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Multiple sclerosis (MS) is an inflammatory demyelinating disease of the CNS. Activated microglia/macrophages play a key role in the
immunopathogenesis of MS and its corresponding animal models, experimental autoimmune encephalomyelitis (EAE). Microglia acti-
vation begins at early stages of the disease and is associated with elevated expression of the 18 kDa mitochondrial translocator protein
(TSPO). Thus, positron emission tomography (PET) imaging of microglial activation using TSPO-specific radioligands could be valuable
for monitoring disease-associated neuroinflammatory processes. EAE was induced in rats using a fragment of myelin basic protein,
yielding acute clinical disease that reflects extensive spinal cord inflammation. Enhanced TSPO expression in spinal cords of EAE rats
versus those of controls was confirmed by Western blot and immunohistochemistry. Biodistribution studies in control and EAE rats
were performed using the TSPO radioligand [ '*F]DPA-714 [N,N-diethyl-2-(2-(4-(2-fluoroethoxy)phenyl)-5,7-dimethylpyrazolo[ 1,5-
a]pyrimidin-3-yl)acetamide]. At 1 h after injection, almost fivefold higher levels of [ '*F]DPA-714 were measured in spinal cords of EAE
rats versus controls. The specific binding of [ '*F]DPA-714 to TSPO in spinal cords was confirmed in competition studies, using unlabeled
(R,S)-PK11195 [(R,S)-N-methyl-N-(1-methylpropyl)-1-(2-chlorophenyl)isoquinoline-3-carboxamide)] or DPA-714 in excess. MicroPET
studies affirm that this differential radioactivity uptake in spinal cords of EAE versus control rats could be detected and quantified. Using
[ '®F]DPA-714, neuroinflammation in spinal cords of EAE-induced rats could be visualized by PET, offering a sensitive technique for
monitoring neuroinflammatory lesions in the CNS and particularly in the spinal cord. In addition to current MRI protocols, this approach

could provide molecular images of neuroinflammation for detection, monitoring, and research in MS.

Introduction

Multiple sclerosis (MS) is an inflammatory, demyelinating dis-
ease of the CNS that develops as a relapsing remitting, primary
progressive, or secondary progressive disease. Current immuno-
modulatory and immunosuppressive treatments reduce the fre-
quency of relapses and delay the time to progression to disabling
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stages in the relapsing remitting and secondary progressive
forms, respectively. Therapeutic strategies aiming at neuropro-
tection, repair, and prevention of disease progression are under
active exploration (Lopez-Diego and Weiner, 2008; Barkhof et
al., 2009).

To date, MS diagnosis and monitoring is based on clinical
evaluation and on magnetic resonance imaging (MRI). T,-MRI
and gadolinium (Gd)-enhanced T;-MRI are highly sensitive in
identifying tissue pathologies and allow separation of active and
inactive lesions. Unfortunately, T,-MRI lacks specificity in dis-
tinguishing different histopathological findings typical of MS,
leaving a need for an improved non-invasive technique that can
provide more specific information concerning the underlying
histolopathological processes. Furthermore, less conspicuous
pathological events, such as subtle blood—brain barrier (BBB)
alterations and diffuse white matter (WM) inflammation, cannot
always be detected by Gd-enhancement (Kutzelnigg et al., 2005).
Combining multiple imaging strategies is therefore invaluable for
non-invasive, in vivo characterization of MS lesions. Multimodal
imaging could not only improve diagnosis and monitoring in MS
but could also have prognostic and therapeutic significance.
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Positron emission tomography (PET) provides a sensitive
means for visualizing MS-related processes at the molecular level.
Imaging neuroinflammation and CNS myelin by PET has been
described in animal models using 2-['°F]-fluoro-2-deoxy-
D-glucose and [ ''C] 1,4-bis(p-aminostyryl)-2-methoxy benzene,
respectively (Stankoff et al., 2006; Radu et al., 2007). Notably also,
radiolabeled ligands that target the mitochondrial 18 kDa trans-
locator protein (TSPO) have been used extensively to image neu-
roinflammation by PET (Banati, 2002; Dollé et al., 2009;
Winkeler et al., 2010). Increased expression of TSPO by activated
microglia/macrophages in the CNS has been reported in various
neuroinflammatory conditions and has been recognized as a hall-
mark of neuroinflammation (Banati, 2002, 2003; Turkheimer et
al., 2004). Notably, histological and imaging findings indicate that
activated microglia are strongly implicated in different types of MS
lesions, including inactive chronic and cortical lesions, and in the
normally appearing WM (NAWM) (Kutzelnigg et al., 2005; Dubois-
Dalcq et al., 2008). Consequently, imaging microglial activation by
PET using radiolabeled TSPO ligands should provide a sensitive
marker of neuroinflammatory processes.

With regards to in vivo imaging of the CNS, spinal cord imag-
ing is of particular challenge. Spinal cord lesions are prevalent in
early-stage MS and often develop independently of brain lesions.
Moreover, because much of the physical disability related to MS
is also associated with spinal cord lesions, spinal cord imaging
represents a field of considerable interest (Bot et al., 2004; Agosta
et al., 2007; Ciccarelli et al., 2007).

The present work is a first demonstration of the feasibility of
imaging neuroinflammatory spinal cord lesions in a rat model of
MS, using the PET TSPO radioligand [ '*F]DPA-714 [N,N-diethyl-
2-(2-(4-(2-fluoroethoxy)phenyl)-5,7-dimethylpyrazolo[1,5-
a]pyrimidin-3-yl)acetamide]. Our results corroborate previous data
demonstrating the value of [ '*F]DPA-714 for imaging microglial
activation in the CNS, in general, and extend the use of this approach
to the imaging of spinal cord inflammation.

