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Abstract

Objective To investigate whether [''CJPK-11195, a spe-
cific peripheral benzodiazepine receptors (PBRs) ligand
for positron emission tomography (PET), can show acti-
vated microglia in a rat brain injury model.

Methods On day 1, ethanol was injected into the rat’s
right striatum (ST) using a stereotaxic operative proce-
dure. On day 3, head magnetic resonance imaging (MRI)
scans for surgically treated rats were performed to evalu-
ate ethanol injury morphologically. On day 4, dynamic
PET scans (17 injured rats and 7 non-injured controls)
were performed for 60 min with an animal PET scanner
under chloral hydrate anesthesia following a bolus injec-
tion of ['"C]JPK-11195 through tail vein. Because PBRs
are present throughout the brain, there is no suitable
receptor-free reference region. The reference tissue model
may not be applicable because of low target to back-
ground ratio for low affinity of [''C]JPK-11195 to PBRs.
We evaluated the PBRs binding with regions of interest
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(ROIs)-based approach to estimate total distribution
volume (7). We used an integral from 0 min to 60 min
(V) as an estimate of V. On the coronal PET image,
ROIs were placed on bilateral ST. Differences in right/
left ST V,ratios between lesioned and unlesioned control
rats were compared using unpaired ¢ tests. Immunohis-
tochemical staining was performed for confirming the
presence of activated microglia following decapitation
on the PET experiment day.

Results The right/left ST V, ratios in lesioned rats (1.07
1 0.08) were significantly higher than those in unlesioned
control rats (1.00 £ 0.06, P < 0.05). On immunohisto-
chemical staining, activated microglia were exclusively
observed in the injured right ST but not in the non-
injured left ST of the injury rats and the bilateral ST of
the non-injured control rats.

Conclusions These results suggest that [''C]PK-11195
PET imaging would be a useful tool for evaluating
microglial activation in a rat brain injury model.

Keywords Animal PET - Microglia - [''C]PK-11195 -
Peripheral benzodiazepine receptors - Rat

Introduction

In the central nervous system (CNS), microglia are major
glial components and become activated in response to a
wide variety of pathological stimuli such as brain injury
and degeneration [1-3]. There is increasing evidence that
microglia play an active part in degenerative CNS dis-
eases. In Alzheimer’s disease (AD), activated microglia
appear to be involved with the plaque formation [2]. In
the normal adult CNS, microglia constitute relatively
stable cell population [4]. The activated microglial cell
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following injury or degeneration undergoes morphologi-
cal transformation [4]. The transition of microglia from
the normal resting state to the activated state is also
associated with an increased expression of receptors
known as peripheral benzodiazepine receptors (PBRs).
Because PBRs are very few in resting microglia, increased
PBRs may be used as a marker for detecting activated
microglia in vivo, which in turn may be a marker for an
active inflammatory disease in the brain [1]. Positron
emission tomography (PET) imaging of microglial acti-
vation using [''C]PK-11195, a specific PBRs ligand, has
been investigated in several neurological conditions such
as Parkinson’s disease animal model [5], AD [6], and
HIV-associated dementia [7] in humans. [''C]PK-11195
with a relatively low affinity for the PBRs is unfortu-
nately unable to show any significant signals from low
PBRs densities in the normal brain with inactivated
microglia [8-10]. However, the absence of signals in the
normal brain does not imply that there are no PBRs in
the brain. In contrast, PBRs are widely distributed
throughout the normal brain [4]. Here, there is actually
no brain tissue devoid of receptors (reference tissue). In
this situation with no reference tissue, traditionally a
total distribution volume (¥) has been used as a PET-
measured receptor parameter. However, the estimation
of V usually requires invasive arterial blood sampling
and tracer metabolite analysis to characterize an input
function. In addition, any reference tissue models may
have difficulty with very noisy data particularly for pixel
time activity curves (TACs) in parametric imaging owing
to a poor brain uptake of [''C]JPK-11195. In the present
study, we evaluated the PBRs binding in a rat brain
injury model using [''C]JPK-11195 and animal PET with
regions of interest (ROIs)-based approach to estimate V.
We used an integral from 0 min to 60 min (V) as an
estimate of J and differences in right/left ST V,, ratios
between lesioned and unlesioned control rats. The PET
findings were then compared with qualitative immuno-
histochemical findings.

