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The induction of neuroinflammatory processes, characterized by
upregulation of the peripheral benzodiazepine receptor (PBR)
expressed by microglial cells, is well correlated with neuro-
degenerative diseases and with acute neuronal loss. The con-
tinually increasing incidence of neurodegenerative diseases in
developed countries has become a major health problem, for
which the development of diagnostic and follow-up tools is
required. Here we investigated a new PBR ligand suitable for
PET to monitor neuroinflammatory processes as an indirect hall-
mark of neurodegeneration. Methods: We compared PK11195,
the reference compound for PBR binding sites, with the new li-
gand DPA-713 (N,N-diethyl-2-[2-(4-methoxyphenyl)-5,7-dimethyl-
pyrazolo[1,5-a]pyrimidin-3-ylJacetamide), using a small-animal
dedicated PET camera in a model of neuroinflammation in rats.
Seven days after intrastriatal injection of a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionate (AMPA), a PET scan was performed
using ""C-PK11195 or ""C-DPA-713. Immunohistochemistry for
neuronal (NeuN), astrocyte (glial fibrillary acidic protein), and
microglial (CD11) specific markers as well as 3H-PK11195 auto-
radiographic studies were then correlated with the imaging data.
Results: Seven days after a unilateral injection of AMPA in the
striatum, 1'C-DPA-713 exhibits a better contrast between healthy
and damaged brain parenchyma than ''C-PK11195 (2.5-fold =
0.14 increase vs. 1.6-fold = 0.05 increase, respectively). 11C-
DPA-713 and ""C-PK11195 exhibit similar brain uptake in the
ipsilateral side, whereas, in the contralateral side, '"C-DPA-713
uptake was significantly lower than ''C-PK11195. Modeling of
the data using the simplified reference tissue model shows that
the binding potential was significantly higher for 1'C-DPA-713
than for "C-PK11195. Conclusion: ''C-DPA-713 displays a
higher signal-to-noise ratio than ''C-PK11195 because of a lower
level of unspecific binding that is likely related to the lower lipo-
philicity of ''C-DPA-713. Although further studies in humans
are required, 1'C-DPA-713 represents a suitable alternative to
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Over the past decades, the incidence of neurodegener-
ative disease in the elderly population of developed countries
has increased considerably (/,2). This has led to an increased
research effort from the academic and the pharmaceutical
industry in the development of new therapies for treating
diseases such as Alzheimer’s, Parkinson’s, or Huntington’s
disease. There is now a wealth of evidence that suggests an
active participation of glial mechanisms in deciding the fate
of injured nerve cells: either causing cell death by the release
of cytotoxic metabolites or enabling recovery through pro-
vision of growth or survival factors (3,4). Genomic and tran-
scriptomic data show that many brain diseases—irrespective
of their classification as neurodegenerative, inflammatory, or
neoplastic—call into action similar sets of genes and as-
sociated pathways. Prominent among these sets of genes are
those traditionally associated with inflammation or, in the
case of brain diseases, “neuroinflammation” (4,5). On his-
tologic postmortem investigation, neurodegenerative disor-
ders reveal pronounced changes in the functional state of
glial cells with activation of both microglial cells and as-
trocytes (6—9). The microglial activation process is associ-
ated with an increase in the number of microglial cells and
the expression of numerous proteins (3—5). The peripheral
benzodiazepine receptor (PBR), one of these newly ex-
pressed proteins, is considered a reliable marker of micro-
glial activation and neuroinflammation and, therefore, an
important therapeutic and diagnostic target (/10—12).
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The noninvasive imaging technique of PET is the method
of choice for the study in living subjects of biochemical
processes such as receptor—ligand interactions, allowing
translation of research from animal models to humans. The
prototypical PBR ligand PK11195 has been radiolabeled
with the short-lived PET isotope ''C (half-life = 20.3 min).
This radioligand has been used to image active brain pathol-
ogy in several conditions, including stroke, multiple sclerosis,
encephalitis, Parkinson’s disease, and Alzheimer’s disease
(8,10,13-16). This has provided the proof-of-principle that
the estimation of PBR expression in vivo and the measure-
ment of microglial activation in neurodegenerative brain is
possible (8,17). However, the high degree of nonspecific
uptake of ''C-PK11195 complicates the quantification and
modeling of the PET data (/8-21). This significantly limits
its sensitivity in detecting brain injury and, importantly, may
not adequately detect the subtle changes in PBR expression
affected by therapeutic intervention.

