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PET imaging with [11C]PBR28 can localize and quantify upregulated
peripheral benzodiazepine receptors associated with cerebral
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bstract

Peripheral benzodiazepine receptors (PBRs) are upregulated on activated microglia. We recently developed a promising positron emission
omography (PET) ligand, [11C]PBR28, with high affinity and excellent ratio of specific to nonspecific binding. We assessed the ability of
11C]PBR28 PET to localize PBRs in a rat permanent middle cerebral artery occlusion (MCAO) model of neuroinflammation. [11C]PBR28 was
ntravenously administered to rats at 4 and 7 days after permanent MCAO. In all experiments, arterial blood was sampled for compartmental

odeling of regional distribution volumes, and rat brains were sampled after imaging for in vitro [3H]PK 11195 autoradiography and histological

valuation. [11C]PBR28 PET and [3H]PK 11195 autoradiography showed similar areas of increased PBRs, especially in the peri-ischemic core.
esults from these in vivo and in vitro methods were strongly correlated. In this first study to demonstrate neuroinflammation in vivo with small
nimal PET, [11C]PBR28 had adequate sensitivity to localize and quantify the associated increase in PBRs.
ublished by Elsevier Ireland Ltd.
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lthough the peripheral benzodiazepine receptor (PBR) was
nitially discovered in organs such as kidney and lung, it was
ater identified in the central nervous system [16]. PBR is
istinct from the central benzodiazepine allosteric site that
s associated with GABAA receptors. In normal conditions,
BR is expressed in low levels in some neurons and glial
ells. PBR can be a clinically useful marker to detect neuroin-
ammation, because activated microglial cells in inflammatory
reas express much greater levels of PBR than those in resting
onditions [1].
PBR has been imaged with positron emission tomo-
raphy (PET) using [N-methyl-11C]1-(2-chlorophenyl-N-
ethylpropyl)-3-isoquinoline carboxamide (PK 11195), either
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s racemate or (R)-enantiomer. However, a low ratio of
pecific to nonspecific binding may limit its sensitiv-
ty to detect therapeutic interventions. Its relatively high
ipophilicity (c log P = 5.3) may have caused high nonspecific
inding in brain [9]. We developed a new radioligand, N-
cetyl-N-(2-[11C]methoxybenzyl)-2-phenoxy-5-pyridinamine
[11C]PBR28) which showed much greater specific signal
han [11C]PK 11195 in nonhuman primates [3]. PBR28 is a
lose analog of [methoxy-11C](N-5-fluoro-2-phenoxyphenyl)-
-(2,5-dimethoxybenzyl)acetamide (DAA1106) developed by
hang et al. [19] and that was used to localize neuroinflamma-

ion with in vitro tissue sections [10]. The purpose of this study
as to determine whether increased PBRs in a rat permanent

iddle cerebral artery occlusion (MCAO) model could be
easured in vivo with [11C]PBR28 and a small animal PET

canner. If successful in this model, [11C]PBR28 could be used
o explore the pathophysiology of neuroinflammation associ-
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ted with human disorders such as cerebral ischemia, multiple
clerosis, Alzheimer’s disease, and Parkinson’s disease.

All procedures were performed in compliance with Guide
or Care and Use of Laboratory Animals. Details of the surgical
rocedures for rat permanent MCAO model are described pre-
iously [15]. Animals were anesthetized with 3% halothane in
mixture of 30% O2 and 70% NO2, and a 4-0 nylon suture with
silicon-coated tip was inserted from the left external carotid

rtery to the left internal carotid artery and then to the Cir-
le of Willis to occlude the origin of the left middle cerebral
rtery.

