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Chemotactic Component in Alzheimer’s Disease Pathology
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We hypothesize that microglial chemotactic responses to amyloid-� peptide (A�1– 42) serve as an early and integral component of
inflammatory response in Alzheimer’s disease (AD) brain. This study reports a receptor for vascular endothelial growth factor (VEGF),
termed VEGF-1 (Flt-1), subserves microglial chemotactic responses induced by A�1– 42 stimulation, in vivo and in vitro. Expression of
Flt-1 was significantly increased in tissue obtained from AD patients [compared with tissue from nondemented (ND) individuals], in
A�1– 42-injected rat hippocampus, and in peptide-stimulated human microglia. Single and double immunohistochemical staining dem-
onstrated marked immunoreactivity, for both Flt-1 and its ligand VEGF, in association with microglia and A� deposits in AD, but not ND,
brain tissue. Functionally, treatment with anti-Flt-1 antibody was highly effective in inhibiting microglial mobility and chemotactic
responses measured in vitro using a transwell migration assay. In vivo, transplanted enhanced green fluorescent protein (EGFP)-labeled
microglia exhibited Flt-1-dependent chemotaxis induced by peptide injection with anti-Flt-1 effective in blocking migration of cells.
Importantly, anti-Flt-1 reduction of microglial mobility was neuroprotective in peptide-injected hippocampus and associated with a
significant increase in numbers of viable hippocampal neurons. The results of this study suggest critical functional roles for Flt-1 in
mediating microglial chemotactic inflammatory responses which contribute to pathological conditions in AD brain.
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Introduction
The Flt-1 subtype of VEGF receptor has been reported as a
signaling factor in mediating chemotactic responses of im-
mune responding cells (Barleon et al., 1996; Forstreuter et al.,
2002). In addition, the results from several studies have indi-
cated that Flt-1-mediated signaling could contribute to patho-
logical conditions in disease (Sköld et al., 2005). Elevated
VEGF expression has been documented in asthma (Hoshino et
al., 2001) and eosinophil inflammatory responses are depen-
dent on activation of Flt-1 (Feistritzer et al., 2004). In a model
of rheumatoid arthritis (RA), blockade of Flt-1 was effective in
reducing symptoms of disease, whereas inhibition of the Flk-1
subtype of VEGF receptor was without effect (De Bandt et al.,
2003). Recently, a number of pathological inflammatory re-
sponses have been found to be attenuated in Flt-1-deficient
mice compared with their wild-type cohorts in a murine
model of RA (Murakami et al., 2006). It was concluded that

enhanced inflammation in RA was mediated by Flt-1-
dependent signaling in activated monocytes/macrophages.

At present, functional roles for Flt-1 in neurodegenerative
brain disease have not been addressed. Deposition of amyloid-�
peptide (A�) is considered a critical inducer of inflammatory
responses and neuronal damage in Alzheimer’s disease (AD)
brain (Combs et al., 2001; Hardy and Selkoe, 2002; Spires et al.,
2005). We have reported that intrahippocampal injection of full-
length peptide (A�1– 42) increased inflammatory reactivity in-
cluding mobility of resident brain microglia and also caused per-
turbed vasculature including leakiness of blood– brain barrier
(BBB) (Ryu and McLarnon, 2006). Furthermore, separate in vivo
experiments have shown increased expression of VEGF, neovas-
cularization, and neurodegeneration in inflamed rat brain with
double-staining analysis indicating VEGF was primarily associ-
ated with microglia (Tran et al., 2005). These data would be con-
sistent with microglia acting both as a source (paracrine signal)
and as a responder (autocrine signal via Flt-1) to VEGF.

