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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 A� 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 is
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.
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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 A� are thought to augment progressive neuronal injury

(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 A� 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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[ 11C]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 11C and 18F resulting in the production of
[ 11C]DAA1106 and [ 18F]fluoroethyl-DAA1106 ([ 18F]FE-
DAA1106), respectively, to establish PET tracers suitable for im-
aging PBR in living brains (Zhang et al., 2003, 2004; Fujimura et
al., 2006; Ikoma 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 A� 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 A� 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-tetrahydro-
pyridine (MPTP), horseradish peroxidase-conjugated isolectin B4 from
Griffonia simplicifolia (HRP-ILB4), 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) (Santa
Cruz Biotechnology) and rabbit polyclonal antibody against tyrosine
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
�g/ml bovine insulin, 0.2% glucose and 1 ng/ml murine granulocyte-
macrophage colony-stimulating factor (G0282; Sigma-Aldrich), as de-
scribed previously (Sawada et al., 1998). For biochemical analyses, the
cells (5 � 10 6) were scraped and homogenized in 50 mM Tris-HCl, pH
7.4, 4°C, containing 0.1% protease inhibitor mixture (5 mM leupeptin, 1
mg pepstatin and 5 mg aprotinin in 1 ml dimethyl sulfoxide) and 0.5 mM

phenylmethylsulfonyl fluoride (PMSF). The suspension was centrifuged
at 12,000 rpm (10,000 � g) for 15 min, and the resultant pellet was
resuspended in 50 mM Tris-HCl 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 mM 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 mM NaCl, 10 mM Tris-HCl, pH 8.0) containing 0.05% (v/v) Tween
20 and 3% (w/v) bovine serum albumin (BSA), and then reacted for 1 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/6J background.
Tau Tg mice dubbed PS19 were generated by using a cDNA coding a tau
isoform containing 1 N-terminal and 1 C-terminal alternatively spliced
exons and the P301S 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 excitotoxicity were generated by intraperito-
neally administering KA (12 mg/kg) to male Sprague Dawley rats (Japan
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 system was caused in
mice, rats and marmosets by the use of METH, 6-OHDA and MPTP,
respectively. Male in-house C57BL/6J mice (Kito et al., 2003) aged 8
weeks were subcutaneously injected with METH (5 mg/kg) 4 times, 2 h
apart, and brain tissues of these mice were obtained at 2 and 7 d after
treatment, as in the protocol for KA-injected rats. Lesioning of rat brains
was performed as described previously (Inaji et al., 2005). Briefly, male
Sprague Dawley rats (Japan SLC) at 8 weeks of age were anesthetized with
intraperitoneally administered sodium pentobarbital (60 mg/kg) and
placed in a stereotactic frame (Narishige). Four microliters of 2 �g/�l
6-OHDA, freshly dissolved in physiological saline containing 0.1%
ascorbic acid, was subsequently injected into the right medial forebrain
bundle (stereotactic coordinates: anteroposterior, 4.2 mm from the breg-
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 �l/min. 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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of marmosets receiving 3 doses of subcutaneous MPTP administration (2
mg/kg), 24 h apart, 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 male in-house bred C57BL/6J mice aged 8 weeks with a
powdered diet containing 0.2% (w/w) cuprizone, as described previously
(Chen et al., 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 fluorescent dye, PKH26 (MINI26; Sigma-Aldrich), as de-
scribed previously (Imai et al., 2007), and the final cellular concentration
was adjusted to 100,000 cells/�l medium. Male C57BL/6J mice were
anesthetized with 1.5% (v/v) isoflurane and were placed in a stereotactic
frame (Narishige). Using a 10 �l Hamilton syringe, 2 �l 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 as in the protocol for KA-injected rats.

Immunocytochemical, immunohistochemical and histochemical analy-
ses. For immunohistochemical assays, the entire brains of animals fixed
with 4% paraformaldehyde were cryoprotected using 30% sucrose in
phosphate buffer, and 10- or 20-�m-thick frozen sections 40 �m apart
were generated in a cryostat (HM560; Carl Zeiss). Alternatively, frozen
brain tissues were sliced into 20 �m 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.