N-Acetyl-N-(2-methoxybenzyl)-2-phenoxy-5-pyridinamine
11] has moderate lipophilicity (c log P = 2.98) and high affinity
or PBR (IC50 = 0.6 nM measured versus [3H]PK 11195).
electivity of PBR28 was screened at 10 �M and found to have
50% displacement of the target radioligand for the following
eceptors: 11 subtypes of serotonin receptor, 8 subtypes
f adrenergic receptor, 4 subtypes of dopamine receptor, 4
ubtypes of histamine receptor, 2 subtypes of muscarinic
holinergic receptor, and dopamine, norepinephrine, and sero-
onin transporters. As expected, PBR28 showed Ki > 10 �M
or several central benzodiazepine receptor subtypes (i.e.,
ABAA receptor). PBR28 was labeled by 11C-methylation of

he O-desmethyl precursor [3]. The specific radioactivity of
11C]PBR28 at the time of injection was 59.7 ± 2.7 GBq/�mol
ith this and subsequent data expressed as mean ± S.D.
Four male Sprague–Dawley rats with permanent MCAO

239 ± 66 g) were used under 1–1.5% isoflurane anesthesia. At
and 7 days after permanent MCAO, two bolus and two bolus

lus infusion (B/I) studies were performed with arterial blood
ampling. Details of the experimental procedures are described
reviously [5]. PET data were acquired with the Advanced Tech-
ology Laboratory Animal Scanner (ATLAS).

In two bolus studies with 120 min scan, [11C]PBR28 (activ-
ty: 47 and 53 MBq) was injected intravenously over 6 min. B/I
xperiments were acquired with two different bolus to infusion
atios (B/I = 2 and 5 h). The bolus portion of the activity was
dministered over 3 min, after which the pump administered the
emaining activity at a constant rate over 150 min. In total, the
nimals received 185 and 259 MBq from the bolus and infusion
omponents. PK 11195 (10 and 20 mg/kg, i.v.) was administered
t 60 min to measure specific binding.

In all experiments, arterial blood samples were collected
n heparin-coated tubes (Thomas Scientific, Swedesboro, NJ,
SA) eight times between 0 and 10 min and at 20, 40, 60, 90,
20, and 150 min. The volume was 100 �L for the initial eight
amples and 200 �L for the last samples. Body temperature
as maintained by a heating pad and monitored with a rectal

emperature probe.
PET images were reconstructed with a 3D ordered subset

xpectation maximization algorithm, achieving 1.7 mm full-
idth at half maximum resolution [17]. Image data were not

orrected for attenuation or scatter. Head movements were cor-

ected using Statistical Parametric Mapping2 (SPM2, Wellcome
epartment of Cognitive Neurology, London, UK), and an aver-

ge image was created from all realigned images. Within the
esolution of the PET images, we visually identified the approx-

s
l
n
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mate level of the coronal section relative to an atlas of the
at brain [13]. We then visually selected the autoradiographic
nd histological sections corresponding to the PET tomograph.
egions of interest were manually placed over the ischemic core,
eri-ischemic core, and contralateral side on the averaged PET
mages based on morphological changes in stained histologi-
al sections. Brain uptake of radioactivity was decay corrected
o injection time and expressed as percent standard uptake
alue (%SUV), which normalizes for injected activity and body
eight.

SUV =
[

activity per gram tissue

injected activity

]
× gram body weight × 100

Plasma samples were mixed with acetonitrile containing
eference PBR28. Distilled water was added and mixed well.
otal radioactivity in this solution was measured with a cal-

brated gamma counter. Deproteinized plasma samples were
entrifuged at 10,000 × g for 1 min to remove denatured pro-
eins. The supernatant was then analyzed directly by reversed
hase high-performance liquid chromatography (HPLC). The
ercent recovery of radioactivity in the supernatant was calcu-
ated relative to that in the precipitate.

