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The signal regulatory protein-�1 (SIRP�1) is a DAP12-

associated transmembrane receptor expressed in a

subset of hematopoietic cells. Recently, it was shown

that peritoneal macrophages express SIRP�1, which

positively regulated phagocytosis. Here, we found

that SIRP�1 was up-regulated and acted as a phago-

cytic receptor on microglia in amyloid precursor pro-

tein J20 (APP/J20) transgenic mice and in Alzheimer’s

disease (AD) patients. Interferon (IFN)-� and IFN-�

stimulated gene transcription of SIRP�1 in cultured

microglia. Activation of SIRP�1 on cultured microglia

by cross-linking antibodies induced reorganization of

the cytoskeleton protein �-actin and suppressed li-

popolysaccharide-induced gene transcription of tu-

mor necrosis factor-� and nitric oxide synthase-2.

Furthermore, activation of SIRP�1 increased phago-

cytosis of microsphere beads, neural debris, and

fibrillary amyloid-� (A�). Phagocytosis of neural cell

debris and A� was impaired after lentiviral knockdown

of SIRP�1 in primary microglial cells. Thus, SIRP�1 is a

novel IFN-induced microglial receptor that supports

clearance of neural debris and A� aggregates by stimu-

lating phagocytosis. (Am J Pathol 2009, 175:2528–2539;

DOI: 10.2353/ajpath.2009.090147)

Microglial cells are the tissue resident macrophages of

the central nervous system (CNS).1 Under pathological

conditions microglia become activated, migrate to the

lesion site, release a wide range of soluble factors includ-

ing cytokines, and clear cellular debris by phagocyto-

sis.1–3 In Alzheimer’s disease (AD) microglia are either

beneficial by phagocytosing amyloid-� (A�) deposits or

harmful by secreting neurotoxins.4–7 Recently, it was

shown by in vivo multiphoton microscopy in an animal

model of AD that A� plaques appeared over 24 hours,

followed by microglial activation and recruitment to the

plaque within 1 to 2 days.8 Finally, dysmorphic neurites

were observed over the next days to weeks.8 Although

microglia migrated to the A� plaque, it is unclear whether

and which phagocytic receptors might contribute to A�

plaque clearance.

Recently, it was demonstrated in the fruit fly Drosophila

that immunoreceptor tyrosine-based activation motif

(ITAM) signaling was required for phagocytosis in the

CNS.9 Draper is a fly phagocytic receptor having ITAM-

containing intracellular domains and associated with

Shark, a nonreceptor tyrosine kinase that is similar to

mammalian Syk and Zap-70. In vivo experiments showed

that Shark activity was essential for Draper-mediated sig-

naling, including recruitment of glia to lesioned axons

and phagocytosis of axonal debris and neuronal cell

corpses.9 Draper ITAM-phosphorylation was necessary

for the glial phagocytic activity.9 Interestingly, the Draper-

ITAM signaling pathway of Drosophila is very similar to the

DAP12-ITAM signaling of mammalian immunoreceptors.

The mammalian DAP12 molecule is a transmembrane

adaptor that contains two ITAM motifs and is expressed

in microglia associated with cell membrane receptors

such as triggering receptor expressed on myeloid cells 2

(TREM2).10,11 In vitro studies on TREM2 and DAP12-me-

diated signaling in microglia showed that TREM2 facili-

tates phagocytic clearance of apoptotic cell corpses

without inflammation.12 Stimulation of microglial TREM2
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induced reorganization of the cytoskeleton and uptake of

apoptotic membranes and beads via extracellular recep-

tor kinase (ERK) activation.12

One of the signal regulatory proteins (SIRPs) family

members, SIRP�1 also associates with DAP12.13 SIRP�1

is a transmembrane protein that has three Ig-like domains

in its extracellular region and a short cytoplasmic tail.14

The ligand of SIRP�1 is unknown.15 Human SIRP�1 is

expressed on monocytes and granulocytes but not on

lymphocytes.16 The association between SIRP�1 and

DAP12 is mediated by an ionic interaction between single

amino acids of opposite charge within the transmem-

brane regions of both molecules.13,17,18 Ligation of

SIRP�1 results in the tyrosine phosphorylation of DAP12

and the subsequent recruitment of Syk to the SIRP�1-

DAP12 complex in rat basophilic leukaemia cell line

transfectants.13 Stimulation of SIRP�1 on murine perito-

neal macrophages facilitates phagocytosis.19

Our results demonstrate that microglial cells express

SIRP�1 and expression of SIRP�1 is up-regulated on

microglia in APP/J20 transgenic mice and AD patients.

Ligation of microglial SIRP�1 induces cytoskeleton rear-

rangement, counterregulates proinflammatory mediators,

and facilitates phagocytosis of neural debris and fibrillary

amyloid-�42 (A�42).

Materials and Methods

Immunohistochemical Analysis of SIRP�1 in

Human Brain Tissue Sections

Formalin-fixed paraffin-embedded brain tissue sections

(4 �m thick, superior temporal neocortex-gyrus tempora-

lis superior) from six patients with histopathologically

confirmed diagnosis of AD and from six age-related con-

trols without neurological disorders were analyzed by

immunohistochemistry (one section from each AD patient

and age-related control for light and double-fluorescence

microscopy analyses, respectively). After blocking for

endogenous peroxidase activity with H2O2-methanol and

for unspecific protein interactions with 10% bovine serum

albumin (Sigma-Aldrich, Taufkirchen, Germany), sections

were first immunostained with a purified antibody di-

rected against SIRP�1 (1/200; Santa Cruz Biotechnology,

Santa Cruz, CA). Primary antibody was detected with

biotinylated secondary antibody, avidin-biotin complex

(both from Biomeda, Foster City, CA), and diaminoben-

zidine-HCl (Sigma-Aldrich). Counterstaining with hema-

toxylin was performed afterward. Sections were mounted

in Corbit-Balsam (Hecht, Hamburg, Germany). For iden-

tification of microglial cells, double-immunofluorescence

staining was performed sequentially with antibodies di-

rected against SIRP�1 and protein ionized calcium bind-

ing adaptor molecule 1(Iba1) (polyclonal rabbit, 1/200;

Wako, Osaka, Japan). The primary antibodies were de-

tected with Cy3-labeled anti-IgG and fluorescein isothio-

cyanate-conjugated anti-rabbit IgG (Dianova, Hamburg,

Germany) secondary fluorescence antibodies. Sections

were mounted in mowiol. Positive and negative controls

were performed routinely to confirm specificity of staining.

For quantification, three light microscopy images of brain

tissue sections of AD patients and age-related controls at

magnification �40 were randomly selected and captured,

and the total number of positive stained cells per mm2 was

counted by an independent observer in each image.