A� 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 et al.,
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 (ROI). 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 10� (FV1000) or 20� (BZ-9000) were
semiautomatically tiled and merged into a large high-resolution im-
age containing the whole ROI. Signal intensities were initially mea-
sured for the whole ROI, 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 ROI. 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 2). 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 Imaging) and Photoshop 7.0 (Adobe Systems) software.

Radiosynthesis and autoradiography. Synthesis of 11C-labeled N-(3-
iodoprop-2E-enyl)-2�-carbomethoxy-3�-(4-methylphenyl)nortropane
([11C]PE2I), a PET ligand for dopamine transporter, was conducted by

O-methylation of its free acid precursor with [11C]methyl triflate according
to previously described methods (Halldin et al., 2003). The radiochemical
purity of the resultant compound was �99%, and the specific radioactivity
was 219.2 � 38.8 GBq/�mol at the end of synthesis.

[ 18F]FE-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/�mol at the end of synthesis. [ 3H]DAA1106
was synthesized by O-methylation of DAA1123 with [ 3H]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 [11C]PE2I, in accordance with the estab-
lished procedure (Inaji et al., 2005). The sections were preincubated in 50
mM Tris-HCl buffer, pH 7.4, for 30 min at room temperature, followed by
reaction with [11C]PE2I (18.5 MBq/L, �20 pM) 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 �M), 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 s, 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). Autoradiographic assay for PBR was conducted using
paraformaldehyde-fixed frozen sections. The fixation did not affect the bind-
ing of this PBR ligand in our preliminary experiments (data not shown). The
samples were incubated with [18F]FE-DAA1106 (18.5 MBq/L, �0.35 nM) or
[3H]DAA1106 (2.4 MBq/L,�0.5 nM) in 50 mM Tris-HCl. Nonspecific bind-
ing of the radioligand was estimated by adding nonradioactive PK11195 (10
�M) to the reaction. The rest of the protocol was as described above. The
samples used for [3H]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 68Ge- 68Ga point source, emission scans were
acquired for 60 min in a 3D list mode with an energy window of 350 –750
keV, and intravenous injection of [ 18F]FE-DAA1106 (13.26 � 14.27
MBq) was performed immediately. Summation images from 0 to 60 min
after [ 18F]FE-DAA1106 injection were reconstructed with maximum a
posteriori reconstruction, and dynamic images were reconstructed 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 (%ID/ml).

Statistical analysis. Statistical analyses for group comparisons were
performed by Student’s t 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 A� and
tau pathologies
Application of [18F]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-
labeling and A�-positive plaque lesions (Fig. 1B,C). PBR upregula-
tion associated with A�deposition was also demonstrated at a higher
resolution by microautoradiography using [3H]DAA1106 (Fig. 1D)
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followed by fluorescence staining with FSB
(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 A� deposits
(Fig. 1F–I). Relative to age-matched WT
controls (Fig. 1J), 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. 1L). Despite the similarity of
regional PBR distributions in the two Tg
mouse models, however, the diffuse radiola-
beling in PS19 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 A� 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
double labeling with NP155 and anti-CD11b
antibody M1/70 (Fig. 2D, inset). In striking
contrast to the glial response to this A� 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. 2E–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. 2I–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 after di-
verse neuronal injuries. As observed in the characterization of
NP155 (supplemental Fig. 1, available at www.jneurosci.org as

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 Iba-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-

Figure 1. A–C, Glial response to plaque deposition as demonstrated by autoradiography for PBR with [ 18F]FE-DAA1106 in a
brain section of a 20-month-old APP23 mouse (A) followed by A� immunolabeling (B; merged image is shown in C). D–I,
Pathology in a 20-month-old APP23 mouse detected by emulsion microautoradiography of [ 3H]DAA1106 (D, F, H ) and FSB (E),
resulting in double labeling of PBR and plaque amyloid (G, I ). Photomicrographs are displayed at low (D, E), middle (F, G) and high
(H, I ) magnifications. Correspondence between radiolabeled and fluorolabeled lesions in the hippocampus and neocortex is
indicated by arrows and arrowheads, respectively. J–L, Brain sections of 9-month-old WT (J ) and PS19 (K, L) mice radiolabeled
with [ 18F]FE-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 K, L). High-power view of hippocampal CA1 sector is shown in inset of L. Scale
bars: (A–E, J–L) 1 mm, (F, G) 500 �m, (H, I ) 100 �m, (inset in L) 50 �m.
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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. 2E, 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
[ 11C]PE2I (Fig. 4 A). Meanwhile, elevation of striatal PBR lev-
els was minimal and insignificant according to autoradio-
graphic assay with [ 18F]FE-DAA1106 (Fig. 4 B). Histological
examinations revealed the activity profiles of glial subtypes,
indicating prominent GFAP-positive astrogliosis (supple-
mental Fig. 3 A, 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 immunohistochemically 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. 4 I–L) or autoradiographi-

