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Abstract

Recent progress and future direction of neurodegenerative disease research

Ryosuke Takahashi. M.D.. Ph.D.
Department of Neurology, Kyoto University Graduate School of Medicine

Although the pathogenetic mechanisms underlying neurodegenerative diseases have been long elusive, re-
cent progress in molecular neurogenetics and neurobiology has suggested that accumulation of misfolded protein
leads to dysfunction and degeneration of neurons. Misfolded proteins have propensities to form fibrils termed
amyloid fibrils, In the process of amyloid fibrils, intermediate forms such as oligomers and protofibrils are pro-
duced and thought to have cytotoxic effects to neurons. Neurotoxicity mediated by misfolded proteins are also
caused by stress response such as unfolded protein response. Moreover, recent findings indicate that non-
neuronal cells surrounding neurons or extracellular misfolded proteins promote neurodegeneration. To eliminate
toxic proteins would constitute promising future therapy for neurodegenerative disorders.

(Clin Neurol, 48: 903—905, 2008)

Key words: Conformational disease, misfolded protein, oligomer, endoplasmic reticulum (ER) stress, non-cell autonomous
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Abstract

Objective To investigate whether ['C]PK-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 ["'CJPK-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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(ROIls)-based approach to estimate total distribution
volume (). We used an integral from 0 min to 60 min
(Vy) as an estimate of ¥. On the coronal PET image,
ROIs were placed on bilateral ST. Differences in right/
left ST ¥, 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
+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 [''CJPK-11195
PET imaging would be a useful tool for evaluating
microglial activation in a rat brain injury model.

Keywords Animal PET - Microglia - [''C]JPK-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-
cases. 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 [''CJPK-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. [''CJPK-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 (V) has been used as a PET-
measured receptor parameter, However, the estimation
of ¥ 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 ["'CJPK-11195. In the present
study, we evaluated the PBRs binding in a rat brain
injury model using [''CJPK-11195 and animal PET with
regions of interest (ROIs)-based approach to estimate V.
We used an integral from 0 min to 60 min (¥,) as an
estimate of ¥ and differences in right/left ST ¥V, ratios
between lesioned and unlesioned control rats. The PET
findings were then compared with gualitative immuno-
histochemical findings.

Materials and methods
Preparation of ['CJPK-11195

[''CJPK-11195 was prepared from enantiomerically pure
desmethyl precursor following the method reported
earlier [11]. ['CJmethyl 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 GBqg/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 pl
of ethanol was performed using a 10-p1 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 (1.5T, 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 ficld 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 ¢m) 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 (060 min)
of "'"C-PK-11195 positron
emission tomography (PET)
in ethanol-injured rat (rop row
right) and normal control rat
(bottom row right) and "'C-
raclopride PET (bottom row
left) with regions of interest
on bilateral stnatum

MRI

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
"C-PK-11195 PET

Rt

Normal control rat
"C-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]JPK11195 were reconstructed using a Butterworth
filter with a cut-off frequency of 144 cycle/cm [17]. The
slice thickness was 3mm. 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). [''CJraclopride 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 ['CJPK 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-ksfg).

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 [''CJPK-
11195 total distribution volume (¥).

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

["ROIdr
Y —
I:Plasmn 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 O min to 60 min (V) as an estimate of

Dspringer

V. Vg, underestimates V (i.e., ¥y, < V), because plasma
time activity clears more rapidly than does the ROI
time activity. We used ¥V, of the ST of injected side
normalized by V, of the uninjected side as an outcome
measure, which should be increased if [''CJPK-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 STV 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% paraformaldechyde 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 um) may not be equivalent to the thicker slice
thickness (3 mm) PET data.
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Fig. 2 Averaged time-activity curves of [ CJPK-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
["'"CJPK-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 ['CJPK-11195 activity,
[""CJPK-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 ¥, 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 ["CJPK-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-l 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
¥, 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 PHJPK-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
["'CJPK-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 [''CJPK-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 ¥,
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 ["CJPK-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 [''CJPK-11195 PET using ste-
reotaxtic device confirmed by [''CJraclopride 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 [''CJPK-11195
binding might be closely related to toxic conversion of
activated micloglia not just only the number of activated
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microglia (data not shown). Inflammatory cytokines for
markers of toxic conversion might be significant to sub-
divide the widely varied right/left ST ¥, 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 [''CJPK-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 [''CJPK-11195
specific binding. Reference tissue models for the analysis
of ["CJPK-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 ROls-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. Vj, unlike
V is affected to some extent by blood flow. In addition,
Vi which is calculated as ROI AUC includes the activity
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in the brain vascular compartment. Therefore, the
increased Vy, 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 [''CJDAA
1106 [26, 27] and ["'C]PBR28 [28, 29] which have higher
specific binding compared with [''CJPK-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]PK-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 [''CJPK-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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Imaging of Peripheral Benzodiazepine Receptor Expression as
Biomarkers of Detrimental versus Beneficial Glial Responses in
Mouse Models of Alzheimer’s and Other CNS Pathologies

Bin Ji,' Jun Maeda,' Makoto Sawada,? Maiko Ono,' Takashi Okauchi,' Motoki Inaji,' Ming-Rong Zhang,'

Kazutoshi Suzuki,' Kiyoshi Ando,' Matthias Staufenbiel,’ John Q. Trojanowski,’ Virginia M. Y. Lee,” Makoto Higuchi,'
and Tetsuya Suhara'