Overall, our findings suggested the possibility that Flt-1 and
VEGF-dependent mobilization of microglia and cellular chemo-
tactic responses could serve critical response functions in AD
brain. To test this premise we have used three independent ap-
proaches: analysis of Flt-1 in both brain tissue and in microglia
obtained from AD patients [with control brain sections and mi-
croglia from nondemented (ND) individuals] and following in-
trahippocampal injection of A�1– 42 (controls, saline and reverse
peptide). In the latter experiments we report the first in vivo
effects of pharmacological modulation of Flt-1 (using anti-Flt-1
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antibody) to inhibit microglial chemotactic responses to peptide.
Our findings also suggest block of microglial chemotaxis as a
novel strategy for neuroprotection in AD brain.

Materials and Methods
Preparation of human ND and AD sections. Entorhinal cortical sections
from six ND cases (ages from 40 to 85 years, postmortem intervals, 4 –24
h) and seven AD cases (ages from 67 to 87 years, postmortem intervals,
5–10 h) were obtained from the Kinsmen Laboratory brain bank at the
University of British Columbia (UBC, Vancouver, British Columbia,
Canada). All cases of AD met the clinical criteria and postmortem con-
firmation for AD. The procedures used to isolate postmortem tissue have
been described (Miklossy et al., 2007).

Immunohistochemical staining and analysis in human ND and AD sec-
tions. For single immunofluorescent staining of Flt-1 and VEGF (Arai et
al., 2006), free-floating sections (30 �m) from ND and AD tissues were
washed in PBS with Triton X-100 (PBST; 0.01 M PBS, pH 7.4, containing
0.3% Triton X-100) and transferred into 5% skim milk in PBST for 1 h.
Sections were then incubated for 48 h at 4°C with rabbit anti-human
vascular endothelial growth factor receptor-1 (Flt-1, 1:200; R&D Sys-
tems) or rabbit anti-VEGF (a marker for the potent angiogenic factor
VEGF, 1:200; Santa Cruz Biotechnology) antibody. Sections were then
rinsed in PBST and incubated with Alexa Fluor 488-conjugated goat
anti-rabbit IgG (1:200; Invitrogen) for 1 h at room temperature. After
washing in PBST, sections were mounted on glass slides and coverslipped
with Prolong Gold anti-fading agent (Invitrogen).

For double-immunofluorescence staining (Guo et al., 2006), free-
floating sections were incubated for 48 h at 4°C with a mixture of two
primary antibodies: rabbit anti-Flt-1 (1:100; R&D Systems) in combina-
tion with mouse anti-HLA-DR (a marker for microglia, 1:500; DakoCy-
tomation) or mouse anti-�-amyloid (A�, clone 6F/3D, 1:100; DakoCy-
tomation) and rabbit anti-VEGF (1:100; Santa Cruz Biotechnology) in
combination with mouse anti-HLA-DR or mouse anti-�-amyloid. For
A� staining, 100% formic acid (Sigma) pretreatment for 15 min at room
temperature was performed before primary antibody incubation (Guo et
al., 2006). After incubation with the indicated primary antibodies, sec-
tions were rinsed in PBST and incubated for 1 h at room temperature
with a mixture of Alexa Fluor 488 goat anti-rabbit IgG (1:200; Invitro-
gen) and Alexa Fluor 594 goat anti-mouse IgG secondary antibody (1:
200; Invitrogen). To block endogenous lipofuscin autofluorescence, Su-
dan black (1% w/v) was prepared in 70% methanol and immunostained
brain sections were stained with the compound for 10 min as previously
described (Guo et al., 2006; Hashemzadeh-Bonehi et al., 2006). Typical
Sudan black staining is presented (see supplemental Fig. 1 A, available at
www.jneurosci.org as supplemental material): also see supplemental text
for details of immunostaining controls and immunohistochemical anal-
ysis for human tissue.

