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tmmunoflsorescence.
muscie fibers.

Fig. 4.

P( \3& in u“-m" ed mitw
resaits for k-ﬁki ure ‘.gp

ion for o-Met and

scle. Poshiive

in ﬂ,mas‘ u]l\

fibersi T wl
1

Arrews indivite HOF in the evioplasm of smali
cells contiguous to masele fibers (AL By The fower row (D-F1 shows

E and F: nuclel tbluey are observed surrot g

D und E: HGF tgreens is lovalized in satellie :Liix‘

surrounding adjacent muscle fibers tarrows).,

normal rabbit serum did pot dis

bar, 30 um in A and C.

i

C"‘d‘!\ e contrals stained B\Hl“

play positive resubs for HGF (CL Fr Scale
10 2 in B and 20 uet in D-F,

found that the mass of both soleus and plantaris
muscles in rats decreased following hindlimb
suspension for 2 weeks. Atrophy might be caused
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both muscles normalized after 3 days of reloading
following the 2 weeks of unloading. Thus. both
soleus and plantaris muscles are able to recover
following atrophy. However. the process leading to
recovery seems to differ. with degeneration and
egeneration occurring in the recovery process in the
soleus muscle, but not in the plantaris muscle.
Previous studies have reported that numbers of
myonuclear cells per unit area increase following
reloading of atrophied soleus muscle® ¥ #1 and
this was also observed in the present study. The
seleus muscle is known as an antigravity muscle
containing slow-twitch fibers. ATPase staining
shows that proportions of muscle fiber types differ
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corresponding to type Il fibers*?.
Electromyography shows that muscle activity in the
rat soleus muscle increases during treadmill
locomotion after hindlimb unloading®. Although
the precise mechanisms are unknown, differing
processes may be related to these differences in
muscle fiber types. In addition, satellite cells are
central to regeneration and could explain how these
differences contribute to the process of degeneration
and regeneration. Previous studies have reported
that satellite cells comprise approximately 2% of the
myonuclear population in the tibialis anterior muscle
of 4-month-old mice and 9.6% in the soleus muscle
of 1-month-old rats'': ¥}, Furthermore. mitotic
activity of satellite cells in the soleus muscle is
0.052% in 24-month-old rats*”. These findings
show that slow muscles display a higher number of
satellite cells than other muscles.

Reloading increased the level of HGF in the
soleus muscle by approximately 3-fold compared to
controls. This agrees with a previous report that
HGF levels in rat quadriceps muscles increase in
response to muscle injury®?. Patterns of local
injury, such as infiltration of macrophages and
degeneration of muscle fibers and central nuclear
cells, were observed following reloading of the
soleus muscle. We also found that the HGF appears
1o be present in satellite cells surrounding uninjured
small muscle fibers. Previous studies have reported
that HGF is present in the extracellular matrix
surrounding muscle fibers!® 4% or
immunolocalized at regenerating skeletal muscle™®.
In situ hybridization has also revealed HGF mRNA
in regenerating muscle fibers'> 3. In the present
study, HGF was clearly immunolocalized in the
cytoplasm of satellite cells early in the recovery
process, strongly suggesting that HGF is produced
by local satellite cells in response to reloading
stimulation. Muscle fiber injury induces
macrophage infiltration, but HGF mRNA is not
present in macrophages, as demonstrated by
Jennische et al.'? and the present study.
Furthermore, c-Met was expressed in the cell
membranes of satellite cells. Satellite cells display

c-Met in all states of activation, proliferation and

differentiation®’’ and c-Met can be used as a
molecular marker for these cells. The satellite cell
is known as a quiescent muscle progenitor cell, and
injury leads to cell activation™. After reloading,
the majority of satellite cells were PCNA-positive.
indicating that cells had entered the cell cycle.

HGF- and HGF-receptor-positive cells are thus
activated satellite cells. Taken together, recovery
appears to be partially accomplished by
proliferation and maturation of satellite cells. and
proliferation of satellite cells seems likely to occur
in an autocrine or paracrine manner with satellite
cells producing HGF, followed by HGF activating
the HGF-receptor-positive cells, satellite cells.

In conclusion, these results suggest that HGF
production, stimulated in satellite cells, is the cause
of recovery following mechanical stimulation in
disuse-atrophied muscle.
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Accumulation of B-amyloid protein (AB) in the brain is a
hallmark of Alzheimer’s disease (AD), and Ap-mediated
pathogenesis could result from increased production of
AB or insufficient A clearance by microglia, astrocytes,
or the vascular system. Cell-surface receptors, such as
scavenger receptors, might play a critical role in the
binding and clearing of AB; however, the responsible
receptors have yet to be identified. We show that scav-
enger receptor with C-type lectin (SRCL), a member of
the scavenger receptor family containing coiled-coil,
collagen-like, and C-type lectin/carbohydrate recogni-
tion domains, is expressed in cultured astrocytes and
microglia. In contrast to the low expression of SRCL in
the wild-type mouse brain, in a double transgenic
mouse model of AD (Tg-APP/PS1), immunohistochem-
istry showed that SRCL was markedly induced in AB-
positive astrocytes and AB-positive vascular/perivascu-
lar cells, which are associated closely with cerebral
amyloid angiopathy. In patients with AD, the distribution
of SRCL was similar to that seen in the Tg-APP/PS1
temporal cortex. The presence of a large number of
SRCL/AB double-positive particles in the intracelluiar
compartments of reactive astrocytes and vascular/peri-
vascular cells in Tg-APP/PS1 mice and AD patients
suggests a role for SRCL in AB clearance. Moreover,
CHO-K1 cells transfected with SRCL isoforms were
found to bind fibrillar Api-42. These findings suggest
that SRCL could be the receptor involved in the binding
or clearing of AB by glial and vascular/perivascular cells
in AD. © 2006 Wiley-Liss, Inc.

Key words: scavenger receptor; SRCL; amyloid-§; astro-
cytes; microglia

Alzheimer’s disease (AD) is a progressive neurode-
generative disorder (Tanzi and Bertram, 2005) character-
ized by accumulation of B-amyloid protein (AB) in the
brain, which accumulation is thought to play a key role
in the pathogenesis of AD. AB-associated pathogenesis
may arise from the increased production of AB, or insuf-

%, 2006 Wiley-Liss, Inc.

ficient AB clearance by microglia, astrocytes, or the vas-
cular system (Nicoll and Weller, 2003; Tanzi et al.,
2004; Zlokovic, 2004; Tanzi and Bertram, 2005).
Microgha and astrocytes have the ability to clear AP
(Paresce et al., 1996; Guenette, 2003a,b; Wyss-Coray
et al., 2003). For example, cultured wild-type mouse
astrocytes were shown to bind to and contribute to the
clearance of AR in AP-laden fresh brain sections of a
transgenic mouse model of AD (Wyss-Coray et al,
2003); and a variety of substances can modulate A
clearance by microglia, astrocytes, and the vasculature,
including antibodies against AR-peptide, TGFB1, heat-
shock proteins, apolipoprotein E (apoE), a monoclonal
antibody against AR, and GM1 (Bard et al., 2000; Wyss-
Coray et al, 2001; DeMattos et al, 2002; Kakimura
et al., 2002; Matsuoka et al., 2003; Koistinaho et al.,
2004). Antibodies against AB-peptide triggered micro-
glial cells to clear plaques through Fc receptor-mediated
phagocytosis and subsequent peptide degradation (Bard
et al., 2000). These data show that AB can be eliminated
from the brain, directly by glial cells, directly into the
blood by vascular cells, or indirectly along perivascular
interstitial fluid drainage channels and that the efficiency
of AB clearance can be regulated. It has been postulated
that increasing AP clearance may be a promising thera-
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peutic approach to reduce AB-mediated pathogenesis in
AD. Cell-surface receptors, such as scavenger receptors
and related molecules, may play a critical role in the
binding and clearance of Af}; however, the putative
receptors responsible for AP clearance have not yet been
clearly identified (Paresce et al,, 1996; Shibata et al,
2000; El Khoury et al., 2003; Alarcon et al., 2005).