Figure 2. A–D, Glial activation and PBR expression encompassing amyloid plaque in a 20-month-old APP23 mouse. PBR signals (A) were predominantly detected in activated astrocytes (B;
2-channel image in C), although prominent microgliosis (Iba-1; red in D) encircling FSB-positive plaques (blue in D) was observed. Triple staining with FSB (blue in inset of D), NP155 (green in inset
of D) and anti-mouse CD11b 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 abundantly
found in the hippocampus of a 9-month-old PS19 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 astrocytes (white arrowhead; 2-channel image in G), and intense dot-shaped PBR signals (yellow arrowheads)
were localized to nonastroglial compartments. H, The same region immunostained for Iba-1, showing numerous microglia with amoeboid shapes distinct from the ramified morphology of resident
cells. Double staining with NP155 (green in inset of H ) and M1/70 (red in inset of H ) revealed that a subset of CD11b-immunoreactive microglia expressed manifest PBRs. I–L, High-level expression
of GDNF (J, L) in nearly all GFAP-immunoreactive astrocytes (I, K ) reacting to plaque deposition in APP23 mice (I, J ) and tau-induced neurotoxicity in PS19 mice (K, L). Scale bars: (A–L) 20 �M, (inset
in H ) 40 �M.
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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 t
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 t test; 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 t test; n � 3 per group), which were spatially

Figure 3. A, B, Autoradiographic labeling of PBR in brain sections of untreated control (A) and KA-treated (B) rats. Black square indicates intense radiolabeling with [ 18F]FE-DAA1106 in the
midbrain, and immunolabeling of gliotic changes in this area is shown in C–E at high magnification. High-power photomicrographs of the entorhinal area indicated by yellow square in B are also
shown in K–M for the purpose of clarifying the cellular localization of PBR. C–E, Double immunofluorescence labeling of Iba-1 (C) and GFAP (D) along with two-channel image (E) 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, I, J; red) antibodies. Broken yellow and white lines delineate areas presented in G and I and H and J, respectively, at high magnification.
The majority of astrocytes did not exhibit PBR signals at a visible level (arrows in G, I ), whereas a small subset of GFAP labeling overlapped with weak PBR immunoreactivity (arrows in H, J ).
Round-shaped PBR immunolabeling (arrowheads in G, H ) was not colocalized with GFAP staining and was conceived to be microglial. K–M, Double immunolabeling for PBR (K ) and CD11b (L)
illustrating speckled PBR staining (arrowheads) packed in microglia (2-channel image shown in M ). Scale bars: (A, B) 2 mm, (C–E) 500 �m, (F ) 40 �m, (G–J ) 20 �m, (K–M ) 10 �m.
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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. At a
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 [ 18F]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. 5 I, J), �2-fold that in control mice (Fig. 5K), corre-
sponding well with the in vitro autoradiographic data (Fig. 5A).

Thus, our findings provide the first clear
evidence for the ability of PET and specific
radioligand to capture PBR upregulation
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, Ra2 (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. 6B–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 J), pronounced activation of resi-
dent (Iba1-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. 6 A) 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.

