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Abstract
Purpose: The purpose of this study is to evaluate the 18 kDa translocator protein (TSPO)
radioligand [18F]N-fluoroacetyl-N-(2,5-dimethoxybenzyl)-2-phenoxyaniline ([18F]PBR06) as a
positron emission tomography (PET) imaging biomarker of stroke-induced neuroinflammation
in a rodent model.
Procedures: Stroke was induced by transient middle cerebral artery occlusion in Balb/c mice.
Dynamic PET/CT imaging with displacement and preblocking using PK111195 was performed
3 days later. PET data were correlated with immunohistochemistry (IHC) for the activated
microglial markers TSPO and CD68 and with autoradiography.
Results: [18F]PBR06 accumulation peaked within the first 5 min postinjection, then decreased
gradually, remaining significantly higher in infarct compared to noninfarct regions. Displacement
or preblocking with PK11195 eliminated the difference in [18F]PBR06 uptake between infarct and
noninfarct regions. Autoradiography and IHC correlated well spatially with uptake on PET.
Conclusions: [18F]PBR06 PET specifically images TSPO in microglial neuroinflammation in a
mouse model of stroke and shows promise for imaging and monitoring microglial activation/
neuroinflammation in other disease models.
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Introduction

S troke is characterized by an inflammatory response that

involves a variety of molecular, cellular, biochemical,
and hormonal changes [1]. They include cytokine and
chemokine-mediated activation of the brain’s resident macro-
phages (microglia), upregulation of poly(ADP-ribose) poly-
merase-1, and multiple matrix metalloproteinases resulting in
the disruption of the blood–brain barrier and the infiltration of
neutrophils, and recruitment of macrophages and other
leukocytes [2, 3]. Activated microglia release proinflammatory
mediators and increase expression of immunomodulatory
microglial proteins [4]. Among these proteins is the
translocator protein-18 kDa (TSPO), previously referred to as
the peripheral benzodiazepine receptor (PBR) [5]. This protein
is located on the outer mitochondrial membrane of activated
microglia and reactive astrocytes. TSPO expression is low in
the healthy brain and increases markedly under
neuroinflammatory conditions such as stroke. TSPO expres-
sion has thus been used as a biomarker of inflammation [6].

Multiple studies have identified numerous TSPO radio-
ligands that can serve as positron emission tomography (PET)
imaging agents for stroke and other inflammatory disorders [7].
These radioligands include [11C]PK11195, [18F]-DPA-714,
[11C]DAA1106, [11C]PBR28, [11C]DAC, [18F]FEAC,
[18F]FEDAC, and [18F]FEDAA1106 [7–16]. Most have been
used with varying degrees of success to image stroke in rats.
The 18F-labeled radioligand 18F-N-fluoroacetyl-N-(2,5-
dimethoxybenzyl)-2-phenoxyaniline ([18F]PBR06) [17] was
recently developed as a neuroimaging agent for TSPO. It belongs
to the aryloxyanilide class of compounds. Compared to existing
TSPO radioligands, [18F]PBR06 is distinguished by a number of
features: ease of preparation, long half-life due to its 18F,
insignificant defluorination, high diffusibility across the blood–
brain barrier in monkey, high binding affinity for TSPO in rat and
monkey, and high specificity for TSPO [17]. Furthermore, it has
been characterized in the human brain, and its biodistribution and
radiation dosimetry in humans have been evaluated [18, 19],
facilitating translation of results to human subjects. Thus,
[18F]PBR06 is an attractive neuroimaging agent for investigating
neuroinflammatory disorders in preclinical models. Although
[18F]PBR06 has been characterized in three species (mice, rats,
and humans), only one study involved imaging a pathological
condition (glioma), and it has not yet been used in animal or
humanmodels of stroke or other nonmalignant neuroinflammatory
conditions. This study therefore seeks to characterize and validate
[18F]PBR06 PET imaging in a mouse stroke model.