Immunohistochemical Analysis of SIRP�1 in

Mouse Tissue Sections

Twelve APP/J20 transgenic (line J20 backcrossed at

least 10 generations in a C57BL/6 background; supplied

to A.M. by Dr. L. Mucke Gladstone Institute of Neurolog-

ical Disease, University of California, San Francisco) and

12 normal mice (C57BL/6; obtained from Charles River

Laboratories, Sulzfeld, Germany) at 12 months of age

were used. All animal and human studies have been

approved by the authors’ institutional review boards and

by the local government and have been conducted ac-

cording to the principles expressed in the Helsinki Dec-

laration. A perfusion fixation of the animals was per-

formed transcardially with Tris-buffered saline plus

heparin (pH 7.4), followed by the injection of 0.1 M PBS

(pH 7.4) containing 4% paraformaldehyde. Subse-

quently, cerebral hemispheres, cerebellums, and spinal

cords were removed and fixed in 4% paraformaldehyde

solution at 4°C for 48 hours, passed in 15 and 30%

sucrose in PBS, frozen in liquid nitrogen, and then stored

at �20°C. Six sections from cerebral hemispheres, cer-

ebellum, and spinal cord from each APP/J20 transgenic

and normal mice were used for light and double-fluores-

cence microscopy analyses, respectively. The cerebral

hemispheres, the cerebellum, the spinal cord, and the

spleen were cut with a cryostat in 20-�m thick sections on

glass slides and stored until use at �20°C. After blocking

for endogenous peroxidase activity with H2O2-methanol

and for unspecific protein interactions with 10% bovine

serum albumin, frozen sections were immunostained with

a purified antibody directed against SIRP�1 (SIRP�-84;

monoclonal rat, 1/200; as described previously19). For

light microscopy analysis, primary antibody in cryosec-

tions was detected with biotinylated secondary antibody,

avidin-biotin complex (both from Biomeda), and diamino-

benzidine-HCl (Sigma-Aldrich). Counterstaining with he-

matoxylin was performed afterward. Sections were

mounted in Corbit-Balsam (Hecht). For fluorescence mi-

croscopy analysis, antibody directed against SIRP�1

was detected with Carbocyanin (Cy3)-labeled anti-rat

IgG secondary fluorescence antibody (Dianova). Sec-

tions were mounted in mowiol. Control stainings were

performed with isotype control antibodies (BD Bio-

sciences, Heildelberg, Germany). Immunostained tissue

sections were viewed with a Leica DMBL light and fluo-

rescence microscope (Leica, Bensheim, Germany) as

well as with confocal laser scanning microscope with a

�40 or a �60 objective (Olympus, Hamburg, Germany).

To identify the cell type, double-immunofluorescence

staining was performed sequentially with antibodies di-

rected against SIRP�1 and Iba1 (rabbit, 1/200; Wako,

Japan), respectively. The primary antibodies were de-

tected with Cy3-labeled anti-rat IgG and fluorescein iso-
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thiocyanate-conjugated anti-rabbit IgG (Dianova) sec-

ondary antibodies. Sections were mounted in mowiol and

viewed with the laser scanning confocal microscope. For

quantification, three light microscopy images of each

tissue section of APP/J20 transgenic and normal mice

were randomly selected at magnification �40, captured

and the total number of positive stained cells per mm2

was counted by an independent observer in each image.

Primary Cell Cultures

Microglial cells were prepared from the brains of

C57BL/6 mice (Charles River Laboratories, Sulzfeld, Ger-

many) on postnatal day 3 or 4 (P3 or P4) as described

previously.12 In brief, meninges were removed mechan-

ically and the cells were dissociated by trituration and

cultured in basal medium (Invitrogen, Carlsbad, CA),

10% fetal calf serum (PAN Biotech, Aidenbach, Ger-

many), 1% glucose (Sigma-Aldrich), 1% L-glutamine (In-

vitrogen), and 1% penicillin/streptomycin (Invitrogen) for

14 days to form a confluent glial monolayer. To collect

microglial cells, the cultures were shaken on a rotary

shaker (200 rpm) for 2 hours. The detached microglial

cells were seeded in culture dishes for 1 hour, and then

all nonadherent cells were removed and discarded. Pu-

rity of the isolated microglia was �95% as determined by

flow cytometry analysis with antibody directed against

CD11b (BD Biosciences). Microglial cells were cultured

in basal medium as described above.

Neurons were prepared from the hippocampi of C57BL/6

mouse embryos (E15–16) as described previously.20 In

brief, brain tissue was isolated and mechanically dispersed

and seeded in culture dishes precoated with 0.01 mg/ml

poly-L-ornithin (Sigma-Aldrich) and 10 �g/ml laminin

(Sigma-Aldrich). Cells were cultured in neuronal condition

medium (Invitrogen) supplemented with 2% B-27 supple-

ment (Invitrogen), 1% glucose (Sigma-Aldrich), and 1%

FCS (PAN Biotech). Cells were cultured for 5 to 10 days

to obtain morphologically mature neurons.

Myeloid precursors were isolated from bone marrow cells

of adult C57BL/6 mice (Charles River Laboratories) as de-

scribed previously.21 Bone marrow cells were obtained

from the tibia of adult mice. Removal of erythrocytes was

performed by lysis with hypotonic solution. Cells were cul-

tured in Dulbecco’s modified Eagle’s medium (Invitrogen)

containing 10% fetal calf serum (Pan Biotech) and 10 ng/ml

of granulocyte-macrophage colony-stimulating factor (R&D

Systems) in 75-cm2 culture flasks (Greiner, bio-one, Frick-

enhausen, Germany). After 24 hours nonadherent cells

were collected and reseeded in fresh 75-cm2 culture flasks.

Medium was changed after 5 days, and myeloid precursor

cells were collected for experiments after 10 to 11 days.

Splenocytes were obtained from the spleens of adult

C57BL/6 mice after dissociation and lysis of erythrocytes

by hypotonic solution.

Immunocytochemistry for SIRP�1 in Primary

Cell Cultures

Cells were fixed in 4% paraformaldehyde for 1 hour, then

blocked by 1% bovine serum albumin in PBS for 2 hours

and immunostained with a purified monoclonal rat antibody

directed against SIRP�1 (anti-SIRP�1 clone 84, as de-

scribed previously19) and a secondary Cy3-fluorescence-

conjugated goat antibody directed against rat immunoglob-

ulin (IgG) (1/200; Dianova). Background staining was

obtained by staining of cells with a rat monoclonal isotype

control antibody (BD Biosciences), followed by Cy3-conju-

gated goat antibody directed against rat IgG (1/200; Di-

anova). To identify the cell type, cells were double labeled

with monoclonal mouse antibody directed against CD11b

(BD Biosciences) or mouse antibody directed against glial

fibrillary acidic protein or �-tubulin-III (Sigma-Aldrich), fol-

lowed by a secondary fluorescein isothiocyanate-conju-

gated antibody directed against mouse IgG. Images were

collected by confocal laser scanning microscopy with a

�40 objective (Olympus).

RT-PCR Analysis for SIRP�1 and DAP12 in

Primary Cell Cultures

Total RNA was isolated from microglia, neuronal cultures,

splenocytes and bone marrow-derived myeloid precur-

sor cells by the RNeasy Mini Kit (Qiagen, Hildesheim,

Germany). Reverse transcription of RNA was performed

with reverse transcriptase (SuperScript III; Invitrogen)

and hexamer random primers (Roche Molecular Bio-

chemicals). For semiquantification, all samples were

normalized to 18s ribosomal RNA. The following oligo-

nucleotides were used for RT-PCR amplification: 18s

forward, 5�-ATCCATTGGAGGGCAAGTCT-3�, and re-

verse, 5�-CCGCGGTCCTATTCCATTAT-3�; SIRP�1 for-

ward, 5�-CCCGTTCACAGGAGAACATT-3�, and reverse,

5�-CCGGAGACCATAGGTGAAGA-3�; and DAP12 for-

ward, 5�-ATGGGGGCTCTGGACCCCT-3�, and reverse,

5�-TCATCTGTAATATTGCCTCTGTGT-3�.

