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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.
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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
26
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severe wave of T-cell infiltration, which is accompanied by the infiltration of Bcells (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 axonspecific 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).
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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.
31
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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
32
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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.

34

PET imaging in multiple sclerosis: Present and Future

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 6phosphate 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), hypometabolic 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,
36
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however, is an advantage for the detection of hypo-metabolic lesions, indicating
chronic lesions, probably associated with cell death.

18

Figure 2: PET tracer for imaging glucose metabolism – [ 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 metabolitecorrected 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 antiinflammatory 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
11

11

11

11

tracer: [ C]TMSX; A1R-selective tracers: [ C]DPCPX, [ C]KF15372, [ 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 βsheet 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

11

C-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
40
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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 βamyloid 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.

11

Figure 5: Chemical structure of [ C]Choline PET tracer

44

PET imaging in multiple sclerosis: Present and Future

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.

11

Figure 6: Chemical structure of [ 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

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

Clinical
studies in
more than
50 MS
patients

Reference
Debruyne
et al 2003;
Versijpt et
al 2005;
Politis et
al 2012;
Sahraian
and
Eshaghi
2010;
Ratchford
et al 2012.

[11C]PBR28
11

TSPO

Neuroinflammation
(microglia
activation,
microphage
activation)

O-[ C]methyl-Nacetyl-N-(2methoxybenzyl)2-phenoxy-5pyridinamine

Clinical study
in 11 MS
patients

[11C]vinpocetine

Clinical study
in 4 MS
patients
(comparison
to
[11C]PK11195

Ethylapovincaminate

Oh et al
2011

Vas et al
2008

[18F]FEDAA1106
N-(5-fluoro-2phenoxyphenyl)N-(218
[ F]fluoroethyl-5methoxybenzyl)ac
etamide
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Clinical study
in 9 MS
patients

Takano et
al 2013
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[11C]DAC
N-benzyl-N11
[ C]methyl-2-(7methyl-8-oxo-2phenyl-7,8dihydro-9H-purin9-yl)acetamide

Preclinical
study in EAE
rat model

Xie et al
2012

Preclinical
study in EAE
rat model

Abourbeh
et al 2012

Preclinical
study in EAE
mouse
model

Mattner
et al 2013

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

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

[18F]PBR111

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

Glucose
metabolism

Neuroinflammation
and
neurodegeneration

[18F]FDG
2’-Fluoro-2’deoxyglucose
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[11C]TMSX
A2A
adenosine
receptors

Upregulation in
lymphocytes

(E)-8-(3,4,5trimethoxystyryl1,3,7trimethylxanthine

Clinical study
in 8
secondary
progressive
MS patients

Rissanen
et al 2013

[11C]DPCPX
8-Cyclopenthyl1,3dipropylxanthine

[11C]KF15372

A1 receptors

Downregulation
in MS

8Dicyclopropylmet
hyl-1,3dipropylxanthine

Studies in
MS patients
or MS animal
models not
available

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

Choline
metabolism

Demyelination and
remyelination

11

[ C]Choline

Study in 3
MS patients
(2 case
reports)

Padma et
al 2005;
Bolcaen et
al 2013

[11C]BMB
Myelin

50

Demyelination and
remyelination

1,4bis(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-)2,5dimethoxystyryl)b
enzenamine

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

Preclinical
study in
lysolecithin
rat model

Wang et al
2009

Preclinical
studies in
hypermyelin
ated mouse,
EAE rat and
lysolecithin
rat model

Wu et al
2010;
2013

Proof-ofconcept
study in 2
MS patients

Stankoff
et al 2011

Single study
in 10 MS
patients

Virta et al
2011

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

[11C]MP4A
Cholinergic
neurons

Neurodegeneration

N11
[ C]methylpiperid
in-4-yl acetate

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)-2methylproponamide), 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
11

C 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 antiinflammatory 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(-18Ffluorophenyl0-3-[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 αBcrystalline 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 [Nmethyl-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

11

C 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
TNFVAP-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

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
αBcrystalline are not available

GABAA
NMDA receptors
Neurodegeneration
Estrogen receptors

Tracers are available, but not
evaluated in MS. Flumazenil
seems promising, but the
suitability of most other tracers
is questionable

Demyelination and
remyelination

Plasma membrane
calcium ATPase 2
Neurodegeneration
(PMCA2)
Liver X receptors (LXR)
Drug distribution
and target
availability
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Antibodies to specific
cells and/or
inflammatory mediators

PET tracers not available
Dysfunction of the potential
targets already demonstrated in
MS
Labeling of specific antibodies
can help to select patients that
are likely to respond to (very
expensive) treatment

PET imaging in multiple sclerosis: Present and Future

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 noninvasive 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.
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