'Molecular Imaging Center, National Institute of Radiological Sciences, Chiba, Chiba 263-8555, Japan, *Department of Brain Function, Research Institute of
Environmental Medicine, Nagoya University, Nagoya, Aichi 464-8601, Japan, *Nonhuman Primate Laboratory, Central Institute for Experimental Animals,
Kawasaki, Kanagawa 216-0001, Japan, “Novartis Institutes for Biomedical Research-Basel, CH-4002 Basel, Switzerland, and *Center for Neurodegenerative
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We demonstrate the significance of peripheral benzodiazepine receptor (PBR) imaging in living mouse models of Alzheimer’s disease
(AD) as biomarkers and functional signatures of glial activation. By radiochemically and immunohistochemically analyzing murine
models of the two pathological hallmarks of AD, we found that AD-like AB deposition is concurrent with astrocyte-dominant PBR
expression, in striking contrast with nonastroglial PBR upregulation in accumulations of AD-like phosphorylated tau. Because tau-
induced massive neuronal loss was distinct from the marginal neurodegeneration associated with A plaques in these models, cellular
localization of PBR reflected deleterious and beneficial glial reactions to tau versus A pathologies, respectively, This notion was
subsequently examined in models of various non-AD neuropathologies, revealing the following reactive glial dynamics underlying
differential PBR upregulation: (1) PBR(—) astrogliosis uncoupled with microgliosis or coupled with PBR(+) microgliosis associated
with irreversible neuronal insults; and (2) PBR(+) astrogliosis coupled with PBR(— or =) microgliosis associated with minimal or
reversible neuronal toxicity. Intracranial transplantation of microglia also indicated that nontoxic microglia drives astroglial PBR
expression. Moreover, levels of glial cell line-derived neurotrophic factor (GDNF) in astrocytes were correlated with astroglial PBR, except
for increased GDNF in PBR(-) astrocytes in the model of AD-like tau pathology, thereby suggesting that PBR upregulation in astrocytes s
an indicator of neurotrophic support. Together, PBR expressions in astrocytes and microglia reflect beneficial and deleterious glial
reactions, respectively, in diverse neurodegenerative disorders including AD, pointing to new applications of PBR imaging for monitor-
ing the impact of gliosis on the pathogenesis and treatment of AD.

Key words: neurodegenerative disorders; microglia; astrocyte; peripheral benzodiazepine receptor; glial cell line-derived neurotrophic
factor; Alzheimer’s disease

Introduction

A growing body of neuropathological evidence has demonstrated
that concurrent microglial and astroglial activation accompanies
neurodegeneration in Alzheimer's disease (AD) (Dickson et al.,
1993; McGeer and McGeer, 2003) and other related disorders
(Arnold et al., 2000; Nelson et al., 2002; Wojtera et al., 2005; Kim
and Joh, 2006). In AD, excessive glial responses to the accumula-
tion of AP are thought to augment progressive neuronal injury
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(Combs et al., 2000; Qin et al., 2002). Meanwhile, A immuno-
therapies have been developed based on a mechanistic concept
that induction of microglial responses contribute to the elimina-
tion of pathological AB aggregates (Schenk et al, 1999; Dodel et
al., 2003). Thus, there may be a bifunctionality of reactive gliosis
(Zilka et al., 2006; Fiala et al., 2007), but this notion remains
elusive without the aid of appropriate biological markers reflect-
ing deleterious and/or beneficial modes of glial responses.
Peripheral benzodiazepine receptor (PBR) (also known as
translocator protein) was initially known to be expressed in acti-
vated microglia (Myers et al., 1991; Stephenson et al., 1995; Ba-
nati, 2002), although it has more recently been revealed that re-
active astrocytes also exhibit noticeable levels of PBR (Chen et al.,
2004; Maeda et al., 2007a; Rojas et al., 2007). Further, radiola-
beled imaging agents have permitted sensitive detection of glial
PBR when applied to in vitro autoradiographic and in vivo
positron emission tomographic (PET) techniques. For example,
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[ MC]PK11195 was the first to enable PET measurement of PBR
in diverse CNS pathologies (Banati et al., 2000; Pappata et al.,
2000; Cagnin et al., 2001; Rojas et al., 2007), but other radiola-
beled ligands were developed, such as (N-5-fluoro-2-
phenoxyphenyl)-N-(2-hydroxy-5-methoxybenzyl)acetamide
(or DAA1106) with ''C and '*F resulting in the production of
[""CIDAA1106 and ['®F]fluoroethyl-DAA1106 ([ '*F]FE-
DAAL1106), respectively, to establish PET tracers suitable for im-
aging PBR in living brains (Zhang et al., 2003, 2004; Fujimura et
al., 2006; lkoma et al., 2007; Venneti et al., 2007).

Based on these technical progresses, the present study was
aimed at elucidating the significance of PBR upregulation in mi-
croglia and astrocytes. The analyses were initiated by radiochem-
ically and immunohistochemically examining two distinct mod-
els of AD, mutant amyloid precursor protein (APP) and tau
transgenic (Tg) mice (Sturchler-Pierrat et al., 1997; Yoshiyama et
al., 2007). The tau Tg mice show a progressive and substantial loss
of neurons (Yoshiyama et al., 2007), in clear contrast to the APP
Tg mice that show only minimal or no neuronal death (Van Dam
et al,, 2005). Moreover, our PBR imaging has demonstrated that
gliosis accelerates tau-induced neurodegeneration (Yoshiyama et
al., 2007), which contrasts with the amelioration of AB deposi-
tion by microglial activation in APP Tg mice (Maeda et al,
2007b). We thus presumed that the cellular profiles of PBR ex-
pression in tau and APP Tg mice could distinguish the ameliora-
tive versus deleterious responses of microglia and astrocytes to
accumulations of pathological AB and tau in AD. We also ex-
tended these studies by examining the general mechanism by
which PBR is differentially upregulated in microglia and astro-
cytes using other experimental models of CNS injuries,

Materials and Methods

Reagents and antibodies. The following reagents and all other chemicals
were of analytical grade and commercially purchased: methamphet-
amine (METH), 6-hydroxydopamine (6-OHDA) and kainic acid (KA)
from Wako Pure Chemicals; 1-methyl-4-phenyl-1,2,3,6 hydro-
pyridine (MPTP), h dish jugated isolectin B4 fmm
Griffonia simplicifolia {HRPAIIJH}. cuprizone, 'GBR12909 and PK11195
from Sigma-Aldrich.