The development of new PBR ligands with higher specific
binding would provide a major advance to the imaging of
neuroinflammation and strengthen its value as a diagnostic
index, especially if the detection of subtle or diffuse changes
in PBR expression is required. Consequently, the aim of the
present work was the in vivo validation of the recently
reported PBR radioligand !'C-DPA-713 (22,23) in a model
of neurodegeneration—namely, the excitotoxic lesion of the
striatum in rats.

MATERIALS AND METHODS

Animal Surgery

All studies were conducted in accordance with French legisla-
tion and European directives. Wistar rats (average body weight,
299 = 50 g [mean = SD]; Centre d’Elevage René Janvier, France)
were kept in thermoregulated, humidity-controlled facilities under
a 12-h light/12-h dark cycle (light on between 7 h am and 7 h pm)
and were allowed free access to food and water. Anesthesia was
induced by 5% isoflurane and thereafter maintained by 2%-2.5%
in a 70%:30% mixture of NO,/O,. a-Amino-3-hydroxy-5-methyl-
4-isoxazolepropionate ([AMPA] 15 mM in phosphate-buffered
saline [PBS] buffer; Sigma) was stereotactically injected through
the use of a 1-pL microsyringe and micropump (injection rate,
0.5 pL/min; UltraMicroPump II and Micro4 Controller; WPI
Inc.). AMPA (0.5 nL) was injected in the right striatum (Bregma
+0.7 mm, from sagittal suture: 2.7 mm; depth from brain surface:
5.5 mm). Animals were maintained normothermic (body temper-
ature, 36.7°C £ 0.5°C; mean * SD) during the surgery through
the use of a heating blanket (Homeothermic Blanket Control Unit;
Harvard Apparatus Ltd.).

Histologic Study

Because no contrast between healthy and damaged brain tissue
was observed in sections stained with cresyl violet 7 d after
inducing the striatal lesion—mainly due to glial cells invading the
lesion site—the volume of the brain damage was assessed 2 d
postlesion in 7 Wistar rats (body weight, 300 = 68 g; mean *
SD). Brains were quickly removed and frozen in isopentane in dry
ice. Brain damage, delineated by the relative paleness of histo-
logic staining in the damaged tissue, was assessed on cresyl
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violet—stained coronal sections (20 wm). According to the meth-
ods described by Osborne et al. (24), ipsilateral healthy tissue,
contralateral hemisphere, and lesion volumes were calculated by
the integration of areas as quantified with a computer-assisted
image analyzer on each brain slice. Lesion volumes were com-
puted using SigmaScan Pro software (Systat Software, Inc.).

Immunohistochemical Study

Immunohistochemistry staining was also performed on 7 rats
(body weight, 295 = 58 g; mean = SD) immediately after the
end of the PET scans. Animals were euthanized and brains were
quickly removed and frozen in isopentane in dry ice. Two adjacent
sets of rat brain sections were fixed in paraformaldehyde (4% in
100 mM PBS) for 1 h and washed (6 X 5 min) in PBS. Sections
were permeabilized with 30 min of incubation in 0.1% Triton
X-100 containing 4.5% normal goat serum in PBS to block
nonspecific binding. Without further washing, sections were incu-
bated overnight at 4°C with primary antibodies in 3% normal goat
serum/0.1% Triton X-100 in PBS. At each level, 1 section was
stained for both glial fibrillary acidic protein (GFAP) with rabbit
anticow GFAP (DakoCytomation, 1:1,000) and CD11b (Ox42)
with mouse antirat CD11b (Serotec, 1:1,000), and 1 for both
GFAP and NeuN (mouse antimouse NeuN, 1:1,000; Chemicon).
Sections were then washed (3 X 10 min) in PBS and incubated for
1 h at room temperature with secondary antibodies (Alexa Fluor
594-nm goat antimouse IgG, Alexa Fluor 488-nm goat antirabbit
IgG, both 1:500; Molecular Probes, Invitrogen) in 3% normal goat
serum/0.1% Triton X-100 in PBS and then washed again (3 x 10
min) in PBS.

Sections were mounted with a Prolong Antifade kit (Molecular
Probes, Invitrogen); those incubated without the primary anti-
bodies served as negative controls.

Fluorescent examination was performed on an Olympus AX70
microscope equipped with a DP50 charged-coupled device cam-
era. Magnifications used were 4, 10X, and 20x (Universal Plan
Apochromat objectives), and images were acquired with analySIS
software (Soft Imaging System).