Scavenger receptor with C-type lectin (SRCL)
(Nakamura et al,, 2001a, 2001b) is a member of the
scavenger receptor (SR) family (Murphy et al., 2003),
which members contain coiled-coil, collagen-like, and
C-type lectin/carbohydrate recognition (CRD) domains.
The predominant form of SRCL in humans was named
human SRCL Type I (hSRCL-I). In contrast, the
SRCL containing coiled-coil and collagen-like domains
but lacking the CRD domain was termed human SRCL
Type II (BSRCL-II) (Nakamura et al.,, 2001a). Because
of structural similarities, SRCL is considered to be
closely related to the Class A scavenger receptor (SR-A),
which contains coiled-coil, collagen-like, and cysteine-
rich domains (Kodama et al., 1990). The ability of
SRCLs to bind Gram-negative and Gram-positive bacte-
ria, as well as yeast, strongly suggests a role for SRCL in
host defense (Nakamura et al., 2001a,b).

In the present study, we examined the possible par-
ticipation of SRCL in the binding and clearance of AR
in the AD brain. We provide the first evidence that
SRCL is expressed, in an AP-dependent fashion, in
astrocytes, microglia, and vascular/perivascular cells both
in a double transgenic mouse model of AD (Tg-APP/
PS1) and in cadaveric samples from patients with AD.
We further show that SRCL could bind fibnllar AB;_4»
and that its expression was upregulated in the brains of
patients with AD. We propose that SRCL may play an
important role in AP binding, and presumably in clear-
ance, by glial and vascular/perivascular cells in the AD-
affected brain, acting in an AP dose-dependent manner.

MATERIALS AND METHODS

Animals

Timed pregnant Sprague-Dawley rats and C57/BL6
mice were purchased from SLC (Shizuoka, Japan). Double
transgenic mice (Tg-APP/PS1) (Sakaguchi and Kudo, unpub-
lished) and wild-type Iittermates (WT) were generated by
crossing PS1 ‘knock-in’ mice (Nakano et al, 1999) with
transgenic mice (Tg2576) that overexpress the Swedish muta-
tion of the human amvyloid precursor protein (Hsiao et al.,
1996). Animals were housed in individual cages in a tempera-
ture-controlled room under a 12-hr lght/12-hr dark cycle.
Procedures were approved by the Osaka University Graduate
School of Medicine Ethics Committee. All efforts were made
to minimize animal discomfort and the number of animals
used.

Human Materials

Temporal cortex tissues from four cadavers with AD
(average age at death = 84.2 % 2.8) and three non-AD cortex
samples (average age at death = 56.7 & 26.1) were studied.
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All samples were obtained from the Brain and Tissue Bank of
the University of Maryland and handled under procedures
approved by the Institutional Review Board for Human Sub-
ject Research.

cDNA Cloning of Rat SRCL Coiled-Coil Region

Rat SRCL coiled-coil region sequence was cloned by
PCR from hexaoligonucleotide primed cDNA of rat micro-
glial total RNA by using the following primers: forward (F),
5'-GCAAGCAAATGGGGACTC-3, corresponding to the
putative coiled-coil initiation site of mouse SRCL ORF (resi-
due 417), and reverse (R), 5-AGGTGATGGGCTGTG-
TAG-3' corresponding to the putative coiled-coil ending site
of mSRCL (residue 1070). PCR products were subcloned into
pGEM-T vector (Promega, Madison, W1), and authenticity of
the expression vector was confirmed by sequence analysis.

Northern Blot, RT-PCR, and Quantitative
Real-Time RT-PCR Analyses

Total RNA was prepared from cells and tissues of adult
and postnatal day 7 (P7) rats, as well as from temporal cortex
of human autopsy samples, by using an ISOGEN Kit (Nip-
pongene, Japan) or RNeasy Micro Kit (QIAGEN) according
to the manufacturer’s instructions. For Northern blotting,
polyA+ RINA was prepared from total RNA of adult tissues;
and 2 pg of polyA+ RNA was electrophoresed in a 1% aga-
rose/0.7% formamide gel, blotted onto a Hybond N+ nylon
membrane, and hybridized with 32p_labeled cDNA fragment
(nucleotides 493-1146 of human SRCL). Subsequently, the
filter membrane was washed with high stringency, and visual-
ized as previously described (Nakamura et al., 2001a,b). A rat
GAPDH probe was used as a loading control.

For reverse transcription-PCR (RT-PCR). total RNA
was pretreated with RNase-free DNase (Qiagen) and 1 ug
selected RINA was reverse transcribed with SuperScript 11
(Invitrogen) and primed with random hexamers according to
manufacturer’s instructions. For rat experiments, after a 5-min
denaturation at 957°C, 32 cycles of PCR amplification consist-
ing of 94°C for 1 min, 58°C for 1 min, and 72°C for 1 min,
followed by an extension phase of 72°C for 7 min, were car-
ried out by using a GeneAmp Gold PCR Reagent Kit
(Perkin-Elmer). The number of amplifications cycles and
amount of cDNA used for each reaction were optimized for
quantification of RNAs in preliminary experiments. PCR
products were resolved by 1.5% agarose gel electrophoresis,
and the gel was then stained with ethidium bromide. Rart
SRCL primers were as follow: rat SRCL-forward (F), 5'-
TTCTTTCCTCATCACCAC-3'; and rat SRCL-reverse (R),
5'-TGTTCACAATATCTGTCTC-3'. For normalization,
GAPDH mRNA was used. For mouse experiments, the fol-
lowing RT-PCR protocol was used. After a 5-min denaturing
incubation at 94°C, 32 cycles of PCR amplification consisting
of 94°C for 30 sec, 63°C for 30 sec, and 72°C for 3 min, fol-
lowed by an extension at 72°C for 5 min, was carried out by
using the above reagent kit. Primers for mouse SRCL and
mouse GAPDH were: mouse SRCL-F, 5'-
ACACTGGTACGACTTCTCCGG-3; mouse SRCL-R, 5'-
CATTCTTCGGCTTTCAGAGGC-3'; mouse GAPDH-F,
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5'-CGTGTTCCTACCCCCAATGT-3; mouse GAPDH-R,
5- TGTCATCATACTTGGCAGGTTTCT-3. For real-
time quantitative RT-PCR, 2.5 pg of each RNA was reverse
transcribed by using SuperScript II (Invitrogen) according to
manufacturer’s instructions. For human autopsy samples, a
High-capacity ¢DNA Archive Kit (Applied Biosystems. Foster
City, CA) was used. Real-time RT-PCR was carried out with
an ABI PRISM 7900 sequence detection system (Applied Bio-
systems) to quantify relative levels of mRNA in samples. For
amplification of ISRCL and GAPDH, as an endogenous con-
trol, Universal PCR. master mix (Applied Biosystems) and Tag-
Man MGB probes (FAM dye-labeled) were used for IiSRCL
(exon 5-6, Hs00560477m1; Applied Biosystems) and for
human GAPDH (TagMan VIC Probe; 4326317E; Applied
Biosystems). All standards and samples were assayed in triplicate.
Thermal cycling was initiated with an initial denaturation at
50°C for 2 min and 95°C for 10 min, followed by 40 cycles of
PCR (95°C for 15 sec; 60°C for 1 min). Results were
expressed as means & standard error (SE) of the number of
observations. Statistical significance was assessed by Student’s -
test. A level of P < (.05 was considered significant. Signifi-
cance was determined after two separate experiments.

Cell Line Cultures

Cell lines CHO-K1, C6, J774A.1, and PC12 were cul-
tured as described previously (Funakoshi et al., 1991; Naveil-
han et al., 1996; Nakamura et al., 2001a,b).