Real-Time PCR Analysis of Cultured Microglia

and Tissue Samples

For analysis of SIRP�1, DAP12, tumor necrosis factor-�

(TNF-�), interleukin-1�, nitric oxide synthase-2 (NOS2), and

transforming growth factor-�1 gene transcription in cultured

microglia, total RNA of cells was isolated by the RNeasy

Mini Kit (Qiagen, Hildesheim, Germany). As indicated, pri-

mary cultured microglia were stimulated by addition of

TNF-� (10 ng/ml; R&D Systems), interferon � (murine IFN-�,

100 U/ml; HyCult Biotechnology, Uden, The Netherlands),

IFN-� (103 U/ml; R&D Systems), or lipopolysaccharide (500

ng/ml; Sigma-Aldrich). For analysis of gene transcription in

APP/J20 transgenic mice (line J20 backcrossed in a

C57BL/6 background) and control mice (C57BL/6), animals

were sacrificed, and cerebral hemispheres, cerebellums,

spinal cords and spleens were collected. RNA was isolated

by the RNeasy Mini Kit for Lipid Tissue (Qiagen), and re-

verse transcription was performed with reverse transcrip-

tase (SuperScript III; Invitrogen) and hexamer random prim-

ers (Roche Molecular Biochemicals).

Quantitative RT-PCR with specific oligonucleotides

was performed with SYBR Green PCR Master Mix (Qia-

2530 Gaikwad et al
AJP December 2009, Vol. 175, No. 6



gen) using the ABI 5700 Sequence Detection System

(PerkinElmer) and amplification protocol for the ABI 5700

Sequence Detection System. Amplification specificity

was confirmed by the analysis of the melting curves.

Results were analyzed with the ABI 5700 Sequence De-

tection System version 1.3 after establishing the reaction

efficiency for each primer pair. Oligonucleotides de-

scribed above have been applied. Quantification using

the �CT method was performed.

Lentiviral Vector System and Microglial

Transduction

The lentiviral vector PLL3.7 of the third generation was

used for transduction of microglia. The mouse SIRP�1

gene (as described previously19) was tagged with a

3� flag sequence at the extracellular side and with

green fluorescent protein (GFP) at the intracellular side

(fSIRP�1 vector). For overexpression, genes were cloned

under the cytomegalovirus promoter in the PLL3.7 vector.

For knockdown of SIRP�1, a targeting short hairpin se-

quence and a scrambled control sequence were synthe-

sized and cloned under the U6 promoter in the PLL3.7

backbone. Short hairpin RNA sequence (shSIRP�1) for

knockdown of SIRP�1 (5�-TAACTGAAGACGGCAGG-

TATTCAAGAGATACCTGCCGTCTTCAGTTTTTTTTC-3�)

and short hairpin RNA sequence for control (shControl)

(5�-TAAGACTTGAGCGCAGGAATTCAAGAGATTCCTG-

CGCTCAAGTCTTTTTTT C-3�) were inserted into the PLL3.7

vector, respectively. The correct nature of all cloned se-

quences was confirmed by automated sequencing (Se-

qlab, Göttingen, Germany). For lentiviral transduction,

PLL3.7 plasmids were purified and then cotransfected to-

gether with packaging vectors (Invitrogen) into 293FT cells

(Invitrogen). Supernatant was collected after 48 hours, and

viral particles in the supernatant were concentrated at 1/100

by ultracentrifugation for 90 minutes at 25,000 rpm (Sorvall

Discovery 90SE Centrifuge) and recovered by suspension

in PBS. Titers of viral particles ranged between 106 and 107

multiplicity of infection. Purified microglial cells were seeded

at a density of 2 � 105 cells/ml into 24-well plates. Lentiviral

particles and 8 �g/ml polybrene (Sigma-Aldrich) were

added to the culture and centrifuged for 90 minutes at 1500

rpm. Supernatant was removed immediately after infection

and replaced with basal medium (Invitrogen) containing

10% fetal calf serum and 50% glial culture supernatant

obtained from the culture before transduction.

F-actin Cytoskeleton Labeling

Microglia were lentivirally transduced with the fSIRP�1 vec-

tor. Cells were then cross-linked for 1 hour on culture dishes

coated with flag-specific antibodies (10 �g/ml; Sigma-

Aldrich). As control, cells were cultured on dishes coated

with isotype control antibody (10 �g/ml; Sigma-Aldrich).

Cells were fixed, blocked, and then stained with Alexa Fluor

546-conjugated phalloidin (Molecular Probes, Invitrogen).

Serial images along the z-axis were collected by confocal

laser scanning microscope with a �40 objective (Olympus).

The number of microglia cells showing F-actin staining at

the bottom opposite to the culture dish were quantified

under fSIRP�1 stimulation and control conditions.

Beads Phagocytosis Assay of Primary Microglia

Primary microglia were transduced with the fSIRP�1 vec-

tor or the GFP control vector. Cells were then cultured on

flag-specific antibodies or isotype control antibodies as

mentioned above. After 24 hours, red fluorescent micro-

sphere beads (1.00 �m, Fluoresbrite Polychromatic Red

Microspheres; Polysciences) were added for 1 hour to

the culture. Phagocytosis of microsphere beads by mi-

croglia was detected by fluorescence microscopy. For

quantification of microsphere bead phagocytosis, micro-

glial cells were collected from the culture plates and

analyzed by flow cytometry. The percentage of microglia

having phagocytosed more than one bead was deter-

mined. Relative change in phagocytosis compared with

the control was determined since basal phagocytosis

varied between each experiment. Pharmacological inhi-

bition of actin polymerization was performed with 1

�mol/L Cytochalasin D (Calbiochem). Inhibition of the

ERK was performed by 20 �mol/L ERK inhibitor PD98059

(Calbiochem) 60 minutes before stimulation of fSIRP�1.

Amyloid-� Phagocytosis Assay

Microglial cells were transduced with the fSIRP�1, GFP

control, ShSIRP�1, or ShControl. After transduction, mi-

croglia were cultured for 72 hours to achieve effective

expression or knockdown of SIRP�1 by RNA interfer-

ence. The fSIRP�1 and the GFP control vector trans-

duced cells were then cultured on flag-specific antibod-

ies or isotype control antibodies for 24 hours as

mentioned above. Cells were treated for 6 hours with

biotinylated A�42 peptide (10 �g/ml, human amyloid �

peptide 1-42 conjugated at the N terminus with biotin;

Bachem, Heidelberg, Germany). The biotinylated A�42

peptide (1 mg/ml) was dissolved in PBS, incubated for 4

to 7 days at 37°C to obtain fibrils, and then stored by 4°C

until it was used in the experiments. To demonstrate

uptake of A�42, cells were fixed in 4% paraformaldehyde

and then permeabilized with 0.2% Triton X-100. Fixed

cells were incubated with Cy3-conjugated streptavidin

(Amersham Biosciences). Cells were analyzed under la-

ser scanning confocal microscope (Olympus). The per-

centage of microglial cells having phagocytosed A�42

peptide was quantified.