Materials and Methods
Preparation of 18F-PBR06 and PK11195

An automated TRACERlab FXF-N radiosynthetic module (GE
Medical Systems, USA) was used in the preparation of

[18F]PBR06 as previously reported [17]. Briefly, aqueous [18F]fluo-
ride ion (44,400 MBq; 200 mCi) was dried by cycles of addition
and evaporation of acetonitrile (1 cycle, 1 ml), complexed with 18-
Crown-6 (1.7 mg; 6.4 μmol)/K2CO3 (0.44 mg; 3.2 μmol) and
reacted with the precursor N-(2,5-dimethoxybenzyl)-2-bromo-N-(2-
phenoxyphenyl)acetamide (0.5 mg in 0.5 ml acetonitrile) at 110 °C
for 10 min. [18F]PBR06 was purified by injection into a
semipreparative Gemini C18 column (5 μm, 10×250 mm;
Phenomenex, Torrance, CA, USA) at 214 nm and eluted at 5 ml/
min with a mixture of (A) 50 mM ammonium formate (pH 6) and
(B) 50 mM ammonium formate in MeCN (25:75, v/v) according to
the program 57 % B for 2 min, increasing to 62 % B over 8 min,
and slowly increasing to 67 % B for 40 min. The fraction
containing [18F]PBR06 (tR=40 min) was collected in water
(20 ml). This solution was passed through a C-18 Sep-Pak, and
the trapped [18F]PBR06 was eluted with ethanol (1 ml) and saline
(9 ml) into a sterile flask. Typically, 592–1,480 MBq (16–40 mCi)
of [18F]PBR06 (999 % chemically and radiochemically pure) was
obtained with specific radioactivity ranging from 67 to 130 GBq/
μmol (1,800–3,500 mCi/μmol) within 80–90 min (high-perfor-
mance liquid chromatography purification and SepPak-based
formulation included). Overall, radiochemical yield was 2.1±
0.7 % (n=10), and specific radioactivity was 98±31 GBq/μmol
(2,640±832 mCi/μmol) (n=10), both decay-corrected to the end of
synthesis. For the displacement and preblocking studies, PK11195
(3.4 mg, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in
1 ml ethanol, after which Tween 80 (15 mg) was added. The
mixture was put in an ultrasonic bath for 5 min, and then 9 ml of
saline was slowly added while stirring the solution. The final
solution could be stored at room temperature for 2 h without
precipitation.

Stroke procedure

Strokes were performed after approval by the Administrative Panel
on Laboratory Animal Care of Stanford University. Three-month-
old female Balb/c mice (Charles River Laboratories, Wilmington,
MA, USA) were used. All strokes were induced by occluding the
left middle cerebral artery (MCA) with a suture for 30 min using a
previously described technique [20]. The mice were maintained
under anesthesia with 2 % isoflurane for the entire procedure. A 5–
0 silk suture was used to ligate the left external carotid artery, and a
7–0 monofilament suture was threaded into the left common carotid
artery (CCA) until it encountered appropriate resistance indicating
occlusion of the MCA. After 30 min, the monofilament was
removed, and the CCA was permanently occluded with 5–0 silk
suture. A total of nine mice identified on MRI as having clear
infarcts were used in the studies, seven for the PET-CT imaging
and two for the autoradiography studies.

MR imaging

Two days after stroke induction, high-resolution MRI was acquired
on a 7-T animal MRI scanner (microSigna, GE Healthcare,
Waukesha, WI, USA) equipped with a 9-cm bore gradient insert
(Resonance Research, Inc., Billerica, MA, USA) and the LX11
control console (GE Healthcare, Waukesha, WI, USA). The
radiofrequency coil used was an in-house 1.5 cm diameter
transmit–receive surface coil. The MRI acquisition included a T2-
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weighted (T2w) fast spin echo sequence with fat saturation (TE,
47.3 ms; TR, 4,000 ms; bandwidth, ±15.6 kHz; echo train length, 8;
slice thickness, 0.5 mm; number of slices, 32; FOV, 3 cm;
acquisition matrix, 256 x 256; scan time, 4 min 56 s), acquired in
the coronal plane.

