolecitina para esclerose 

múltipla. 

 

Tendo o modelo lisolecitina estabelecido e otimizado, ele foi usado no estudo de 

propriedades farmacocinéticas de três traçadores de mielina, como descrito no 

capítulo 5. Os dois traçadores utilizados no modelo cuprizone ([11C]CIC e 

[11C]MeDAS) foram também comparados no modelo lisolecitina em rato. Desde 

que o amplamente utilizado traçador PET para imagem de placa β-amilóide 

[11C]PIB foi recentemente descrito como potencial traçador para imagem de 

mielina, ele foi incluído na comparação com os outros dois traçadores. A 

farmacocinética dos 3 traçadores avaliados se ajustou melhor a análise gráfica de 

Logan e ao modelo do compartimento reversível de dois tecidos. O volume de 

distribuição foi confiavelmente determinado por análise Logan ou modelamento 

de compartimento. O volume de distribuição mostrou uma excelente correlação 

com valor de captação padronizado (Standard Uptake Value – SUV) para 

[11C]MeDAS e [11C]PIB. Todos os traçadores avaliados foram capazes de detectar 

lesões desmielinizadas. A taxa de remielinização mostrou alta variabilidade, mas 

imagens PET correlacionaram bem com dados histoquímicos, indicando que a 

variabilidade na remielinização foi devido ao modelo animal e não à 

especificidade do traçador. Captação cerebral homogênea, falta de captação em 

medula espinhal e farmacocinética lenta fizeram de [11C]CIC o traçador de mielina 

menos promissor. [11C]MeDAS e [11C]PIB mostraram farmacocinética rápida, 

captação cerebral heterogênea  e também captação em medula espinhal. Porém, 
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[11C]MeDAS exibiu uma captação cerebral generosamente maior em regiões ricas 

em mielina, como tronco cerebral e mesencéfalo, do que [11C]PIB. [11C]PIB teve a 

menor captação em cerebelo, o qual é uma região que frequentemente contém 

lesões em pacientes com esclerose múltipla, fazendo com que esse traçador seja 

menos suscetível para imagem PET de mielina. 

 

Prosseguindo com os resultados dos capítulos anteriores, traçadores PET foram 

adicionalmente avaliados em outro modelo animal para esclerose múltipla que 

imita as características imunológicas da doença, o modelo encefalomielite 

autoimune experimental (experimental autoimmune encephalomyelitis – EAE) – 

capítulo 6. O modelo EAE usado em nosso estudo imita o tipo recidivante-

remitente de esclerose múltipla e foi caracterizado por períodos de sintomas 

clínicos (por exemplo, paralisia de membros posteriores) e períodos de remissão. 

O objetivo deste estudo foi avaliar a viabilidade da imagem PET em monitorar a 

eficácia de tratamento através de imagens de neuroinflamação e desmielinização 

do cérebro e medula espinhal durante o progresso da doença. Neste estudo, 

dexametasona foi selecionada como uma droga anti-inflamatória típica. O 

desenho experimental não permitiu imagens durante o período de remissão, 

porque a remissão foi mais curta e ocorreu mais tarde do que antecipado, 

baseado na literatura. Porém, foi possível detectar aumentos significantes de 

macrófagos/micróglia ativada no tronco encefálico e medula espinhal de animais 

tratados com salina: os níveis mais altos de inflamação foram detectados no pico 

dos sintomas clínicos. Cerca de 50% dos ratos tratados com dexametasona 

apresentaram somente sintomas leves, mas não desenvolveram paralisia. Apesar 

da ausência de sintomas clínicos nos animais tratados com dexametasona no 

momento do PET scan, um aumento significante de captação de [11C]PK11195 foi 
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detectado no tronco encefálico e medula espinhal dos animais que mostraram 

sintomas previamente. A ocorrência de neuroinflamação foi confirmada por 

análise imunohistoquímica, demonstrando a sensibilidade de [11C]PK11195 PET. 

Desmielinização foi avaliada por [11C]MeDAS, traçador de mielina que mostrou 

melhores resultados in experimentos anteriores. Não foi encontrado indicação de 

significante desmielinização por [11C]MeDAS PET, provavelmente devido ao 

pequeno tamanho das lesões (<1mm), como confirmado por histoquímica. Outra 

característica investigada com imagem PET foi a infiltração de células T no sistema 

nervoso central. O recentemente validado traçador PET [18F]FB-IL2 foi usado para 

imagem. A propriedade hidrofílica deste traçador dificulta sua penetração na 

barreira hemato-encefálica, porém, desde que a permeabilidade da barreira 

hemato-encefálica no modelo EAE é aumentada, [18F]FB-IL2 foi testado neste 

modelo. Inesperadamente, nossos resultados mostraram uma diminuição do 

potencial de ligação do [18F]FB-IL2 no cérebro  total nos dias 6 e 15 depois da 

imunização e uma captação normal, quando comparado à imagem baseline, nos 

dias 11 e 19. Baseado na literatura, a diminuição da captação do traçador antes 

do início dos sintomas e no pico dos sintomas correlaciona com linfopenia 

periférica, sugerindo que o potencial de ligação medido em nossas imagens foi 

relacionado à presença de linfócitos nos vasos sanguíneos cerebrais e não à 

infiltração de células T no sistema nervoso central. Em conclusão, [11C]PK11195 

PET mostrou ser uma ferramenta sensível no monitoramento de neuroinflamação 

durante progresso da doença e para monitorar efeitos terapêuticos do 

tratamento anti-inflamatório. [11C]MeDAS PET encontrou limitações técnicas 

neste modelo, enquanto [18F]FB-IL2 necessita investigação futura antes que sua 

aplicação em esclerose múltipla seja considerada.  
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Em conclusão, o trabalho apresentado nesta tese mostrou a viabilidade da 

imagem PET em monitorar características da esclerose múltipla. Investigações 

futuras permanecem necessárias antes da viabilidade da imagem de mielina com 

[11C]MeDAS possa ser investigada em pacientes com esclerose múltipla. Primeiro, 

estudos toxicológicos em animais precisam ser feitos e então prova de conceito 

(“proof-of-concept”) deve ser estabelecida em um número pequeno de pacientes.  

Uma oportunidade muito interessante seria avaliar a habilidade dos traçadores de 

mielina em detectar lesões em substância cinzenta, já que ressonância não é 

adequada para esta aplicação. Combinação de diferentes traçadores PET 

([18F]FDG, [11C]PK11195 e [11C]MeDAS) pode contribuir para caracterização de 

lesões individuais, monitoramento de mudanças temporais em esclerose múltipla 

e avaliar resposta terapêutica.  Abordagens utilizando sistemas de imagem 

híbridos, como PET-Ressonância, que combina a alta especificidade do PET com a 

alta resolução da ressonância, deveriam ser consideradas em esclerose múltipla 

como uma ferramenta para caracterização da doença, monitoramento de 

progressão e avaliação de tratamento. 

Para concluir esta tese, é justo falar que diferentes aplicações de imagem PET em 

esclerose múltipla estão agora ao alcance. 
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