Phagocytosis Assay of Apoptotic Neuronal

Material

Primary microglia were lentivirally transduced with fSIRP�1,

GFP control vector, shSIRP�1 or shControl. After transduc-

tion, microglia were cultured for 72 hours to achieve effec-

tive expression or knock-down of SIRP�1 by RNA interfer-

ence. Neurons were cultured for 5 to 10 days, and then

okadaic acid at a final concentration of 30 nmol/L was

added for 3 hours to induce apoptosis. Apoptotic neuronal
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cell membranes were labeled with CellTracker CM-DiI

membrane dye at the final concentration of 2 �g/�l (Molec-

ular Probes). After incubation, apoptotic neurons were

washed twice with PBS and added to the transduced mi-

croglial culture at an effector/target ratio of 1:20. At 1 hour

after addition of apoptotic neurons, the number of microglia

having phagocytosed neuronal membranes was quantified

using a confocal fluorescence microscope (Olympus).

Results

Expression of SIRP�1 in AD Brain Tissue

Protein expression of SIRP�1 was analyzed in archival post-

mortem superior temporal neocortex tissue sections from

AD and age-related control patients (Table 1). Clinical his-

tories were analyzed by retrospective chart analysis as

described previously.22 Diagnosis of AD was neuropatho-

logically confirmed according to the National Institute on

Aging-Reagan consensus criteria.23 Immunohistochemistry

with specific antibody directed against SIRP�1 was per-

formed (Figure 1). Histopathological light microscopy anal-

ysis demonstrated small and round cells with morphologies

of activated microglia in the brain tissue sections (Figure

1A). The number of SIRP�1-immunopositive cells was

higher in AD patients in comparison with control cases

(Figure 1B). In detail, 34.12 � 3.90 cells/mm2 were labeled

with the SIRP�1-specific antibody in the superior temporal

neocortex of AD patients compared with 14.78 � 1.46 cells/

mm2 in the control cases. To identify the type of SIRP�1-

immunopositive cells, immunofluorescence analysis was

performed. Data demonstrated expression of SIRP�1 in

brain tissue sections of AD patients on a subset of microglial

cells, which were identified by antibody directed against

Iba1 (Figure 1C). No other brain cell types were immuno-

stained by the antibody directed against SIRP�1.

Increased SIRP�1 Expression in the Brain

Tissue of APP Transgenic Mice

To analyze protein expression of SIRP�1 in the brain and

spinal cord of mice, tissue sections were immunostained

with a rat monoclonal antibody directed against mouse

SIRP�1. In the CNS only very few cells were immunopositive

for SIRP�1 (Figure 2A). In detail, SIRP�1 expression was

detected in normal 12-month-old mice on 15.1 � 2.8 cells/

mm2 in the cerebral hemispheres, on 3.6 � 0.9 cells/mm2 in

the cerebellum and on 33.3 � 4.6 cells/mm2 in the spinal

cord (Figure 2B). However, in an animal model of AD, the

number of SIRP�1-positive cells in the cerebral hemi-

spheres and cerebellum substantially increased. In detail,

in amyloid precursor protein J20 (APP/J20) transgenic mice

at the age of 12 months, SIRP�1 expression was detected

on 34.5 � 2.4 cells/mm2 in the cerebral hemispheres, on

14.3 � 5.3 cells/mm2 in the cerebellum and on 37.0 � 3.8

cells/mm2 in the spinal cord (Figure 2B). Next, gene tran-

scription of SIRP�1 in distinct CNS regions was analyzed by

real-time RT-PCR. Gene transcript levels were normalized to

the values of the spleen of normal mice. Gene transcripts of

SIRP�1 were detected in the spinal cord, cerebellum, and

cortex of healthy mice. SIRP�1 expression in the cerebral

hemispheres and cerebellum was very low in normal mice

but was strongly increased in APP/J20 transgenic mice

(Figure 2C). In detail, relative gene transcript level of

SIRP�1 was 26.7 � 5.1 in the cerebral hemispheres of

12-month-old APP/J20 transgenic mice compared with

0.004 � 0.002 in normal mice (Figure 2C). But no significant

Table 1. Demographics and Clinical Data

Characteristics/clinical
diagnosis

Control
subjects AD cases

No. of subjects/cases 6 6
Female:male ratio 3:3 4:2
Age (years); median (� SD) 69.2 � 2.8 76.3 � 10.6
Postmortem interval (in hours) 48 � 30 44 � 38

Figure 1. Detection of SIRP�1 in Alzheimer’s disease brain tissue. A: Immuno-
cytochemistry with antibodies directed against SIRP�1 of the superior temporal
neocortex from a control case (control) and an Alzheimer’s disease patient (AD).
Light microscopy showed expression of SIRP�1 in cells with microglial mor-
phology. Scale bar: 100 �m. Inset of higher magnification as indicated. B:
Quantification of SIRP�1-positive cells in AD versus control brain tissue samples.
Data demonstrated an increased number of SIRP�1-positive cells in the superior
temporal neocortex of AD patients compared with control cases. Mean � SEM
of n � 6 patients/cases per group. �P � 0.05, unpaired t-test. C: Brain tissue
sections of AD patients were double-immunolabeled with antibodies directed
against SIRP�1 and the microglial marker protein Iba1. A subset of microglial
cells identified by double-labeling with Iba1 expressed SIRP�1. Inset of higher
magnification as indicated. Scale bar: 30 �m.
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change in protein expression or gene transcription of

SIRP�1 was observed in the spinal cord and spleen be-

tween the 12-month-old APP/J20 transgenic and normal

mice (Figure 2, B and C). Gene transcripts of DAP12 were

also analyzed. However, no significant up-regulation of

DAP12 transcription was detected, although there was a

slight increase in all tissues analyzed in the APP/J20 trans-

genic mice compared with the normal control mice (Figure

2D). Thus, SIRP�1 gene transcripts were disproportionally

up-regulated in the brain of APP/J20 transgenic mice com-

pared with DAP12 (Figure 2, C and D).

Expression of SIRP�1 in Cultured Primary

Microglia and Up-Regulation by IFNs

Expression of SIRP�1 was analyzed in cultured primary

brain cells by immunohistochemistry. Immunolabeling of

SIRP�1 was detected in cultured microglia by a rat mono-

clonal antibody directed against mouse SIRP�1 (Figure

3A). Cells were identified as microglia by co-immunostain-

ing with an antibody directed against CD11b (Figure 3A). In

detail, 73.1 � 4.1% (mean � SEM) of cultured microglial

cells identified by CD11b staining showed constitutive ex-

pression of SIRP�1. No immunostaining of SIRP�1 was

detected in cultured astrocytes or neurons double-labeled

with antibodies directed against glial fibrillary acidic protein

or �-tubulin-III, respectively (data not shown).

Gene transcripts of SIRP�1 and DAP12 were analyzed

by RT-PCR in cultured primary microglial cells. Total RNA

was prepared from cultures of primary microglia, neu-

rons, bone marrow-derived myeloid cells, and spleno-

cytes. Gene transcripts of SIRP�1 and DAP12 were de-

tected in microglia, bone marrow-derived myeloid cells,

and splenocytes but not in cultured neurons (Figure 3B).