We raised a rabbit polyclonal antibody against the C-terminal se-
quence of PBR using synthetic peptide spanning residues 155-169 of
murine PBR (WRDNSGRRGGSRLAE). This antibody (NP155) was
affinity-purified and characterized by immunoblotting as well as immu-
nostaining for comparison with commercial anti-PBR antibodies (rabbit
polyclonal, R&D Systems; rabbit polyclonal, BioVision; rabbit poly-
clonal, FL-169, Santa Cruz Biotechnology; goat polyclonal, W-12, Santa
Cruz Biotechnology). Other antibodies used in this study are as follows:
rabbit polyclonal antibody against ionized calcium binding adapter
molecule-1 (Iba-1) (Wako Pure Chemicals), mouse monoclonal anti-
body against rat CD11b (OX42; AbD Serotec), rat monoclonal antibody
against mouse CD11b (M1/70; BMA Biomedicals), rabbit polyclonal
(Dako) and rat monoclonal (clone 2.2B10; Zymed/Invitrogen) antibod-
ies against glial fibrillary acidic protein (GFAP), rat monoclonal antibody
against myelin basic protein (MBP) (Millipore), rabbit polyclonal anti-
body against glial cell line-derived neurotrophic factor (GDNF) (Smu

idase-c

phenylmethylsulfonyl fluoride (PMSF). The suspension was centrifuged
at 12,000 rpm (10,000 X g) for 15 min, and the resultant peller was
resuspended in 50 mm Tris-HCI buffer. The protein amounts in the
samples were measured according to Lowry’s method. For immunocy-
tochemistry, the cells were cultured on cover glasses for 7 d, and washed
with PBS, followed by fixation with 4% paraformaldehyde for 20 min.

Hippocampal samples from KA-treated and untreated rats were ho-
mogenized in 50 mm Tris-HCl, pH 7.4, 4°C, containing 0.1% protease
inhibitor mixture (as in experiment for Ra2 cells) and 0.5 ma PMSF. The
suspended homogenates of cultured microglial (Ra2) cells and rat hip-
pocampal tissues, corresponding to 10 and 100 g protein, respectively,
were applied to a 15% SDS polyacrylamide gel. After electrophoresis and
transfer of proteins to a polyvinylidene fluoride membrane (Immo-
bilon-P; Millipore), the membrane was immersed in Tris-buffered saline
(150 mum NaCl, 10 mum Tris-HCI, pH 8.0) containing 0.05% (v/v) Tween
20 and 3% (w/v) bovine serum albumin (BSA), and then reacted for | h
with anti-PBR antibodies in TBS containing 0.05% (v/v) Tween 20 and
0.1% (w/v) BSA. The primary antibodies were detected by HRP-
conjugated anti-IgG antibodies (GE Healthcare) and enhanced chemilu-
minescence method (GE Healthcare),

Animal models. The mice studied here were maintained and handled in
accordance with the National Research Council’s Guide for the Care and
Use of Laboratory Animals and our institutional guidelines. Protocols for
the present animal experiments were approved by the Animal Ethics
Committees of the National Institute of Radiological Sciences and Cen-
tral Institute for Experimental Animals (CIEA).

APP Tg mice termed APP23, which overexpress the Swedish doubly
mutant APP751 under the control of a neuron-specific Thy-1 promoter
element, were developed as described in detail previously (Sturchler-
Pierrat et al., 1997), and were maintained on a C57BL/6] background.
Tau Tg mice dubbed P519 were generated by using a cDNA coding a tau
isoform containing 1 N-terminal and 1 C-terminal alternatively spliced
exons and the P3015 MAPT mutation discovered in frontotemporal de-
mentia with parkinsonism linked to chromosome 17 in combination
with a murine prion protein promoter (Yoshiyama et al,, 2007). The
strain was maintained on a B6C3H background. Littermates were used as
controls.

Models of KA-induced exd icity were g 1 by i ito-
neally administering KA (12 mg/kg) to muleSpmgue Dawley rats (hpm
SLC, Hamamatsu) at 8 weeks of age. All rats analyzed here presented
visible cramps within 1 h of KA injection. At 1 week after KA challenge,
the animals were deeply anesthetized with sodium pentobarbital and
transcardially perfused with PBS, and brain tissues were removed. One
hemisphere was immediately frozen with dry ice and stored at —80°C
pending assays. The other hemisphere was fixed with 4% paraformalde-
hyde in phosphate buffer.

Selective injury to the nigrostriatal dopaminergic sy was caused in
mice, rats and marmosets by the use of METH, 6-OHDA and MPTP,
respectively. Male in-house C57BL/6] mice (Kito et al., 2003) aged 8
weeks were subcutaneously injected with METH (5 mg/kg) 4 times, 2 h
apurt. and brain tissues of these mice were obtained at 2 and 7 d after

as in the p | for KA-injected rats. Lesioning of rat brains

was performed as described previously (Inaji et al., 2005). Briefly, male
Sprlgue Dlwl:y mtn{llptn SLC) at 8 weeks of age were anesthetized with
1 sodium pentobarbital (60 mg/kg) and
plu:ed ina Mmak frame (Narishige). Four microliters of 2 pgful
6-OHDA, freshly dissolved in physiological saline containing 0.1%
ascorbic acid, was subsequently injected into the right medial forebrain
bundle ctic coordinates: anteroposterior, 4.2 mm from the breg-

Cruz Biotechnology) and rabbit polyclonal antibody against ty
hydroxylase (TH) (Millipore).

