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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).
85
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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 exvivo 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.
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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.
11

11

Table 1: Advantages of using [ C]methyl triflate, instead of [ C]methyl iodide, for
11

radiolabeling of [ C]CIC.

[11C]Methyl iodide

[11C]Methyl triflate

(Wang et al,2010)

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 6065 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).

11

Figure 1: [ 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.

91

Chapter 3

[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.

11

Figure 2: [ 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-tobackground 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
11

11

images) of control mice using [ C]CIC (A) and [ ]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).

11

Figure 4: [ 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).

11

Figure 5: [ 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 (4555 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
11

available (5 animals per group), were included in the correlation. (A) [ 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,

(demyelination), the

the

theory

is

that

once

myelin

degenerates

-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

11

C-labeled PET tracers, since slow washout results in longer

acquisition times, which is not compatible with short half-life isotopes such as

11

C

(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

11

C-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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