PET/CT imaging

PET imaging was performed 3 days after stroke induction with a
MicroPET R4 rodent model instrument (Siemens Medical Solutions
Inc., Knoxville, TN, USA). The mice were anesthetized with 2 %
isoflurane in oxygen and their tail veins catheterized. Custom tail
vein catheters with a 40-μL dead volume were constructed by
connecting a 27-Ga butterfly needle to a 27-Ga hypodermic needle
using a 10-cm length of 0.28×0.61 mm polyethylene tubing (BD
Diagnostics, Sparks, MD, USA). Four attached fiducial markers
were applied for coregistration of PET with computed tomography
(CT). Each marker was constructed from a microcentrifuge tube
containing a drop of 0.037 MBq (1 μCi) of [18F]PBR06 in 5 μl of
an iodinated CT contrast agent at its tip.

In the baseline study, four mice were injected (i.v.) with an
average of 10.1 MBq (272 μCi) of [18F]PBR06 (range, 9.5 MBq/
258 μCi to 10.6 MBq/287 μCi) and dynamically scanned over an
80-min period, simultaneously in a four-mouse holder. In the
displacement study, three of these mice were subsequently injected
with 2 mg/kg of PK11195 and imaged for another 30 min. In the
preblocking study, three additional mice were injected (i.v.) with
PK11195 (2 mg/kg) 10 min prior to administration of [18F]PBR06
(average, 6.6 MBq/178.7 μCi; range, 4.6 MBq/125 μCi to 10.2 MBq/
276 μCi). The dose of PK11195 was chosen to be approximately
2,000 times the mass of the imaging dose of [18F]PBR06 to ensure
adequate competition for binding sites.

Immediately after PET imaging, the holder containing the mice
was transferred to a SPECT-CT scanner (Gamma Medica Ideas,
Northridge, CA, USA) for CT imaging. The CT protocol used was
as follows: number of projections, 256; current, 335 μA; voltage,
75KV; reconstruction, 512×512×512 with 170 μm isotropic
voxels.

Image analysis

PET image reconstruction was performed using the ordered subsets
expectation maximization 2D algorithm [21]. The voxel size for the
R4 scanner was 0.845×0.845×1.211 mm. No attenuation correc-
tion was applied during the reconstruction, but impact on
quantification was previously determined to be minimal in this
system using the same multianimal holder [22]. Images from all
three modalities were analyzed using RT_Image, an in-house
software tool that was developed using the Interactive Data
Language (IDL; ITT Visual Information Solutions, Boulder, CO,
USA) for functional imaging analysis in radiation oncology and
preclinical imaging research [23]. PET and CT images were
coregistered using a rigid body transformation by point matching
using the four PET/CT fiducial markers. CT and MR images were
also coregistered using a rigid body transformation by point
matching using intracranial anatomic landmarks visible on both
modalities. Finally, MR and PET images were coregistered by
propagation of the MR/CT and CT/PET transformations, so that the
registration accuracy was not limited by the lower resolution of

PET. Based on the MR images, regions of interest (ROIs) were
drawn on every slice to delineate the infarct and noninfarct
(matching regions in the contralateral hemisphere) regions, forming
three-dimensional volumes. Radioactivity values were expressed in
units of percent injected dose per gram (%ID/g) and were decay-
corrected.

Autoradiography

Frozen brain sections (−20 °C, 100 μm thick) were cut using a
Leica CM1950 cryostat (Leica Microsystems, Wetzlar, Germany)
and placed on microscope slides (Fisher Scientific, Waltham, MA,
USA). Starting at approximately 3 h after the original in vivo
injection of [18F]PBR06, the slides were applied to a phosphor
storage screen inside a cassette overnight at 4 °C. The images were
developed using a Cyclone phosphor storage system (Perkin Elmer,
Waltham, MA, USA). Two mice were used for autoradiography.