Materials and methods
Preparation of [''C]JPK-11195

["C]JPK-11195 was prepared from enantiomerically pure
desmethyl precursor following the method reported
earlier [11]. [''C]methyl iodide, which was obtained using
the conventional LiAlH, method, was trapped in 0.3 ml
of NaOH/DMSO suspension containing (R)-N-
desmethyl PK-11195 PLUS (1 mg, ABX, Dresden,
Germany). The mixture was then heated at 100°C for
3 min followed by high-performance liquid chromatog-
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raphy (HPLC) purification. The fraction corresponding
to[""C]PK-11195 was collected and evaporated to dryness
in vacuo. The residue was dissolved in 0.25% solution
of Tween 80 in physiological saline. The radiochemical
yield of the synthesis was 20.3% £ 5.9% (13.1%-30.8%)
with decay correction. Analytical HPLC revealed that
radiochemical purity of the product exceeded 98% and
the specific radioactivity was 68.2 £ 18.1 GBg/umol
(39.5-88 GBg/umol) at the end of the synthesis.

Operating procedure

All the procedures were conducted in accordance with
the Guidelines for the National Institutes of Health and
Animal Experimentation of the Fujita Health Univer-
sity, School of Medicine.

A novel ethanol injury model established by Takeuchi
et al. [12] inducing microglial increment was made as
follows.

Wild-type male Fisher rats (8-9 weeks, Charles River,
Japan) were used in this study. Rats were anesthetized
by intraperitoneal injection (50 mg/kg) of pentobarbital
and placed on a stereotaxic frame (Narishige, Japan).
The scalp was cleaned with an iodine solution and incised
on the midline, and the hole was made in the skull at the
appropriate stereotaxic location using a micro-drill.
Unilateral intrastriatal administration (right side) of 8 ul
of ethanol was performed using a 10-ul Hamilton syringe
[12]. Ethanol was infused into the right ST at a rate of
approximately 1 pl/min. The stereotaxic coordinates
of the target site was anterior = 0.4 mm, lateral = 3 mm,
and ventral =4.5 mm from the Bregma, according to the
atlas of Paxinos and Watson [13]. After the injection, the
needle was placed for additional 10 min, and then slowly
withdrawn.

MRI study

Two days after the surgery (day 3), MRI was performed
using a clinical MR equipment, SIGNA INFINITY
EXCITE system (1.5 T, GE Healthcare, Milwaukee,
WI, USA), and wrist coil (Q-WRIST, GE Healthcare)
to detect the extent of injury on the rat right striatum
(ST) without killing prior to the PET studies. We have
developed feasible techniques that can obtain high-
resolution rat brain images to identify the ST stereotacti-
cally in a consistent and repetitive manner with neither
high magnetic field MR imaging system nor stereotaxtic
device dedicated for rodent. The positioning principle of
our technique which consists of three-plane localization
method based on the MR images utilizes the localization
principle of the widely used rat brain atlas by Paxinos
and Watson [13].
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Briefly, rat skull surface was exposed and Bregma was
identified. Copper sulfate solution in 10 mm hematocrit
glass tube sealed bilateral ends for MR marker and was
secured with tissue adhesive right above the Bregma
under chloral hydrate (300 mg/kg) i.p. injection anesthe-
sia. Rat head, body, arms, and legs were then fixed using
surgical tape with prone position on acryl plate. The rat
head on the acryl plate was inserted into the suitable size
wrist coil, which was applicable for small radio frequency
head coil on the MRI scanner bed.

First three planes (axial, coronal, and sagittal sec-
tions) were taken simultaneously (TR/TE = 55.3/1.8
FOV =12 X 12 cm) for 44 s; then accurate sagittal planes
were acquired on the basis of these three planes correct-
ing the tilt on the horizontal plane (TR/TE = 300/9.2
FOV =12 x 12 cm) for 69 s. Bilateral external auditory
meatus, which determine the interaural line, incisor bar,
and Bregma marker were identified on these sagittal
planes. Seven T2-weighted coronal images (TR/TE =
2000/102 FOV = 10 x 5cm, 17 echo train length) for
3 min and 48 s were then taken rectangular to the plane
between interaural line and incisor bar. A third slice
image from the front was set on the Bregma marker
which corresponds to the ST plane (Fig. 1). The slice
thickness was 3 mm. Image matrix was 320 x 256.