Materials and Methods

Induction of experimental autoimmune encephalomyelitis in rats. Animal
studies were conducted in accordance with the French legislation and
European directives on the use of animals in research. Female Lewis rats
(Centre d’Elvage René Janvier) aged 7 weeks were acclimated in the
animal facility for 1 week before experimental autoimmune encephalo-
myelitis (EAE) induction. Animals were kept in a thermoregulated,
humidity-controlled environment, in 12 h light/dark cycles, and pro-
vided with food and water ad libitum.

For each of the subsequent experimental procedures (i.e., preparation
of spinal cord tissue extracts, biodistribution, and imaging studies), EAE
was induced in a separate group of animals. When possible, rats of one
experimental group were also assigned to other experimental groups.
Before each immunization, a myelin basic protein (MBP) emulsion was
freshly prepared using a guinea pig (gp) MBP fragment (MBPg g,
AnaSpec Inc., San Jose, CA, USA), as described previously (Stepaniak et
al,, 1995). Emulsification was performed by mixing an MBP, . solu-
tion (0.5 mg/ml in PBS) with an equal volume of complete Freund’s
adjuvant (CFA), containing 4 mg/ml heat-inactivated Mycobacterium
tuberculosis H37Ra (Difco Laboratories). Similarly, a control emulsion
was freshly prepared by emulsifying equal volumes of PBS and CFA
containing 4 mg/ml heat-inactivated M. tuberculosis. Both emulsions
were kept overnight at 4°C until injection on the following day.

Immunization of rats was performed under anesthesia (3.0% isoflu-
rane in O,), by injecting 100 ul of emulsion, divided equally between the
hind footpads. Control rats were injected with an identical volume of a
PBS/CFA emulsion.

Neurological assessment. Subsequent to each immunization, animal
weight and neurological deficits were monitored daily, for 16 d. The
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following scoring system was used to grade neurological impairment: 0,
no symptoms; 1, flaccid tail; 2, hindlimb weakness; 3, paraparesis; 3.5,
unilateral hindlimb paralysis; 4, bilateral hindlimb paralysis; and 5, bilat-
eral hindlimb paralysis and incontinence.

Preparation of spinal cord tissue extracts. Spinal cord tissue extracts
were prepared from EAE rats with a score of 4-5 (n = 7) and controls
(n = 6). Before the excision of spinal cords, rats were deeply anesthetized
with sodium thiopental (60 mg/ kg, i.p.) and perfused transcardially with
cold (4°C) PBS. After decapitation, whole spinal cords were removed,
snap frozen, and kept at —70°C until additional processing. To enrich
TSPO content in the tissue preparation, the excised spinal cords were
homogenized in cold (0—4°C), modified RIPA buffer, consisting of 50
mwMm Tris, pH 7.5, 1% (v/v) NP-40, 0.5% (w/v) deoxycholate, 50 mm
sodium pyrophosphate, 100 mm NaF, 5 mm sodium orthovanadate, and
150 mm NaCl. A protease inhibitor cocktail for mammalian tissues
(P8340; Sigma) was added to the cold RIPA buffer at a ratio of 1:100, as
recommended by the manufacturer. The homogenates were transferred
to microcentrifuge tubes and centrifuged (20 min, 20,000 X g, 4°C).
Supernatants were separated and kept at —20°C until additional analysis.

Western blot analysis. Determination of protein concentration in sam-
ples was made using Bradford protein assay (Bradford, 1976). Tissue
extracts were mixed with boiling Laemli’s buffer (Cleveland et al., 1977),
and equal amounts of each sample (60 ug of total protein) were loaded
and separated by SDS-PAGE (15%). Proteins were electrophoretically
transferred to a nitrocellulose membrane, and the latter was blocked in
3% BSA in TBST buffer (50 mm Tris-HCI, pH 7.5, 0.1% Tween 20, and
150 mm NaCl) for 30 min. Corresponding parts of the membrane were
incubated overnight (4°C with gentle shake) with the following primary
antibodies, diluted in 0.1% BSA/TBST or 5% low-fat milk/TBST, respec-
tively: (1) rabbit anti-TSPO polyclonal antibody NP155 (1:15,000 dilu-
tion; kindly provided by Prof. Higuchi, National Institute of Radiological
Sciences, Chiba, Japan) (Ji et al., 2008) and (2) mouse anti-a-tubulin
monoclonal antibody (1:40,000 dilution; B-5-1-2; Sigma). The mem-
brane parts were washed thoroughly with TBST buffer and incubated for
1 h with the corresponding horseradish peroxidase-conjugated IgGs (1:2000
dilution in 0.1% BSA/TBST; Santa Cruz Biotechnology). Finally, the mem-
branes were washed in TBST, and immunoreactive proteins were visualized
using Amersham ECL Advance Western Blotting Detection (GE Health-
care). Densitometry was performed using NTH Image]J 1.38x image process-
ing program (National Institutes of Health), and the intensity of each TSPO
band was normalized to that of the corresponding e-tubulin band to correct
for differences in the content of total loaded protein.