Microglial Cultures

We prepared primary mixed-glia culture from newborn
mice/rats (P1-3), and isolated primary astrocytes and microglia
as described previously (Funakoshi et al., 2002). Mouse micro-
glial cells were nuintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) with 10% FBS. Rat microglial cells were
maintained in serum-free modified N3, composed of high-
glucose DMEM/Ham’s F12 (DF) medium containing transfer-
rin, insulin, progesterone, and sodium selenite (Funakoshi
et al, 2002). In each primary microghal culture, microglial
purity was approximately 95% as judged from Mac-1 (CD11b)
immunostaining.

Preparation of Mouse Secondary Astrocytes

Primary astrocytes were prepared from P1 C57/BL6
mice largely as described previously (Funakoshi et al., 2002).
Briefly, cerebral cortices were dissected, and the meninges
were removed completely. The tissues were then minced, sus-
pended in phosphate-buffered saline (PBS) containing 0.05%
trypsin (GIBCO, Grand Island, NY) at 37°C for 10 min, and
thereafter incubated with 0.01% DNase 1 (Sigma, St. Lous,
MO) for 5 min at room temperature (RT). After incubation
and centrifugation, the cell pellets were washed three times.
Cells were filtered through a 73-pum nylon mesh, sedimented
by centrifugation, suspended in low glucose DMEM (Nacalai
tesque, Kyoto, Japan) containing 10% FBS (JRH Bioscience,
Lenexa, KS), 100 IU/ml penicillin and 100 mg/ml streptomy-
cin, and transferred to culture dishes. Once the cells had
become confluent, they were rinsed with PBS, suspended in
trypsin-containing PBS, and subcultured in DMEM/1% FBS

in 6-well plates. After 3 days, the culture plates were rocked
vigorously for 2 hr at RT to remove microglia. Astrocyte pu-
rity was >95% after 3 days in culture as judged from double
immunostaining with anti-GFAP (Chemicon International,
Temecula, CA) and anti-ionized calcium-binding adapter
molecule-1 (Ibal) antibody (Wako Pure Chemical, Osaka,
Japan).

fAP Binding and Competition Assays

Human fAB,_;, peptide (Seikagaku Kougyou, Tokyo,
Japan) was dissolved in DMSO and diluted in sterile water to
1 mg/ml according to the manufacturer’s instructions, and
fibrillated just before usage. Twenty-four hours after isolation
from primary mixed glial cultures, mouse microglial cells were
treated at 37°C for 1 hr with 2.5 pg/ml fAB,_;; in DMEM
supplemented with 10% FBS. The cells were washed exten-
sively with ice-cold PBS, fixed with 4% paraformaldehyde
(PFA) in PBS, incubated with primary antibodies anti-CD11b
(Mac-1) and anti-AB (6E10), followed by Alexa546 (red)- and
Alexa488 (green)-conjugated secondary antibodies, counter-
stained with Hoechst 33342 (Molecular Probes), and observed
under a LSM510 confocal microscope. Twenty-four hours
after transfection with hSRCL-1, -II, mSR-AI-Myc or Mock-
expression vector, CHO-K1 cells were treated at 37°C for
30 min with 2.5 mg/ml fAB,_;» with or without 500 pg/ml
Fucoidan, 200 pg/ml poly(C). or 200 pg/ml poly(G) in
Ham’s F12 medium supplemented with 10% FBS. The cells
were visualized with anti-Myc (12A5) and ant- fAB antibody
as described above.

fAP Treatment of Primary Mouse Astrocytes

Human fAB,_;> peptide was dissolved in DMSO and
diluted in PBS to 300 mM, corresponding to 1.35 mg/ml,
and incubated for 3 days at 37°C, and subsequently sonicated
when required, to prepare fAB.

Preparation of Antibody

The synthetic peptide QPD (KAGQPDNWGHGHGP-
GEDC) (Nakamura et al., 2001a), corresponding to a part of
the CRD region of the hSRCL, was obtained from MBL
(Osaka, Japan) (Fig. 4A). Rabbits were immunized with the
QPD peptide coupled to keyhole limpet hemocyanin (KLH)
by M-maleimidobenzol-N-hydroxysuccinimide ester. The
antiserum was purified on an affinity column of CNBr-acti-
vated Sepharose4B (Amersham) coupled to the immunogen
without KLH and referred to here as anti-SRCL antibody
(OT667).

Western Blot Analysis

Twenty-four hours after transfection with the desired
constructs, CHO-K1 cells and J774A.1 cells were lysed. The
lysates were electrophoresed under reducing conditions, and
then immunoblotted with anti-SRCL antibody. An ECL sys-
tem was used for visualization.
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Immunohistochemistry

Mice were deeply anesthetized and transcardially perfused
with cold PBS followed by cold 4% PFA in PBS. The brains
were removed and postfixed for 1.5 hr at 4’C and separated at
the midline into halves. One half was immersed in a series of su-
crose (10%, 20%) in PBS and frozen in COa gas to prepare fro-
zen sections. The other half was dehydrated and embedded in
paraffin according to standard procedures and cut into sections.
For human materials, 10% formalin-fixed brain tissues were em-
bedded in paraffin and cut into sections. Paraffin sections were
deparaffinized and rehydrated by sequential 5-min incubation in
100%, 95%, and 75% ethanol. The sections were then rinsed
twice in water and twice in PBS. Endogenous peroxidase activ-
ity was quenched by incubation for 5 min with 3% H,O,. To
unmask antigens, we immersed the slides for 10 min at RT in
50 mM Tris-HCI (pH 8.0} containing .4 mg/ml Proteinase K
and then washed them in PBS. Sections were blocked for
30 min at RT with blocking buffer consisting of 5% normal goat
serum and 0.3% Triton X-100 in PBS. For AR immunostaining,
sections were pre-treated with 70% formic acid for 1 min,
blocked with blocking bufter and incubated with primary anti-
bodies for 1.5 hr at RT. The following antibodies were used:
affinity-purified rabbit and-SRCL (OT667, 3 mg/ml), mouse
anti-GFAP (1:400; MAB3402; Chemicon, for astrocytes), rat
anti-Mac-1 (1:100; Chemicon;, for microglia and macrophage
including MATO cells), rabbit anti-Iba-1 (1:1,000; WAKO,
Japan;, for microglia and macrophages including MATO cells),
mouse anti-rat CD-31 (1:200; PECAM-1; Pharmingen; acti-
vated, Lewis rat-derived microglia as immunogen, for activated
microglia/macrophages, MATO and endothelial cells), anti-
aSMA (1:500; DAKO: for smooth muscle cells), and rabbit
anti-AB40 (1:1,500; FCA3340) and rabbit anti-AB42 (1:1,500;
FCA3542) antibodies (FCA3340 and FCA3542 were kindly
provided by Dr. F. Checler). After having been washed three
times with PBS, the sections were incubated for 20 min at RT
with secondary antibodies conjugated with Alexa488 (green) or
Alexa546 (red), and subsequently washed with PBS and mounted.

Human tissue sections were visualized as brown signals by
incubation with the EnVision+ System (K4001 for mouse/
K4003 for rabbit; Dako, Glostrup, Denmark) and 3,3’ -diamino-
benzidine tetrahydrochloride (DAB; Wako, Japan) as the
chromogen. For double labeling immunohistochemistry, after
visualization of the first primary antibody with DAB, sections
were microwaved for 5 min in citrate buffer (pH 6.0), and then
were washed and incubated with the second primary antibody.
Samples were visualized as pink signals by using an alkaline
phosphatase-conjugated anti-rabbit IgG (Vector, CA) and a
Vector Red Alkaline Phosphatase Substrate Kit according to the
manufacturer’s instructions, and counterstained with Mayer’s
hematoxylin (WAKQO). For preabsorption, some sections were
incubated with anti-SR.CL antibody that had been pre-absorbed
with an excess amount of immunogen. For double immuno-
staining of AB 140/ AP ;42 and SRCL, rabbit anti-AB;_40/AB
42 antibodies and affinity-purified rabbit anti-SRCL antibody
were labeled with Alexa546 and Alexa488, respectively, by
using a Zenon Alexa Fluor Rabbit IgG Labeling Kit (Molecular
Probes) according to the manufacturer’s instructions and used
for direct immunofluorescence staining,.
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RESULTS

cDNA Cloning of Rat SRCL Coiled-Coil Region

We first wished to compare the sequence of the
region of rat SRCL ¢cDNA encoding the coiled-coil do-
main with human and mouse sequences. We carried out
RT-PCR using cDNA generated from rat microglial

cells amplified with primers based on mouse SRCL

c¢DNA. The cloned ¢cDNA corresponding to the rat
SRCL coiled-coil domain was highly similar to that of
human and mouse SRCLs, with 88% and 95% identity,
respectively, at the nucleotides level, 91.7% and 95.9%
identity, respectively, at the amino acid level, and con-
taining 8 putative N-glycosylation sites. This degree of
conservation suggests that the glycosylation sites are im-
portant for folding, maturation, or function of the SRCL
protein.