Preparation of cultured human microglia from ND and AD brains. Cul-
tured adult human ND and AD microglia were used in several experi-
ments. Following isolation of brains, tissue was enzymatically dissociated
and microglia were harvested and placed under culture conditions fol-
lowing standard protocols (Walker et al., 1995; Lue et al., 1996; McLar-
non et al., 2005). Microglia were separated from other glial cells by dif-
ferential adherence and maintained in DMEM with high glucose (5 mg/
ml) containing 10% fetal bovine serum (Hyclone) and 50 �g/ml
gentamicin. Microglia were used in experiments, after 10 –14 d in cul-
ture, following previously described procedures (McLarnon et al., 2006).
The typical morphological appearance of HLA-DR(�) microglia ob-
tained from AD patients, with swollen cell bodies and retracted pro-
cesses, has been shown [see McLarnon et al. (2006), their Fig. 2]. ND
microglia in culture exhibit a predominant ramified morphology with
cells expressing extended processes (not shown). These representative
patterns of AD and ND morphology remained constant throughout cul-
ture times. Cell purity was assessed using immunocytochemistry with
antibodies to CD11b [American Type Culture Collection (ATCC)] to
class II major histocompatibility antigen (HLA-DR) (1:800; CN Pharma-
ceuticals) and to CD68 (1:1000; Accurate Chemical and Scientific). Im-
munocytochemical results showed purity of microglia was in excess of
98%.

In vivo studies using intrahippocampal injection of �-amyloid
Surgical procedures. All animal procedures were approved by the UBC
Animal Care Ethics Committee, with adherence to guidelines of the Ca-
nadian Council on Animal Care. Male Sprague Dawley rats weighing
280 –300 g (Charles River Laboratories) were used for stereotaxic injec-
tion of A�1– 42, or controls (PBS and reverse peptide A�42–1) as previ-
ously described (Franciosi et al., 2006; Ryu and McLarnon, 2008). In
brief, animals received intraperitoneal injection of an anesthetic mixture
(ketamine 100 mg/kg and xylazine 10 mg/kg) and were placed in a ste-
reotaxic apparatus (David Kopf Instruments). Beta-amyloid (A�) pep-
tide (2 nmol; California Peptides) was slowly injected (0.2 �l/min) into
the dentate gyrus [anteroposterior (AP), �3.3 mm; mediolateral (ML),
�1.6 mm; dorsoventral (DV), �3.2 mm] or CA1 layer (AP, �3.3 mm;
ML, �1.8 mm; DV, �2.6 mm) of hippocampus.

Immunohistochemical staining of rat brain. Animals were transcardially
perfused with heparinized cold saline followed by 4% paraformaldehyde
under ketamine/xylazine anesthesia. Brains were then removed, post-
fixed, cryoprotected, and cut into 40 �m sections (Ryu and McLarnon,
2008). Free-floating sections were processed for immunohistochemistry
as described previously (Franciosi et al., 2006; Ryu and McLarnon, 2008).
Briefly, sections were permeabilized in 0.2% Triton X-100, blocked with
10% NGS, and incubated for 48 h at 4°C with the primary antibodies:
anti-Flt-1 (1:200; Santa Cruz Biotechnology), anti-neuronal nuclei
(NeuN, a marker for neurons, 1:1000; Millipore Bioscience Research
Reagents), and anti-ionized calcium binding adapter molecule 1 (Iba-1, a
marker for microglia, 1:500; Wako Chemicals). Sections were rinsed in
PBS with 0.5% BSA and incubated with secondary antibodies conjugated
with Alexa Fluor 488 or 594 (1:200; Invitrogen) for 1 h in the dark.

To detect the Flt-1-expressing cell types in A�-injected hippocampus,
tissue sections were incubated for 48 h at 4°C with anti-Flt-1, in combi-
nation with anti-glial fibrillary acidic protein (GFAP, a marker for astro-
cytes, 1:1000; Sigma-Aldrich) or anti-CR3R (OX-42, a marker for micro-
glia/macrophages, 1:500; Serotec) as described previously (Choi et al.,
2007). Sections were washed and incubated with a mixture of secondary
antibodies (Alexa Fluor 488 and 594; 1:100; Invitrogen). Since Iba-1
antibody is raised in rabbit it was not suitable for double staining of
microgliosis with either Flt-1 Ab or VEGF Ab. Thus OX-42 (raised in
mouse) was used in double staining with Flt-1 and VEGF.