Figure 2. Increased protein expression and gene transcription of SIRP�1 in the cerebrum and cerebellum of APP transgenic mice. A: Immunohistochemistry with
antibody directed against SIRP�1 was performed on tissue sections of normal and APP/J20 transgenic mice at 12 months of age. Expression of SIRP�1 was detected
in a few cells with microglial morphology in the cerebral hemispheres of normal adult mice. An increased number of SIRP�1-positive cells with microglial
morphology was observed in the cerebral hemispheres of aged APP/J20 transgenic mice (APP brain). Inset of higher magnification as indicated. Scale bars: 100
�m. B: Quantification of SIRP�1 immunostained cells in the spinal cord, cerebellum, cerebral hemisphere (cerebral h.) and spleen tissues derived from APP/J20
transgenic and normal mice at 12 months of age. The number of cells immunolabeled for SIRP�1 was increased in the cerebral hemisphere (cerebral h.) and
cerebellum of APP/J20 transgenic mice compared with normal adult mice. Data are shown as mean � SEM of n � 3 independent experiments. �P � 0.05, analysis
of variance followed by Bonferroni’s multiple comparison test. C: Relative gene transcript levels of SIRP�1 in the spinal cord, cerebellum, cerebral hemisphere
(cerebral h.), and spleen tissues derived from APP/J20 transgenic and normal mice at 12 months of age. Gene transcript level of SIRP�1 was increased in the
cerebral hemisphere and cerebellum of APP/J20 transgenic mice compared with normal control mice. Data are shown as mean � SEM of n � 6 independent
experiments. �P � 0.05, analysis of variance followed by Bonferroni’s multiple comparison test. D: Relative gene transcript levels of the adaptor protein DAP12
in the spinal cord, cerebellum, cerebral hemisphere (cerebral h.), and spleen tissues derived from APP/J20 transgenic and normal mice at 12 months of age. Gene
transcript levels of DAP12 were only slightly increased in all tissues analyzed in APP/J20 transgenic mice compared with normal control mice. Data are shown
as mean � SEM of n � 6 independent experiments. �P � 0.05, analysis of variance followed by Bonferroni’s multiple comparison test.
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To study whether inflammatory mediators could induce

gene transcription of SIRP�1 in primary microglia, we

treated the cells for 48 hours with IFN-� (100 U/ml), IFN-�

(103 U/ml), or tumor necrosis factor-� (TNF-� 10 ng/ml)

and analyzed the respective gene transcripts by real-

time RT-PCR. Treatment with IFN-� and IFN-� up-regu-

lated gene transcription of SIRP�1 in primary microglia

(Figure 3C). In contrast, TNF-� had no significant effect

on the gene transcription of SIRP�1 (Figure 3C).

Actin Reorganization after Cross-Linking of

SIRP�1

To analyze whether SIRP�1 signals on the cytoskeleton,

primary microglial cells were lentivirally transduced to

overexpress mouse SIRP�1 modified at the extracellular

part with a 3� flag epitope. Transduction efficiency of

microglia was reasonably high (Table 2), leading to ex-

pression of flag-tagged SIRP�1 (SIRP�1) in �90% of

microglia. Transduced microglial cells were cultured on

dishes either coated with flag-specific antibodies or iso-

type control antibodies. F-actin staining and confocal

images along the z-axis were performed to analyze any

cytoskeleton changes induced by SIRP�1 signaling.

Flag-tagged SIRP�1-transduced microglial cells that

were cultured on dishes coated with flag-specific anti-

bodies showed increased F-actin labeling at the bottom

side, where the cell was binding to the culture dish (Fig-

ure 4A). Quantification demonstrated that F-actin staining

localized in microglia toward the culture dish increased to

70.9 � 1.9% of cells after cross-linking of SIRP�1 with

flag-specific antibody compared with 32.8 � 4.4% of

cells with the control antibody (Figure 4B). Thus, stimu-

lation of SIRP�1 reorganized the cytoskeleton.

Decreased Proinflammmatory Mediators after

Stimulation of SIRP�1

Primary microglial cells were lentivirally transduced to ex-

press fSIRP�1. Transduced microglial cells were cultured

on dishes either coated with flag-specific antibodies, iso-

type control antibodies, or nonmodified dishes. Further-

more, microglial cells were treated with lipopolysaccharide

(500 ng/ml) for 24 hours. Total RNA was collected and gene

transcription for TNF-�, interleukin-1� (IL 1�), nitric oxide

synthase-2 (NOS2), and transforming growth factor-�1

(TGF�1) was determined by real-time RT-PCR (Figure 4C).

Stimulation of SIRP�1 by cross-linking antibodies counter-

regulated the lipopolysaccharide-induced stimulation of

TNF-� and NOS2. In detail, relative gene transcription of

TNF-� was reduced from 1.04 � 0.10 (mean � SEM) in

microglia cultured on isotype control antibody to 0.69 �

0.04 in microglia cultured on fSIRP�1 cross-linking antibody

(Figure 4C). Likewise, relative gene transcription of NOS2

was reduced from 0.87 � 0.02 in the isotype control group

to 0.19 � 0.07 after SIRP�1 stimulation (Figure 4C).

Figure 3. Protein expression and gene transcription of SIRP�1 in cultured
primary microglia. A: SIRP�1 protein was detected in cultured primary
microglia by immunofluorescence labeling with a rat monoclonal antibody
directed against mouse SIRP�1. Microglial cells were identified by double-
labeling with antibodies directed against CD11b. Scale bar: 15 �m. B: RT-PCR
analysis for SIRP�1 and DAP12 gene transcripts of cultured microglia, neu-
rons, bone marrow-derived myeloid precursor cells (myeloid cells), and
splenocytes. Gene transcripts for SIRP�1 and DAP12 were detected in mi-
croglia, bone marrow-derived myeloid cells and splenocytes but not in
neurons. Amplification of 18S RNA was used as an internal control. PCR
without reverse transcriptase was used as negative control (PCR control). C:
Real-time RT-PCR analysis of cultured primary microglia for SIRP�1. Cells
were treated for 48 hours with IFN-� (murine IFN-�; 100 U/ml), IFN-�
(murine IFN-�; 103 U/ml), or TNF-� (murine TNF-�; 10 ng/ml). Treatment
with either IFN-� or IFN-� up-regulated gene transcription of SIRP�1. Data
are normalized to untreated control and presented as mean � SEM of n � 3
independent experiments. �P � 0.05, analysis of variance followed by Bon-
ferroni’s multiple comparison test.

Table 2. Transduction Efficiency and Cell Survival of Primary Microglia at 3 Days after Lentiviral Vector Application

Vector type applied
to microglia

No. of
experiments

Percentage of cells showing
expression of GFP

(mean � SEM)

Relative cell number in
percentage (before vector

application � 100%)

fSIRP�1 3 91.87% (SEM � 2.70) 86.97% (SEM � 4.44)
GFP-control 3 93.10% (SEM � 2.49) 91.63% (SEM � 3.35)
ShSIRP�1 3 95.43% (SEM � 1.69) 87.47% (SEM � 2.83)
ShControl 3 92.03% (SEM � 3.66) 89.9% (SEM � 3.53)
No vector 3 0% 91.73% (SEM � 2.93)

2534 Gaikwad et al
AJP December 2009, Vol. 175, No. 6



Increased Phagocytosis of Beads, Fibrillary A�

and Neural Debris after Stimulation of SIRP�1

To analyze phagocytosis, we lentivirally transduced

fSIRP�1 in primary microglia and stimulated the cells with

a flag-tag-specific antibody. Phagocytosis of micro-

sphere beads was quantified by flow cytometry. Micro-

glial cells showed increased uptake of microsphere

beads after stimulation of fSIRP�1 (Figure 5A). In detail,

stimulation of fSIRP�1 with cross-linking antibodies in-

creased the relative level of microsphere beads phago-

cytosis to 72.0 � 6.2% compared with an isotype control

antibody treatment (29.7 � 5.0% SEM) (Figure 5A). No

significant effect of the flag-specific antibody on phago-

cytosis was observed in microglia transduced with the

GFP control vector (Figure 5A). Increased uptake of

beads after stimulation of fSIRP�1 was prevented by inhi-

bition of actin polymerization with cytochalasin D or the ERK

inhibitor PD98059, demonstrating that SIRP�1 acted via

phagocytosis to increase beads uptake (Figure 5A).