Autoradiography

Concomitantly with the first ''"C-PK11195 PET scans per-
formed and before proceeding further, the presence of specific
PBR binding sites in the lesion was confirmed by autoradiographic
experiments with *H-PK11195 (Amersham) on rat brain sections
2d(m=26),3d(n =2),and 7d (n = 2) after AMPA injection (rat
body weight, 286 * 61 g; mean * SD). 3H-PK11195 was used at
a concentration of 18 nM in Tris buffer (based on its affinity for
the PBR; 50 mM, pH 7.4, at 4°C) according to protocols described
elsewhere (/7). Nonspecific binding was determined by incuba-
tion of adjacent brain slices in the presence of 10 uM Ro5-4864
(Sigma). Brain sections were exposed for 3 hin a 3-imager (Biospace
Mesures) using (-Acquisition control and acquisition software
(Biospace Mesures). Subsequent analysis of acquired images was
performed using [3-Vision+ software (Biospace Mesures).

Radiosynthesis of Ligands

(R)-PK11195 ((R)-N-Methyl-N-(1-methylpropyl)-1-(2-chloro-
phenyl)isoquinoline-3-carboxamide) was labeled with ''C at its
amide moiety from the corresponding nor-derivative ((R)-N-
(1-methylpropyl)-1-(2-chlorophenyl)isoquinoline-3-carboxamide)
using ''C-methyl iodide (25,26) (Both nor-(R)-PK11195 and
PK11195 were kindly provided by Sanofi-Aventis). Typically, about
4.80 GBq of (R)-''C-PK11195 (>98% radiochemically pure)
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were routinely obtained within 25 min of radiosynthesis (including
high-performance liquid chromatography [HPLC] purification
and formulation), with specific radioactivities ranging from 75
to 90 GBg/pmol. DPA-713 (N,N-diethyl-2-[2-(4-methoxyphenyl)-
5,7-dimethylpyrazolo[1,5-a]pyrimidin-3-ylJacetamide) was labeled
with ''C at its aromatic methoxy moiety from the corresponding
nor-derivative (N,N-diethyl-2-[2-(4-hydroxyphenyl)-5,7-dimethyl-
pyrazolo[1,5-a]pyrimidin-3-yl]acetamide) using ''C-methyl triflate
(22,23) (DPA-713 and nor-DPA-713 were synthesized according
to James et al. (22)). Typically, about 7.40 GBq of ''C-DPA-713
(>98% radiochemically pure) were routinely obtained within
20 min of radiosynthesis (including HPLC purification and
formulation), with specific radioactivities ranging from 70 to 90
GBg/pmol.

PET Scans and Data Acquisition

On the basis of the autoradiographic results, 17 rats were used
for imaging 7 d after AMPA injection and distributed among
groups as follows (body weight expressed as mean = SD): ''C-
PK11195, 275 = 50 g, n = 5; ''C-DPA-713,300 = 10 g, n = 4;
HC-DPA-713 + PK11195, 306 = 7 g, n = 4; '"C-DPA-713 +
DPA-713, 345 = 38 g, n = 4. Anesthesia was induced by 5%
isoflurane and thereafter maintained by 2%-2.5% isoflurane in a
70%:30% mixture of NO,/O,. For PET scans, the rat’s head was
placed in a home-made stereotactic frame compatible with PET
acquisition, and rats were maintained normothermic (rectal tem-
perature, 36.7°C = 0.5°C; mean * SD) through the use of a
heating blanket (Homeothermic Blanket Control Unit; Harvard
Apparatus Ltd.). Seven days after intrastriatal injection of AMPA,
expression of PBR was assessed through the use of a Focus 220
PET scanner (Siemens Medical Solutions USA, Inc.) using either
C-PK11195 or ''C-DPA713. Radiolabeled compounds (''C-
PK11195, 72.2-110 MBgq, 1.88-23.7nmol; ''C-DPA-713, 61.1-
90.74 MBq, 0.67-2.07nmol) and unlabeled ligands (1 mg/kg)
were injected in the caudal vein through a 24-gauge catheter.
Radiolabeled compounds were injected concomitantly with the
start of PET acquisition and unlabeled compounds were injected
20 min after injection of radiotracers. PET data were acquired for
80 min.