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. 7A,B, insets) and at a
very low level in the striatum (Fig. 7E,F, I, J) 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. 7O,P),

Figure 4. A, B, Autoradiographic analyses of dopamine transporter (A) 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 [ 11C]PE2I binding to dopamine
transporter was observed after METH administration (**p 	 0.01 by Bonferroni’s multiple comparison after ANOVA), whereas
changes in binding of [ 18F]FE-DAA1106 to PBR were insignificant ( p � 0.05 by ANOVA). Error bars represent SE. Representative
autoradiograms are displayed on top. C–H, Double immunofluorescence staining with anti-GFAP antibody (C–E) and NP155
(F–H ) in striatal sections of mice without treatment (left) and 2 (middle) and 7 (right) d of METH challenge. I–L, Double
immunofluorescence staining with anti-GFAP antibody (I, J ) and NP155 (K, L) in contralateral (left column) and ipsilateral (middle
column) striata of 6-OHDA-treated rats. Error bars in graphs represent SE. Scale bars, (C–L) 75 �m.
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consistent with the finding that only a
tiny subset of these cells was PBR-
immunoreactive. Rearrangement of the
data for side-by-side comparison of PBR
and GDNF immunolabeling in these ani-
mal models (supplemental Fig. 4, available
at www.jneurosci.org as supplemental
material) revealed good agreement be-
tween the expression profiles of the two
molecules in astrocytes in these models of
acute/subacute neurotoxicity.

Discussion
The elevated levels of PBR observed in tau
and APP Tg mice that model the core tan-
gle and plaque pathologies of AD by both
radiographical and immunohistochemical
assays here rationalize the application of
PBR imaging for diagnostic and therapeu-
tic assessments of patients with this illness.
Significantly, our data also demonstrate
distinct mechanisms regulating PBR ex-
pression in microglia and astrocytes react-
ing to tau and A� lesions. Of greater inter-
est is the observation that PBR
upregulation in astrocytes and microglia
may reflect beneficial and deleterious con-
sequences of gliotic changes, respectively,
which critically differentiated the modest
neurotoxic effects of A� versus the more
profound neurodegenerative conse-
quences of tau pathologies on hippocam-
pal/entorhinal neurons in APP and tau Tg
mice, respectively. Unlike APP Tg mice,
patients with AD develop progressive and
extensive neuron loss in CNS regions with
abundant plaques and tangles, whereas
some of the potential restorative processes
associated with amyloid plaques, such as
axonal sprouting and remodeling of neu-
ritic and synaptic architectures frequently
observed in mice (Phinney et al., 1999), are present but less evi-
dent in human AD brains (Masliah et al., 1991). Hence, we spec-
ulate that “neurotoxic gliosis” characterized by PBR-positive mi-
croglia in AD brains may overwhelm the potentially
“neutoprotective gliosis” of PBR expressing astrocytes, although
this hypothesis will require further testing. For example, this
could be examined by developing antibodies that could be used
for detecting human PBR in diverse neurodegenerative and other
CNS disorders. Moreover, the therapeutic benefit of modulating
microglial activity (Dodel et al., 2003; Marx, 2007) could be safely
assessed in patients with AD and related tauopathies as well as in
other neuroinflammatory CNS conditions by using PBR as a bi-
omarker for microglial neurotoxicity. As a second application,
the response to trophic factors could be monitored by detecting
increased PBR signals in reactive astrocytes that exert neuropro-
tective effects. In this context, the implications of PBR changes
largely depend on the mechanistic modes of treatments, and
changes in PBR expression patterns can be clarified for a given
therapeutic approach by preclinical studies using experimental
animal models.

As the scope of our research was enlarged from AD pathology
to non-AD neurodegenerative or toxic conditions, the common

framework of the interplay between microglia and astrocytes af-
ter neuronal injury has been delineated with emphasis on PBR as
a potentially informative imaging biomarker as schematically il-
lustrated in Figure 8. Disorganization of myelin is a strong in-
ducer of microglial activation, as observed in the midbrain of
KA-treated rats and striatum of CZ-exposed mice and docu-
mented previously (Smith, 1999), which may involve transient
upregulation of microglial PBR (Chen et al., 2004). However,
irreversible impairments of neuronal structures are conceivably
requisite for long-lasting upregulation of PBR in microglia, in
light of our previous and present findings in ethanol-injected rats
(Maeda et al., 2007a) and tau Tg mice (Yoshiyama et al., 2007). In
contrast, activation of nondeleterious microglia is one of the sig-
nificant cellular events that result from reversible neuronal inju-
ries, and these glial cells barely express PBR at a high level. This
property is exemplified by the CZ challenge in mice, during
which spontaneous remyelination occurs at 5–7 weeks (Matsus-
hima and Morell, 2001). As demonstrated by the transplantation
of Ra2 cells into the hippocampus of mice, these nontoxic micro-
glia are capable of locally driving PBR expression in astrocytes.
Interestingly, our preliminary analysis of transplanted microglia
has also indicated that PBR levels in Ra2 cells are notably lower