Immunohistochemistry. EAE rats (scores 4—5, n = 5) and controls (n =
2) were anesthetized with thiopental (60 mg/kg) and perfused transcar-
dially with saline, followed by fixative containing 4% 0.1 M sodium
phosphate-buffered paraformaldehyde, pH 7.4. Spinal cords were dis-
sected, postfixed overnight in fresh fixative, and embedded in paraffin. A
total of six paraffin tissue blocks comprising 25 spinal cord sections were
used for histological evaluation. Immunohistochemistry (IHC) was per-
formed on 5-um-thick sections, after deparaffinization and antigen un-
masking by water-bath treatment in PT Module buffer, pH 8.0 (95°C, 20
min + 20 min cooling; Thermo Fisher Scientific). Sections were blocked
with 5% BSA and 0.5% Tween 20 in PBS [5 min, room temperature
(RT)] and incubated (1 h, RT) with primary antibodies as follows: (1) for
case 1, chicken anti-glial fibrillary acid protein (GFAP) (ab4674, 1:500;
Abcam), rabbit anti-TSPO antibody (NP155, 1:500) and mouse anti-
CD68 (MCA341R, 1:100; Serotec), diluted in 5% BSA and 0.5% Tween
20 in PBS, and, after PBS washes (three times), sections were incubated
(30 min, RT) with Alexa Fluor-647 goat anti-chicken (A21449, 1:1000;
Invitrogen), Alexa Fluor-488 goat anti-rabbit (A11034, 1:1000; Invitro-
gen), and Alexa Fluor-594 goat anti-mouse (A11032, 1:1000; Invitro-
gen), respectively, diluted in 5% BSA and 0.5% Tween 20 in PBS; (2) for
case 2, goat anti-Iba-1 (ab5076; 1:100; Abcam), rabbit anti-TSPO anti-
body (NP155, 1:500) and mouse anti-CD68 (MCA341R, 1:100; Serotec),
diluted in 5% BSA and 0.5% Tween 20 in PBS, and after PBS washes
(three times), sections were incubated (30 min, RT) with Alexa Fluor-647
donkey anti-goat (A21447, 1:1000; Invitrogen), Alexa Fluor-488 donkey
anti-rabbit (A21206, 1:1000; Invitrogen), and Alexa Fluor-546 donkey
anti-mouse (A10036, 1:1000; Invitrogen), respectively, diluted in 5%
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BSA and 0.5% Tween 20 in PBS. After three additional washes, sections
were mounted with a DAPI Prolong Antifade Kit (P36931; Invitrogen).

Chemistry and radiochemistry. Racemic PK11195 [( R, S)-N-methyl-N-(1-
methylpropyl)-1-(2-chlorophenyl)isoquinoline-3-carboxamide)] was
kindly provided by Sanofi-Aventis. DPA-714 and its tosyloxy analog [N,N-
diethyl-2-(2-(4-(2-toluenesulfonyloxyethoxy)phenyl)-5,7-dimethylpyra-
zolo[1,5-a]pyrimidin-3-yl)acetamide] as precursor for fluorine-18 labeling
were synthesized in two steps from DPA-713, according to procedures de-
scribed previously (Damont et al., 2008). Solutions of (R, S)-PK11195 for
intravenous injection were prepared by dissolving 2—3 mg of the compound
in 0.2 ml of dimethylsulfoxide (DMSO), followed by dilution with 1 ml of
polyethylene glycol 400 (PEG 400) and addition of 2 ml of physiological
saline. Similarly, solutions of unlabeled DPA-714 for intravenous injection
were prepared by dissolving 2—-3 mg in 0.2 ml of DMSO, followed by dilution
with 0.4 ml PEG 400 and 1.2 ml of physiological saline. Fresh solutions were
routinely formulated before each in vivo challenge study.

Radiosynthesis of ['®F]DPA-714. DPA-714 was labeled with
fluorine-18 (half-life, 109.8 min) at its 2-fluoroethylmoiety using a
tosyloxy-for-fluorine nucleophilic aliphatic substitution and with slight
modifications with respect to a previously published synthesis (James et
al., 2008). This one-step synthesis had been automated using a
Zymate-XP robotic system (Damont et al., 2008) and applied to a com-
mercially available GE TRACERLab FX-FN synthesizer (Kuhnast et al.,
2012). In brief, the synthesis included (1) reaction of K['®F]F-
Kryptofix222 with the tosyloxy precursor (4.5-5.0 mg, 8.2-9.1 umol) at
165°C for 5 min in DMSO (0.6 ml), followed by (2) C-18 PrepSep car-
tridge (Thermo Fisher Scientific) prepurification, and (3) semi-
preparative HPLC purification on a Waters X-TerraRP18. A formulation
of [ '"*F]DPA-714 for intravenous injection, containing <10% ethanol in
physiological saline, was prepared using a homemade SepPakPlus C18
cartridge. Typically, 5.6—7.4 GBq of [ *F]DPA-714 (>95% chemically
and radiochemically pure), with specific radioactivities ranging between
37 and 111 GBg/umol, were obtained within ~90 min of radiosynthesis
(HPLC purification and SepPak-based formulation included); starting
from a 37 GBq [ '®F]fluoride batch (overall non-decay-corrected, iso-
lated radiochemical yield, 15-20%).