Fig. 1 Representative coronal
magnetic resonance imaging
(MRI) T2-weighted images
(arrow in left top row showing
ethanol injury lesion),
summed images (0-60 min)
of "C-PK-11195 positron
emission tomography (PET)
in ethanol-injured rat (top row
right) and normal control rat
(bottom row right) and "'C-
raclopride PET (bottom row
left) with regions of interest
on bilateral striatum

Lt

| «

We performed five ethanol-injured rats in one experi-
ment day and scanned using MRI. We performed
following PET scanning only for rats which showed
high-intensity area around the ethanol-injected right ST
on the T2-weighted images (Fig. 1).

PET study

We used the SHR-2000 animal PET device (Hamamatsu
Photonics, Hamamatsu, Japan), which provides a 14-
slice image set with a maximal image spatial resolution
of 3.5 mm full width at half maximum [14].

The next day (day 4), we performed PET scanning for
17 ethanol-injured rats (159-203 g, 180.2 £ 16.2 g) and 7
non-treated rats (125-240 g, 158.2 £ 46.9 g) for control.

A 24-G indwelling needle (Terumo, Tokyo, Japan)
was inserted into the tail vein under light ether anesthe-
sia, and then chloral hydrate (300 mg/kg) was intraperi-
toneally injected into rats. Under anesthesia the rat head
was fixed using an originally designed acrylic head holder
by modifying a stereotaxic holder used in physiological
experiments (Hamamatsu Photonics) [15] based on the
rat brain atlas by Paxinos and Watson [13]. The posi-
tioning principle was a three-point fixation, consisted of
two earplugs and incisor bar [16]. Correction of photon

Right striatum ethanol injury rat

HC-PK-11195 PET

Rt

Normal control rat
HC-raclopride PET

C-PK-11195 PET
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attenuation was carried out with transmission data
obtained by rotating the “Ge/*Ga rod source for
15 min.

Dynamic PET scans (24 frames; frames 8 x 30's, 6 X
60 s, 10 x 300 s) were acquired for 60 min under continu-
ous infusion of chloral hydrate (100 mg/kg per hour)
immediately following a bolus injection of 13-39 MBq
of ["CJPK 11195 through the tail vein. The body tem-
perature in the anesthetized animals was monitored
with a rectal temperature probe and maintained at 31.2—
36.5°C with a heating pad. The scanned images of
["C]JPK 11195 were reconstructed using a Butterworth
filter with a cut-off frequency of 144 cycle/cm [17]. The
slice thickness was 3 mm. A third slice image from
the front was set on the Bregma which corresponds to
the ST plane.

PET data analysis

Regions of interest on bilateral ST were placed on the
reconstructed images guided by the rat brain atlas by
Paxinos and Watson [13], and the reports of Suzuki and
Sakiyama [15, 16] (Fig. 1). [''C]raclopride imaging for
dopamine D2 receptor was performed to validate the
accuracy of ST slice based on our stereotaxic three-point
fixation for pilot study and used to delineate ROI on
bilateral ST for reference (Fig. 1). ROI values on bilat-
eral ST were divided by the injection dose (kBq) to
obtain an image ROIs-derived [''C]PK 11195 percentage
of the injected dose per gram of tissue (%ID/g), and were
multiplied by the whole body weight (in kg) to determine
body-weight normalized radioactivity concentration
(%ID-kg/g).

For the pilot study, we tried kinetic modeling for four
rats using arterial input functions and metabolite analy-
sis to measure the distribution volume and binding
potential. However, any kinetic analyses had difficulty
with very noisy data particularly for pixel TACs in para-
metric imaging owing to a poor brain uptake of [''C]PK-
11195 relatively arterial blood data (data not shown). In
the present study, we evaluated the PBRs binding with
ROIs-based approach to estimate an index of [''C]PK-
11195 total distribution volume (V).