Immunohistochemistry

Immunohistochemistry (IHC) for TSPO and CD68 (a specific
marker for activated microglia) was performed as follows: The
mice were euthanized with carbon dioxide, perfused with phos-
phate-buffered saline (PBS), and then fixed with paraformaldehyde.
The brains were then harvested and kept at 4 °C in 30 % sucrose
overnight and subsequently placed in OCT (Sakura Fintek,
Torrance, CA, USA). They were stored at −80 °C until sectioning.
Two adjacent sections (30 μm) from each brain were stained: the
first with fluorescent dye-labeled antibody and the second with
biotin-labeled antibody. The primary antibodies used were the
following: the rabbit polyclonal anti-mouse antibody, NP155, an
antibody against TSPO [24] provided by Dr. Makoto Higuchi of the
National Institute of Radiological Sciences, Japan; and rat
monoclonal anti-mouse CD68 (Abcam, Cambridge, MA, USA),
both diluted at 1:1,000 in the blocking solution. The secondary
antibodies used were goat antirat IgG Alexa Fluor 488 (Invitrogen,
Carlsbad, CA, USA), goat antirabbit IgG Alexa Fluor 594
(Invitrogen, Carlsbad, CA, USA), and biotinylated antimouse IgG
(Vector Laboratories, Burlingame, CA, USA). The staining pro-
cedures were based on standard IHC techniques for floating
sections. Briefly, the first set of sections was placed in PBS
containing NH4Cl (50 mmol/l) for 5 min and then transferred to
chilled methanol–acetone (1:1 at −20 °C) for 5 min, followed
immediately by Triton-X 100 (0.1 % in PBS) for 5 min. Blocking
was performed with goat serum (5 %/Tween 0.5 %) in PBS for
30 min and immediately incubated with the primary antibodies at
room temperature for 1 h followed by incubation with a fluorescent
dye-labeled secondary antibody, also for 1 h. The sections were
washed extensively with PBS after every step. They were then
mounted in DAPI-containing medium and imaged with a laser
scanning confocal microscope (Carl Zeiss Inc., Oberkochen,
Germany). Adjacent sections were incubated with biotinylated
secondary antibody coupled with streptavidin-horseradish peroxi-
dase and reacted with 3,3′-diaminobenzidine (DAB). For these
sections, prior to blocking, the endogenous peroxidase was
quenched by incubating with a solution of hydrogen peroxide
(30 %), methanol, and PBS in a 1:3:6 ratio at room temperature for
15 min. The secondary antibody used was a goat biotinylated anti-
IgG in blocking solution. After secondary antibody incubation, the
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sections were immersed in avidin–biotin complex solution (Vector
Laboratories, Burlingame, CA, USA) at room temperature for
30 min, placed in DAB solution (Vector Laboratories, Burlingame,
CA, USA) and mounted in water. The sections were washed in
between steps with PBS and were visualized with an Olympus
NanoZoomer 2.0-RS slide scanner (Center Valley, PA, USA). All
seven mice that underwent PET imaging were further processed for
IHC.

Statistical analysis

Statistical analysis was performed using GraphicPad Prism software
(GraphicPad Software Inc., La Jolla, CA, USA). The Mann–
Whitney test was used to compare the regions of interest within the
stroke and non-stroke hemispheres. PG0.05 indicated a statistically
significant difference.

Results

Uptake of [18F]PBR06 on PET

In all seven mice, MRI demonstrated left hemispheric infarcts
covering regions in the cortex and in the adjacent striatal area
(Fig. 1). PET demonstrated increased [18F]PBR06 uptake
corresponding to these regions (Fig. 2a). Time–activity curves
demonstrated differential uptake profiles between infarct regions
compared to noninfarct regions (Fig. 2b and Table 1). The tracer
rapidly accumulated in the noninfarct regions, peaking by 5 min
p.i., then clearing rapidly. In contrast, [18F]PBR06 accumulation
in the infarct regions was more gradual, peaking at 10 min, then
clearing more gradually such that it was higher than in the
noninfarct regions beyond 15 min p.i. By 60 min, the relative
increase in uptake in the infarct regions stabilized, reaching

65 % higher in the infarct regions, than in the matching
noninfarct regions.