Western blot analysis, For evaluation of NP155, the microglial clone
termed Ra2 was maintained in Eagle's minimum essential medium
(M4655; Sigma-Aldrich) supplemented with 10% fetal bovine serum, 5
gy‘mlbuwumauhn O.Z%ﬂucuumdl ng/ml murine granulocyte-
mac ge colony lating factor (G0282; Sigma-Aldrich), as de-
scribetl previously (Sawada et :.L 1998). For biochemical analyses, the
cells (5 X 10°) were scraped and homogenized in 50 mu Tris-HCl, pH
7.4, 4°C, containing 0.1% protease inhibitor mixture (5 mu leupeptin, |
mg pepstatin and 5 mgap in in 1 ml dimethyl sulfoxide) and 0.5 mm

ma; mediolateral, 1.8 mm from the midline; and dorsoventral, 7.8 mm
below the dura mater) of each rat at a rate of 1.0 uVmin. The animals
were lethally anesthetized with sodium pentobarbital at 1 week after
treatment, and brain samples were prepared as in the protocol for KA-
injected rats. The MPTP challenge was performed using 10 male and 10
female common marmosets (Callithrix jacchus), either in-house bred at
CIEA or obtained from CLEA Japan, as in our previous study (Ando et
al, 2008). These animals, initially aged 3.8 = 2.5 years and weighing
316.3 = 39.6 g, were divided into 2 experimental groups (n = 5 per
group) matched for sex, body weight and age. The treatment group consisted
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O-methylation of its free acid precursor with [ ''Cjmethyl triflate according

mg/kg), 24 hapan, and they were killed by deep anesthetization with sodium
pentobarbital at 2 weeks. Their brains were immediately extirpated, frozen
with dry ice, and stored at — 80°C pending assays. Brains of marmosets in the
untreated group were also collected for use as controls.

We also generated a mouse model of massive demyelination by con-
tinuously feeding malc in-house bred C57BL/6] mice aged 8 weeks witha

lered diet c g 0.2% (w/w) cuprizone, as described previously
tChenetaL 2004). Brain tissues were obtained from these animals at 4
weeks of treatment, as in the protocol for KA-injected rats.

Microglial cell cultures and transplantation. Collected Ra2 cells were
labeled with Auorescent dye, PKH26 (MINI26; Sigma-Aldrich), as de-
scribed previously (Imai et al,, 2007), and the final cellular concentration
was adjusted to 100,000 cells/ul medium. Male C57BL/6] mice were
anesthetized with 1.5% (v/v) isoflurane and were placed in a stereotactic
frame (Narishige). Using a 10 | Hamilton syringe, 2 ul of cell suspen-
sion and medium alone were injected into the right and left hippocampi,
respectively (stereotactic coordinates: anteroposterior, —2.8 mm; me-
diolateral, 2.0 mm; dorsoventral 2.0 mm from the bregma), over 4 min.
The needle was left in place for 2 min before being withdrawn. These
mice were killed 1 week after the procedure, and brain sections were
prepared asin lhe pmtocol for KA injecml rats.

ical and histoch I analy-
ses. For unmunul‘ustod]ermall assays, the entire brains of animals fixed
with 4% paraformaldehyde were cryoprotected using 30% sucrose in
phosphate buffer, and 10- or 20-pum-thick frozen sections 40 pm apart
were generated in a cryostat (HM560; Carl Zeiss). Alternatively, frozen
brain tissues were sliced into 20 wm sections for autoradiographic anal-
ysis of dopamine transporter. The brain sections were immunostained
based on a standard protocol using either fluorophore-conjugated sec-
ondary antibodies (Invitrogen) or a commercial kit for avidin-biotin-
diaminobenzidine staining (ABC Staining Systems; Santa Cruz Biotech-
nology). The sections used for PBR staining were beforehand autoclaved
in citric buffer for antigen recovery. Similarly, immunofluorescence
staining of Ra2 cells on a cover glass was performed.

AP plaques in APP23 mice were visualized by using 0.01% (E,E)-1-
fluoro-2,5-bis(3-hydroxycarbonyl-4-hydroxy)styrylbenzene (FSB;
Dojindo Laboratories), a fluorescent dye for amyloid fibrils (Maeda etal.,
2007b).

Microglial cells in the brain were also histochemically visualized by
isolectin labeling. Brain sections were reacted with HRP-ILB4 (10 mg/
ml) overnight at 4°C and excess reagent was eliminated by 3 washes in
PBS (5 min each). The signals were developed by 3,3'-diaminobenzidine
(DAB).

Quantitative analyses were performed using at least 5 slices cover-
ing each region of interest (RO1). All stained sections were examined
by a confocal laser scanning microscope (FV1000; Olympus) or an
all-in-one microscope/digital camera (BZ-9000; Keyence), and pho-
tomicrographs captured at 10X (FV1000) or 20X (BZ-9000) were
semiautomatically tiled and merged into a large high-resolution im-
age containing the whole ROL Signal intensities were initially mea-
sured for the whole RO, followed by determination of the overall
maximum intensity. A cutoff threshold of the intensity was then as-
signed for each section as [(background intensity) + (5% of overall
maximum intensity)] with additional manual tuning. Areas showing
signal intensities above the threshold were calculated for quantifica-
tion of GFAP-positive astrocytes, and were expressed as ratios against
the total area of the ROL Similarly, areas were estimated for other
sections stained with antibodies against PBR, MBP and GDNF. For
quantification of Iba-1-immunoreactive microglia, cells containing a
hematoxylinophilic nucleus and cytoplasmic Iba-1 signals above the
cutoff threshold were counted and expressed as the number per unit
area (mm?). Finally, images for which the quantitative value was close
to the group average were selected as representative illustrations in
the figures. All these analyses were performed with MetaMorph 6.1
(Universal [ g) and Pl hop 7.0 (Adobe Sy ) software.