Figure 4. SIRP�1 cross-linking on microglia induced F-actin reorganization
and reduced gene transcription of proinflammatory mediators. A: Phase
contrast and confocal images (z-stacks from top to bottom) of flag-tagged
SIRP�1-transduced primary microglia cultured for 1 hour on dishes coated
with flag-specific antibody (anti-flag Ab) or isotype control antibody (control
Ab). Detection of F-actin was performed by labeling with fluorescence
dye-conjugated phalloidin. Reorganization of the actin cytoskeleton (F-actin
labeling) was observed in flag-tagged SIRP�1-stimulated cells at the bottom
of the cells at the region of antibody binding. Scale bar: 10 �m. B: Percentage
of F-actin-labeled microglial cells transduced with flag-tagged SIRP�1 was
quantified after stimulation with flag-specific antibody (anti-flag AB) or con-
trol antibody (control Ab). Cross-linking of SIRP�1 increased the number of
microglial cells showing F-actin staining at the bottom of the cells. Data are
presented as mean � SEM of n � 3 independent experiments. �P � 0.05,
unpaired t-test. C: Primary microglial cells were transduced with flag-tagged
SIRP�1 and treated with lipopolysaccharide for 24 hours to induce gene
transcription of proinflammatory mediators. Microglial cells were cultured on
dishes coated with cross-linking antibody directed against the flag epitope
(anti-flag Ab). An irrelevant antibody of the same isotype (control Ab) and no
antibody were used as controls. Cross-linking of SIRP�1 reduced lipopo-
lysaccharide-induced gene transcription of TNF-� and NOS2. Data are pre-
sented as mean � SEM of n � 3 independent experiments. �P � 0.05,
analysis of variance, followed by Bonferroni’s multiple comparison test.

Figure 5. Increased microglial phagocytosis after stimulation of SIRP�1. A:
Increased phagocytosis of microsphere beads after stimulation of flag-tagged
SIRP�1 (fSIRP�1). Primary microglial cells were lentivirally transduced with
the flag-tagged SIRP�1 (fSIRP) or the control GFP vector (GFP) and were
cultured for 24 hours on dishes coated with flag-specific antibody (anti-flag)
or control antibody (cont. Ab). The percentage of microglia having phago-
cytosed beads was quantified by flow cytometry. Stimulation of fSIRP�1 on
transduced primary microglia by the flag-specific antibody (anti-flag) in-
creased the percentage of microglia having taken up microsphere beads
compared with GFP-transduced microglia (GFP) and the isotype control
antibody (Cont. Ab). Treatment of microglia with the actin polymerization
inhibitor cytochalasin D (Cyt.) or the mitogen-activated protein kinase inhib-
itor PD98059 (ERK) prevented the increased phagocytosis induced by stim-
ulation of fSIRP�1 (no: no treatment). Data are presented as mean � SEM of
n � 3 independent experiments. �P � 0.05 analysis of variance, followed by
Bonferroni’s multiple comparison test. B: Phagocytosis of A�42 after stimu-
lation of fSIRP�1. Primary microglial cells were transduced with the fSIRP�1
vector. Cells were cultured on dishes coated with flag-specific antibody and
then A�42 was added for 6 hours before fixation. Phagocytosis of A�42 was
analyzed by confocal microscopy. Serial sections along the z-axis were
acquired and composed to images. A�42 was localized within the microglial
cell. Scale bar: 10 �m. C: Increased phagocytosis of A�42 and neural debris
after fSIRP�1 stimulation. Primary microglial cells were transduced with the
fSIRP�1 vector and were cultured for 24 hours on dishes coated with
flag-specific antibody (anti-flag) or isotype control antibody (Cont. Ab).
Biotinylated A�42 or apoptotic neuronal material was added. Percentage of
primary microglia having phagocytosed A�42 or neuronal debris was quan-
tified by confocal microscopy. Stimulation of fSIRP�1 increased the uptake of
A�42 and apoptotic neuronal material. Data are presented as mean � SEM of
n � 3 independent experiments. �P � 0.05, analysis of variance.
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Then analysis of fibrillary A�42 uptake was performed

after stimulation of fSIRP�1 in primary microglia trans-

duced with fSIRP�1 (Figure 5B). A biotinylated human

A�42 in a fibrillary form was applied, which previously

was shown to form fibrils very similar to unconjugated

A�42 fibrils as determined by electron microscopy.24

Phagocytosis of fibrillary A�42 was visualized under con-

focal microscopy by demonstrating A�42 within the mi-

croglial cells by scanning along the z-axis (Figure 5B).

Number of primary microglia having phagocytosed fibril-

lary A�42 was quantified. Microglial cells showed in-

creased A�42 uptake after stimulation of fSIRP�1 (Figure

5C). In detail, stimulation of fSIRP�1 with cross-linking

antibodies increased the relative level of fibrillary A�42

uptake to 88.1 � 1.6% compared with an isotype control

antibody treatment (57.1 � 5.5%).

Furthermore, uptake of apoptotic neuronal material

was analyzed after stimulation of fSIRP�1. Cultured neu-

rons were pretreated with okaidic acid to induce apopto-

sis and membranes were labeled with a red fluorescence

membrane dye. Uptake of red fluorescent labeled apo-

ptotic neuronal membranes by microglia was analyzed

by confocal microscopy. Phagocytosis of apoptotic neu-

ronal material was increased on stimulation of fSIRP�1 on

primary microglial cells (Figure 5C). In detail, stimulation

of fSIRP�1 with cross-linking antibodies increased the

relative level of apoptotic neuronal material phagocytosis

to 51.4 � 3.1% compared with the isotype control anti-

body treatment (29.9 � 3.9%).

Thus, stimulation of fSIRP�1 with cross-linking antibod-

ies increased phagocytosis of microsphere beads, fibril-

lary A�42, and apoptotic neuronal cell membranes.

Impaired Phagocytosis after Lentiviral

Knockdown of SIRP�1 in Primary Microglia

To further analyze the function of SIRP�1 on phagocyto-

sis in primary microglia, we applied a short hairpin lenti-

viral knockdown vector targeting the SIRP�1 gene by

RNA interference (shSIRP�1) to primary microglial cells

(Figure 6A). To confirm a successful knockdown of

SIRP�1 gene transcripts, microglial RNA was analyzed

72 hours after transduction with the lentiviral shSIRP�1

RNA interference vector. No gene transcripts of SIRP�1

were detected after 35 PCR cycles in reverse-transcribed

RNA of microglia transduced with shSIRP�1 vector (Fig-

ure 6B). By contrast, the control vector (ShControl), a

scrambled RNA interference vector did not knockdown

SIRP�1 gene transcript (Figure 6B). Immunohistochemi-

cal analysis was also performed to confirm the absence

of SIRP�1 expression on microglia after knockdown.