Displacement and preblocking

To demonstrate that [18F]PBR06 specifically binds TSPO in
vivo, unlabeled PK11195 was used to either competitively
displace [18F]PBR06 from its binding site (displacement) or
to competitively inhibit [18F]PBR06 from binding to TSPO
(preblocking study). From 5 min before to 5 min after
displacement with PK11195 (2 mg/kg), [18F]PBR06 uptake
in the infarct cortex decreased from 73 to 17 %, respectively,
above the matching noninfarct regions (Table 2). Corre-
sponding values for the infarct striatum were 41 and 13 %
(Table 2 and Fig. 3). While [18F]PBR06 uptake was
significantly higher in the infarct compared to noninfarct
regions of the brain before displacement with PK11195,
there was no longer any significant difference after displace-
ment (Table 2). Of note, the initial rise in uptake in all
regions after displacement represents redistribution of
displaced tracer systemically from nonbrain tissues.

Preblocking with PK11195 (2 mg/kg) eliminated the
difference in uptake between the infarct regions and the
matching noninfarct regions (Table 3 and Fig. 4). At 60 min
p.i., the uptake in the infarct cortex and striatum was 1.7 and
2.5 %ID/g, respectively, or 63 and 76 % of the uptake in the
corresponding regions of animals without preblocking
(Table 3).

Autoradiography

Figure 5 shows representative autoradiographic images
demonstrating intense focal uptake of [18F]PBR06 in regions
corresponding to those of increased uptake demonstrated by
PET/CT imaging and to the infarct regions identified by
MRI. Mean radioactivity for the infarct increased by 190 %
over the corresponding region in the noninfarct hemisphere.

Immunohistochemistry

As demonstrated by IHC, there was intense CD68 expres-
sion in the left hemisphere corresponding to the infarct
regions as identified on T2w MRI and to the areas of highest
[18F]PBR06 uptake on PET (Fig. 6a). In the infarct region,
immunofluorescence staining demonstrates that large num-
bers of activated microglia indicated by CD68 staining
coexpress TSPO, whereas they are nearly absent in the
noninfarct region (Fig. 6b).

Discussion
Several PET imaging agents have been studied as markers of
microglial neuroinflammation after stroke in human and
animal models [10, 14, 15, 25, 26]. In the present study, we

Fig. 1. A representative MR image of the mouse brain
showing the different regions of interest (ROI) used in the
analysis. In the infarct hemisphere (left hemisphere), the red
ROI delineates the cortical infarct region (arrow) and the blue
ROI delineates the striatal infarct region. Copies of each ROI
were reflected and placed in matching regions in the
noninfarct hemisphere (right hemisphere). The shaded region
in green was excluded to remove inflammatory signal from
the adjacent pharynx from the analysis.
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have expanded upon these existing findings through evaluation
of the recently developed radiotracer [18F]PBR06 and correla-
tion with multimodal imaging and histology. [18F]PBR06 offers
several practical advantages associated with 18F-labeled
radioligands over 11C-labeled ones, particularly when consid-
ering eventual clinical translation: The longer half-life allows
for imaging at centers remote from the cyclotron and allows
more flexible and consistent scheduling, and the relatively high

spatial resolution of the new generation of PET scanners is
better realized owing to the lower-energy positron produced by
the [18F]fluoride ion [17].

The low resolution of PET compared to other imaging
modalities, particularly in a small animal model, makes
quantification challenging as regions of interest are difficult
to define. Even with CT coregistration, infarct regions in
individual animals are not well delineated. In addition, the
stroke procedure itself is technically demanding and can
produce infarcts of variable sizes. We performed MRI
confirmation of infarcts in each animal. In addition, we
performed PET-CT-MR image registration and MR-guided
delineation of infarct regions of interest in each animal. This
permitted infarct region specific quantification of tracer
uptake on PET. In contrast to this study, the PET images
from prior studies were registered with an MRI template of
the rat brain [25, 26] or with the MRI of a normal rat brain,
rather than MRI for the individual animals [14, 15].