The acquisition protocol consisted of the following parameters:
The time coincidence window was set to 6 ns, and the levels of
energy discrimination were set to 350 and 750 keV. The list-mode
acquisition data files were histogrammed into 3-dimensional sino-
grams with a maximum ring difference of 47 and a span of 3. The
list-mode data of the emission scans were sorted into 14 dynamic
frames. The attenuation correction factors were measured using an
external ®8Ge point source. Finally, the emission sinograms (each
frame) were normalized, corrected for attenuation and radioactivity
decay, and reconstructed using Fourier rebinning and 2-dimensional
ordered-subsets expectation maximization (16 subsets and 4 itera-
tions).

Image Analysis

PET image analysis was performed using ASIPro VM (Anal-
ysis Tools and System Setup/Diagnostics Tool; Siemens Medical
Solutions USA, Inc.). Regions of interest (ROIs) were delineated
as contralateral and ipsilateral hemisphere, cerebellum, and lesion
(as delineated by the hyper-signal seen in the summed image of
the 14 frames); the mirror ROI of the lesion was copied and
symmetrically pasted into the contralateral hemisphere. In the case
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of overlapping of the 2 ROIs due to a thalamic lesion, the
contralateral ROI was reduced to the edge of the ipsilateral ROL.

PET Data Modeling

The simplified reference tissue model (27) from the PMOD
software package (PMOD Technologies Ltd., version 2.5) was used
to assess the binding potential (BP) in rat brain structures. This
model relies on a 2-tissue reversible compartment for the target
region (ipsilateral ROI) and a single-tissue compartment for the
reference region (contralateral ROI). The model assumes that the
nonspecific compartment is either negligible or that its exchange
rates with the free compartment are sufficiently rapid. In addition,
the distribution volume of the free compartment (DV1) is supposed
to be equal in both reference and target structures. Finally, the
reference region—measured kinetics should not include any specific
binding. The analysis of the double-injection kinetics, particularly
after injection of unlabeled ligand, supports these assumptions.
Three parameters were estimated for each kinetic: R1 (k,/k"),
which represents the ratio of tracer delivery; k,, which is the
clearance from the target tissue back to the vascular compartment;
and the BP (ks/ky).

Metabolite Analysis in Rat Blood and Brain

Naive or adult male Wistar rats that underwent surgery (body
weight, 300400 g) were injected intravenously in the tail vein with
C-DPA-713 (88-158 MBq). Animals were sacrificed 10, 20, or
30 min later. A blood sample was collected, and plasma was
isolated by centrifugation (5 min, 3,000 rpm). Plasma proteins were
precipitated from 400 pL of serum by addition of 400 pL of
CH;CN. After centrifugation (5 min, 3,000 rpm), the supernatant
was injected onto the HPLC column. Rat brains were removed and
hemispheres were separated. Homogenization by sonication was
performed in 1 mL of acetonitrile per hemisphere. After a rapid
centrifugation, the supernatant was separated from the pellet and
concentrated under reduced pressure before injection onto the
HPLC column (HPLC equipment: model 600 Controller [Waters],
1100 Series UV detector [Hewlett Packard], Flow One Scintillation
detector [Packard]; column: semipreparative C18, nBondapak
column [Waters], 300 X 7.8 mm; porosity: 10 wm; solvent A: 0.1%
aqueous trifluoroacetic acid (TFA); solvent B: CH;CN, isocratic
elution: 60:40 (A/B) in 10 min; flow rate: 6 mL/min; room tem-
perature; absorbance detection at A\ = 263 nm).

Blood-Brain Barrier (BBB) Integrity

The integrity of the BBB was investigated using Evans blue
extravasation. Evans blue (2% in saline, 4 mL/kg) was injected
intravenously in control animals or at 1, 2, or 7 d postlesion. After
decapitation, brains were quickly removed and frozen in isopen-
tane in dry ice, digital pictures of the brain were taken during
cryostat sectioning and in 50-wm sections, and Evans blue ex-
travasation was compared between groups.