As described previously [5], total distribution volume (V ′
T)

as measured by obtaining arterial input function with 60 min
ata before displacement in each experiment and by applying
onlinear least-squares fitting with an unconstrained two-
ompartment model using PMOD 2.65. The standard errors of
onlinear least-squares fit were determined from the covariance
atrix and expressed as a percentage of the value estimation

elative to the estimated values (coefficient of variation, %COV).
Rats were decapitated after PET imaging, and the brains

ere quickly removed, frozen in powdered dry ice, and
tored at −70 ◦C until sectioning. Cryostat sections (20 �m
hick) were thaw-mounted onto poly-l-lysine coated glass
lides (Sigma–Aldrich, Natick, MA, USA). PBRs were labeled
ith [3H]PK 11195 (PerkinElmer Life and Analytical Sci-

nces Inc., Boston, MA, USA, specific activity 71.1 Ci/mmol;
.0 mCi/mL), using a methodology adapted from the literature
7]. Total binding was determined with 1 nM [3H]PK 11195, and
onspecific binding was determined on consecutive sections in
he presence of excess (20 �M) unlabeled PK 11195. Tissue
ections and calibrated tritium scales (Amersham Biosciences
nc., Piscataway, NJ, USA) were opposed to a 3H imaging plate
TR2025, Fujifilm, Stamford, CT, USA) for 7 days. Images were
nalyzed with Multi Gauge® (ver. 3.0, Fujifilm).

For a histological evaluation, serial frozen sections (20 �m
hick) were stained with 0.5% cresyl violet, dehydrated through
raded alcohols (75, 95, and100%), dipped in xylene, and cov-
rslipped.

Correlation was assessed with the Pearson correlation coef-
cients. All statistical tests were considered significant at
< 0.05. SPSS 12.0 (SPSS Inc., Chicago, IL, USA) was used

or statistical analyses.

Histological sections confirmed that the cerebral artery occlu-

ion caused brain ischemia (Fig. 1C). The core of the ischemic
esion showed poor cresyl violet staining and consisted of loose
ecrotic tissue with partial cavitation (panel 3 in Fig. 1D). The
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Fig. 1. (A) [11C]PBR28 PET average image (bolus #2). (B) [3H]PK 11195 autoradiogram. (C) Cresyl violet staining of coronal brain section (bar = 1 mm). (D)
Magnification of cresyl violet staining displaying morphological changes within the ischemic lesion and in the perifocal area (bar = 100 �m in panels 1–3). Panel
1: perifocal area showing increased cellular survival with selective neuronal necrosis. Panel 2: cortex (layers 1 and 2) with some preservation of cellular elements,
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hich consist of mostly microglia and microvessels. Panel 3: the ischemic co
BRs were similar between [11C]PBR28 in vivo image and in vitro [3H]PK 111
howed lower activity in the ischemic core than in peri-ischemic core.

uperficial layers of the cortex (layers 1 and 2) showed some
reserved cellular elements which consisted mostly of microglia
nd microvessels. Staining in the perifocal area (i.e., the tran-
ition area between infarcted and intact tissue) showed greater
ellular survival with selective neuronal necrosis (panels 1 and
in Fig. 1D). The PET [11C]PBR28 images and [3H]PK 11195

utoradiograms had similar distributions of activity. Both meth-
ds showed much higher binding in the peri-ischemic core than

n either the ischemic core or the contralateral side (Fig. 1A
nd B). Because of the limited resolution of PET, the central
schemic region included not only the necrotic core but also
urrounding areas that had increased PBR binding (Fig. 1A).

t
r
b
r

ig. 2. (A) Brain activity, two-compartmental fitting, and (B) [11C]PBR28 concentr
rain activities were measured with PET and arterial plasma [11C]PBR28 concentratio
f approximately 140, 170, and 200% SUV in the contralateral side, the ischemic
nconstrained two-tissue compartment model. (�) Peri-ischemic core; (�) ischemic
sisting of loose necrotic tissue with partial cavitation. Visual localizations of
toradiogram. Both [11C]PBR28 PET image and [3H]PK 11195 autoradiogram

erial PET imaging showed that the peri-ischemic core achieved
igher peak levels of activity within 5–10 min of injection and
hen washed out slower than that in the ischemic core or the
ontralateral side (Fig. 2).