To our knowledge, this study represents the first report of
micro-PET imaging of microglial activation in a mouse
stroke model. Compared to rats, a practical advantage of the
mouse model is their smaller size and the ability to image
multiple animals simultaneously in the same scanner making
larger imaging studies more efficient. A challenge given the
low resolution of PET is the smaller brain size, which makes
it difficult to identify the infarct and surrounding regions.
For this reason, MR-based ROI definition is of particular
value in this animal model. This novel approach now offers
the capability to perform longitudinal studies in gene

Fig. 2. a Representative coregistered PET/CT (top) and PET/MR (bottom) coronal images of the infarct (arrow) and noninfarct
hemispheres of the mouse brain after injection of [18F]PBR06. The PET image represents a summation over 20 min of 1-min
dynamic scans from 40 to 60 min postinjection. The cortical and striatal infarct regions of interest delineated on MRI are
superimposed on both the PET/CT and PET/MR views of the same animal. b Time–activity curves of [18F]PBR06 uptake in the
cortex (top) and striatum (bottom) of the infarct as well as matching regions on the non-infarct hemisphere. Activity values are
presented as mean±SEM.

Table 1. Percentage increase in [18F]PBR06 in the cortex and striatum
compared to matching contralateral regions over time

Time
(min)

Activity
(%ID/g)

Activity (%ID/g) % Increase P value

Cortex Contralateral region
5 3.3±0.29 4.5±0.44 −26 0.017
10 4.0±0.40 4.3±0.50 −7 0.36
15 3.8±0.42 3.7±0.34 3 0.67
30 3.4±0.33 2.6±0.32 31 0.042
45 3.1±0.29 2.1±0.27 48 0.010
60 2.8±0.27 1.7±0.25 65 0.008
75 2.6 ±0.26 1.5±0.23 73 0.005

Striatum Contralateral region
5 6.6±0.42 4.5±0.39 −32 0.003
10 5.7±0.43 4.9±0.38 −14 0.068
15 4.7±0.31 4.8±0.33 −2 0.89
30 4.1±0.26 3.5±0.29 17 0.070
45 3.7±0.22 2.9±0.23 28 0.013
60 3.3±0.21 2.4±0.20 38 0.007
75 3.1±0.20 2.2±0.20 41 0.004

The percentage increases in activities in the cortical and striatal infarct regions
over those of matching contralateral nonstroke regions at various times after
injection of [18F]PBR06. Activity values are presented as mean±SEM
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knockout and reporter mouse models. Studies focused on the
significance of poststroke microglial activation, and the role
of anti-inflammatory pathways could lead to new interven-
tions to ameliorate stroke-related morbidity. With respect to
the [18F]PBR06 tracer, we have demonstrated an increased
uptake in infarct regions compared to corresponding regions
in the noninfarct hemisphere, competitively inhibiting the
uptake of [18F]PBR06 by pretreating the mouse with
PK11195, or by displacing the tracer with PK11195,
diminished the accumulation and uptake ratio significantly,
demonstrating that the tracer binds specifically to TSPO in

the mouse stroke model. Of note, the preblocking and
displacement studies demonstrate binding specificity using
both inter-animal (preblocking) and intra-animal (displace-
ment) comparisons. The initial increase in uptake immedi-
ately following displacement may be attributed to release
from TSPO in peripheral sites [27]. In addition, immediately
after injection, [18F]PBR06 signal was initially lower in the
infarct compared to comparable regions on the contralateral
hemisphere. This could have been caused by perfusion
compromise in the necrotic brain parenchyma and a higher
heterogeneity of capillary concentration in the infarct regions
resulting in compromised microcirculation and a reduction
in uptake of the radiotracer within the infarct [28]. Tracer
uptake in the ventral portion the brain was high, apparently
“penumbra” from inflammatory activity in the adjacent
pharyngeal structures. These areas were excluded from the
regions of interest for analysis as described in the methods.

IHC indicated that TSPO was expressed in higher
concentration in the infarct and confirmed that the increased
accumulation of [18F]PBR06 in the infarct was due to an
increased expression of TSPO. It has been hypothesized that
the neuronal lesions in the infarct trigger TSPO expression
in the microglia [29]. Increased microglial TSPO expression
is part of a general neuroinflammatory response to brain
injury during which activation of microglia and macrophage
recruitment from the blood occurs. In the current study,
staining with a second antibody specific for CD68, a distinct
microglial biomarker, indicated that there was an increased
activation of microglia in the infarct regions. The pattern of

Table 2. Differences in accumulation of [18F]PBR06 in the cortex and
striatum compared to matching contralateral regions before and after
displacement of [18F]PBR06 with PK11195