Immunohistochemical analysis of rat brain. Quantification of immuno-
histochemical staining was performed on digitized images obtained with
a Zeiss Axioplan 2 fluorescent microscope at a magnification of 400�
equipped with DVC camera (Diagnostic Instruments) and Northern
Eclipse software (Empix Imaging). Quantitative image analysis for the
immunostained rat hippocampal sections was performed on three
equally spaced sections through the level of the injection site (AP: �3.3
mm). The number of Flt-1 or OX-42/GFAP�Flt-1(�) cells in the supe-
rior blade of the dentate granule cell layer was determined for three
sections (Franciosi et al., 2006; Ryu and McLarnon, 2008). The number
of Iba-1 or NeuN(�) cells in the CA1 region was quantified at three
hippocampal sections. To keep the consistency between the selected sec-
tions, a rectangular box (0.4 � 0.3 mm) was centered over the CA1 cell
layer beginning 1.6 mm lateral to the midline in each image as previously
described (Casolini et al., 2007). For quantification of migrating en-
hanced green fluorescent protein (EGFP)-expressing microglia after
transplantation, the number of EGFP(�) microglia were counted within
rectangular areas (0.3 � 0.2 mm) for three different regions (centered
600, 1200, and 1800 �m away from the transplantation site). All quanti-
tative analyses were performed in a blinded manner.

Reverse transcription-PCR in microglia from human ND and AD brains.
Adult human microglia were prepared from frontal neocortex of ND and
AD brains (Walker et al., 2006). In one set of RT-PCR experiments,
expression of Flt-1 and VEGF in microglia from ND and AD brains were
examined. In another set of experiments, human microglia from ND
samples were plated on 12 well multiplates and incubated in serum-free
medium for 48 h (McLarnon et al., 2006; Ryu and McLarnon, 2008)
before treatment with PBS or A�1– 42 (8 h exposure to 5 �M peptide). Our
use of RT-PCR followed published protocols (McLarnon et al., 2006;
Choi et al., 2007) using specific primers for human Flt-1, VEGF, and
GAPDH (see the supplemental text for the primer sequences). A PCR
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cycle number of 35 was chosen for analysis of product levels on the basis
that at this cycle number, densitometric signal was within the amplifica-
tion phase of PCR (see representative graph in supplemental Fig. 3, avail-
able at www.jneurosci.org as supplemental material). Analysis of PCR
cycle versus band intensity indicated plateau regions of plots to occur in
excess of 40 PCR cycles. Previous studies have indicated 35 cycles of PCR
as suitable for amplification of cDNA for a host of inflammatory factors
expressed in activated microglia (Choi et al., 2007; Ryu and McLarnon,
2008).

RT-PCR in peptide-injected rat hippocampus. Anesthetized animals
were killed by decapitation at 1, 3, and 7 d after peptide injection. The
control animals were killed at 7 d after PBS or reverse peptide A�42–1

injection. Brains were removed and hippocampal tissues were freshly
dissected onto cold metal tissue matrices (Harvard Apparatus) and
quickly frozen in liquid nitrogen. RT-PCR was performed using rat Flt-1
and �-actin primers as described previously (Ryu and McLarnon, 2008).
The sequences and expected product sizes of the PCR primers are shown
in the supplemental text.

Western blot analysis of rat brain. Detailed procedures for use of West-
ern blot analysis (Ryu et al., 2006) are contained in supplemental text.

Study of APP23 transgenic AD mice
Experiments were performed using APP23 transgenic mice (Sturchler-
Pierrat et al., 1997). These animals carry the human APP751 cDNA with
the Swedish double mutation under control of the murine Thy-1.2 pro-
moter. APP23 animals were 9 months of age. Littermates of APP23 mice
carrying no human Swedish mutant APP751 cDNA were used as wild-
type (WT) controls. These studies measured Flt-1 and VEGF expression
in APP23 and WT mice. Preparation of sections followed the same pro-
tocols as for rat brain sections. Free-floating sections were processed for
double-immunofluorescence staining for Flt-1/A� and VEGF/A�.