Radi hesis and S)‘nﬂi&sof"Chbeth(i
bdoymp—ZE-enyl) zs-mrbomrrl'loxy-:ﬁ-{i-mthphcn)djnomupem
({"'C]PE21), a PET ligand for dopamine transporter, was conducted by

to previously described methods (Halldin et al., 2003). The radiochemnical
purity of the resultant compound was >99%, and the specific radioactivity
wais 219.2 = 38.8 GBg/pumol at the end of synthesis.

[ "“F]EE-DAA1106 was radiosynthesized using its desmethyl precur-
sor, DAA1123 (generously provided by Taisho Pharmaceutical), based
on a previously described protocol (Zhang et al., 2003, 2004). The radio-
chemical purity of the end product exceeded 95%, and the specific radio-
activity was 120 + 20.5 GBq/umol at the end of synthesis. [ 'H|DAA1106
was synthesized by O-methylation of DAA1123 with [ *H]methyliodide
(specific radioactivity, 3.15 TBq/mmol; GE Healthcare). The reaction
product was purified as described previously (Maeda et al., 2007a; Yo-
shiyama et al., 2007).

In vitro autoradiography of dopamine transporters was performed using
unfixed frozen brain sections and [ "'C]PE2], in accordance with the estab-
lished procedure (Inaji et al., 2005). The sections were preincubated in 50
mu Tris-HCl buffer, pH 7.4, for 30 min at room temperature, followed by
reaction with [ "'C]PE2I (18,5 MBa/L, ~20 pu) in 50 mm Tris-HCl buffer,
pH 7.4, for 60 min at 25°C. Nonspecific binding of the radioligand was
determined by adding a nonradioactive ligand, GBR12909 (10 u), to the
reaction. The samples were then rinsed twice with ice-cold Tris-HCl buffer
for 2 min, dipped into ice-cold water for 10 5, warmly blow-dried and con-
tacted to an imaging plate (BAS-MS2025; Fuji Film) for 1 h. Radiolabeling
was detected by scanning the imaging plate by means of the BAS5000 system
(Fuji Film). Autoradi jc assay for PBR was conducted using
paraformaldehyde-fixed frozen sections. The fixation did notaffect the bind-
ing of this PBR ligand in our preli ts (data not shown). The
samples were incubated with [ "*F]FE- DM! 106 (18.5 MBq/L, ~0.35 nm) or
[*HIDAA1106 (2.4 MBg/L, ~0.5 nm) in 50 ms Tris-HCL Nonspecific bind-
ing of the radioligand was estimated by adding nonradioactive PK11195 (10
im) to the reaction. The rest of the protocol was as described above. The
samples used for [*H|DAA1106 autoradiography were then coated with
warm photographic emulsion (EM-1; GE Healthcare) and exposed, as de-
scribed in detail previously (Maeda et al,, 2007a). The developed emulsion
autoradiograms were examined with a microscope (AX-80; Olympus).

Small animal PET imaging. PET scans were performed using a micro-
PET Focus 220 animal scanner (Siemens Medical Solutions) as described
previously (Maeda et al., 2007b). Control and cuprizone-administered
mice were anesthetized with 1.5 (v/v) isoflurane, and a 30-G needle
connected to a 1 ml polypropylene syringe via a length of polyethylene
tubing was inserted into the tail vein, After transmission scans for atten-
uation correction using a **Ge-**Ga point source, emission scans were
acquired for 60 min in a 3D list mode with an energy window of 350750
keV, and intravenous injection of [ '"F]FE-DAA1106 (13.26 + 14.27
MBq) was performed immediately, Summation images from 0 to 60 min
after [ "®F]FE-DAA1106 injection were reconstructed with maximum a
posteriori reconstruction, and dynamic images were re« cted with
filtered back-projection using a 0.5 mm Hanning filter. Volumes of in-
terest (VOIs) were placed on striatal areas including the corpus callosum
using PMOD image analysis software (PMOD Group) with reference to
the MRI template. Tracer uptake in each VOI was estimated as percent-
age of injected dose per tissue volume (%1D/ml).

Statistical analysis. Statistical analyses for group comparisons were
performed by Student’s f test or ANOVA followed by Bonferroni’s post
hoc test. Difference between groups was considered significant when the
p value was <0.05.

Results

Distinct cellular localizations of PBR in models of Ap and

tau pathologies

Application of [ '*F|FE-DAA1106 to in vitro autoradiographic im-
aging of brain slices generated from 20-month-old APP23 mice il-
lustrated intense PBR accumulation primarily in the hippocampus
and entorhinal cortex (Fig. 1A), and subsequent immunostaining of
the same sections revealed excellent agreement between PBR radio-
lnbclmgandﬂﬂ-pwnwphqmlmnm(ﬁg. 1B,C). PBR upregula-

tion associated with AB deposition was also demonstrated at a higher
resolution by microautoradiography using [ 'H]DAA1106 (Fig. 1 D)
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followed by fluorescence staining with FSB A
(Fig. 1E). High-power photomicrographs
for PBR and FSB indicated that the majority
of PBR clusters appeared in an annular or
semiannular shape outlining the AB deposits
(Fig. 1F-I). Relative to age-matched WT
controls (Fig. 1/), PBR was also markedly
upregulated in the hippocampus and ento-
rhinal cortex of 9-month-old PS19 Tg mice
(Fig. 1K) in close spatial association with the
accumulation of pathologically phosphory-
lated tau (Fig. | L). Despite the similarity of
regional PBR distributions in the two Tg
mouse models, however, the diffuse radiola-
beling in P519 mice concurrent with pro-
nounced hippocampal and entorhinal atro-
phy and ventricular dilatation contrasted
sharply with the patchy and heterogeneous
radiographic pattern in the APP23 Tg mice,
wherein there was no overt neuronal loss.
Glial subpopulations expressing PBR in
these animals were further identified with
the aid of NP155, our newly developed anti-
PBR antibody, which was shown to detect
rodent PBR with a sensitivity and specificity
superior to that of the commercially avail-
able antibodies (supplemental information;
supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).
Double immunofluorescence staining of
GFAP and PBR clearly indicated predomi-
nant localization of PBR signals to astrocytes
in the vicinity of AB plaques in APP23 mice
(Fig. 2A-C). Although Iba-1 immunostain-
ing clearly captured the accumulation of ac-
tivated microglia encompassing amyloid
plaques in these mice (Fig. 2D), PBR signals
were barely detectable in microglia based on