SIRP�1 was detected in the majority of microglial cells by

specific antibodies in the shControl vector-transduced

cells but not in cells transduced with the shSIRP�1 vector

(Figure 6C). Transduction efficiency of microglia was rel-

ative high (Table 2), virtually leading to the loss of SIRP�1

function in the majority of microglial cells after lentiviral

transduction with the shSIRP�1 vector. Capacity to

phagocytose apoptotic neural material or A� was then com-

pared between microglia transduced with the shSIRP�1

and the control vectors. Microglia transduced with the

shControl vector phagocytosed the red fluorescent-la-

beled apoptotic neuronal membrane fragments (Figure

7A). Phagocytosis of apoptotic membrane fragments was

reduced, when the SIRP�1 receptor was knocked down

in microglia (Figure 7B). In detail, after 24 hours 24.7 �

1.7% of microglia showed phagocytosis of neuronal ma-

terial after knockdown of SIRP�1, whereas 34.5 � 6.1%

of microglia transduced with the ShControl vector and

36.1 � 3.2% of microglial transduced with the GFP con-

trol vector demonstrated phagocytosis of apoptotic neu-

ronal material (Figure 7B).

Impaired Uptake of A� after Lentiviral

Knockdown of SIRP�1 in Primary Microglia

Phagocytosis of A� by microglia or macrophages could

facilitate removal of plaque in AD lesions. Internalization

of fibrillary A�42 by primary microglia was analyzed by

fluorescence confocal microscopy. The lentivirally trans-

duced microglial cultures were treated with biotinylated

fibrillary A�42, fixed, and then incubated with Cy3-conju-

gated streptavidin to visualize uptake of fibrillary A�42

into the cells. Using confocal microscopy, we observed

that biotinylated fibrillary A�42 peptide internalization in

SIRP�1-silenced microglia was reduced to 25.8 � 2.8%

compared with the ShControl vector (44.2 � 5.1%) and

the GFP control vector (42.2 � 5.3%) -transduced cells

(Figure 7C). Thus, SIRP�1 was either directly or indirectly

involved in the internalization of fibrillary A�42.

Figure 6. Lentiviral knock-down of SIRP�1. A: Schematic drawings of the
lentiviral short hairpin RNA interference vector targeting mouse SIRP�1
(shSIRP�1) and the scrambled short hairpin RNA control (shControl) vector.
B: RT-PCR of cultured primary microglia transduced with shSIRP�1 or shCon-
trol vector. SIRP�1 gene transcripts were knocked down after transduction
with shSIRP�1, while SIRP�1 gene transcripts were detected by RT-PCR
without any vector (no vector) or after transduction with the shControl vector
(shControl). 18S RNA: control for RNA. PCR control: RT-PCR without reverse
transcription as control. C: Cultured primary microglial cells were either
transduced with the shSIRP�1 or shControl vector and immunolabeled with
rat monoclonal antibodies directed against SIRP�1. No immunostaining of
SIRP�1 was detected after knockdown of SIRP�1, while SIRP�1 was detected
on shControl vector-transduced microglia. Scale bar: 20 �m.
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Discussion

Microglial cells are activated in chronic neurodegenerative

diseases including AD.6,7 Activated microglia produce pro-

inflammatory mediators and show increased phagocytic

activity.1 The microglial clearance function is essential for

tissue homeostasis and repair in neurodegenerative disea-

ses.25,26 Interestingly, microglial cells show a dysfunction

and defective A� clearance capacity in aging APP/PS1

transgenic mice,27 indicating that A� plaques partially

could result from impaired microglial removal. Several mi-

croglial receptors have been implicated to contribute to

clearance of A� plaque in AD, but it is unclear which re-

ceptors solely scavenge A� and which induce a microglial

phagocytic signaling response.

Recently, it was shown in Drosophila that glial phago-

cytic activity requires ITAM and Src family kinase signal-

ing.9 The best characterized phagocytic receptors sig-

naling via ITAM are members of the Fc receptor (FcR)

family, which recognize the Fc region of IgG bound to

antigen presented on microbial pathogens or autoanti-

gens.28–30 An ITAM is also present in the intracellular tail

of human Fc�RIIA (CD32a), and its phosphorylation in-

duces phagocytosis in macrophages. By contrast, Fc�RI

(CD64) and Fc�RIIIA (CD16a) need to bind to the adap-

tor protein Fc� subunit, which contains the ITAM, to trans-

mit the phagocytic signaling.30 The phosphorylated ITAM

serves as a docking site for the tyrosine kinase Syk.