The total distribution volume can be defined as follows
[18]:

["RoO1ds
V=20
J.: Plasma dr¢

; a ratio of ROI area under the curve (AUC)-to-plasma

AUC to time infinity. In the present study, we used an
integral from 0 min to 60 min (V) as an estimate of
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V. Vg underestimates V (i.e., Vi, < V), because plasma
time activity clears more rapidly than does the ROI
time activity. We used Vy, of the ST of injected side
normalized by V, of the uninjected side as an outcome
measure, which should be increased if [''C]PK-11195
binding is increased because of inflammation on the
injected side, assuming that the underestimation of V'
by the use of ¥V, is similar on both sides. Thus, we
calculated Vi (right ST)/V(left ST) = (right ST AUC/
plasma AUC)/(left ST AUC/plasma AUC) = right ST
AUC/left ST AUC. Therefore, the calculation of this
ratio eliminated the need for blood data. We then com-
pared this ratio between lesioned and unlesioned control
rats. The level of statistical significance was designated
as P < 0.05.

Tissue preparation and histochemical staining

On the PET experiment day (day 4) after the scanning,
Fisher rats were deeply anesthetized with pentobarbital
(25 mg/kg, i.p.) and exsanguinated by transcardial perfu-
sion with isotonic saline solution, and brains were
removed after decapitation. The brain was isolated,
frozen in liquid nitrogen, and embedded in OCT com-
pound (Tissue-Tek; Sakura Finetek, Tokyo, Japan).
Frozen sections (8 um) were serially cut into four slices
using a microtome (Laica, Solms, Germany), then trans-
ferred to gelatin-coated slides and air dried. The sections
were fixed with 4% paraformaldehyde in PBS at 4°C for
15 min to determine the location of exogenous microglia
relative to the ST area. Sections were labeled with FITC-
conjugated Griffonia simplifolia isolectin-B4 (IB4-lectin)
(GSA-IB4; Sigma, St. Louis, MO, USA), monoclonal
antibodies against ED-1 (Rat leukocyte antigen; BMA,
Augst, Switzerland) or ED-2 (rat macrophage antigen;
BMA). In brief, sections were incubated for 30 min at
room temperature in PBS containing 1% bovine serum
albumin, 10% normal goat serum, and 0.01% sodium
azide, and then labeled with a monoclonal antibody
against ED-1 at a dilution of 1:100 or the ED-2 at a
dilution of 1:100. The reaction was visualized with
FITC-conjugated goat F(ab9)2 anti-mouse IgG (Rock-
land) at a dilution of 1:200, and then photographed
under a fluorescent microscope (BX-50, Olympus,
Tokyo, Japan). Each serial section was stained using
hematoxylin—eosin (HE).

Visual interpretations of representative slices of the
ST were performed. Quantification of immunohisto-
chemical evaluations was not carried out because quan-
tification of representative thin histochemical slice
sections (8 wm) may not be equivalent to the thicker slice
thickness (3 mm) PET data.
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Fig. 2 Averaged time-activity curves of [''C]JPK-11195 in lesioned
right and unlesioned left striatum in injury rats. For clarity, these
figures do not show error bars and are meant to convey only
trends

Results
PET data analysis

Averaged TACs showed rapid entry and clearance of
[""C]PK-11195 in lesioned and unlesioned ST in injury
rats (Fig. 2). The highest peaks were 0.56 = 0.22 %ID-
kg/g (3.1 £ 1.14 %ID/g) in lesioned right ST and 0.54 +
0.23 %ID-kg/g (3.0 + 1.15 %ID/g) in unlesioned left ST
at 0.5 min. There were no significant differences in aver-
aged peak %ID-kg/g values between lesioned and unle-
sioned ST. In the time course of [''C]PK-11195 activity,
[""C]JPK-11195 clearance in lesioned right ST was slower
than that in unlesioned left ST (Fig. 2).

The 0-60 min right/left ST %ID/g integral ratios
(right/left ST V,, ratios) in lesioned rats (1.07 £ 0.08)
were significantly higher than those in unlesioned control
rats (1.00 £ 0.06, P < 0.05, Fig. 3).