Rat SRCL mRNA Is Expressed in Various
Tissues as a Single Transcript

Human SRCL is transcribed as 2 different isoforms,
i.e., human SRCL type I (hSRCL-I) and SRCL type Il
(hSRCL-I). hSRCL-I, containing a C-type CRD, is the
major transcript found in human tissues; and it is
resolved as a 3.0-kb species by Northern blotting. In
contrast, hSRCL-II, which lacks the C-type CRD,
exhibits a 4.5-kb species on Northern blots. Mouse
SRCL is resolved as a single 3.0-kb transcript corre-
sponding to hSRCL-I; and no other transcripts are seen,
suggesting that mice express only one isoform. We
examined various rat tissues for expression of SRCL iso-
forms using Northern blotting. SRCL mRNA was
widely expressed in them. Using a probe targeting the
coiled-coil region of rat SRCL, we found its mRNA to
be resolved as a single 3.0-kb band (Fig. 1). Expression
was highest in the lung, followed by the spleen, small
and large intestine, stomach, and brain; whereas rat
SRCL mRNA expression was below detection limits in
the liver. Thus, like mice, rats expressed only one SRCL
transcript, which corresponded to hSRCL-L.

Rodent Microglia and Astrocytes
Express SRCL mRNA

It has been suggested that microglia and astrocytes
in the brains of patients with AD are associated with se-
nile plaques and contribute to recognition, ingestion,
and elimination of fibrillar B-amyloid peptide (fAB) from
plaques. This could be facilitated by scavenger receptors
on the cell surface. To determine whether these cells
express SRCL, we examined SRCL mRNA expression
in cultured rodent microglia (Fig. 2A,B) and astrocytes
by using semiquantitative RT-PCR. After a 24-hr cul-
ture period (1 day in vitro, 1DIV), SRCL mRNA was
detected in astrocytes (ASTRO) and at 2DIV in micro-
glia (MG, 2-day culture; Fig. 2C). In contrast, SRCL
mRNA expression was below the detection limit in
neurons (PC12 cells) and C6 glioma cells (Fig. 2C).
These findings show that SRCL mRNA was primarily
expressed in glial cells but not in neurons among neural
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Fig. 1. Northern blot analysis of rat SRCL mRNA in various adult

rat tissues. Upper panel: rat SRCL is widely expressed as a single
3.0-kb transcript. Highest expression of mRNA was detected in lung
followed by spleen, intestine, stomach, and brain. GAPDH served as
a loading control. Lower panel: level of SRCL mRNA relative to
GAPDH mRNA is presented based on the densitometry analysis.

cells in vitro. In addition, we found that the level of
SRCL mRNA increased in a culture time-dependent
manner (MG) or was regulated by the application of
amyloid-B peptide (ASTRO). In microglia, SRCL
mRNA expression levels increased during the culture
time, and the level at 2 days of culture was higher than
that in the brain (Br) at postnatal day 7 (P7; Fig. 2D);
i.e., the level increased at 2 days of culture when the
cultured microglia showed activated morphology as
compared to that at 1 day (Fig. 2B,A, respectively). It
seems likely that the level of SRCL mRNA in microglia
is correlated with the state of microglial activation. To
determine whether fAB,_4» could alter the expression of
SRCL mRNA, we treated cultured mouse neonatal
astrocytes with fAB,_ 4, for the times indicated in Figure
2E, and analyzed expression of SRCL mRNA. Using
semiquantitative RT-PCR,, we observed that the SRCL
mRNA level increased at 48 hr after fAB;_4 treatment
relative to that of the matched control astrocytes
(Fig. 2E). Similar results were obtained when the other
primer set for SRCL mRNA was used (data not shown).
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Fig. 2. RT-PCR analysis of SRCL mRNA in cultured neonatal
microglia and astrocytes. A,B: Representative photomicrographs of
rat neonatal microglia (MG) after 15 min (A inset, high-magnifica-
tion view) and 2 days in primary culture (B). C: RT-PCR of cul-
tured neural cells: mouse neonatal astrocytes (ASTRO). rat neonatal
microglia (MG). human C6 glioma (C6) and rat pheochromocytoma
PC12. RT-PCR showed that SRCL mRNA expression is prominent
in ASTRO and MG, but under the detection limits in C6 and
PC12. D: RT-PCR of rat SRCL mRNA in cultured neonatal
microglia at different times after the start of the culture. The level of
SRCL mRNA was increased at 2 days after the start of the culture
(2d) compared to that at 1 day (1d} and the former level became
higher than postnatal day 7 (P7) brain (Br). E: RT-PCR of cultured
astrocytes treated with fAf;_;». The level of SRCL mRNA in astro-
cytes was increased at 48 hr after fAP,.;» application. GAPDH
served as a loading control. The ratio of rat SRCL mRNA levels
(AB-induced level vs. matched control level) is expressed in the
lower panel.
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The induction levels of SRCL mRNA in microglia were
almost comparable to that of astrocytes in vitro (1.9 vs.
2.4). Taken together with our previous finding that
SRCL acts as a scavenger receptor (Nakamura et al.,
2001a,b), these results suggest that SRCL-expressing
activated glial-cells may recognize a variety of substances
in neurodegenerative tissues, such as fAB in the AD-
affected brain.

Mouse Primary Microglia Bind and Ingest
Synthetic fAB;_4; Microaggregates

To determine the role of SRCL expressed in acti-
vated glial cells in the recognition of fAB;_4,, we devel-
oped positive-control conditions in which fibrillar AB,_
4 was recognized and ingested by primary microglia.
When we incubated primary microglia for 1 hr with
fAB;_4> prepared from synthetic AB;_,;> peptides by a 3~
day incubation at 37°C, we observed a high degree of
cellular binding and ingestion of fAf;_4» microaggregates
(Supplementary Fig. 1).

Human SRCL-I and SRCL-II Expressed
in CHO-K1 Cells Bind fAB;_4,

To investigate whether SRCL would have the
ability to bind fAB,.j, we examined fAB;_,» binding
by CHO-K1 cells transiently expressing hSRCL-I in the
presence or absence of Fucoidan, one of the major
ligands for scavenger receptors (SRs). CHO-K1 cells
expressing mouse Class A Type I scavenger receptor
(inSR-AI) served as a positive control for the assay.
CHO-K1 cells transiently transfected with mSR-AI-Myc
or hSRCL-I-Myc were incubated with fAB,_s, for 1 hr
at 37°C. After extensive washing with PBS, the cells
were fixed and processed for immunostaining with anti-
bodies against AR, 4 and Myc to visualize mSR-AI-
Myc or hSRCL-I-Myc. The fAB;.4» binding (green
color) was specifically seen in CHO-K1 cells expressing
mSR-AI-Myc or hSRCL-I-Myc (red color), whereas
the binding was markedly competed in the presence of
an excess amount of Fucoidan (Fig. 3A). To further
confirm the ability of SRCL to bind fAB;.42, we gener-
ated CHO-K1 cells stably expressing mSRCL-Flag (Flag-
tag was fused to the cytosolic end of mSRCL). A similar
result was obtained when Cy3-labeled-fAB; 5, (Cy3-
fAB1_4s) binding to CHO-K1 cells stably expressing
mSRCL was examined (Supplementary Fig. 2). In con-
trast to the failure of the parental CHO-K1 cells to bind
Cy3-fAB,_45, CHO-K1 cells stably expressing mSRCL
showed strong binding capacity for Cy3-fAB;_y» (red
color), and this binding was competed by Fucoidan
(Supplementary Fig. 2). These findings show that SRCL
specifically bound to fAB,_, by using the same residues
interacting with other scavenger receptor ligands, such as
Fucoidan.