Downstream signaling is mediated via Rho family small

GTP-binding proteins then triggers phagocytosis of IgG-

coated and opsonized particles or antigens.31 Microglial

cells have been shown to express CD16, CD32, and

CD64, and to phagocytose antigens via the correspond-

ing IgG subtypes.32 Apart from the FcR, all molecules

signaling via the adaptor DAP12 principally could acti-

vate an ITAM-src kinase signaling pathway. Expression

of TREM2, signaling via the ITAM-containing adaptor pro-

tein DAP12, was observed in microglia.10–12 TREM2 is a

phagocytic receptor with unknown ligand, which is in-

volved in clearance of cellular apoptotic material.11,12,21

Interestingly, loss-of-function mutations of either TREM2 or

DAP12 are responsible for a chronic neurodegenerative

disease named Nasu-Hakola.33 Patients with mutations of

TREM2 show as a major symptom pure early-onset demen-

tia,34 whereas patients with DAP12 mutations have demen-

tia and bone cysts.35

Here, we aimed to identify new microglial receptors

that have a phagocytic ITAM signaling capacity and are

involved in clearance of A� in AD. We demonstrated

expression of SIRP�1 ion microglia. Microglial SIRP�1

was involved in phagocytic uptake of fibrillary A�42 pep-

tide. Increased phagocytosis after stimulation of SIRP�1

was not specific for A� but also detected for neural

debris and microsphere beads. Furthermore, we ob-

served that SIRP�1 expression was increased in APP/J20

transgenic mice and AD patients. Up-regulation of

SIRP�1 expression in APP/J20 transgenic mice was de-

tected in the cerebral hemispheres and cerebellum but

not in the spinal cord. Real-time RT-PCR data of the

microglial gene transcripts SIRP�1 and DAP12 demon-

strated a disproportional increase of SIRP�1 (�1000-

fold) compared with DAP12 (�10-fold) in the cerebral

hemispheres and cerebellum of the animal model of AD,

indicating that up-regulation of SIPR�1 does not simply

reflect an increase of Iba1-positive microglia. Further-

more, we analyzed amyloid deposition in the cerebellum

and spinal cord of 12-month-old APP/J20 mice. No amy-

loid plaques were detected by immunostaining with

antibodies directed against APP in the cerebellum and

spinal cord (our unpublished observation). Thus, up-

regulation of SIRP�1 is not directly triggered by the amy-

loid plaques but by another disease-associated process

(eg, increased soluble inflammatory mediators such as

IFNs). Indeed, IFNs, including IFN-� and -�, were ob-

served to up-regulate gene transcription of SIRP�1 in

cultured microglia in our analysis. Previously, IFN-� has

been shown to increase the uptake of A� by microglia.36

We have no direct in vivo evidence for a direct pathophys-

iological relevance of SIRP�1. We can detect SIRP�1

also on those microglial cells, which are not directly as-

sociated with plaques. But, we can demonstrate that

SIRP�1 is a potent regulator of A�42 fibril clearance in

vitro. Furthermore, we do not think that up-regulation of

SIRP�1 is specific for AD or APP/J20 transgenic mice,

because we also observed a significant, although not so

dramatic, increase of SIRP�1 in mice afflicted by exper-

imental autoimmune encephalomyelitis (our unpublished

Figure 7. Reduced phagocytosis after lentiviral knockdown of SIRP�1. A: Mi-
croglial cells were transduced with the shControl vector and co-cultured with
apoptotic neural membranes labeled with a red fluorescent dye. Confocal im-
ages of the shControl vector-transduced microglia showed uptake of the red
dye-labeled membranes into a GFP	 microglia. Scale bar: 10 �m. B: Quantifi-
cation of microglial cells having phagocytosed apoptotic neuronal cell mem-
branes within 24 hours. Microglial cells were lentivirally transduced with
shSIRP�1, shControl, or GFP vector. Number of microglial cells having phago-
cytosed apoptotic neuronal material was reduced after lentiviral knockdown of
SIRP�1. Data are presented as mean � SEM of n � 3 independent experiments.
�P � 0.05, analysis of variance, followed by Bonferroni’s multiple comparison
test. C: Quantification of A�42 phagocytosis by primary microglia lentivirally
transduced with shSIRP�1, shControl, or GFP-control vector. Phagocytosis of
A�42 was reduced after knockdown of SIRP�1. Data are presented as mean �

SEM of n � 3 independent experiments. �P � 0.05, analysis of variance,
followed by Bonferroni’s multiple comparison test.
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observation). SIRP�1 immunostaing was mainly detected

on round but not ramified microglia in the tissue of AD

patients and APP/J20 trangenic mice, indicating that ac-

tivated microglia possibly stimulated by IFNs express

SIRP�1. Data on the cellular density of SIRP�1 express-

ing cells in APP/J20 transgenic mice and AD patients

suggest that resident microglial cells up-regulate SIRP�1;

however, invading monocytes and macrophages could be

another principal source of cells increasing SIRP�1 expres-

sion in the brain.

The physiological ligand for SIRP�1 is still unknown.15

SIRP�1 was investigated before in peritoneal macro-

phages.19 It was shown that SIRP�1 engagement by spe-

cific monoclonal antibodies induced phagocytic activity in

macrophages, but no ligand was identified.19 Indirect evi-

dence from our knockdown experiments suggests that

SIRP�1 might recognize a cellular component, an aggre-

gated A�, and/or a serum component. We have no evi-

dence for a direct binding of aggregated A� to SIRP�1.

SIRP�, a homolog of SIRP�1, binds surfactant protein A and

D, both of which are members of the collectin family.15,37

Collectins are soluble pattern recognition molecules, which

opsonize particles to increase their phagocytic uptake.37

Interestingly, it has been suggested that aggregated A� is

also opsonized by complement components, opening the

possibility that A� uptake is executed by receptors binding

complement components or collectins.38

Several other receptors have been reported in vitro

to facilitate uptake of A� by microglia. Scavenger re-

ceptors39 and CD1424 promote uptake of A�, but CD14

alone might bind A� without inducing an ITAM signal-

ing pathway. Recently, a direct role of Vav and Syk

kinases in fibrillary A�-stimulated intracellular signaling

cascades was established in vitro.40 Vav-deficient mi-

croglia showed a dramatically attenuated phagocytic

response of fibrillary A�.40

Our data also indicate that SIRP�1 is a receptor capa-

ble to trigger a phagocytic ITAM-Syk kinase signaling

cascade toward the cytoskeleton. First, we show that

SIRP�1 cross-linking within a few minutes stimulates

�-actin reorganization, which is a prerequisite for phago-

cytosis. Second, stimulation of SIRP�1 leads to ingestion

of microsphere beads dependent on the cytoskeleton

and the mitogen-activated protein kinase ERK.

Thus, data indicate that microglia possesses several re-

ceptors, which cooperate in phagocytic clearance of A� in

vitro. Particularly, two distinct types of innate immune recep-

tors are involved in phagocytosis of A�, namely scavenger

receptors, which bind pathogens or debris, and receptors

leading to a full-blown phagocytosis signaling via ITAM-Src-

Syk activation and cytoskeleton rearrangement.

Deposits of A� are considered as a pathological hall-

mark of AD and are associated with activated microglia

and proinflammatory cytokines.6,41,42 Several molecules

have been implicated in A� clearance in animal models

of AD. Particularly, deficiency of complement 3 led to

accelerated A� plaque deposition and neurodegenera-

tion in APP transgenic mice.43 Inhibition of complement 3

in a mouse model of AD increased plaque formation and

the level of neurodegeneration,44 but signaling via the

complement cascade has not been shown to directly

induce a phagocytic ITAM signaling. FcRs have been

suggested to contribute to A� clearance in APP trans-

genic mice.45 The FcRs and DAP12 show a phagocytic

ITAM signaling cascade. It was suggested that antibod-

ies directed against A� enter the CNS and could trigger

microglial cells to clear plaques through FcR-mediated

phagocytosis.45 Immunization of mice with A�42, which

induced A�42-specific antibodies, reduced A� deposi-

tion regardless of whether the mice were genetically de-

ficient of one of the FcR domains, the FcR�.46 Thus, FcR�

appears to be irrelevant for antibody-mediated clearance

of A� deposits in vivo. Recently, it was shown in aged

APP23 transgenic mice by combining laser microdissec-

tion with microarray analysis and quantitative RT-PCR

that TREM2, which signals via DAP12, was up-regulated

in amyloid plaque-associated microglia.47 Thus, micro-

glial cells appear to up-regulate several phagocytic re-

ceptors at a very late disease stage including TREM2 and

SIRP�1. However, the mechanism about the failure of

amyloid plaque removal in vivo is unclear, despite up-

regulation of phagocytic receptors by microglia in APP

transgenic mice and strong evidence of their functional

involvement in A� clearance in vitro. Several factors might

be responsible for this phagocytic failure in vivo. Level of

up-regulation of phagocytic receptors such as SIRP�1 in

the CNS of APP/J20 transgenic mice or AD patients might

be too late or insufficient. Alternatively, the putative li-

gands of the phagocytic receptors are lost or hidden in

A� plaques. Possibly, microglial molecules signaling via

immunoreceptor tyrosine-based inhibitory motif such as

sialic acid-binding Ig-like lectins might recognize A�

plaque-associated sialidated glycolipids, which counter-

act to ITAM signaling and might be responsible for damp-

ening the phagocytic activity of microglia in vivo.48

In summary, our results identify SIRP�1 as a DAP12-

associated and IFN-inducible phagocytic receptor on mi-

croglia. Furthermore, our data demonstrate that microglial

SIRP�1 is up-regulated in AD patients and aged APP/J20

transgenic mice and involved in uptake of A�42. Thus, up-

regulation of SIRP�1 at early-stage AD might be a novel

target for phagocytic clearance of amyloid plaques.
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