Statistical Analysis

All data are expressed as mean * SD. All comparisons were
performed using Kruskal-Wallis and Mann—Whitney nonparamet-
ric tests. For all statistical analyses, the significance level accepted
was P < 0.05.
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RESULTS

Histologic and Immunohistochemical Studies

Injection of 7.5 nmol of AMPA in the right striatum
induced a lesion of reproducible size and shape in the
striatum 48 h after injection (21.0 * 5.7 mm?) (Fig. 1). Six
rats were examined 48 h after intrastriatal injection, show-
ing that the lesion was strictly limited to the striatum in 3
animals, and brain damage had extended into the thalamus
in 3 of 6 animals (Fig. 1). Cortical damage (excluding the
needle track) was observed in 1 of 6 rats and located in the
piriform cortex. Using fast cresyl violet staining, the lesion
was clearly identifiable at 48 h after injection (Fig. 1), but
the contrast between healthy tissue and lesion site faded at
longer postlesion times, and the delineation of the lesion
was barely identifiable at 7 d after injection. Therefore,
immunohistochemistry was preferred to histology to mea-
sure brain damage: Astroglial and microglial invasion was
clearly observed using specific antibodies (Figs. 2 and 3).
The location of brain damage was similar at 48 h and 7 d
after injection (neuronal loss and induction of glial cells in
the striatum in all animals, in the piriform cortex in 29% of
the rats, and in the thalamus in 57% of the rats).

BBB Integrity

We observed Evans blue staining in the striatum and in
the cortex at the needle track level at 1 or 2 d after inducing
the lesion; however, at 7 d after injection, a slight Evans
blue extravasation was observed in only 1 of 7 rats (data not
shown).

PET

Seven days postlesion, the use of ''C-PK11195 to image
PBR expression correlated well with induction of micro-
glial cells observed using immunohistochemistry or PBR
expression using *H-PK11195 autoradiography (Figs. 2-4).
As shown by the pharmacokinetics of '"C-PK11195 (Fig.
5A), the first peak was within the first minute after injec-
tion; this was followed by a slow decrease in the ipsilateral
ROI and a slightly more rapid washout in the contralateral
ROI during the 10 min after injection. Thereafter, the
pharmacokinetics of ''C-PK11195 were parallel in both
ipsilateral and contralateral sides. Quantification of PET
data highlighted a significant difference between the con-

tralateral and ipsilateral sides (1.6-fold = 0.05 increase in
the percentage injected dose per cubic centimeter (%ID/
cm? in the ipsilateral side when compared with the contra-
lateral side, between 10 and 70 min). Lower specific
radioactivity for 2 of the 5 ''C-PK11195 PET experiments
(data not shown) did not affect significantly the time-—
activity curves or the contrast between the ipsilateral and
contralateral side or the BP values, suggesting that all
experiments were performed at tracer doses. Similarly, the
use of fixed-size ROIs around the center of the lesion
highlights similar results with ROIs including the whole
lesion (data not shown).

For ''C-DPA-713, the pharmacokinetics in the brain was
slightly different than that for ''C-PK11195: ''C-DPA-713
did not peak as high as '"C-PK11195 during the first
minutes after injection but rather quickly reached a plateau
and then decreased slowly with time. As shown in Figure
5B, the brain concentration of ''C-DPA-173 was signifi-
cantly different between ipsilateral and contralateral sides
(2.5-fold * 0.14 increase in %ID/cm? in ipsilateral side
when compared with contralateral side, between 10 and
70 min).

Only intact radioligand was detected in the brain 10, 20,
and 30 min after injection of ''C-DPA-713 (retention time,
7.3 min). Two metabolites, more hydrophilic than ''C-
DPA-713, were detected in the plasma 10 and 30 min after
injection (intact form of ''C-DPA-713, 73% and 57%—-66%
at 10 and 30 min after injection, respectively; n = 2 per
time point; metabolite’s retention time, 2.1 and 3.0 min).
No lipophilic compounds were eluted after the intact
radioligand despite the wash of the HPLC column (water +
0.1% TFA:acetonitrile 20:80; 10 min).

Comparison of the pharmacokinetics of ''C-PK11195
and ''C-DPA-713 highlighted that uptake of both ligands
was not significantly different in the lesion site but that the
uptake of ''C-DPA-713 was significantly lower than the
uptake of ''C-PK11195 in healthy tissue (Fig. 5C). A first
trial of PET data modeling was performed to estimate the
BP of both '!C-PK11195 and ''C-DPA-713 in the rat brain.
R, values (= k,/k'}) were close to unity for ''C-PK11195
("'C-PK11195 = 1.10 * 0.05) and slightly above 1 for !'C-
DPA-713 (R; = 1.32 £ 0.16). BP was significantly higher
for ''C-DPA-713 than that for '"C-PK11195 (1.57 %= 0.36

FIGURE 1. After 2 d, quantification of 2
lesion volumes (left) highlights a repro- "g 30 o o
ducible lesion volume in ipsilateral stria- £ 25 i
tum. In cortical areas, lesion size was . P
more variable and essentially due to the § 20 £ \l"““ 4
needle track, except in 1 rat, and in S 15 ° !
thalamic nuclei, in which lesion had e o E /4“,
extended for 3 of 6 rats. Lesion was o 10 o k g
. . w ol A
clearly delineated on coronal section (20 3 & i L A ;\}_‘
wm) with cresyl violet staining in ipsilat- f%—\ 8 - ol
eral striatum after AMPA injection (right) 0 Striatum _ Cortex  Thalamus
(x4).
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Contralateral

FIGURE 2.