Histochemical staining of lesioned rats

In HE, a faintly stained, cavernous necrotic area showing
coagulation of the tissue and loss of neuronal and glial
cells was present around the injected wound in the right
ST. On immunohistochemical staining, IB4-lectin and
ED-1 positive cells showing activated microglia were
exclusively detected in boundary area of the ethanol-
injected region in the right ST but neither in the non-
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Fig. 3 Comparison of 0—60 min right/left ST %ID/g integral ratios
(right/left ST V, ratios) between injury and unlesioned control rats
in ["C]JPK-11195 brain PET. The ratios in lesioned rats (1.07
0.08) are significantly higher than in unlesioned control rats (1.00
+0.06, P < 0.05)

lesioned left ST of the lesioned rats nor in the bilateral
ST of the non-lesioned control rats (Fig. 4). To charac-
terize the immunohistochemically stained cells, we
double-stained with ED-1 and ED-2. ED-2 that stain
macrophage did not stain cell even though activated
microglia were detected with ED-1 in lesioned right
ST.

Discussion

In this study, ["'CJPK-11195, a PET ligand for PBR
showed increased binding as expressed in affected/
non-affected ST integral ratios (0-60 min, right/left ST
Vi, ratios) between lesioned and unlesioned control rats.
These findings are consistent with activated microglia in
a rat brain ethanol injury model. The microglia activa-
tion was also confirmed by the immunohistochemical
staining in the present study.

Price et al. [19] reported that in the ST of sham-
lesioned rats ['[HJPK-11195 entered brain rapidly, with
maximal brain radioactivity occurring within of 2 min
of injection and then cleared rapidly. These investigators
did not use PET imaging. Rather, they made tracer
uptake measurements of dissected brain in a scintillation
counter at each time point. They found that the clear-
ance of ['"HJPK-11195 in lesioned ST was slower than
that in unlesioned ST. In our PET imaging of injury rats,
the findings of rapid entry (the highest peaks at 0.5 min)
and clearance of ['CJPK-11195 in lesioned and
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Fig. 4 Immunohistochemical
staining (IB4-lection stain) on
the lesioned right and
unlesioned left striatum in the
same lesioned rat model.
Activated microglia are
shown in the lesioned right
striatum (arrows), but not
shown in the unlesioned left
striatum

Lt striatum

unlesioned ST and slower clearance in lesioned ST than
in unlesioned ST are consistent with their ex vivo find-
ings. Cicchetti et al. [5] calculated binding ratios of
["'"C]PK-11195 between ST and cerebellum with percent-
age activity of injected dose per pixels in a Parkinson
disease rat model induced by unilateral intrastriatal
administration of 6-hydroxydopamine using PET. They
showed increased [''C]PK-11195 binding by 67% in the
lesioned ST and microglial response by immunohisto-
chemistry [5]. In our ethanol injury model, the 0-60 min
right/left ST %ID/g integral ratios (right/left ST Vj,
ratios) in lesioned rats were significantly higher than
those in unlesioned control rats. However, these differ-
ences were only around 7%. In our ethanol injury model,
the signal of [''C]JPK-11195 in the brain may not be high
enough because of low uptake into the brain [8, 9]. Rela-
tively low resolution of our PET scanner might also
influence the result of low signal differences. We have
obtained rat ST slices on MRI using the three-plane
localization method and [''C]JPK-11195 PET using ste-
reotaxtic device confirmed by ['C]Jraclopride uptakes
stereotactically for both third slices from the top.
Although there are no changes in the ST volume second-
ary to lesioning, so partial volume should be of the same
degree for both sides, accurate MRI and PET fusion
techniques would be warranted in the future for much
more limited ROI setting on the ethanol injury lesion on
the ST using a better resolution PET scanner with less
partial volume effect on thinner slice thickness.
Because there is scattering in right/left ST ¥V, ratios
in both injury and normal rats, manual ROI setting on
bilateral ST might influence the values. Recently, our
experiment has shown that increased ['C]PK-11195
binding might be closely related to toxic conversion of
activated micloglia not just only the number of activated

@ Springer

Rt striatum

microglia (data not shown). Inflammatory cytokines for
markers of toxic conversion might be significant to sub-
divide the widely varied right/left ST V, ratios in injury
rats.