APP Tg
BR{[

resulting in double labeling of PR and plag
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Figure 1. A, Glial response to plaque deposition as demonstrated by autoradiography for PBR with [ "*F]FE-DAAT106n a
bwain section of a 20-month-old APF23 mouse (A) followed by AS immunclabeling (B; merged image is shown in C). D/,
Pathology in & 20-month-old APPZ3 mouse detected by emulsion microautoradiography of [ 'HIDAAT106 (D, F, ) and FSB (8),

yhoid (6, /1. Ph
fiolabeled and fi

graphs are displayed at low (D, £), middle (F, ) andhigh
labeled lesions in the hippocampus and neocortex Is

4 h

doublelabeling with NP155 andanti-CD11b (¥, /) magnifications. C

antibody M1/70 (Fig. 2D, inset). In striking
contrast to the glial response to this AB pa-
thology, buildup of phospho-tau in the PS19
mice was accompanied by a pronounced
nonastroglial PBR expression because PBR
was undetectable in most GFAP-labeled as-
trocytes (Fig. 2 E-G). Meanwhile, numerous amoeboid-shaped Iba-
1-immunoreactive microglia were present in the corresponding re-
gion (Fig. 2H), and double immunofluorescence staining with
NP155 and M1/70 demonstrated that a significant subset of CD11b-
positive microglia expressed PBR at a detectable level (Fig. 2H, inset)
activated microglia are the primary source of PBR signals in PS19
mice showing tau pathology. Unlike these differential profiles of
PBR expression triggered by A and tau lesions, GDNF was upregu-
lated in astrocytes of both models of AD-like plaque and tangle pa-
thology, but GDNF upregulation was insufficient to protect neurons
from tau-mediated neurotoxicity in the PS19 mice (Fig. 2/-L).

Astrogliosis without prominent PBR upregulation accompanied
by PBR-positive microgliosis in response to excitotoxic insults
We then analyzed diverse experimental models of non-AD neu-
ropathologies to assess PBR expression in glial subtypes aiter di-
verse neuronal injuries. As observed in the characterization of
NP155 (supplemental Fig. I, available at www.jneurosci.org as

indicated by arrows and arrowheads, respectively. J-L, Brain sections of 9-month-old WT (/) and PS19 (K, L) mice radiolabeled
with [ "*FIFE-DAA1106 {J, K) and immunostained with antibody against phosphorylated tau (L). PS19 mouse exhibited PBR
positivity and phospho-tau accumulation in the hippocampus and entorhinal cortex, concurrent with marked atrophy of these
structures and ventricular dilatation (asterisks in X, L). High-power view of hippocampal CA1 sector is shown in inset of L Scale
bars: (A-E, J~L) 1 mm, (F, @) 500 pm, (, 1) 100 pum, (inset in L) 50 pum.

supplemental material), marked upregulation of PBR was de-
tected in the midbrain as well as hippocampal/entorhinal areas of
KA-treated rats. The midbrain regions of these animals were
studied further, because different groups of myelinated and un-
myelinated neurons in this anatomical structure are present in a
well compartmentalized configuration (Fig. 3A, B). Accumula-
tion of [ba-1-immunoreactive microglia was primarily confined
to the necrotic core in the substantia nigra pars reticulata and was
encircled by GFAP-positive astrocytes, with only a small spatial
overlap between distributions of these two glial subpopulations
(Fig. 3C-E). Detailed analysis of this lesion by double immuno-
fluorescence staining with NP155 and anti-GFAP antibody re-
vealed that the majority of astrocytes encompassing the
microglia-enriched inflammatory epicenter were PBR-negative
{Fig. 3F-J). Meanwhile, prominent PBR expression by activated
microglia was demonstrated by double immunohistochemical
staining with OX42 and NP155 (Fig. 3F-H, K-M, arrowheads).
Double labeling also indicated that activated microglia were con-
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Figure 2.  A-D, Glial activation and PBR expression encompassing amyloid plaque In a 20-month-old APP23 mouse. PBR signals (4) were predominantly detected in activated astrocytes (8;
2-channel Image In €), although prominent microgliasis (ba-1; red in D) endrcling FSB-positive plaques (blue in D) was observed. Triple staining with FSB (blue in inset of D), NP155 (green in fnset
of D) and anti-mouse (D1 1b antibody (M1/70; red in inset of D) also indicated that the majority of plaque-associated microglia did not exhibit intense PBR signals. E-G, Nonastroglial PBR abundantty
found in the hippocampus of a 9-month-old 519 mouse, Double immunostaining for PBR (E) and GFAP (F) indicated that the majority of astrocytes did not express PBR at a detectable level (arrows),
and colocalization of PBR and GFAP was observed only in a small subset of PBR-positive ytes (whi head; 1-channelimage in 6), and intense dot-shaped PER signals (yellow ammowheads)
were localized 1o nonastroglial compartments. , The same region i d for Iba-1, showing icroglia with boid shapes distinct from the ramified morphology of resident
cells. Double staining with NP155 (green in insetof H) and M1/70 (red in inset of H ) revealed that a subset of CD11b-immunoreactive microglia expressed manifest PBRs. /L, High-level expression
of GONF (J, L) in nearly all GFAP-i tive astrocytes [/, ) reacting to plaque depasition in APP23 mice (1, J) and tau-induced neurotoxidity in PS19 mice (K, £). Scale bars: (A-L) 20 s, (inset

inH) 40 ps.