Time
(min)

Activity
(%ID/g)

Activity (%ID/g) % Increase P value

Cortex Contralateral region
60 2.8±0.27 1.7±0.25 65 0.008
75 2.6 ±0.26 1.5±0.23 73 0.005
85 2.7±0.31 2.3±0.32 17 0.16
90 2.5±0.28 2.0±0.30 25 0.13

Striatum Contralateral region
60 3.3±0.21 2.4±0.20 38 0.007
75 3.1±0.20 2.2±0.20 41 0.004
85 3.5±0.21 3.1±0.24 13 0.085
90 3.1±0.21 2.8±0.25 11 0.13

The percentage increases in activities in the cortical and striatal infarct
regions over those of matching contralateral nonstroke regions immediately
before and after displacement of [18F]PBR06 with PK11195 (at 80 min).
Activity values are presented as mean±SEM

Fig. 3. a Representative coregistered PET/CT coronal images of the infarct (arrow) and noninfarct hemispheres of the mouse
brain before (top) and after (bottom) displacement with PK11195 in the same animal. The PET images represent summations
over 20 min of 1 min dynamic scans from 40 to 60 min and 85 to 110 min after [18F]PBR06 injection, respectively. b Time–
activity curves showing the displacement of [18F]PBR06 by PK11195 (at t=80 min, arrow) for the cortical and striatal infarct
regions compared to matching regions on the noninfarct hemisphere, manifest as loss of separation between the curves after
PK11195 injection. Activity values are presented as mean±SEM.
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expression was similar to those from both the MRI and PET
images. Furthermore, the staining pattern demonstrated by
laser scanning confocal microscopy showed substantial
overlap of TSPO and CD68. This suggests that antibodies
to TSPO and CD68 were staining activated microglia in the
infarct regions. The results in this study thus indicate that
[18F]PBR06 accumulates at the site of increased TSPO
protein concentration in the infarct regions as a result of the

increased activation of microglia. The classical TSPO ligand
[11C]PK11195 has been used in various studies to image
stroke in rodents and humans. However, the limitations of
[11C]PK11195 have been well documented and include
being highly lipophilic, having a lower binding affinity for
TSPO, and a relatively short half-life. Consequently, as
many as 40 ligands that target TSPO have been developed
for PET imaging [30]. Previous studies suggest that TSPO
activation in cells is maximum 11 days after stroke induction
[31]. In studies with [11C]PK11195, increased activity could
not be clearly discerned in the infarct region, relative to the
noninfarct region of the rat brain, 1–3 days after stroke
induction [26]. A subsequent study, also in rats using
[18F]DPA-714, reported that the time of maximum
radioligand uptake was 11 days after stroke induction [25].
Radioligand accumulation at day 4 poststroke induction was
reported to be significantly lower than at day 11. This study
demonstrates that in contrast to [11C]PK11195, [18F]PBR06
significantly accumulates in the infarct regions 3 days
poststroke induction. Further studies will use this tracer to
characterize the time course of stroke progression in mice
over time in the same animal using our tracer, as has recently
been done using a novel MRI-based inflammation imaging
agent [32]. The present study demonstrated the ability to
image stroke 3 days after induction in mice. With its high
binding affinity for TSPO, high ratio of TSPO-specific to
nonspecific binding, easy preparation, and lack of
defluorination, [18F]PBR06 offers a promising alternative
to [11C]PK11195 in PET imaging of TSPO. Moreover, since

Table 3. Percentage changes in [18F]PBR06 in the cortex and striatum
compared to matching contralateral regions in mice previously blocked with
PK11195

Time
(min)

Activity
(%ID/g)

Activity (%ID/g) % Increase P value

Cortex Contralateral region
5 2.7±0.73 2.9±0.36 −7 0.71
10 2.0±0.33 2.9±0.50 −31 0.058
15 1.8±0.34 2.2±0.41 −18 0.30
30 1.7±0.31 1.5±0.31 13 0.47
45 1.7±0.33 1.5±0.31 13 0.37
60 1.7±0.35 1.4±0.28 21 0.31