To further investigate whether the CRD region of
SRCL would be essential for the binding of fAB; 4 to
SRCL, we examined fAB;_;, binding to CHO-K1 cells
transfected with mSR-AI-Myc-, hSRCL-I-Myc, hSRCL-
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II-Myc-, or Mock-expression vectors. Interestingly, in
addition to CHO-K1 cells expressing mSR-AI, those
cells expressing either isoform of hSRCL efficiently
bound fAB,_i», but Mock-transfected cells did not
(Fig. 3B). Given the differences in domain composition
between hSRCL-I and -II, it seems that AB;_ ;> binding
was primarily mediated by SRCL collagenous domains
and that the CRD of hSRCL-I contributed relatively
little to the binding. Finally, we examined fAf;_4, bind-
ing to these cells in the presence of polyguanylic acid
(poly(G)), a ligand for scavenger receptors that inhibits
fAB_4» binding to the polycationic region of the collag-
enous domain of SR-AIL Poly(C) served as a negative
control. The binding of fAB,_;» to CHO-K1 cells
expressing mSR~AIl was not inhibited by 200 pg/ml
poly(C) but was inhibited by 200 pg/ml poly(G). To see
whether hSRCL binding to fAB;_s» was mechanistically
similar to binding by mSR-AI, we carried out the same
assay with cells expressing hSRCL-I or -Il. In contrast
to the results for mSR-Al, the binding of fAB; ;> by
cells expressing either isoform was not sensitive to
poly(G) (200 pg/ml; Fig. 3B). Although we cannot
exclude the possibility that hSRCL-I and -II bind to
fAB,_y» differently than does mSR-Al, we consider the
most likely explanation for this difference to be the
larger number of polycationic regions in the collagenous
domain of SRCL (three domains) versus the single do-
main in SR-AI and thus it seems likely that the binding
affinity of SRCLs to fAB;_,» might be higher than that
of SR-AI, as seen in the Poly(G) competition assay.

Immunohistochemical Localization of Mouse
SRCL in Tg-APP/PS1

For immunolocalization of SRCL protein in AD-
affected brains, we generated a rabbit anti-hSRCL poly-
clonal antiserum specific for the QPD sequence of the
CRD region of hSRCL (Nakamura et al., 2001a,b).
The antiserum was purified by using an affinity column
bearing the immunized peptide and the resultant purified
antibody is referred to hereafter as anti-SRCL antibody.
Because hSRCL-I and mSRCL but not hSRCL-II have
the CRD region containing the QPD sequence, this
anti-SRCL antibody was expected to recognize specifi-
cally hSRCL-I and mSRCL (Fig. 4A).

Western blot analysis using the anti-SRCL anti-
body showed that this antibody recognized the SRCL
protein in human SRCL-I-Myc/EGFP-transtected  cells
(hSRCL-I-Myc/EGFP), mouse SRCL-Myc/EGFP-trans-
fected cells (mSRCL-Myc/EGFP), and J774A.1 mouse
macrophage at the expected molecular size but not that
in Mock/EGFP-transfected cells or hSRCL-II-Myc/
EGFP-transfected cells (Fig. 4B). The small differences
seen in the molecular weight of the reactive proteins
may reflect differences in glycosylation patterns. To fur-
ther confirm the specificity of this antibody, we immu-
nostained hSRCL-I-Myc/EGFP-, hSRCL-I-Myc/EGFP-
and mSRCL-Myc/EGFP-transfected CHO-K1 cells with
anti-SRCL antibody. Immunostaining of the transfected
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cells showed that this antibody recognized CHO-KI1
cells transiently expressing hSRCL-I-Myc/EGFP or
mSR CL-Myc/EGFP but did not recognize CHO-K1
cells expressing Mock/EGFP or hSRCL-II-Myc/EGFP
(Fig. 4C). In addition, preabsorption of anti-SRCL anti-
body with immunogen eliminated the ability of this
antibody to recognize CHO-K1 cells expressing
hSRCL-I-Myc/EGFP (Fig. 4C). These observations
clearly show the specificity of the anti-SRCL antibody
for hSRCL-I and mSRCL.

Using this antibody, we examined the immunoloc-
alization of SRCL in Tg-APP/PS1, a double transgenic
mouse model of familial AD that coexpresses a mutated
amyloid-beta precursor protein and a mutated form of
human presenilin-1. In wild-type littermates, we ob-
served no specific SRCL-immunoreactivity (IR) in mic-
roglia and astrocytes located in the cerebral cortex
(Fig. 5A,B, upper panel, arrow), except for the specific
staining for SRCL in perivascular macrophages (MATO
cells; data not shown; Fig. 6C, arrowheads). In contrast,
a large amount of SRCL-IR was visualized in GFAP-
positive, plaques-surrounding reactive astrocytes in both
cerebral cortex and hippocampus of 9-month-old Tg-
APP/PS1 (Fig. 5A). The intensity of SRCL-IR was
strong in GFAP-positive astrocytes situated close to AB
plaques (Fig. 5A, arrowheads), but weak in those located
far away from such AR plaques (Fig. 5A, arrows). These
data are consistent with our finding that AR increased
SRCL level in astrocytes in vitro (Fig. 2E). In contrast,
SRCL-IR was not detected in wild-type mice and was
only weakly present in neurons in amyloid CA1l regions
of the hippocampus in association with AB-plaque in 9-
month-old Tg-APP/PS1 (Fig. 5A, lowest panel). In
microghia, SRCL-IR was under the detection limit in
wild-type mice (Fig. 5B, upper panel); whereas slight
upregulation of SRCL-IR in microglia was seen in asso-
ciation with AB plaques in Tg-APP/PS1 in vivo (Fig. 5B,

<

Fig. 3. Binding of synthetic fibrllar ABy_;» to CHO-K1 cells
expressing hSRCL-I or -II and competition by poly(G). A: hSRCL-]
mediates fAB;_;» binding to CHO-K1 cells, and the binding is elimi-
nated by Fucoidan. mSR-AI-Myc,- or hSRCL-I-Myc-transfected-
CHO-K1 cells treated with fAB;_s» were visualized with anti-Mvc
and anti-AB antibodies followed by Alexa546 (red)- and Alexa488
(green)-conjugated antibodies. respectively. Synthetic fAB,_42 micro-
aggregates (green) specifically bound to mSR-AI-Myc- and hSRCL-I-
Mye-expressing cells (red). Nuclei (in blue) were counterstained with
Hoechist33342. B: Competition assays with poly(C) or poly(G).
mSR-AI-Myec-, hSRCL-I-Myc-, hSRCL-II-Myc- or Mock-transfected
CHO-K1 cells were incubated with PBS containing fAB;_s2 and an
excess amount of poly(C) or poly(G), and the cells were then visual-
ized with anti-Myc and anti-AB antibodies detected with Alexa546
(red)- and Alexa488 (green)-conjugated antibodies, respectively. Syn-
thetic fAB;_4» microaggregates (green) specifically bound to mSR-Al-
Mye- hSRCL-I-Myc-, and hSRCL-II-Afyc-expressing cells (red), but
not to mock-transfected cells. Poly(G) (200 pg/ml) but not poly(C)
(200 pg/ml) could efficiently compete the binding of fAB;_;2 to cells
expressing mSR-Al, whereas neither poly(G) nor poly(C) could effi-
ciently compete that to cells expressing hSRCL-I or hSRCL-I1.
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lower panel, arrowhead). These findings suggest that
SRCL would play an important role in glial cells such as
astrocytes and microghia in AD.