Figure 5. A, Radiolabeling of PBR in brains of mice without treatment (Control) and treated with CZ. The corpus callosum (CC)
and striatum (ST) are outlined by dots. B–E, Immunofluorescence staining of GFAP (B, D) and Iba-1 (C, E) in brain sections of
untreated (B, C) and CZ-treated (D, E) mice. Dashed lines define borders of CC and ST. F–H, Double immunofluorescence labeling
of MBP and Iba-1 (F ), MBP and GFAP (G), and PBR (NP155) and GFAP (H ) in striatal sections of a CZ-treated mouse. Arrowheads
in H indicate astrocytes doubly positive for PBR and GFAP. I–K, In vivo detection of PBR in CZ-treated mice. Coronal (1 mm anterior
to the bregma) PET images in control (I ) and CZ-treated (J ) mice were generated by summation of dynamic data at 0 – 60 min
after injection of [ 18F]FE-DAA1106 and were overlaid on the MRI template. Marked increase of radioactivity was found primarily
in the corpus callosum and striatum (arrows). Time-radioactivity curves (K ) for striatal VOIs in control (open circles) and CZ-fed
(closed circles) mice indicate �2-fold increase of radioligand accumulation induced by CZ treatment. Scale bars: (A) 2 mm, (B–E)
150 �m, (F–H ) 25 �m.
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Figure 6. A, Localization of PKH26-labeled Ra2 cells transplanted into unilateral hippocampus of a mouse (arrowhead). Regions of interest (squares) were defined in hippocampal areas
sufficiently distant from needle tracts (detectable by weak autofluorescence; arrows) and are shown in B–M at high magnification. Fluorescence of PKH26 is converted to blue for the purpose of the
multicolor display. B–I, Fluorescence labeling for exogenous microglia (B, F ), PBR (C, G) and GFAP (D, H ) along with three-channel images (E, I ) in the subregions of the hippocampus injected with
vehicle (B–E) and Ra2 (F–I ). Transplanted Ra2 cells (F ) induced prominent upregulation of PBR (G) as well as hypertrophic changes (H ) in neighboring astrocytes. High-power photomicrographs
are shown in insets (C–E, G–I ). J–M, Fluorescence mapping of microglia positive for Iba1 (J, K ) and PHK26 (L) along with a merged image (M ) in the subregions of the hippocampus injected with
vehicle (J ) and Ra2 (K–M ). Iba1-positive, PKH26-negative endogenous microglia were manifestly activated in the proximity of the transplantation site containing Iba1/PKH26 double positive
exogenous Ra2 cells (K–M ), compared with the vehicle-injected contralateral area (J ). Scale bars: (A) 1 mm, (B–I ) 100 �m, (J–M ) 25 �m, (insets) 20 �m.
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than those in HIV-1 Nef-incorporated Ra2 cells (data not
shown), which exhibit dysregulated NADPH oxidase activity and
ROS synthesis (Vilhardt et al., 2002), supporting a positive cor-
relation between neurotoxic capability and PBR expression in
microglia. This view is additionally supported by a previous dem-
onstration that PK11195, a putative antagonist for PBR, strongly
inhibited the lipopolysaccharide-induced production of tumor
necrosis factor-� and ROS in primary microglial cells (Wilms et
al., 2003). However, PBR-bearing astrocytes present enhanced
production of GDNF (supplemental Fig. 4, available at www.
jneurosci.org as supplemental material), highlighting the roles of
these cells in neuroprotection. This is in line with the previous
finding that several PBR ligands could facilitate the survival and
regeneration of nerve cells after physical damage (Ferzaz et al.,
2002; Mills et al., 2005). The roles of neurotrophins in chronic
neurodegeneration may be more complicated, because restor-
ative processes mediated by glial cells are possibly comingled with
progressive neuronal injuries. This has been confirmed by the rise
of astroglial GDNF expression in PS19 mice. However, GDNF
upregulation in these animals was not associated with the emer-

gence of PBR-positive astrocytes, thereby validating the notion
that PBR in astrocytes serves as a marker for the repairability of
neuronal integrity and sufficiency of neurotrophic support by
glial cells.