Biodistribution studies. The distribution of [ **F]DPA-714 was evaluated
in EAE-induced female Lewis rats with clinical scores ranging from 4 to 5 and
in CFA-injected matched controls. For this purpose, 10-12 d after
EAE-induction, MBP-injected rats (150 = 2 g, n = 30) and CFA-injected
rats (181 * 2 g, n = 16) were administered with [ '"*F]DPA-714 (262 MBq/
2.25 = 0.33 nmol/rat). Rats were kept under anesthesia (1.5-3.0% isoflurane
in O,) during 1 h after injection of the radiotracer, after which they were
deeply anesthetized with sodium thiopental (60 mg/kg, i.p.). Next, blood
samples were collected, rats were perfused transcardially with PBS, and de-
capitated, and spinal cords were excised. Blood and tissue samples were
weighed, and radioactivity was counted in a gamma counter (Cobra I Auto-
Gamma; PerkinElmer Life and Analytical Sciences). Distribution of radio-
activity was decay corrected to the time of ['®F]JDPA-714 injection and
calculated as the percentage of the total injected dose per gram of wet tissue
(%ID/g). For [ "*F]DPA-714 displacement studies, an excess of either of the
following unlabeled compounds was used: (1) (R,S)-PK11195 (1.09 = 0.04
mg/kg, n = 8) or (2) DPA-714 (1.13 = 0.06 mg/kg, n = 7). Injections of
["*F]DPA-714 and of the unlabeled challenge compounds were made in the
caudal lateral vein using a 24 gauge catheter. Unlabeled compounds were
administered 30 min after [ '"*F]DPA-714 injection.

PET scans and data acquisition. PET scans were performed 10-12 d
after EAE/CFA injection in EAE-induced female Lewis rats with clinical
scores ranging from 4 to 5 (148 * 2 g, n = 23) and in CFA-injected
matched controls (176 = 3 g, n = 8). Anesthesia was induced, and there-
after maintained, by 3 and 1-2.5% isoflurane in O, respectively. During
the scans, rats were maintained normothermic using a heating blanket
(Homeothermic Blanket Control Unit; Harvard Apparatus). For optimal
visualization of the spinal cord, the dorsal side of the rats, comprising the
thoracic and lumbar parts of the spinal column, was positioned along the
midsagittal axis of the PET field of view (FOV). Dynamic PET data
acquisition was performed using a Focus 220 PET scanner (Siemens
Medical Solutions). Imaging was started at the time of injection of
['*F]DPA-714 (38 + 1 MBq/3.07 % 0.45 nmol/rat, n = 31) and was
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continued for 68 min after injection of the radiotracer. Competition for
[ '®F]DPA-714 uptake was performed by injecting an excess of either of
the following unlabeled compounds into a subset of the EAE rats: (1)
(R,S)-PK11195 (1.23 = 0.09 mg/kg, n = 8) or (2) DPA-714 (1.13 % 0.06
mg/kg, n = 7). Injections of [ '*F]DPA-714 and of the unlabeled chal-
lenge compounds were all made in the caudal lateral vein using a 24
gauge catheter. Radiolabeled DPA-714 was injected concomitantly
with the start of PET acquisition, and unlabeled compounds were
administered 30 min after injection of the radiotracer.

For delineation of the spinal column, in a selected number of studies
(n = 12), the [ '"®F]DPA-714 PET acquisition was immediately followed
bya 20 min [ *F]fluoride scan, without moving the rat from the PET bed.
Specifically, at the end of the [ "*F]DPA-714 scan, [ '*F]fluoride (36 * 2
MBg/rat) was injected in the lateral tail vain, and 5 min later, a second
PET scan was acquired during 20 min.

Acquisitions were conducted with a time coincidence window of 6 ns,
and the levels of energy discrimination were set to 350 and 650 KeV. The
list-mode acquisition data files were histogrammed into three-
dimensional sinograms with a maximum ring difference of 47 and a span
of 3. The list-mode data of [ "®F]DPA-714 emission scans were sorted
into 24 (or 31 for competition studies) dynamic frames, and those of
[ **F]fluoride emission scans were sorted into a single static frame. The
attenuation correction factors were measured using an external **Ge
point source. Finally, the emission sinograms (each frame) were normal-
ized and corrected for attenuation, scattering, and radioactivity decay. In
an effort to get better resolution of the spinal cord, image reconstruction
was performed using Fourier rebinning and both of the following recon-
struction algorithms: (1) two-dimensional ordered-subsets expectation
maximization (2D-OSEM) (16 subsets and 4 iterations) or (2) three-
dimensional OSEM, maximum a posteriori (MAP) estimation (FMAP)
(two 3D-OSEM and 20 MAP iterations), having a voxel size of 0.5 X
0.5 X 0.8 and 0.4 X 0.4 X 0.8 mm?>, respectively.

Image analysis. PET image reconstruction was performed using
ASIPro VM (CTI Concorde Microsystem Analysis Tools and System
Setup/Diagnostics Tool). Image analysis and quantification of radioac-
tivity uptake in volumes of interest (VOIs) were performed using Brain-
Visa/Anatomist version 3.1 (Cointepas et al., 2001). Spinal cord
delineation was made by manual segmentation on the summed-frame
image spanning the last 30 min of the PET acquisition. Specifically, a
region of interest (ROI) was created on each transaxial PET section by
drawing a 3 X 3-voxel cross (total volume of 1 or 0.64 mm? for 2D-
OSEM or FMAP reconstruction, respectively), centered on the spinal
cord, and perpendicular to the spinal cord axis. Adjacent ROIs were
grouped (for measurement) over a length of ~3 cm, yielding a longitu-
dinal 3D representation of the spinal cord. Radioactivity uptake values
were quantified in becquerels per cubic millimeter of tissue and con-
verted into %ID/cc, corrected for fluorine-18 decay.