An initial PET study using [''CJPK-11195 evaluated
with average counts per voxel normalized to cerebellum
also showed no detectable alteration in patients with
mild to moderate AD probably because of low specific
to non-specific binding ratios in mild to moderate AD
[10]. However, the Hammersmith hospital group has
developed cluster analysis to calculate binding potential
for the extraction of voxels with normal ligand kinetics
to serve as the reference input function which voxels in
the raw dynamic data are segmented into 10 clusters
distinguished by the shape of their TACs [1, 20]. They
showed significantly increased regional [''C]JPK-11195
binding in patients with mild to moderate AD and
minimal cognitive impairment [6]. Their cluster analysis
might be useful to detect faint signal of [''C]PK-11195
specific binding. Reference tissue models for the analysis
of ['"C]JPK-11195 have also been reported recently [21,
22]. However, they pointed a limitation of this study
for using the cerebellum as a reference tissue because
increased specific binding in these structures cannot be
excluded [21, 22]. In this rat experiment with small brain
and limited number of voxels involved, rather than
cluster analysis or reference tissue models, we sought to
estimate a more direct measure of PBRs receptor binding
by an ROIs-based approach to estimate distribution
volume. Strictly speaking, infinity scanning time (practi-
cally impossible) should be applied to estimate distri-
bution volume with our ROIs-based approach. In the
present study, V,, was used as an index of V. V, unlike
V is affected to some extent by blood flow. In addition,
V¢, which is calculated as ROI AUC includes the activity



Ann Nucl Med (2008) 22:417-424

423

in the brain vascular compartment. Therefore, the
increased Vi, ratio could be partly explained by the pos-
sibility that blood flow is increased on the lesioned side.
However, there were no significant differences in aver-
aged peak %ID-kg/g values between lesioned and unle-
sioned ST. The lesioned side may have increased flow,
and washout is then expected to be faster. However, the
lesioned side shows a similar washout rate to the unle-
sioned side (Fig. 2). Therefore, the difference in TACs
in Fig. 2 is consistent with higher binding in the lesioned
side.

Takeuchi et al. [12] have established a novel injury
model in the CNS by a stereotaxic injection of ethanol
into rat ST to induce necrosis. They first demonstrate
that microglial inducible nitric oxide synthase (iNOS)
mRNA was induced in vivo after the injury and microg-
lial iNOS is considered to play a pivotal role in eliminat-
ing damaged neurons by apoptosis, thereby protecting
neuronal circuits from necrotic damage [12]. Barger and
Harmon [23] showed that microglia in vitro activated by
Alzheimer’s amyloid precursor protein release NO via
iNOS induction. Thus, microglia in vivo may reveal neu-
rotoxic effects via producing NO under certain condi-
tions [12]. Some advantages of our injury model are that
the stereotaxic operation seems to produce less damage
to other places in the brain than other models such as
needle-penetrating wounds, and suction on the brain
surface [24, 25]; and necrotic damage seems to be free
from hemorrhage and infection owing to the coagulating
and sterilizing effects of ethanol [12]. We performed PET
scanning for only those rats that showed a high intensity
area around the ethanol injected right ST on the T2-
weighted images for the ideal injury model. However,
in double staining with ED-1 and ED-2, positive cells
showing activated microglia were detected in the injured
right ST with ED-1, but ED-2 that stains macrophage
did not stain cell. Increased PBRs binding in our model
would represent the activated microglia, and not owing
to macrophages that have crossed through blood—brain
barrier leakage. We have not performed the quantifica-
tion for the immunohistochemical evaluation as men-
tioned in “Materials and methods”. We will compare
between the number of activated microglia equivalent to
PET slices and PBR binding on PET in the future
work.

Recently, novel PET PBRs ligands such as [''C]DAA
1106 [26, 27] and ["'C]PBR28 [28, 29] which have higher
specific binding compared with [''C]JPK-11195 have been
developed. Higher specific binding ligands to PBR would
be expected to have higher sensitivity of the detection of
over expression of PBRs binding sites in the activated
microglial cells following injury or degeneration in the
brain using in vivo PET imaging.

Conclusions

In this study, ['C]JPK-11195, a PET PBR ligand showed
increased binding as expressed in affected/non-affected
ST integral ratios (0—60 min) between lesioned and
control rats consistent with activated microglia in a rat
brain ethanol injury model.

These results suggest that [''C]PK-11195 PET imaging
and our ROIs-based approach to estimate distribution
volume might be a useful tool to evaluate in vivo micro-
glial activation in a rat brain injury model.
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