Glial mediators leading astrocytes to express PBR could be
identified by comparatively analyzing signals secreted by micro-
glia in pathologies causing PBR-positive and PBR-negative astro-
gliosis. Indeed, a subset of secretory molecules, including IL-1
(O’Callaghan et al., 1990), was reported to be undetectable in
striatal microglia responding to MPTP lesions of the nigrostriatal
dopaminergic projection. As IL-1 receptors are known to be
present in astrocytes (Ban et al., 1993), certain IL-1 family cyto-
kines may be key players serving as functional correspondence
from microglia to astrocytes, which consequently triggers PBR
expression in astrocytes. Neurotrophic components, including
IL-10 (Mizuno et al., 1994; Sawada et al., 1998), TGF-� (Constam
et al., 1992; Suzumura et al., 1993), plasminogen (Nakajima et al.,
1992), nerve growth factors (Elkabes et al., 1996), brain-derived
neurotrophic factors (BDNF) and GDNF (Batchelor et al., 1999;
Ziv et al., 2006) released from microglia are also plausible candi-

Figure 7. Expression of GDNF in astrocytes assessed by double immunofluorescence staining for GDNF (green) and GFAP (red). A–D, Mouse hippocampi injected with vehicle (A, B) and Ra2 cells
(C, D). Relative to astrocytes on the vehicle-injected side, the number, shape and GDNF levels of which were comparable with untreated condition (insets in A, B), astrocytes in the vicinity of the
transplantation site (asterisks in C, D) exhibited pronounced activation accompanied by GDNF upregulation. E–H, Striata of mice without treatment (E, F ) and at 4 weeks of CZ challenge (G, H ). E–H,
GDNF- and GFAP-immunoreactivities in the control striatum (E, F ) were much less than those in the hippocampus (insets in A, B), whereas markedly increased astrocytes in this region expressed
GDNF at a significant level (arrows in G, H ). I–L, Striata of control (I, J ) and 6-OHDA-treated (K, L) rats. GDNF signals were undetectable in the vast majority of activated astrocytes in the treated rat
(arrowheads), and only a limited subset of these cells showed GDNF expression slightly above the detection threshold (arrows). M–P, Midbrain of control (M, N ) and KA-treated (O, P) rats. P, O, KA
induced prominent astrogliosis (P) with only slight GDNF expression (O) in the region outlining the inflammatory core. Scale bars: (A–L) 50 �m, (M–P) 50 �m.
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dates for direct or indirect regulators of astroglial PBR enabling
PBR-positive astrocytes to promote the protection and repair of
injured CNS neurons.

Our present data also suggest a lack of astroglial PBR and a
paucity of microglia-astrocyte coupling in the striata of PD mod-
els, presumably in association with a paucity of neuroprotective
factors in these tissues. In fact, reduced levels of BDNF and a lack
of upregulated GDNF production in the nigrostriatal system of
PD patients were reported in previous investigations (Mogi et al.,
1999, 2001), despite the presence of prominent GFAP-positive
astrogliosis in the same brain region. Feasible explanations for the
absence of full-range activation of microglia in these conditions
might be that dopaminergic terminals account for 	15% of the
entire synapses in the striatum (Pickel et al., 1981; Teismann et
al., 2003), and that myelinated axons, the loss of which gives
strong stimuli to microglia, are absent in the nigrostriatal dopa-
minergic pathway (Pickel et al., 1981). In line with this conten-
tion, MPTP-administered monkeys did not develop microgliosis