In a subset of the studies (n = 12), the [ '*F]DPA-714 scan was imme-
diately followed by a second ['®F]fluoride PET acquisition. Fluoride
anions exhibit high affinity to bone tissue and outline the vertebrae of the
spinal column. Therefore, the anatomical accuracy of the spinal cord
ROIs drawn on the ['®*F]DPA-714 PET images was qualitatively vali-
dated by superimposing the corresponding [ '*F]fluoride PET image.

Statistical analysis. Statistical analysis was made using GraphPad Prism
4 Software. Unless otherwise stated, all data are expressed as mean *
SEM. Comparison of TSPO expression in spinal cords of EAE and con-
trol rats, as indicated by Western blot analysis, was made using one-tailed
Student’s ¢ test. In biodistribution and imaging studies, comparisons of
['®F]DPA-714 uptake in spinal cords of each group were made using
one-way ANOVA, followed by Bonferroni’s post hoc test. Specifically,
[ '®F]DPA-714-injected rats were assigned into any of the four following
groups: (1) control (CFA-injected) rats, (2) EAE-induced rats without
challenge, (3) EAE-induced rats with (R,S)-PK11195 challenge, or (4)
EAE-induced rats challenged with DPA-714. Bonferroni’s post hoc test
analysis was used to compare [ '*F|DPA-714 uptake in spinal cords of
each group with those of EAE-induced rats (group 2). The level of signif-
icance was regularly set at p < 0.05.
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Figure 1. A representative EAE course in female Lewis rats after immunization with gpMBP, _ 4, fragment. Injection of gpMBP¢, _ s emulsion (25 wg/rat, n = 13) induces weight loss

(A), succeeded by a monophasic acute ilness (B) that peaks on 1112 dpi, and regresses completely on ~15 dpi. No clinical symptoms or weight loss are observed in control, CFA-injected rats (n =
7). Neurological scoring: 0, no symptoms; 1, flaccid tail; 2, hindlimb weakness; 3, paraparesis; 3.5, unilateral hindlimb paralysis; 4, bilateral hindlimb paralysis; and 5, bilateral hindlimb paralysis and

incontinence. Results are expressed as mean + SEM.
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(A). First lane on the left, an adrenal gland extract, used as positive control for TSPO expression. TSPO levels (normalized to those of

cac-tubulin) are approximately fivefold higher in spinal cords of EAE rats (B). ***p = 0.0001.

Results

Clinical course of gpMBP;_g-induced EAE in female

Lewis rats

Figure 1 illustrates a typical clinical course of EAE in female Lewis
rats after immunization with gpMBP,_4¢ peptide (25 ug/rat) ver-
sus control, CFA-injected rats. In response to the antigenic
challenge, the rats developed an acute monophasic disease
with an incidence of 100%. Clinically, the acute phase of gradu-
ally ascending hindlimb paralysis was preceded by significant
weight loss at 7- 8 d post-immunization (dpi). The onset of neu-
rological deficits occurred at ~9 dpi, reaching a disease peak
score of 4.5 = 0.9 at 11.4 = 0.2 dpi. This acute clinical disease had
resolved completely by ~15 dpi, with no additional relapses. No
weight loss or apparent clinical symptoms occurred within CFA-
injected rats (Fig. 1). Accordingly, all in vivo studies were per-
formed on 10-12 dpi using EAE rats with neurological scores of
4-5 and matched CFA-injected controls.

Enhanced specific uptake of [ **F]DPA-
714 in spinal cords of EAE-induced rats:
biodistribution studies

The distribution of radioactivity was mea-
sured at 1 h after intravenous injection of
['8F]DPA-714 into EAE (n = 15) and
control (n = 16) rats. As shown in Figure 4, radioactivity uptake
values in the thoracic and lumbar spinal cords of EAE-induced
rats were fourfold to fivefold higher, respectively, than those of
control animals. Importantly, the enhanced uptake of [ **F]DPA-
714 in spinal cords of EAE-induced rats was confirmed to be
TSPO specific, because competition with an excess of unlabeled
(R,S)-PK11195 or DPA-714 significantly reduced %ID/g values
in spinal cords of EAE rats (Fig. 4). The extent of reduction in
['*F]DPA-714 uptake in spinal cord ranged from 42 to 55%,
depending on the region of the cord and on the unlabeled com-
petitor used. Contrary to the different levels of [ '*F]DPA-714 in
spinal cords of EAE rats and controls, radioactivity concentra-
tions in blood samples from both groups were on par. That, and
the fact that rats were perfused with PBS before collection of
tissues, rules out that differences in CNS blood flow and/or per-
meability between EAE and control rats could have affected the
measured uptake of [ '*F]DPA-714 in spinal cords. In challenge
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TSPO expression in spinal cords of EAE-induced rats is associated with activated microglia/macrophages. Paraffin-embedded spinal cord tissue sections (5 pm) were stained, as

described in Materials and Methods, for nucleus (blue DAPI), for activated microglia/macrophages [red (D68 (A-D, F) or Iba-1 ()], reactive astrocytes [white GFAP (B, D)], and TSPO expression
[green NP155 (A-D, G)]. Representative immunohistochemical staining of spinal cord tissues from EAE (A, B, E-G) and control (C, D) rats identify activated microglia/macrophages, rather than

reactive astrocytes, as the cellular source of TSPO expression.

studies using an excess of unlabeled (R,S)-PK11195 or DPA-714,
2.5-fold and 5-fold higher levels of radioactivity were measured
in blood, respectively (Fig. 4). This rise in radioactivity concen-
tration in blood is explained, among others, by displacement of
['*F]DPA-714 from TSPO binding sites in peripheral organs by
unlabeled (R,S)-PK11195 or DPA-714.