Next we examined whether SRCL could be
induced in cells after the development of cerebral amy-
loid angiopathy (CAA), a typical pathologic feature in
AD, by double-immunostaining for SRCL and AB;_42
or AB_4o in the cerebral cortex of 9-month-old Tg-
APP/PS1 mice and their wild-type littermates. In age-
matched wild-type littermates, no specific staining for
AR-IR or SRCL-IR was seen inside the leptomeningeal
vessel (m.v.; Fig. 6A, upper panel, arrowhead), except
for the specific staining for SRCL in perivascular macro-
phages (MATO cells; data not shown). In contrast,
colocalization of SRCL-IR and ABi_4,1_4 Was evident
specifically in leptomeningeal vessels showing character-
istics of CAA in Tg-APP/PS1 mice (Fig. 6A, arrows).
At high magnification, SRCL-IR and AB.4-IR
appeared as particles; many were colocalized inside the
vessel wall, suggesting the possibility of internalization of
AB by SRCL on vascular/perivascular cells (Fig. 6A,
inset). Sections incubated without first antibody elinu-
nated this staining, confirming the specificity of the
SRCL-IR (Fig. 6A, lowest panel).

Figure 6B shows a schematic representation of the
vascular/perivascular cells in leptomeningeal vessel (m.v.)
of wild-type mice and Tg-APP/PS1. In wild-type mice,
the m.v. contains endothelial cells (ECs: light green) that
are surrounded by smooth muscle cells (SMCs: orange),
and its vessel wall is thin. Beside the vessel, perivascular
macrophage (MATO cell: yellow) is present. In the m.v.
of Tg-APP/PS1, a large amount of AP (red) is localized
within the vascular wall. Many macrophages (MO: yel-
low) having attached to the outer surface of and infil-
trated into the vascular wall, the number of SMCs has
increased and the vessel wall becomes thicker during the
progression of disease. It is of note that the vascular/
perivascular cells contain multiple AP particles (red)
inside the cells, possibly as a result of ingestion. These
AB-containing cells include not only macrophage (MO)
and MATO cells, but also SMCs and ECs. Despite the
knowledge of AB localization, the molecules responsible
for AR binding and ingestion are not well defined.

Because SRCL-IR was colocalized with fAB;._40/1-
42-IR within Tg-APP/PS1-vessels (Fig. 6A), we next
assessed which vascular/perivascular cells expressed
SRCL by using vascular/perivascular cell-specific anti-
bodies: anti-rat CD31 (activated Lewis rat microglia as
immunogen, a marker for microglia/macrophage includ-
ing MATO cells and ECs), anti-aSMA (for SMCs), and
anti-GFAP antibody (for astrocytes). In wild-type hitter-
mates, we did not easily observe SRCL-IR (green) co-
present with CD31-IR (red; Fig. 6C. upper panel),
except for MATO cells (Fig. 6C, amrowheads). SRCL-
IR was only weakly detected in aSMA-positive SMCs
and fairly well detected in CD31-positive ECs in the
m.v. of wild-type littermates (Fig. 6C, middle and upper
panels, respectively). In contrast to wild-type littermates,
we could detect strong SRCL-IR (green) in subpopula-
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Fig. 4. Western blotting and immunocytochemistry with anti-
hSRCL antibody. A: Schematic representation of the domain struc-
ture of hSRCL-1, hSRCL-II and mSRCL showing the position used
as the immunogen for anti-SRCL antibody. CRD, carbohydrate rec-
ognition domain. Anti-SRCL serum was raised against the peptide
containing the QPD sequence at the CRI> of hSRCL, purified by
using an affinity column of immunogen; and referred to as anti-
SRCL antibody. B: Western blotting. CHO-K1 cells were transi-
ently transfected with expression vectors for hSRCL-I-Myc/EGFP,
hSRCL-1I-Myc/EGFP, mSRCL-Myc/EGFP, and Mock/EGFP.

tions of vascular/perivascular cells of Tg-APP/PS1 mice
(Fig. 6D,E). In Tg-APP/PS1, in addition to CD31-
IR along with SRCL-IR in MATO cells, SRCL-IR
became intense inside the meningeal vascular wall in
which infiltrating macrophages had accumulated and in
ECs (Fig. 6C, upper panel. arrows; red), suggesting

Equal amounts of extracts from the cells were loaded for SDS-PAGE.
Western blot analysis was carried out by using the antd-SRCL anti-
body. J774A.1 cells, a mouse macrophage cell line. C: Immunocyto-
chemistry. CHO-K1 cells were transiently transfected with the indi-
cated expression vectors. Two days after the transfection, the cells
were fixed in 4% PFA in PBS and immunostained with anti-SRCL
antibody and subsequently with Alexa546-conjugated secondary anti-
body (red), with or without preabsorption of the primary antibody
with an excess amount of immunogen.

induction of SRCL in macrophages. At high-magnifica-
tion (Fig. 6D, upper panel), SRCL-IR (green) appeared
as multiple particles inside CD31-positive macrophages
{(red) that had accumulated within the vessel wall, indi-
cating internalization of SRCL by macrophages. SRCL-
IR intensity (green) was markedly increased in aSMA-
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Fig. 3. Immunolocalization of SRCL
in cerebral cortex and hippocampus of
Tg-APP/PS1 mice and wild-type litter-
mates. A: Paraffin sections from 9-
month-old Tg-APP/PS1 mice and wild-
type littermates were incubated with
anti-SRCL and anti-GFAP primary anti-
bodies, followed by their respective
Alexad88 (green)- and Alexa346 (red)-
conjugated secondary antibodies. Arrows
point to cells immunopositive for GFAP
only; and arrowheads, to those immuno-
positive for both SRCL and GFAP.
CA1 and CA3 regions of the hippocam-
pus are indicated. B: Frozen sections
from cortex of a 9-month-old Tg-APP/
PS1 and wild-type littermate were incu-
bated with anti-SRCL and anti-Mac-1
primary antibodies, followed by their re-
spective Alexad88 (green)- and Alexa546
(red)-conjugated secondary antibodies.
Insets and asterisks in (A) and (B) show
high-magnification views and AR plaques,
respectively. GFAP, astrocytic  marker;
Mac-1, microglial marker. Arrows point
to cells immunopositive for Mac-1 only;
and arrowheads to cells inmmunopositive
for both SRCL and Mac-1.
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Fig. 6. Immunolocalization of SRCL in cortical vessels of Tg-APP/
PS1T mice and wild-type littermates. A: Double-immunostaining for
SRCL and AR in leptomeningeal vessels. Paraffin sections from the
cortices of 9-month-old Tg-APP/PS1 mice and wild-type littermates
were incubated with rabbit anti-ABy_sy,1_42 and rabbit anti-SRCL
antibodies, pre-labeled with Alexa546 (red) and Alexad88 (green),
respectively, by using a Zenon rabbit 1gG Labeling Kit (Invitrogen),
respectively, and counterstained with Hoechst33342 (blue) to visual-
ize nuclei. Arrowheads indicate a meningeal vessel without AB-IR or
SRCL-IR. Arrows indicate AB/SRCL-double positive vessels. Inset,
a high-magnification view. Lowest panel represents control immuno-
staining without anti-SRCL antibody. m.v., meningeal vessel (lepto~
meningeal vessel). B: Schematic representation showing vascular/
perivascular cells of leptomeningeal vessels (m.v.). In wild-type mice,
thin ECs and SMCs are seen. Beside the vessel, a perivascular macro-
phage (MATO cell) is seen. In Tg-APP/PS1, thickness of the vessel
has increased, and the number of SMCs has increased and many mac-
rophages has infiltrated into the vascular wall. Red color shows the
AR aggregates in the extracellular matrix and the AP particles
ingested by the cells. MATO, MATO cell (perivascular macrophage,
vellow); SMC. smooth muscle cell (orange); EC, endothelial cell
(light green); MO, macrophages (yellow). C: Representative pictures