Preparation and administration of compounds
�-Amyloid peptide. Fibrillar A�1– 42 and reverse peptide A�1– 42 (Califor-
nia Peptides) were first dissolved in 35% acetonitrile (Sigma) and further
diluted to 500 �M with incremental additions of PBS with vortexing. The
peptide solution was subsequently incubated at 37°C for 18 h to promote
fibrilization and aggregation and stored at �20°C (Lue et al., 2001; Fran-
ciosi et al., 2006). We also performed immunohistochemical staining
(Thioflavin-S staining and A� immunostaining) to examine the aggre-
gation state of A� peptide in vivo. The results show that aggregated A�
peptide was labeled with Thioflavin-S and A� antibody at 7 d after injec-
tion (supplemental Fig. 2, available at www.jneurosci.org as supplemen-
tal material).

Anti-Flt-1 antibody. For the inhibition of Flt-1, the neutralizing mono-
clonal antibody against Flt-1 (R&D Systems) was coadministered at 10
�g with peptides into CA1 layer. Control animals were injected with
control antibody rat IgG. The dose and treatment protocol for anti-Flt-1
Ab in this study have been previously reported to be effective in inhibi-
tion of Flt-1-mediated cellular responses (Feistritzer et al., 2004; Ambati
et al., 2006).

Functional chemotaxis assays
In vivo chemotaxis assay of rat microglia. An EGFP-lentivirus construct
was generated by transfecting HEK 293T cells with three plasmids: the
transfer plasmid pHR’-CMV-EGFP, the packaging plasmid PR8 –2, and
the envelop plasmid PVSVG, as described previously (Skarsgard et al.,
2005). Lentiviral particles containing media were collected over 4 d and
centrifuged at 27,500 rpm for 3 h to concentrate. A titer of 6.36 � 10 8

transducing units (TU)/ml was assayed by measuring serial dilutions of
the concentrated virus on primary rat cultured cells. Lentiviral vectors
were used to infect primary fetal microglia cultures.

Rat cultured microglia were prepared from embryonic day 14 Sprague
Dawley rats, as described previously (Yang et al., 2006). Three days after
lentiviral infection (with threefold higher titers of lentivirus than the
seeded microglial cell density), immunostaining of EGFP-labeled micro-
glia were performed with a mixture of primary antibodies: anti-Iba-1
(1:1000; Wako) and anti-EGFP, (1:200; Invitrogen). Cells were then in-
cubated with appropriate Alexa-labeled secondary antibodies (Invitro-
gen), followed by DAPI staining.

Rat microglial cultures, prelabeled with EGFP transfection, were incu-
bated with anti-Flt-1 Ab or control Ab (10 �g, R&D Systems) for 30 min
before transplantation. Cells (2 �l, 1 � 10 5 cells per �l) were trans-
planted (at 0.5 �l/min) under anesthesia (Ryu et al., 2004), 3 d after
A�1– 42 injection (2 nmol, CA1) into the medial corpus callosum at the
following coordinates (AP, �3.3; ML, 0.0; DV, �2.8). Animals were
perfused at 7 d after cell transplantation and double immunohistochem-
ical procedures were performed as follows. Sections were incubated with
primary Ab: anti-EGFP (1:500, Invitrogen) or anti-EGFP in combination
with anti-VEGF (1:200, Santa Cruz Biotechnology) or anti-Flt-1 (1:200,
Santa Cruz Biotechnology).

In vitro chemotaxis assay of human microglia. The migration of human
microglia in vitro was determined using Transwell inserts (pore size, 8
�m, BD Biosciences Discovery) and 24-well culture plates (Corning
Costar) as previously described (Aarum et al., 2003). Cell-free condi-
tioned medium was collected from microglial cultures stimulated with
PBS, A�1– 42 (5 �M), or A�42–1 (5 �M) for 24 h and placed in a lower
chamber. Human microglia were placed in an upper chamber in serum-
free medium and treated (1 h at 37°C) with anti-Flt-1 neutralizing anti-
body or control IgG (10 �g/ml, R&D Systems). The transwell plates were
incubated for 24 h at 37°C. Human microglial migration was quantified
by counting the number of cells that migrated through the membrane to
the lower chamber using an inverted bright-field microscope (five fields/
each well).