Enhanced specific uptake of [ '*F]DPA-714 in spinal cords of
EAE-induced rats: PET imaging

The ability to detect and quantify neuroinflammatory lesions in
spinal cords of rats in vivo was evaluated by microPET imaging
using EAE-induced and CFA-injected control rats. Biodistribu-
tion data indicated that [ '*F]DPA-714 uptake in the spinal cord
was significantly lower than in other TSPO-rich peripheral or-
gans (data not shown). Particularly, the range of [ '*F]DPA-714
uptake values in spinal cords was 0.10—0.22 and 0.43-1.22 %ID/g
for control and EAE-induced rats, respectively. Thus, to improve
count statistics of [ '*F]DPA-714 in spinal cords, a static image

was generated for each scan by summing the last 30 min of the
acquisition. This timeframe was selected based on our previous
reports, indicating that, at 30 min after intravenous injection of
['®F]DPA-714, uptake of the radiotracer in the CNS and in
TSPO-rich organs reached a plateau (Chauveau et al., 2009;
Martin et al., 2010). To account for the small diameter of the rat
spinal cord, ranging from 1 to 3 mm (Behr et al., 2004), PET
images were reconstructed using both conventional 2D-OSEM
(Fig. 5A,B) and FMAP (Fig. 5C,D) reconstruction algorithms
(detailed in Materials and Methods). Delineation of the spinal
cord was made along the transaxial (longitudinal) axis by draw-
ing on each transverse PET section a 3 X 3-voxel cross, centered
on the spinal cord (Fig. 5E), thereby yielding a longitudinal 3D
representation of the spinal cord (Fig. 5F).

Characteristic images of [ '*F]DPA-714 in control and EAE
rats shown in Figure 6 illustrate the increased radioactivity uptake
in spinal cords of EAE-induced rats. Quantification of [ "*F]DPA-
714 uptake using FMAP-reconstructed images revealed 2.6-fold
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Figure 4.  Enhanced specific uptake of [ "®FIDPA-714 in spinal cords of EAE-induced rats versus
those of controls in biodistribution studies. Distribution of radioactivity was measured at 1 h after
intravenous injection of [ "FIDPA-714into control (n = 16) or EAE-induced (n = 15) rats, revealing
fourfold to fivefold higher radioactivity uptake values in spinal cords of EAE rats. In competition stud-
ies, an excess of unlabeled (R $)-PK11195 (n = 8) or DPA-714 (n = 7) was injected into EAE rats 30
min after injection of [ 8FIDPA-714. Radioactivity uptake in spinal cords of EAE rats was reduced by
~50% after injection of either TSPO ligand, signifying specific binding of the tracer. ***p << 0.001;
#p < 0.001, highly statistically significant difference with respect to the remaining three groups.
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higher levels in spinal cords of EAE-induced rats versus controls
(Fig. 6 E, Table 1). Using both 2D-OSEM and FMAP reconstruc-
tion algorithms, a statistically significant reduction in [ "*F]DPA-
714 uptake was measured in spinal cords of EAE-induced rats

PET image reconstruction and segmentation of the spinal cord region after injection of [ '®FIDPA-714. Radioactivity concen-
trations in the spinal cords were measured using 30-min (summed-frame) images that correspond to the last 30 min of each dynamic
acquisition. A representative PET image of an EAE-induced rat is demonstrated, reconstructed using both 2D-OSEM (4, B) and 3D-0SEM-
MAP (FMAP) (€, D) reconstruction algorithms. Spinal cord regions (indicated by arrows) were segmented by drawing a 3 XX 3-voxel cross
per plane (centered on the cord), along the axial axis (E), yielding an approximated 3D representation of the spinal cord (F).
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after displacement with an excess of unlabeled (R,S)-PK11195
(28-39% reduction) or DPA-714 (43-50% reduction) (Table 1).
Taking the biodistribution results as a reference (Fig. 3), the cal-
culated in vivo uptake values in spinal cords were closer using
FMAP reconstruction rather than 2D-OSEM, suggesting that
FMAP reconstruction had reduced partial volume effect artifacts.

Delineation of spinal cord regions on [ '*F]DPA-714 PET im-
ages was made possible by the well-defined gradient between the
surrounding vertebrae and the confined spinal cord (Figs. 5, 6).
To confirm spinal cord delineation, in a subset of the imaging
studies (n = 12), the [ "*F]DPA-714 PET acquisition was followed
by a second PET scan, after injection of [ '8F]fluoride, a bone
tracer that provides precise visualization of the spinal column
(data not shown). The accuracy of spinal cord delineation on the
['®F]DPA-714 PET images was evaluated on each transaxial PET
section, using the [ '*F]fluoride image corresponding to each in-
dividual animal. There was an overall overlap of 90 = 3% be-
tween the delineated spinal cord on [ '®F]DPA-714 images and
the orientation of the cord on [ '*F]fluoride images.

Discussion

MS is a multifocal disease of the CNS, characterized by inflam-
mation, demyelination, and axonal loss. Activated microglia/
macrophages play a central role in the inflammatory process of
autoimmune demyelinating diseases and particularly in the im-
munopathogenesis of MS and EAE (Raivich and Banati, 2004;
Sanders and De Keyser, 2007). Consequently, many studies have
addressed the inflammatory component
of this complex disease.