Ipsilateral

Immunohistochemistry was performed 7 d after intrastriatal injection on 2 adjacent sets of rat brain sections (postfixed

with paraformaldehyde): 1 for GFAP (green staining) and CD11b antigen (Ox42, red staining) (A and B); the other for GFAP (green)
and neuron-specific nuclear protein (NeuN, red staining) (C and D). In contralateral side (A and C), clear NeuN staining was
observed, whereas no activated microglial cells or astrocytes could be seen. In ipsilateral side, intense microglial activation (red)
was observed within lesion core surrounded by a clear astroglial activation (green) (delineated by dashed arrows in B), whereas
neuronal loss was clearly seen in lesion core when compared with surrounding healthy tissue (delineated by solid arrows in D).

vs. 0.66 = 0.15; P < 0.05, Mann—Whitney test). Because
R, > 1 for '"C-DPA-713, we have also simulated a new
curve with R; = 1 and unchanged k, and BP values to
evaluate the impact of a potential undetected alteration of
the BBB and altered K;. This fit showed no significant
difference between the simulated curve and experimental
plots from 11 * 3 min onward.

Displacement studies were performed by injecting an
excess (1 mg/kg) of either unlabeled PK11195 or DPA-713,
20 min after injection of '"C-DPA-713 (Fig. 6). Before
injection of unlabeled PK11195 (0-20 min), brain pharma-
cokinetics of ''C-DPA-713 were not significantly different,
when compared with the single-injection experiments, in
both ipsilateral and contralateral sides, whereas the basal
level of ''C-DPA-713 was slightly lower before injection of
unlabeled DPA-713 (0-20 min) than that in the ''C-DPA-
713 single injection. Rapid displacement of ''C-DPA-713
in the brain was observed in the lesion site with both

1C_-DPA-713 For IMAGING NEUROINFLAMMATION ¢ Boutin et al.

unlabeled PK11195 (Fig. 6A) and DPA-713 (Fig. 6B)
from 20 to 80 min after injection, whereas no change in
11C-DPA-713 concentration was observed in the contralat-
eral side.

DISCUSSION

In the present study, we have used a small-animal dedi-
cated PET scanner to investigate the new PBR radioligand
C-DPA-713 (22,23). Although the PBR is only modestly
expressed in normal brain parenchyma, it is dramatically
upregulated in neuropathologic conditions, including stroke,
brain trauma, Alzheimer’s disease, and Parkinson’s disease,
correlating with the activation of microglial cells. We first
performed a microPET study using the known PBR radioli-
gand ""C-PK11195 in rats with a striatal lesion. The local-
ization and expression of PBR correlate well with the results
obtained ex vivo (Figs. 2—4). Similarly, clinical studies have

577



FIGURE 3. High magnification of immunostaining of the lesion area. (A and B) Intense microglial activation (Ox42, red staining)
was observed within lesion core surrounded by clear astroglial activation (GFAP, green staining). (C and D) NeuN immunostaining
(red) was clearly decreased in lesion core when compared with surrounding healthy tissue.

also reported an increase in ''C-PK11195 in various neuro-
pathology (1.5- to ~2-fold increases in BP in Parkinson’s
disease, AD, stroke) (/3-16,28). Overall, these observations
validate our model of intrastriatal injection of AMPA in the
rat, showing that microglia is strongly activated in the
damaged brain area and that this lesion is associated with
PBR expression, as shown by 3H-PK 11195 autoradiography.
This result is in agreement with earlier reports showing PBR
induction in other models of brain lesion (/2,16,18,29-32).
However, ''C-PK11195 has a high nonspecific binding
(26%—49% of total binding in our autoradiographic binding
studies; data not shown), mainly due to high lipophicility and