Statistical analysis. Results are presented as mean � SEM. The statis-
tical analysis was performed using a one-way ANOVA, followed by the
Student–Newman–Keuls multiple comparison test or Student’s t test
(GraphPad Prism 3.0; Graph Pad) with the significance level set at p �
0.05.

Results
Expression of Flt-1 and VEGF in microglia and brain tissue
from ND and AD individuals
An initial aspect of this work was the characterization of expres-
sions of Flt-1, and its ligand VEGF, in microglia and in brain
sections obtained from ND and AD individuals. Human micro-
glia obtained from ND and AD tissues were initially analyzed for
levels of Flt-1 and VEGF. Representative RT-PCR showed little or
no expression of either receptor or ligand in human ND micro-
glia (Fig. 1A), however, AD microglia demonstrated markedly
increased levels of both factors. Semiquantification of data are
shown in Figure 1A. In total (n � 8 ND cases, n � 6 AD cases),
Flt-1 was increased 3.2-fold and VEGF was increased 8.2-fold in
AD, compared with ND, human microglia.

We next examined effects of A�1– 42 stimulation of human ND
microglia. As shown in Figure 1B, low levels of Flt-1 and VEGF
were evident in PBS control with a marked increase for both
ligand and receptor induced by peptide stimulation (5 �M for
8 h). Semiquantitative analysis is presented in Figure 1B with
overall (n � 4 independent samples/group) mRNA levels in-
creased by 3.3-fold (for Flt-1) and by 9-fold (for VEGF) with
peptide, compared with control, treatment.

Immunohistochemical staining of Flt-1 and VEGF with
microglia in ND and AD brain
We next investigated for association between the VEGF receptor
and VEGF itself with microgliosis in ND and AD sections. Rep-
resentative immunohistochemical staining showed minimal lev-
els of either Flt-1 (Fig. 1C) or VEGF (Fig. 1D) in ND sections.
However, both receptor (Fig. 1C) and ligand (Fig. 1D) were
highly expressed in AD brain sections.

Representative double staining for HLA-DR(�) microglia
with Flt-1 and VEGF are presented (Fig. 1C,D, respectively), for
ND and AD tissue. Both Flt-1 and VEGF showed little merged
staining with microglia in ND sections. However, AD brain tissue
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demonstrated marked levels of association of Flt-1/HLA-DR
(Fig. 1C) and VEGF/HLA-DR (Fig. 1D).

Single-staining analysis was used to quantify levels of Flt-1 and
VEGF and double staining to quantify association of these factors
with microglia (n � 6 ND cases, 7 AD cases). The area density of

Flt-1 ir was significantly increased by 6.4-fold in AD, relative to
ND, tissue (Fig. 1C, lower left graph). A similar magnitude of
increase (by 5.6-fold) was measured for the number of microglia
expressing Flt-1 (Fig. 1C, lower right graph) in AD versus ND
tissue. The area density of VEGF was increased eightfold in AD,