No antibody

200um

of double-immunostaining for SRCL and CD31, aSMA or GFAP in
leptomeningeal vessels. Paraffin sections from cortices of 9-month-
old Tg-APP/PS1 mice and wild-type littermates were immuno-
stained with anti-SRCL and anti-rat CD31 (for activated microglia/
macrophage including MATO cells and ECs; Lewis rat activated
microglia as immunogen), anti-GFAP (for astrocytes) or anti-aSMA
(for SMCs) as primary antibody, followed by their respective
Alexa488 (green)- and Alexa546 (red)-conjugated secondary antibod-
ies. Sections were counterstained with Hoechst33342 (blue). m.v.,
leptomeningeal vessel. Arrows indicate CID31-positive ECs. D: Mag-
nified views of double-immunostaining for SRCL and CD31 or
aSMA of leptomeningeal vessels in 9~month-old Tg-APP/PS. Paraf-
fin sections were processed for immunostaining with anti-SRCL,
CD31 or aSMA as described above. E: Representative photo of
double-immunostaining for SRCL and GFAP in cortical tissues asso-
ciated with amyloid plaques (asterisks) and cortical amyloid angiopa-
thy in a 9-month-old Tg-APP/PS1. Paraffin sections were processed
for immunostaining using anti~-GFAP and anti-SRCL primary anti-
bodies, followed by their respective Alexa546 (red)- and Alexa488
(green)-conjugated secondary antibodies. Intra-cortical vessel is indi-
cated as “c.v.” at the right bottom corner of the merged view. Aster-
isks indicate amyloid plaques.
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Figure 6. (Continued).

positive SMCs (red) in Tg-APP/PS1 mice (Fig. 6C,
middle panel). At high-magnification (Fig. 6D, lower
panel), SRCL-IR appeared as multiple particles colocal-
ized with aSMA-IR inside cells, indicating that SMCs
of Tg-APP/PS1 also internalized SRCL. We observed
strong induction of SRCL-IR (green) within both

Journal of Neuroscience Research DOI 10.1002/jnr

GFAP-positive astrocytic cell bodies (red) and their end
feet (red) surrounding a cortical vessel (c.v.) associated
with cerebral amyloid angiopathy (CAA) in Tg-APP/
PS1 (Fig. 6E). The astrocytes associated with AB-plaques
(asterisks) expressed SRCL-IR predominantly intracellu-
larly, suggesting the internalization, of AR by SRCL in
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astrocytes. Interestingly, we could occasionally observe
astrocytes that extended their feet toward both an amy-
loid plaque (asterisk) and cortical micro-vessels (c.v.).
This finding may suggest a possible role of astrocytic
SRCL for AB clearance by transfer from amyloid plaque
to the systemic circulation via c.v.

In brief summary, immunostaining results showed
that, in wild-type littermates, SRCL-IR was present in
MATO cells and to a lesser extent in SMCs, whereas
SRCL-IR was markedly induced and colocalized with
fAB_40/1-42-IR as particles inside the vascular wall.
Within the vascular/perivascular cells, SRCL was induced
in infiltrating macrophages, MATO cells, SMCs, ECs and
astrocytes in Tg-APP/PS1, thus raising the possibility that
upregulated SRCL in subpopulations of vascular/peri-
vascular cells may play an important role in the binding,
and presumably the clearance, of AB in the Tg-APP/PS1
brain.

Real-Time RT-PCR Shows the Expression
of SRCL in the Brain of Patients With AD

To assess the expression and localization of SRCL
in the brains of AD patients, we examined SRCL
mRNA expression in autopsy samples from patients with
AD and control subjects listed in Figure 7A. Although
the number of autopsy samples was himited and thus
insufficient for statistical analysis, quantitative real-time
RT-PCR showed a tendency for an increase in the level
of the SRCL mRNA in the cortical tissues of AD
patients compared to the level in the control subjects
(Fig. 7B), suggesting a role for SRCL in AD brain.

Expression of hSRCL in Brains
of Patients With AD

We investigated the immunolocalization of SRCL
in the temporal cortex of patients with AD. A large
number of SRCL-IR cells were present in AD brain tis-
sues, whereas SRCL-IR cells were rare in control sam-
ples (Fig. 8A). Using SRCL/GFAP-double immuno-
staining, we observed that strong SRCL-IR (pink) was
colocalized with GFAP-IR (brown) in plaque (black
asterisks)-surrounding reactive astrocytes and in perivas-
cular astrocytic end-feet (brown) associated with CAA
(green asterisks) in the temporal cortex of AD-affected
brains (Fig. 8B). At high magnification, SRCL-IR
appeared as particles within the cells (Fig. 8B, right
panel). Furthermore, when we stained for SRCL and
Iba-1 (for microglia/macrophages including MATO
cells), SRCL-~IR (pink) was found in some Ibal-positive
activated microglia (arrows) or vascular macrophages and
MATO cells (arrowhead) in the AD-affected brains (Fig.
8C). In addition, double immunostaining for SRCL
(pmk) and AB]__;()/]__,;?_ (brOVVn) showed that SRCL-IR
was colocalized with AP as multiple particles in intracel-
lular compartments of vascular cells, such as infiltrating
macrophages, SMCs, and some ECs in the AD samples
(Fig. 8D.E, in green arrowheads) consistent with the
findings in Tg-APP/PS1 (Fig. 6A,D). The specificity of

Disorder Age Sex Cause of death
Control 79 F drug overdose
Control 71 F mutltiple medical disorder
Control 20 M multiple injuries
AD 81 M complication of AD
AD 87 F heart disease
AD 86 F complication of AD
AD 83 F complication of AD
<
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E
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Fig. 7. Expression of hSRCL mRNA in brains of AD patients. A:
Summary of autopsy samples used for analysis of hSRCL mRNA
expression. B: Quantitative real-time RT-PCR of hASRCL mRNA
from the temporal cortex of control subjects and AD patients. The
ISRCL mRNA level was expressed as the ratio to that of GAPDH
mRNA. Scale bar = £SE (standard error).

SRCL-IR was confirmed by pre-absorbing the antibody
with its immunogen (Fig. 8F).

In brief summary, in AD-brains, SRCL-IR ap-
peared as numerous particles inside plaque-associated re-
active astrocytes, activated microglia, and vascular/peri~
vascular cells, such as the infiltrating macrophages within
the vessel wall, SMCs and ECs that were associated with
CAA and was consistent with our findings in Tg-APP/
PS1 mice. Qur findings thus suggest that upregulated
SRCL on reactive astrocytes, activated microglia, and
vascular/perivascular cells might be involved in AB
binding and clearance in AD.

DISCUSSION

The accumulation of fibrillar AR (fAB) is an im-
portant component of AD pathogenesis, a disease that

Joumal of Neuroscience Research DOT 10.10027jur
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Fig. 8. Immunostaining for hSRCL in the tem-
poral cortex of A} patients. Formalin-fixed
human brain tissues from control subjects and
AD patients were embedded in paraffin, deparaf-
finized, sectioned thinly, and used for immuno-
staining. A: Brain tissues of controls and AD
patients immunostained with anti-SRCL anti-
body recognizing hSRCL. Immunoreactivity
was visualized by using DAB (brown color). B:
Double-immunostaining for h$R(_jL (pi]l}() and ) SRCL/A A
GFAP (brown). Arrowheads indicate hSRCL- A
IR astrocytes surrounding AR deposits (black COntrOl N
asterisks). Green asterisk. intra-cortical vessel. C:
Double-immunostaining of hSRCL (pink) and