We demonstrate here that the TSPO
ligand [ '®F]DPA-714 is a specific marker
for imaging microglial activation in the
spinal cord of EAE rats by PET, offering a
quantitative and sensitive insight, at the
molecular level, into neuroinflammatory
processes.

sagittal

Detecting neuroinflammation in EAE
using [ '*F]DPA-714

EAE is the collective name for different
animal models of MS. EAE models repro-
duce hallmarks of the disease and, simi-
larly to MS, are heterogeneous in their
clinical, neuropathological, and immuno-
logical aspects (Gold et al., 2006). The
MBP-induced EAE model was chosen
here for imaging microglial activation us-
ing ['®F]DPA-714 and PET for several
reasons. The MBP,_ g fragment is the
dominant encephalitogenic MBP epitope
for Lewis rats. Immunization with MBP
elicits an acute monophasic illness, with
100% incidence, and over a reproducible
clinical course. Interestingly, this immu-
nization protocol is characterized by
mononuclear inflammatory lesions in the
spinal cord, rarely affecting the brain
(Stepaniak et al., 1995; Duplan et al,
2003). Moreover, this acute spinal cord
inflammation is characterized by consid-
erable activation of microglia/macrophages, which is coupled to
an enhanced mitochondrial expression of TSPO (Banati, 2002).
Using the same animal model, Mattner et al. (2005) have shown
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Enhanced uptake of [ "®FIDPA-714 in spinal cords of EAE-induced rats versus controls using microPET. Representative images of increased uptake of [ "®FIDPA-714 in spinal cords of

EAE-induced rats (A, B) compared with CFA-injected controls (C, D) (spinal cords are indicated by arrowheads). Using FMAP image reconstruction algorithm, radioactivity concentration in spinal
cords of EAE-induced rats (n = 8) was 2.6-fold higher than that of controls (n = 8) (E). Displacement of [ "®FIDPA-714 binding in spinal cord after administration of either unlabeled (R,5)-PK11195
(n = 8) or DPA-714 (n = 7) (1 mg/kg) could be demonstrated and quantified by PET. ***p << 0.001, compared with the other three groups.

Table 1. Comparison of [ "3F |DPA-714 uptake in spinal cords of control and
EAE-induced rats as obtained using 2D-0SEM and FMAP reconstruction algorithms

EAE + PK11195 EAE + DPA-714
(FA(n=18) EAE (n = 8) (n=28) (n=17)
2D-0SEM 0.42 +0.03 0.88 = 0.03* 0.63 = 0.02 0.43 = 0.01
FMAP 0.31 %= 0.02 0.81 = 0.04* 0.49 = 0.01 0.45 = 0.02

Radioactivity uptake values in spinal cords were calculated from PET images using both 2D-OSEM and FMAP recon-
struction algorithms. Challenge studies were performed by injecting unlabeled (R,5)-PK11195 or DPA-714 in excess,
30min afterinjection of the radioligand. Results are expressed as mean == SEM %ID/cc and represent the last 30 min
(or 20 miniin challenge studies) of a 68 min dynamic scan. Sample size (n) is indicated in brackets. *p << 0.001, highly
statistically significant difference with respect to the remaining three columns.

that the degree of inflammation increases from rostral to caudal
parts of the spinal cord and that the extent of lumbar/sacral in-
flammation was in good agreement with the clinical score of the
rats.

Western blot analysis confirmed a fivefold higher expression
of TSPO in spinal cords of EAE rats with respect to controls,
suggesting that, using [ '*F]DPA-714, it could be possible to de-
tect differences between the two groups. Additionally, IHC stain-
ing (Fig. 3) illustrated that the TSPO expression was colocalized
with microglia/macrophages (CD68/Iba-1) rather than with as-
trocytes (GFAP), as has been demonstrated for this model
(Mattner et al., 2005). Notably, previous reports have indicated
that no radiolabeled metabolites were detected in the CNS of rats
up to 60 min after injection of [ '*F]DPA-714 (Chauveau et al.,
2009), sustaining that potential differences in radioactivity con-
centrations measured in spinal cords would be entirely attributed
to the intact radiotracer. In concordance with the Western blot,
biodistribution studies revealed fourfold to fivefold higher levels
of ['®F]DPA-714 in spinal cords of EAE rats versus controls.
Consistent with the reports of increased inflammation in the cau-
dal parts of the spinal cord, higher uptake of [ '"*F|DPA-714 was
measured in the lumbar part compared with the thoracic part of
the cord. Injecting an excess of unlabeled (R,S)-PK11195 or
DPA-714, 30 min after [ '*F]DPA-714, reduced spinal cord up-
take in EAE rats to the level of uptake in control animals (Fig. 4).

PET methodology
The diameter of rat spinal cord is the same as the resolution limit
of the microPET scanner (~1.35 mm FWHM). Consequently,

PET imaging of the rat spinal cord is a challenge, and specific
methods were designed to obtain the best possible visualization
of spinal cords. First, the rostral lumbar and caudal thoracic parts
of the cord were positioned at the center of the PET FOV, in
which spatial resolution is highest. Second, to improve count
statistics, radioactivity counts were collected over the last 30 min
of each scan. Third, the FMAP reconstruction algorithm, al-
though more time consuming than classical 2D-OSEM, was used
to improve resolution. The results (Fig. 5, Table 1) indicate that
differences in uptake of [ '*F]DPA-714 in spinal cords could be
detected and quantified using both reconstruction algorithms.
FMAP reconstruction better reflected the reference (biodistribu-
tion) results, corroborating its value in reducing errors attribut-
able to partial volume effects. Complete concordance between
biodistribution and PET data, vis-a-vis [ '*F]DPA-714 uptake in
spinal cords, was not expected in these studies for several reasons:
(1) delineation of the cords reflected neither their precise anat-
omy nor their entire length because of FOV limitations; and (2)
definition of the spinal cord region in [ "*F]DPA-714 images was
based on radioactivity uptake in the vertebrate, and enhanced
precision should be expected using microPET—computed to-
mography scanners.