Radio-HPLC analysis showed two radioactive peaks; one
ssociated with polar radiometabolite and another associated
ith the parent [11C]PBR28 ligand. Because the increased

adioactivity in the ischemic areas was displaced with PK 11195

o the level of the contralateral side (Fig. 3), the increased
adioactivity was caused by increased specific binding but not
y increased levels of radioactive metabolites. To examine the
eceptor specificity of brain uptake, we displaced the radioli-

ations in plasma. Following a bolus injection of 53 MBq (bolus #2), regional
ns were measured with HPLC analysis. [11C]PBR28 showed high peak uptake
core and the peri-ischemic core, respectively. Solid lines show fitting by an
core; (©) contralateral; (�) plasma parent.
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Fig. 3. Bolus and infusion experiment with displacement (10 mg/kg PK 11195). [11C]PBR28 PET average images before displacement (30–60 min) (A) and after
d t (C)
s ic ar
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isplacement (90–120 min) (B), and time–activity curves during the experimen
ides showed identical levels indicating that the increased activity in the ischem
-axis is expressed as %injected activity/h/cm3. (�) Peri-ischemic core; (�) isc

and with the structurally dissimilar agent PK 11195 during a
/I study (Fig. 3). Because equilibrium was not achieved within

he time frame of the PET experiments, one experiment with
/I = 5 h (Fig. 3) and the other with B/I = 2 h showed decreasing
nd increasing brain activity, respectively. Nevertheless, in both
f these experiments, the administration of PK 11195 reduced
ctivity in the peri-ischemic core and ischemic core region to
hat in the contralateral side. Thus, the increased activity in the
eri-ischemic core was specific (displaceable) binding to PBRs.
njection of PK 11195 consistently caused a marked increase in
he plasma concentration of [11C]PBR28 (Fig. 3), probably by
isplacing the radioligand from peripheral organs like lung and
idney. Thus, PK 11195 displaced activity in the peri-ischemic
ore in brain despite a higher concentration of [11C]PBR28 in

lasma.

V ′
T was measured in all experiments except one B/I exper-

ment with significant undershoot, in which brain activity
ontinued to increase prior to the injection of PK 11195.

i
s
t
t

able 1
ET distribution volume and autoradiographic measurement of PBRs

Bolus #1 Bolus #2

PET V ′
T

(mL/cm3)
Autoradiogram specific
binding (nCi/mg tissue)

PET V ′
T

(mL/cm3)

Contralateral 21.5 1.5 13.5
Ischemic core 40.9 3.5 13.0
Peri-ischemic core 61.7 8.3 18.3
. After the administration of PK 11195, activity on ischemic and contralateral
eas was exclusively caused by increased specific binding of [11C]PBR28. The

core; (�) contralateral; (�) plasma parent.

ecause a one-compartment model showed poor fitting, we
sed a two-compartment model, and V ′

T was well identified
ith COV < 15%. These V ′

T values were shown in Table 1
ith specific binding measured by autoradiography. Com-
ared to contralateral side, the ischemic core and peri-ischemic
ore showed 100–190 and 140–290% increases, respectively
Table 1). The peri-ischemic core/contralateral and ischemic
ore/contralateral ratios obtained from the V ′

T by the two-
ompartment model were significantly correlated with those
rom [3H]PK 11195 autoradiograms (Fig. 4).

To our knowledge, this is the first in vivo study to visual-
ze PBRs induced by neuroinflammation using small animal
ET. In previous studies, 3H- and 11C-labeled PK 11195 were
sed to localize PBRs with in vitro autoradiography [8] and

n vivo PET imaging [6,12], respectively. Autoradiography was
uccessful, because the radioligand was directly applied to the
issue and much of the nonspecific binding was washed from
he slide-mounted tissue sections. The PET radioligand [11C]PK

Bolus and infusion

Autoradiogram specific
binding (nCi/mg tissue)

PET V ′
T

(mL/cm3)
Autoradiogram specific
binding (nCi/mg tissue)

2.3 12.6 0.6
2.5 19.9 1.7
6.0 24.3 2.5
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Fig. 4. Comparison between [11C]PBR28 PET and [3H]PK 11195 autoradio-
graphic measurements. The X and Y axes of the graph are shown as ratios of
p
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excitotoxic brain lesions. An autoradiographic study of peripheral type
eri-ischemic core and ischemic core to the contralateral sides. y = 2.11x − 0.61,
2 = 0.80, P < 0.05. (�) Bolus #1; (�) bolus #2; (�) bolus and infusion.