centrated at the site of prominent demyelination (supplemental
Fig. 2A, D, available at www.jneurosci.org as supplemental mate-
rial) associated with astrogliosis in the perimeter surrounding
this pathology (supplemental Fig. 2B,E, available at www.
jneurosci.org as supplemental material). Interestingly, the loss of
TH-positive, unmyelinated dopamine neurons in the substantia
nigra pars compacta (supplemental Fig. 2C,F, available at www.
jneurosci.org as supplemental material) was accompanied by as-
trogliosis (supplemental Fig. 2 E, available at www.jneurosci.org
as supplemental material) minimally immunoreactive for PBR
but not by any associated microgliosis (supplemental Fig. 2D,
available at www.jneurosci.org as supplemental material).
Hence, the excitotoxicity-induced loss of myelinated neurons
was tightly linked to PBR-positive microgliosis, whereas damage
to unmyelinated neurons did not overtly stimulate microglial
activity, both neurotoxic conditions being coexistent with astro-
gliosis lacking intensified PBR expression.

PBR-negative astrogliosis is uncoupled from prominent
microgliosis in injuries of nigrostriatal dopaminergic
terminals

To determine if gliosis in response to disruption of the nigro-
striatal dopaminergic system is characterized by accumulation
of PBR-negative astrocytes and lack of pronounced microglial
activation, we examined striatal pathologies in rodent models
of neurochemical toxicities. The recruitment of PBR-negative
astrocytes after the loss of dopaminergic terminals in the stri-

atum was demonstrated in animals showing selective damage
of dopamine neurons. Mice undergoing repeated administra-
tions of METH exhibited progressive loss of striatal dopami-
nergic terminals up to 7 d after the initiation of treatment, as
assessed by autoradiography of dopamine transporter using
["'C]PE2I (Fig. 4A). Meanwhile, elevation of striatal PBR lev-
els was minimal and insignificant according to autoradio-
graphic assay with [ '"*F]FE-DAA1106 (Fig. 4 B). Histological
examinations revealed the activity profiles of glial subtypes,
indicating prominent GFAP-positive astrogliosis (supple-
mental Fig. 3A, B,G, available at www.jneurosci.org as supple-
mental material) with very modest microglial alterations (sup-
plemental Fig. 3C-F,H, available at www.jneurosci.org as
supplemental material). Despite marked increase of GFAP im-
munoreactivity, PBR upregulation was not visible in the stri-
atal astrocytes throughout the observation period (Fig. 4C—
H). We also immunochistochemically analyzed gliotic changes
in the striatum of 6-OHDA-injected rats, which developed
profound degeneration of the nigrostriatal dopaminergic sys-
tem (Inaji et al., 2005). As seen in the METH challenge, GFAP
signals in the lesioned striatum were substantially increased
relative to the contralateral control (supplemental Fig. 3I-K,
available at www.jneurosci.org as supplemental material) with
the absence of overt Iba-1-positive microgliosis (supplemen-
tal Fig. 3L-N, available at www.jneurosci.org as supplemental
material). This astrogliotic reaction did not coincide with ei-
ther immunohistochemically (Fig. 41-L) or autoradiographi-
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Figure3. A, B, Autoradiographic labeling of PBR in brain sections of untreated control (A) and KA-treated () rats. Black square Indicates intense radiolabeling with | YEIFE-DAAT106 In the

midbrain, and immunalabeling of gliotic changes in this area Is shown in (~£ at high magnification. High-power ph

lcrographs of the hinal area indicated by yellow square in B are also

shown in K~M for the purpose of darifying the celflular localization of PBR. (—£, Double immunofiuorescence labeling of Iba-1 (C) and GFAP (D) along with two-channel image (£) in the midbrain
of KA-treated rat. The section is subadjacent to the sample shown in B. The square indicates a subregion with marked astrogliosis shown in F at high magnification. F-J, Midbrain of KA-treated rat
doubly labeled with NP155 (F~H; green) and anti-GFAP (F, |, J; red) antibodies. Broken yellow and white fines delineate areas presented in G and | and H and J, respectively, at high magnification
The majority of astrocytes did not exhibit PBR signals at a visible level (arrows in G, 1), whereas a small subset of GFAP labefing overlapped with weak PBR immunoreactivity {amows in N, J)
Round-shaped PBR immunolabeling {arrowheads in G, H) was not colocalized with GFAP staining and was conceived to be microglial. K-M, Double immunolabefing for PBR (X) and CD11b (L)

ilustrating speckled PBR staining (amowheads) packed in microghia (2-channel image shown in M ). Scale bars: (A, B) 2 mm, ((~£) 500 pum, (F) 40 pem, (6=1) 20 pum, (K=M) 10 pum.

cally (mean * SE, 100.0 *+ 3.6% vs 100.8 * 6.8% of contralat-
eral mean for contralateral vs ipsilateral striata; p > 0.05 by ¢
test; n = 4 per group) detectable elevation of PBR levels. Sim-
ilarly, the intensity of PBR radiolabeling in the striatum of
MPTP-treated marmosets did not significantly differ from
that of untreated controls (mean * SE, 100.0 = 4.4% vs 84.8 =
4.2% of control for control vs MPTP-treated groups; p > 0.05
by ttest; n = 5 per group), notwithstanding the severe impair-
ments of striatal dopaminergic terminals (Ando et al., 2008).
Together, these findings demonstrate that astroglial PBR in
the striatum is not upregulated when the injury provokes no
significant activation of striatal microglia.