Pivotal role of activated microglia/macrophages

in neuroinflammation

Activated microglia/macrophages are key effectors in a variety
of immune-associated neuropathies and disorders (Minagar
et al., 2002; Nelson et al., 2002; Rock et al., 2004). Typically,
microglia are rapidly activated in response to subtle changes in
their environment, proliferate, and migrate to remote projec-
tion sites along the injured neuronal path. The principal argu-
ment for imaging microglial activation in various CNS
inflammatory conditions lies in their involvement in neuroin-
flammatory processes, rendering them a generic marker of
many ongoing CNS pathologies.

Microglial activation has been demonstrated in early and late
active MS lesions and in inactive ones (Briick et al., 1995; Stadel-
mann and Briick, 2008). Notably also, microglial activation has
been documented in the NAWM and in cortical gray matter le-
sions, mostly in chronic progressive forms of MS. Such relatively
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small and diffuse pathological changes present a challenge vis-a-
vis their detection by in vivo imaging (Kutzelnigg et al., 2007; Zeis
et al., 2008).

Monitoring neuroinflammation using MRI and PET

Imaging neuroinflammation has been reported using both MRI
and PET (Floris et al., 2004; Vellinga et al., 2008). Monitoring
Gd-enhancing lesions with MRI, for example, has been generally
recognized as a reliable means for tracking changes associated
with inflammatory pathologies in MS. Nonetheless, Gd enhance-
ment is not specific for active demyelinating lesions, represents
BBB leakage rather than true cellular invasion into the CNS, and
is expected to be less sensitive in detecting pathological processes
trapped behind a closed/repaired BBB (Floris et al., 2004; Metz et
al., 2007).

MRI using ultra-small superparamagnetic iron-oxide (USPIO)
nanoparticles has been successfully used in MS patients and EAE
models for imaging neuroinflammation as a result of CNS infil-
tration of peripheral macrophages that have phagocytosed the
USPIO particles. However, its sensitivity appears to be most com-
patible for imaging relatively large waves of peripheral macro-
phage infiltration rather than diffused and inconspicuous
pathological changes, as in the NAWM of numerous MS patients
(Dousset et al., 2006; Vellinga et al., 2008). Thus, there is need for
complementary imaging approaches with better molecular sen-
sitivity, such as PET.

Imaging neuroinflammation by PET has been primarily dem-
onstrated using radiolabeled ligands that target the TSPO
(Cagnin et al., 2007; Radu et al., 2007; Winkeler et al., 2010).
Because TSPO expression in the healthy CNS is low, increased
CNS uptake of TSPO-targeted radioligands is unequivocally in-
dicative of neuroinflammatory processes (Anholt et al., 1985;
Mattner et al., 2008). Pertaining to imaging neuroinflammation
is the fact that TSPO expression in microglia occurs early in their
activation and persists throughout their different stages of acti-
vation, rendering the TSPO an early and persistent marker of
neuroinflammation (Kreutzberg, 1996; Banati, 2002). Hence,
imaging neuroinflammation by PET using TSPO-specific ligands
should provide increased sensitivity, because it depicts a cellular
activity that does not rely solely on invasion of peripheral mac-
rophages or on BBB integrity.

Accordingly, this approach has been applied to different CNS
inflammatory pathologies and conditions in human patients and
animal models. Using [ ''C]PK11195, increased binding in MS
lesions has been demonstrated by postmortem data and in vivo
PET (Banati et al., 2000, 2002). However, shortcomings of
[''C]PK11195 asa PET ligand result in underestimation of TSPO
expression and a reduced sensitivity (Banati, 2002; Cagnin et al.,
2007). Previous publications (Chauveau et al., 2009; Martin et al.,
2010) pointed at [ '®F]DPA-714 as a potentially superior TSPO
ligand for imaging activated microglia by PET, prompting its
investigation in additional animal models of neuroinflammation.

The presented results indicate that neuroinflammation in spi-
nal cords of EAE-induced rats can be detected using [ '*F]DPA-
714 and PET. Imaging of rat spinal cord in vivo poses particular
challenge because of its small diameter (1-3 mm) (Behr et al.,
2004), and spinal cord MRI is rarely performed in experimental
studies. Still, much of the physical disability related to MS is
probably mediated by spinal cord lesions, which can progress
independently of brain disease. Therefore, improvements in spi-
nal cord imaging techniques are of considerable interest. Their
value has been demonstrated in establishing an early diagnosis in
MS and in improving the correlation between clinical and MRI-
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based classification (Bot et al., 2004; Agosta et al., 2007; Ciccarelli
et al., 2007). Previous reports have highlighted the potential role
of spinal cord lesions in predicting the evolution of disability in
MS (Agosta et al., 2007), asserting the utility of in vivo spinal cord
imaging for promoting MS research, monitoring, and, hopefully,
therapy.

Summary and conclusions

We report here for the first time, imaging a central component of
neuroinflammation, the activation of microglia, in spinal cords
of EAE-induced rats using a TSPO-specific PET radioligand,
['*F]DPA-714. Such studies should provide more insight into
microglial activation in different forms of MS, as well as in other
neuroinflammatory (spinal cord) diseases and conditions, and
ultimately lay a foundation for improving clinical diagnosis and
treatment of MS patients.
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