Iba-1 (brown), a marker for microglia/macro-

phages. Arrows indicate hSRCL-IR microglial

cells. Arrowheads indicate hSRCL-IR-MATO

cells. D: Double-immunostaining of hSRCL

(pink) and AB;_4» (brown) in a vessel associated

with CAA. Green asterisks and green arrow- AR A0
heads indicate vessels and hSRCL/AB double- o T
positive particles, respectively. Scale bars = 20 E SHSL/?{%%
pum. E: High-magnification views of rectangular ;
areas shown in second panel of (D). Scale bar = AD
20 pm. Green arrowheads indicate SRCL/AB
double positive particles; and green asterisks
indicate intravascular spaces of leptomeningeal
vessel. F: Absorption test. Immunostaining for
hSRCL (brown) with or without preabsorption
with immunogen. Black arrows show cells with
hSRCL-IR. Black arrowheads indicate cells, the
hSRCL-IR of which was eliminated by preab- ®
sorption with immunogen. ‘
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causes significant morbidity and mortality in adult popu-
lations. We wished to determine factors that may modu-
late accumulation of AP in vivo, and focused our atten-
tion on the clearance of AR by SRCL. Clearly, SRCL
was expressed in the brains of AD patients, and SRCL
could bind fAR. RT-PCR showed that SRCL was
expressed in neonatal astrocytes and microglia in tissue
culture, and that SRCL mRNA levels increased after
increased microglial activation. In addition, SRCL levels
increased in neonatal astrocytes treated with fAB in
vitro. These in vitro data are consistent with immuno-
histochemical findings. In control mice and human sub-
jects, SRCL-IR was below the detection himits in astro-
cytes, microglia and macrophages except perivascular
macrophages (MATO cells). SRCL-IR intensity was
elevated in most of the AP-positive astrocytes and in
some of the AB-positive microglia in the brains of Tg-
APP/PS1 mice and humans with AD. Interestingly, in
samples obtained from the former, SRCL-IR levels were
low in astrocytes that were APB-negative. Thus, SRCL
may be important in activated glial cell function in situa-
tions of neurodegeneration such as occur in AD.

We showed that SRCL-IR was not present in en-
dothelial cells of the healthy adult brain (mouse or
human), which contrasts with findings for mouse cardiac
endothelial cells (Ohtani et al., 2001). Although the rea-
son for this difference is not clear, tissue and age differ-
ences or differences in reagents used could explain this
discrepancy. In contrast to healthy brains, we observed
significant SRCL-IR in endothelial cells closely associ-
ated with cerebral amyloid angiopathy (CAA) in patients
with AD, suggesting a role for SRCL in AB-loaded
(stressed) endothelial cells. In addition, we found strong
SRCL-IR in smooth muscle cells and MATO cells
closely associated with CAA. Our ability to observe
colocalization of AR and SRCL in intracellular compart-
ments of vascular cells suggests that SRCL may function
in internalization/clearance of AB-peptide. Strong bind-
ing of fAB;_4» to CHO-K1 cells that expressed SRCL
further supports this hypothesis.

The mechanisms by which SRCL expression is
controlled are not well understood. However, as Af
activates a variety of transcriptional signals, such as AP-1,
NF-kB and cAMP responsive element-binding protein
(CREB) at Ser133, and such signals have been proposed
as a mechanism for AB-induced changes in gene expres-
sion (McDonald et al., 1998; Yin et al, 2002; Kim
et al., 2003) and because we found corresponding con-
sensus sequences for AP-1 and NF-kB in the promoter
and 5 UTR of SRCL, it is possible that some of these
signals in glial and vascular cells could be involved in the
mechanisms regulating SRCL expression.

The scavenger receptors A, BI (SR-A, SR-BI), and
CD36, a complex involving CD36, o(6)B(1)-integrin as
well as CD47, and heparan sulfate proteoglycans on glial
cells have been reported to bind AB. A role for these
microglial scavenger receptors in the AB-induced activa-
tion of inflammatory responses has been proposed.
However, the role of the receptors in the clearance of

AB is not yet well understood (Verdier and Penke,
2004; Ricciarelli et al., 2004). Even in the case of sug-
gested scavenger receptors, their contribution has been
considered to be partial. For example, although micro-
glial or astroglial binding or internalization of fAB,_ 4
peptide mediated through other receptors has been sug-
gested for several SR family members, including SR-Al,
SR-BI, CD36, and MARCO, no single receptor has
been found to be essential. Indeed, deletion of SR~A by
genetic knock-out did not increase amyloid plaque for-
mation or neurodegeneration in transgenic mice express-
ing human amyloid protein precursors (Huang et al.,
1999), suggesting the presence of alternative receptors
for glial-mediated AB clearance.

The vascular system also may play a role in AR
clearance. It has been suggested that LDL receptor-
related protein-1 (LRP-1), a SR that binds various
ligands including apoE, a2-macroglobulin, and APP,
may function in AP vascular transport in young mice.
When AB;_4 was intracerebrally administered at high
concentrations, LRP-1 facilitated ARy transport across
the blood brain barrier (BBB) into the plasma. However,
when given at lower comncentrations of ABj_yp, anti-
LRP antibody did not affect the clearance of AB_y
(Shibata et al., 2000). Thus Shibata et al. suggested the
presence of an alternative, highly sensitive BBB transport
mechanism, in addition to LRP-1. The molecular nature
of this putative second transport system is not known.
Some receptors have been proposed, e.g., the receptor
for advanced glycosylation end-products (RAGE) and
LRP-2; but they are unlikely to be involved in the rapid
clearance of AB from the brain, and responsible receptor
has yet to be found (Shibata et al., 2000). Considering
such findings, our present data suggest SRCL to be the
additional receptor responsible for vascular clearance of
AB. The fact must be considered that increased amounts
of fAPB itself increases AR deposition in vessel walls and
can importantly affect in CAA, presumably due to the
AR-dependent regulation of the receptors responsible for
AP clearance. As most candidate SRs, such as CD36, are
indeed downregulated in the adult (aged) brain even in
the healthy condition or in the AD-aftected brain, they
thus may not play significant roles in the late stage of
AD (Husemann et al., 2002). It seems likely that upre-
gulated SRCL in association with AB-plaque and CAA
could play an important role in AR clearance in an AB
dose-dependent manner. Other mechanisms, such as
those causing decreased vessel elasticity, have been sug-
gested to reduce the efficiency of AP clearance. For
example, ablation of the nucleus basalis in the rabbit, the
source of cholinergic innervation of blood vessels in the
brain, results in CAA (Roher et al., 2000), suggesting
that disturbance of blood vessel tone and pulsations
could be a factor in deposition of AR in artery walls.
Loss of elasticity in aging human cerebral arteries with
progressive arteriosclerosis (Perry et al., 1998; Kalaria,
2001) or cessation of pulsations with focal thromboem-
bolic occlusion (Weller et al., 2002) might play a role in
impeding drainage of AP and in pathogenesis of CAA

Joumal of Neuroscience Research DOI 10,1002/jnr



(Weller et al., 2002). As it has been suggested that SRs
are involved in attenuation of arteriosclerosis due to their
capability to bind Oxy-LDL (Rigotti, 2000), and
because SRCL has the ability to bind Oxy-LDL, we
may postulate that upregulated SRCL on vascular cells
may play a role in attenuating loss of elasticity of brain
vessels in aged patients with AD, thereby indirectly
improving the clearance of AB.

Based on all data taken together, we propose that
SRCL on glial or cerebral vascular/perivascular cells
functions as a physiological receptor, upregulated by AB
and pivotally facilitating the clearance of substances such
as AP and LDL in AD-affected brain tissues, thus attenu-
ating disease progression. We are currently developing
SRCL-null mice, and the generation and analysis of tri-
ple transgenic offspring of SRCL-null and Tg-APP/PS1
mice may clarify the contribution of SRCL and allow us
to devise new approaches targeting SRCL for the clear-
ance of AR in AD.

In summary, this is the first descripton of the
upregulation and possible role of SRCL in the binding
or clearance of AP by glial and vascular/perivascular cells
associated with AD. Our findings provide a new insight
into the pathophysioclogy of AD and suggest future
SRCL-based therapeutic interventions against AB-medi-
ated pathogenesis in AD.
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