Striatum Contralateral region
5 4.8±0.46 5.6±0.50 −16 0.099
10 3.4±0.31 4.3±0.28 −21 0.017
15 3.2±0.25 3.1±0.19 −3 0.82
30 2.7±0.24 2.3±0.26 17 0.095
45 2.5±0.21 2.0±0.19 20 0.038
60 2.5±0.24 1.9±0.19 24 0.031

The differences in activities of [18F]PBR06 in the cortical and striatal infarct
regions over those of matching contralateral nonstroke regions in a mouse
previously injected with PK11195. Activity values are presented as mean±SEM

Fig. 4. a Representative coregistered PET/CT coronal images of the infarct (arrow) and noninfarct hemispheres of the brains of
a control mouse (top) and a different mouse after preblocking with PK11195 (bottom). The PET images for each mouse
represent a summation over 20 min of 1 min dynamic scans from 40 to 60 min after [18F]PBR06 injection. b Time–activity
curves showing the blocking of [18F]PBR06 by PK11195 for the cortical and striatal infarct regions compared to matching
regions on the noninfarct hemisphere, manifest as lack of separation between the curves. Activity values are presented as
mean±SEM.
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characterization of the tracer has already been performed in
humans, there is a high potential for rapid translation to
imaging of stroke in human subjects.

Our study has several limitations. Although an advantage
of using the mouse model is the ability to image a larger
number of animals in parallel for greater efficiency, the

smaller brains make quantitation of subvolumes more
challenging given the low spatial resolution of PET. This
highlights the importance in this case of defining the
regions of interest based on higher resolution MRI. Even
so, the quantitation is still limited by the lower
underlying resolution of PET. Furthermore, the differ-
ences we observed, while statistically significant because
of the intense neuroinflammation produced by stroke,
were based on a small number of animals. In particular,
the autoradiography study included only two mice. A
larger number of animals would increase the power to
distinguish smaller differences in uptake when studying
more subtle inflammatory processes. Finally, the imaging
time point of 3 days poststroke was chosen based on our
prior observation of the presence of intense inflammation
at that time, but it may not be the optimal time point to
study. Future studies will image [18F]PBR06 longitudi-
nally after stroke along with quantitative functional/
behavioral and immunohistochemical correlates and will
evaluate the impact of anti-inflammatory interventions on
these measurements.

Fig. 5. Autoradiography images from 100-μm sections of the
mouse brain demonstrate increased focal uptake of [18F]PBR06
corresponding qualitatively to regions of increased uptake on
PET imaging and increased T2-weighted signal on MRI.

Fig. 6. a CD68 immunohistochemistry demonstrates intense staining (arrow) indicating marked microglial activation in the
regions corresponding to the cortical and striatal infarct seen on the T2-weighted MRI, and increased [18F]PBR06 uptake on
PET. The rectangle indicates the region on an adjacent section from which immunofluorescence images were obtained. b
Immunofluorescence for TSPO and CD68, as well as nuclear staining with DAPI and merged images, of stroke (top row) and
nonstroke (bottom row) regions. In the infarct region, large numbers of activated microglia indicated by CD68 staining
coexpress TSPO, whereas they are nearly absent in the noninfarct region.
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Conclusions
In this study, we validated [18F]PBR06 as a PET radioligand
for imaging microglial neuroinflammation in a mouse model
of stroke by demonstrating that: (1) [18F]PBR06 uptake on
PET and autoradiography is increased in regions corre-
sponding to infarcts identified on MRI; (2) its uptake can be
competitively inhibited by PK11195, indicating that its
binding is reversible and specific to the same binding site
(TSPO); (3) microglial activation is present in the same
anatomic regions as increased [18F]PBR06 uptake, as
demonstrated by IHC for CD68; and (4) activated microglia
observed in these studies exhibit increased TSPO expression
as demonstrated by IHC showing colocalization of TSPO
with CD68, and indicating that this is the source of increased
[18F]PBR06 uptake on PET imaging. As initial characteri-
zation of [18F]PBR06 in human healthy volunteers has been
performed, this agent is a promising candidate for imaging
stroke-induced neuroinflammation in humans.
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