A

FIGURE 4. Cresyl violet-stained coro-
nal section of a rat brain with lesion
delineated by dashed area (A), 3H-
PK11195 autoradiographic image (B),
and ""C-PK11195 PET image (C).
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low bioavailability (88% of the ligand bound to plasma
protein) (/8). This has hampered the ability to easily quantify
and model ''C-PK11195 in vivo binding using PET and,
although improvements in '"C-PK11195 modeling have
been recently published (20), the development of new PET
radioligands with improved pharmacologic properties is
eagerly awaited for more sensitive and more efficient PET
of neuroinflammatory processes. Recently, several com-
pounds ('!'C-vinpocetine, ''C-VC195, '"C-DAA1106, '8F-
FMDAA1106, and '8F-FEDAA1106) have been evaluated.
Indeed, Maeda et al. (33), Zhang et al. (34,35), and Fujimara
et al. (36) have extensively described ''C-DAA1106 and
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FIGURE 5. Time-activity curves for
11C-PK11195 (n = 5) (A) and ''C-DPA-
713 (n = 4) (B) and corresponding
quantitative PET images (right) and com-
parison between these 2 radioligands (C).
Data are expressed as percentage of
injected dose per cubic centimeter (%ID/
cm® mean * SD) as a function of
postinjection time (min). Significant sta-
tistical differences are shown between
ipsilateral and contralateral curves (P <
0.05 from 2.5 min after injection for 11C-
PK11195 (A) and from 1.5 min after
injection for '"C-DPA-713 (B)) and be-
tween ""C-PK11195 and ''C-DPA-713 in
the contralateral side (C) (P < 0.05, from
1.5 min after injection to end of mea-
surement) (Mann-Whitney tests). Images
shown at right are summed images be-
tween 2 and 70 min after injection. ipsi =

%ID/cm?®

fluorinated derivatives in ex vivo binding experiments on rat
brain sections and biodistribution in mice. They also per-
formed PET on normal monkeys or healthy patients, but
so far, to our knowledge, no published data from in vivo
experiments combining DAA1106 and derivatives in brain
with enhanced microglial activation have been published.
Surprisingly, Maeda et al. (33) show relatively high uptake
of DAA1106 and FEDAA1106 in the normal brain when
compared with ''C-PK11195, whereas PBR expression is
supposed to remain very low in normal brain (37). They
also report a total displacement of ''C-DAA1106 by itself,
but only a 50% displacement with 5 mg/kg of PK11195,
which tends to support either (i) binding to another type of
receptor or to different binding sites than PK11195 on the
PBR (as suggested by the authors), (ii) nondisplaceable
binding, or (iii) a higher nonspecific binding of ''C-DAA1106
in vivo, which could be related to the higher lipophilicity of
DAA1106 compared with PK11195 as mentioned by the
authors. Guylas et al. (38,39) have investigated ' 'C-vinpocetine
using PET but only in healthy patients or monkeys, and
pharmacologic data indicate that vinpocetine may bind to
binding sites other than the PBR (39). Belloli et al. (/8) have
evaluated ''C-labeled VC193M, VC195, and VC198M in a rat
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ipsilateral; NS = not significant.

model of striatal lesion (quinolinic acid) and the in vivo
distribution by microdissection of the brain. These authors have
shown that VC195 depicted in vivo biodistribution and binding
similar to PK11195 and, therefore, had the same potential as
PK11195 as a PBR ligand. Overall, PET of these compounds
needs to be compared with '"C-PK11195, either in a relevant
experimental model or in patients with a neuropathologic
condition.

Here, we demonstrate that '"C-DPA-713 exhibits a
higher signal-to-noise ratio than '"C-PK11195, likely be-
cause of a reduced uptake (likely to be related to nonspe-
cific binding) in the healthy tissue when compared with
HC-PK11195 (Fig. 5C). In the damaged tissue, expressing
PBR, the time—activity curves are superimposable, although
the pharmacokinetic of DPA-713 appears to be slower than
that of PK11195 during the distribution phase (0-10 min).
This latter point indicates that the difference observed
could also be explained by a lower tracer delivery (K;)
for ''C-DPA-713 than for ''C-PK11195 in the tissue, likely
to be due to a lower lipophilicity of ''C-DPA-713 when
compared with ''C-PK11195 (log D: PK11195 = 3.35;
DPA-713 = 2.41 (22)). If K, of ''C-DPA-713 is lower, then
the amount of available free ligand is reduced. Therefore,
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FIGURE 6. Time-activity curves for ""C-DPA-713 displaced
by excess of 1 mg/kg of either PK11195 (A) or DPA-713 (B) (n =
4 in each group) 20 min after injection of 1'C-DPA-713. Data are
expressed as percentage of injected dose per cubic centimeter
(%ID/cm?3; mean *+ SD) as a function of postinjection time (min).
#Significantly different from contralateral striatum (P < 0.05;
Mann-Whitney test).