1195 has been used to localize PBRs associated with ischemic
troke in human subjects [6,12,14]. The new ligand [11C]PBR28
howed that as much as 80–90% of total binding was specific
n normal rhesus monkeys (in preparation). Such a high pro-
ortion of specific binding should provide high sensitivity to
isualize an increase in PBRs even in small rat brain and also
o detect changes in humans by therapeutic interventions. The
ncreased [11C]PBR28 brain uptake in ischemic areas was exclu-
ively caused by increased specific binding and not by other
actors such as changes in nonspecific uptake or cerebral blood
olume, because PK 11195 displaced the uptake in two B/I
xperiments (Fig. 3). Complete equilibrium was not achieved
n these experiments due to the slow kinetics of the radioli-
and. Nevertheless, complete displacement occurred in both
xperiments.

The arterial occlusion used in this study clearly altered cere-
ral blood flow. Nevertheless, the PET imaging results are not
erely artifacts of this altered flow, since the postmortem autora-

iograms confirmed increased PBR binding. Furthermore, the
ompartmental modeling method with arterial input function is
esigned to minimize the effects of regional variations in blood
ow. Finally, the B/I method reached nearly stable equilibrium
alues, which would be independent of blood flow and were
isplaceable. Nevertheless, the PET images showed some appar-
nt mismatch relative to the autoradiograms. For example, the
utoradiograms showed more dense PBRs in the area medial
o infarct than appeared in the PET image (Fig. 1A and B).
he compartmental modeling method showed apparent stabil-

ty and, thus, independence of flow in relatively large regions
f interest. Smaller regions (like that medial to ischemic lesion)
ay require longer times to reach equilibrium and may not have

one so during the scanning session.
In this study, we measured the density of PBRs with both
′
T and a ratio to a reference region (the contralateral side). V ′

T
epresents the ratio at equilibrium of concentration of radiotracer
n brain to that in plasma. V ′

T is vulnerable to numerous errors
Letters 411 (2007) 200–205

n measurement, including quantitation of the concentration of
adioligand in small plasma samples and separation of parent
racer from radiometabolites. Furthermore, V ′

T is vulnerable to
uctuation in plasma free fraction, which was not measured in

his study. In a similar way, the ratio to a reference region is also
ulnerable to variations in specific and nonspecific binding in the
eference region. Additional studies are required to determine
hether a distribution volume or a reference tissue measurement

s more reliable.
The distribution of the increased PBR detected in the cur-

ent study matched what was reported by in vitro measurement
f PBR and PET in nonhuman primates and humans. In vitro
3H]PK 11195 autoradiography following MCAO in the rodent
howed increased binding in peri-ischemic areas [2,8]. [11C]PK
1195 uptake increased not only within but also around the
schemia following MCAO in baboons [18], with similar pre-
iminary findings in stroke patients [6]. Previous in vitro studies
eported increases of PBR at the time point when the current
tudy was performed. The increases was detected on day 3
fter cerebral ischemia and reached to maximal levels after 7
ays, which closely parallels the histologically detected accu-
ulation of activated microglia [2,4]. The increase of PBR

inding in ischemic and peri-ischemic areas has been interpreted
s presenting a microglial activation [2,4]. Our results agree
ith the prior reports. Thus, the increased [11C]PBR28 bind-

ng presumably reflects the inflammatory response of microglia
r astrocytes associated with the ischemic damage. Finally, in
ivo PET imaging with [11C]PBR28 can localize and quantify
ncreased PBRs associated with inflammation surrounding cere-
ral infarction in rat. [11C]PBR28 is a promising radioligand to
easure neuroinflammation in man.
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