Demyelinating but reversible pathology of the striatum
leading to synergistic activation of astrocytes with high-level
PBR and microglia with low-level PBR

On the assumption that PBR-positive astrocytes and PBR-
negative microglia may reflect reversible neuropathological pro-
cesses, we investigated mice at a subchronic stage of treatment
with copper chelator cuprizone (CZ), which is known to induce
recoverable loss of myelin (Chen et al.,, 2004). Oral administra-
tion of cuprizone for 4 weeks resulted in concentrations of PBR in
the striatum and corpus callosum (Fig. 5A) (mean * SE, 100.0 =
13.2% vs 216.6 = 1.9% of control for control vs CZ-treated stri-
ata; p < 0.01 by ¢ test; n = 3 per group), which were spatially
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Figure 4. A, B, Autoradiographic analyses of dopamine transporter (4) and PBR (B) in striatal regions of mice without treat-
ment and 2 and 7 d after initiation of METH treatment (n = 6 per group). Significant decline of [ "'CIPE2] binding to dopamine
transporter was observed after METH administration (**p << 0.01 by Bonferroni's multiple comparison after ANOVA), whereas
changes in binding of [ "*FIFE-DAAT106 to PBR were Insignificant ( p > 0.05 by ANOVA). Error bars represent SE. Representative
autoradiograms are displayed on top. (—H, Double immunofiuorescence staining with anti-GFAP antibody (€-£) and NP155
(F~H) in striatal sections of mice without treatment (Jeft) and 2 (middie) and 7 (right) d of METH challenge. /L, Double
immunofluorescence staining with anti-GFAP antibody {1, /) and NP155 (K, L) in contralateral (left column) andipsilateral (middie
column) striata of 6-OHDA-treated rats. Error bars in graphs represent SE. Scale bars, ((~L) 75 wm.

consistent with abundant accumulations of GFAP-positive astro-
cytes and Iba-1-positive microglia (Fig. 5B—E). The Iba-1 immu-
nostaining in the striatum was intensified in patchy clusters (Fig.
5E), and double immunolabeling for MBP and Iba-1 illustrated
that these clusters were composed of activated microglia associ-
ated with destroyed myelinated fibers (Fig. 5F). Unlike microglial
activation, astrogliosis was not confined to the site of demyelina-
tion (Fig. 5G). As seen in a low-power image (supplemental Fig.
1G, available at www.jneurosci.org as supplemental material),
NP155-labeled PBR signals were diffusely distributed in the stri-
atum of cuprizone-treated mice, which resembled the spatial
profile of activated astrocytes and was in clear contrast to the
microgliosis locally restricted to demyelinated fiber bundles. Ata
high magnification, the vast majority of astrocytes exhibited dis-
tinct upregulation of PBR, and PBR signals were almost exclu-
sively present in the astroglial compartment (Fig. 5H ).

We then conducted in vivo detection of PBR in these mice by
using microPET and [ "*F]FE-DAA1106 to clarify the detectabil-
ity of astroglial PBR in living brains, CZ-treated mice showed a
profoundly increased concentration of radiotracer in the striatal
area (Fig. 51,J), ~2-fold that in control mice (Fig. 5K), corre-
sponding well with the in vitro autoradiographic data (Fig. 5A).

L PBR

1. Neurosi., November 19, 2008 - 28(47):12255-12267 + 12261

" Thus, our findings provide the first clear
! evidence for the ability of PET and specific
! ‘ radioligand to capture PBR upregulation
-4 in astrocytes.
Induction of astroglial PBR by
transplantation of
immortalized microglia
The mechanistic links between activated
microglia and PBR expression in astro-
cytes were assessed by immunohisto-
chemically assaying PBR levels in the
mouse hippocampus transplanted with
the PKH26-labeled immortalized micro-
glial cell line, RaZ (Fig. 6A), which has
been shown to be neuroprotective and re-
active oxygen species- (ROS) nonproduc-
ing (Sawada et al., 2006). Compared with
the vehicle-injected side (Fig. 6 B-E), the
Ra2-injected hippocampus exhibited as-
trocytes with hypertrophic morphology in
close proximity to the grafted microglia,
and a high-level expression of PBR was ob-
served in these astrocytes (Fig. 6F-I).
Compared with the vehicle-injected side
(Fig. 6]), pronounced activation of resi-
dent (Ibal-positive, PKH26-negative) mi-
croglia was found in the proximity of the
transplanted (PHK-positive) Ra2 cells
(Fig. 6K-M). As PBR signals showed
nearly complete overlap with GFAP im-
munoreactivity in this area, these activated
endogenous microglia were presumed to
be PBR-negative. Neuronal damage and
loss of myelin were negligible in these ar-
eas. Because the hippocampal subregions
analyzed here were sufficiently distant
from needle tracks (Fig. 6A) and were
consequently little affected by traumatic
insults, these data demonstrate that acti-
vated microglia without evident neuro-
toxicity can act as the sole initiator of PBR upregulation in nearby
astrocytes, and imply the presence of mechanistic links between
activations of PBR-negative endogenous microglia and PBR-
positive astrocytes.

Dayl Day?
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Augmented GDNF expression in PBR-positive astrocytes

To supplement the evidence for the protective and restorative
roles of PBR-expressing astrocytes, we immunohistochemically
examined astroglial GDNF in the experimental models beside
those of AD. Double fluorescence staining for control rodents
illustrated the expression of GDNF in resident astrocytes at a
moderate level in the hippocampus (Fig. 7 A, B, insets) and at a
very low level in the striatum (Fig. 7E, F,I,]) and midbrain (Fig.
7M,N) of mice and rats. A notable increase of astroglial GDNF
immunoreactivity was found in the Ra2-transplanted hippocam-
pus (Fig. 7C,D) and CZ-treated striatum (Fig. 7G,H), in which
remarkably upregulated PBR in astrocytes was featured. Striatal
astrocytes reacting to injuries of dopaminergic terminals exhib-
ited no substantial increase in GDNF levels (Fig. 7K, L), in con-
cordance with the unaltered PBR signals, Activated astrocytes in
the midbrain subregion surrounding inflammatory microglia
also did not express GDNF at a clearly detectable level (Fig. 70,P),