Figure 1. Expression of Flt-1 and VEGF in human ND/AD microglia and in ND/AD tissue. A, Typical RT-PCR for Flt-1 and VEGF expressions in microglia obtained from ND and AD brain tissue. The
bar graphs show semiquantitative results for relative levels of mRNA for Flt-1 and VEGF from 8 ND and 6 AD individuals. *p � 0.05. B, Representative expressions of Flt-1 and VEGF in human ND
microglia treated with PBS or A�1– 42 (5 �M for 8 h). The bar graph presents overall semiquantitative results for the two factors (n � 4 independent samples/group) *p � 0.05. C, Marker
immunoreactivities (ir) from ND tissue and AD tissue showing representative single staining for Flt-1 and double staining of Flt-1/HLA-DR. Areas of merged double staining are yellow. Scale bar: 150
�m (left panels) and 50 �m (right panels). Overall ir (n � 6 cases from ND, 7 cases from AD) for Flt-1 and numbers of Flt-1(�) microglia. D, Representative results showing single staining for VEGF
and double staining for VEGF/HLA-DR in ND and AD tissue. Scale bar: 150 �m (left panels) and 50 �m (right panels). Quantification (n � 6 cases from ND, 7 cases from AD) of VEGF ir and numbers
of VEGF(�) microglia. *p � 0.05.
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compared with ND, brain tissue (Fig. 1D, lower left graph). The
corresponding increase in the number of microglia associated
with VEGF was 6.2-fold in AD versus ND sections (Fig. 1D, lower
right graph).

Double staining of Flt-1 and VEGF with �-amyloid in AD
brain tissue
A relevant question was the possible association of Flt-1 and
VEGF with peptide deposition. This point was addressed using
immunohistochemical staining to determine localization of re-
ceptor and ligand with A� in AD brain sections. Representative
staining patterns for Flt-1 (upper left panel), VEGF (lower left
panel), and A� (middle panels) in AD tissue are presented in
Figure 2. The corresponding double-staining immunoreactivities
for Flt-1/A� and VEGF/A� are also shown in Figure 2 (right
panels). Although quantification of double staining was not
done, clearly defined areas of Flt-1 and VEGF ir colocalized to
peptide were evident. The patterns of staining also showed re-
gions of Flt-1 and VEGF ir which were not associated with pep-
tide deposits.

Expression of Flt-1 and VEGF in transgenic APP23 mice
The findings of association between Flt-1 and VEGF with A�
deposits in human AD tissue sections (Fig. 2) led us to investigate
expression of these factors in APP transgenic mice. These exper-
iments used cortical tissue from transgenic APP23 mice and WT
controls (see Materials and Methods). Double immunohisto-
chemical staining was performed on Flt-1 and VEGF with pep-
tide. Representative patterns of double staining are presented in
Figure 3A for Flt-1/A� and in Figure 3B for VEGF/A� for WT
controls (upper panels) and APP23 mice (lower panels). The
staining results indicate enhanced expression of both Flt-1 and
VEGF in transgenic animals compared with the WT mice. The
double-staining panels show representative examples of Flt-1 and

VEGF ir in proximity to A� deposits in the
cortex of APP23 mice compared with WT
controls. Although we did not quantify ex-
tents of changes in expression of Flt-1 and
VEGF, or their association with A�, be-
tween transgenic and WT animals, the pat-
terns of marker ir were consistent with re-
sults obtained from analysis of human
tissue.

Time dependency of Flt-1 expression
in vivo
We initially used RT-PCR to determine
time-dependent changes in VEGF
receptor-1 (Flt-1) expression following in-
trahippocampal injection of A�1– 42. Rep-
resentative results indicated controls (7 d
injections with PBS or A�42–1) to exhibit
minimal levels of the VEGF receptor-1
(Fig. 4A). However, A�1– 42 injection was
associated with elevated Flt-1, relative to
controls, at 1 and 3 d after peptide with a
further increase at a duration of 7 d. Semi-
quantitative RT-PCR is presented in the
bar graph of Figure 4A (n � 5 animals/
group). Expression of Flt-1 was signifi-
cantly higher (by 3-fold at 1 d and 2.6-fold
at 3 d) for peptide versus PBS control (7 d)
injections. The corresponding increase for

the longest duration of A�1– 42 injection (7 d) was a 4.5-fold
increase in Flt-1 with peptide compared with PBS.

We also performed Western blot analysis to determine levels
of Flt-1 protein following peptide injection (at 1, 3, and 7 d).
Representative immunoblots are presented for Flt-1 in Figure 4B
with data quantification shown in the accompanying bar graph.
Levels of protein production in A�1– 42-injected hippocampus
(n � 4 animals/group) were significantly increased by 46% rela-
tive to control PBS injection (7 d after injection).