at a detectable level in the striatum (Hurley
et al., 2003). It is also noteworthy that in-
trastriatal injection of 6-OHDA to rats
added a small but not striking enhance-
ment to trauma-induced microgliosis
(Depino et al., 2003). In humans, a signif-
icant number of studies using postmortem
PD brains documented that microglial ac-
tivation was less robust in the striatum
than in the substantia nigra (McGeer et al.,
1988; Mirza et al., 2000; Knott et al., 2002).
In the context that beneficial coupling of
microglia and astrocytes does not emerge
in response to PD pathologies, pharmaco-
logical augmentation of the dialogue be-
tween these glial subtypes in the striatum
could have a therapeutic value in PD, con-
ceivably by a mechanism that transforms
astrocytes into potent protectors of neuro-
nal structures and functions capable of re-
leasing sufficient neurotrophins. This as-
sertion is supported by studies showing a
beneficial outcome of GDNF delivery to
the striatum of PD models and patients
(Tomac et al., 1995; Gash et al., 1996; Kor-
dower et al., 2000; Gill et al., 2003). Inter-
glial communication to promote neuro-
protection against these pathological
conditions could also be stimulated by
adopting a treatment with either locally or
systemically administered exogenous mi-
croglia as used for an animal model of
transient global brain ischemia (Imai et al.,
2007), because this approach provokes
neurons and glia to produce BDNF and
GDNF (Suzuki et al., 2001; Imai et al.,
2007). On the supposition that astroglial
PBR is an index of the protective and re-
constructive activities of glial cells, the
present study highlights the usefulness
of PET imaging with radioligands for
PBR in monitoring interactions between
microglia and astrocytes during the
course of therapies to upregulate glial
neurotrophins.

In conclusion, cytomolecular and intercellular dynamics gov-
erning differential PBR expression between microglia-dominant
and astrocytes-dominant states may be relevant to mechanisms
underlying major neurodegenerative disorders including AD and
PD, and further insights into these phenomena could expand the
utility of in vivo PBR imaging as a powerful tool for estimating the
therapeutic and adverse effects of inflammatory modulators and
glioactive agents in diverse CNS disorders.
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Wilms H, Claasen J, Röhl C, Sievers J, Deuschl G, Lucius R (2003) Involve-
ment of benzodiazepine receptors in neuroinflammatory and neurode-
generative diseases: evidence from activated microglial cells in vitro. Neu-
robiol Dis 14:417– 424.

Wojtera M, Sikorska B, Sobow T, Liberski PP (2005) Microglial cells in
neurodegenerative disorders. Folia Neuropathol 43:311–321.

Yoshiyama Y, Higuchi M, Zhang B, Huang SM, Iwata N, Saido TC, Maeda J,
Suhara T, Trojanowski JQ, Lee VM (2007) Synapse loss and microglial
activation precede tangles in a P301S tauopathy mouse model. Neuron
53:337–351.

Zhang MR, Kida T, Noguchi J, Furutsuka K, Maeda J, Suhara T, Suzuki K
(2003) [(11)C]DAA1106: radiosynthesis and in vivo binding to periph-
eral benzodiazepine receptors in mouse brain. Nucl Med Biol 30:513–519.

Zhang MR, Maeda J, Ogawa M, Noguchi J, Ito T, Yoshida Y, Okauchi T,
Obayashi S, Suhara T, Suzuki K (2004) Development of a new radioli-
gand, N-(5-fluoro-2-phenoxyphenyl)-N-(2-[18F]fluoroethyl-5-
methoxybenzyl)acetamide, for PET imaging of peripheral benzo-
diazepine receptor in primate brain. J Med Chem 47:2228 –2235.

Zilka N, Ferencik M, Hulin I (2006) Neuroinflammation in Alzheimer’s
disease: protector or promoter? Bratisl Lek Listy 107:374 –383.

Ziv Y, Avidan H, Pluchino S, Martino G, Schwartz M (2006) Synergy be-
tween immune cells and adult neural stem/progenitor cells promotes
functional recovery from spinal cord injury. Proc Natl Acad Sci U S A
103:13174 –13179.

Ji et al. • PBR as a Biomarker Reflecting Roles of Gliosis J. Neurosci., November 19, 2008 • 28(47):12255–12267 • 12267