one might hypothesize that the reduction of signal seen in
the contralateral ROI results from a lower free ligand con-
centration rather than from a lower nonspecific binding. If
that is the case, with a lower amount of free ''C-DPA-713
in the ipsilateral ROI and a nonspecific binding level
similar for ''C-DPA-713 and ''C-PK11195, to observe a
similar signal in the ipsilateral ROI, the specific binding of
'1C-DPA-713 has to be higher for ''C-DPA-713 than that
for "'C-PK11195. This proposition assumes equal K; for
both ROIs—that is, k; = k’; and R; = 1. To investigate the
impact of the observed value of R; = 1.32 on the activity
level in the ipsilateral ROI, we simulated a new PET curve
for R; = 1, with k, and BP remaining the same, reflecting
the conditions in which BBB would have remained intact at
all times. The results show that, as early as 11 = 3 min after
injection, the simulated activity level is similar to our
measurements and supports the notion that the BP calcu-
lated with the simplified reference tissue model reflects the
true BP of ''C-DPA-713.

Alternatively, the lower tracer delivery K; in the contra-
lateral ROI could reflect a reduced DV, in that structure
with respect to the ROI ipislateral to the lesion. However,
it is highly unlikely that the DV, would vary between
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both structures, given the similarity of the ipsilateral and
contralateral kinetics after injection of unlabeled ligand
(Fig. 6).

The best way to clarify this question would be to
measure the arterial plasma concentration during the PET
experiment for both ligands and to estimate the parameters
in all ROIs. Although our attempts to do so were not suc-
cessful in this study, this question would need new inves-
tigations in larger animals, such as nonhuman primates,
allowing easier arterial blood sampling to further investi-
gate the modeling of ''C-DPA-713.

DPA-713 is known to have an excellent specificity and
affinity for PBR binding sites (22,40). Accordingly, after
injection of an excess of either unlabeled PK11195 or DPA-
713, our in vivo PET study showed (i) a short phase of
slight signal increase expected from peripheral sites’ re-
lease (/9) (between 20 and 23 min), immediately followed
by (ii) a full displacement of ''C-DPA-713 (Fig. 6).
Moreover, there was no displacement in the contralateral
side, in correlation with the lack of activated microglia
as shown by immunohistochemistry. This supports the use
of the mirror ROI of the ipsilateral side as a reference
compartment in the simplified reference tissue model used
to model our PET data. Using this model, which assumes
that no specific binding exists in the reference tissue (27),
our data demonstrate a greater BP for ''C-DPA-713 than
that for ''C-PK11195 and correlate with the better signal-
to-noise ratio of ''C-DPA-713.

CONCLUSION

In the present work, we report a combination of small-
animal dedicated PET and the use of a model of neuro-
inflammation for a direct comparison of ''C-PK11195 and
the new PBR radioligand !''C-DPA-713. Generally, our
results (i) highlight the great interest in PET studies in
small animals to screen and identify new radioligands
directly in vivo, allowing a rapid translation to clinical
PET, and (ii) open new perspectives for the investigation of
neuroinflammatory processes in neuropathologic conditions
and the follow-up of therapeutic interventions in animal
models. More specifically, our results show that !'C-DPA-
713 has a greater potential for the quantification of PBR
binding sites than ''C-PK11195 because of its better signal-
to-noise ratio. !'C-DPA-713 is a very promising PBR
radioligand, although further clinical studies are needed
to validate the use of ''C-DPA-713 in clinical imaging. An
improved PBR PET radioligand, such as ''C-DPA-713, is
of great significance in the clinical studies of neurodegen-
erative diseases, where it would allow a more sensitive and
accurate quantification of PBR induction, diffuse and of
slight amplitude in neurodegenerative diseases or acute and
precisely located in rather small ROIs in stroke or brain
trauma. Such a radioligand will also dramatically enhance
the ability to directly monitor neuroinflammatory processes
(e.g., glial response) and to indirectly follow neuronal stress
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induced by neuroinflammation. More capacity to measure
these 2 parameters in patients would contribute to the
development of reliable diagnostic and therapy follow-up
tools.
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