We also used immunohistochemical staining to examine
changes in Flt-1 with duration of peptide injection (1–7 d). Rep-
resentative staining for controls (7 d injections of either PBS or
A�42–1) demonstrated little or no immunoreactivity (ir) for Flt-1
(Fig. 4C). However, A�1– 42 injection caused a progressive time-
dependent increase in numbers of Flt-1(�) cells (Fig. 4C). Over-
all (n � 6 animals/group), significant increases in Flt-1 were de-
termined at 1, 3, and 7 d after peptide injections (by 4-fold, 12-
fold, and 30-fold, respectively, relative to PBS 7 d injection) (Fig.
4C, lower right bar graph). These results are consistent with RT-
PCR data with the exception that immunostaining analysis
showed progressive increases in Flt-1 at early times after peptide
injection.

Cell-dependent expression of Flt-1
We next used double staining to examine the specific cells ex-
pressing Flt-1. These experiments were performed at a single time
point of 7 d after A�1– 42 injection and used GFAP and OX-42 as
respective cell-specific markers for astrocytes and microglia. The
results (Fig. 5A, left panels) showed low levels of GFAP/Flt-1
double staining in PBS control with an elevated astrocyte expres-
sion of Flt-1 marker in peptide-injected brain. Low levels of
merged OX-42/Flt-1 staining were evident in PBS control (Fig.
5A, upper right panel). However, peptide-injected hippocampus
demonstrated a considerable proportion of microglia in associa-

Figure 2. Association of Flt-1 and VEGF with �-amyloid peptide in AD tissue. The upper panels show representative images of
Flt-1 and A� ir (left and middle panels) and merged staining of Flt-1/A� (right panel) in AD brain tissue. The lower panels show
representative results for staining of VEGF with A�. Scale bar: 50 �m.
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tion with Flt-1 (Fig. 5A, lower right panel).
Quantification of data are presented in the
right bar graph of Figure 5B (n � 6 ani-
mals/group). Relatively low values of Flt-1
associated GFAP(�) astrocytes or OX-
42(�) microglia were evident in PBS con-
trol. However, following A�1–42 injection
GFAP/Flt-1 ir was increased by 6.2-fold and
OX-42/Flt-1 ir was increased by 15.5-fold,
relative to controls. Both increases were sig-
nificant, however, association of Flt-1 was
significantly higher with microglia com-
pared with astrocytes.

Effects of anti-Flt-1 Ab on microglial
responses and neuronal viability
The findings of marked increases of Flt-1 lev-
els induced by peptide injection prompted
investigation on the effects of receptor mod-
ulation on microgliosis and neuronal viabil-
ity. These experiments used an anti-Flt-1
neutralizing antibody (anti-Flt-1 Ab) in con-
junction with Iba-1 (microglial marker) and
NeuN (neuronal marker) in A�1–42-injected
(7 d) rat brain. Nonimmune rat IgG Ab was
used as an antibody control in peptide-
injected brain.

Representative microglial ir for the dif-
ferent treatments are presented in Figure
6A. Relatively low levels of Iba-1 staining
(Fig. 6A, upper panels) were observed in
controls (7 d injections of PBS or A�42–1).
However, the A�1– 42-injected hippocam-
pus demonstrated a diffuse and high level
of Iba-1 staining which was reduced in the
presence of anti-Flt-1 Ab with peptide
(Fig. 6A, lower panels). Overall (n � 6 an-
imals/group), the number of Iba-1(�) mi-
croglia was increased fivefold in A�1– 42,
compared with PBS-injected animals (Fig.
6B). Treatment with anti-Flt-1 Ab signifi-
cantly reduced microgliosis (by 26%)
compared with A�1– 42 injection alone.

Representative NeuN ir indicated an intact layer of CA1 pyrami-
dal neurons in controls (PBS or A�42–1) (Fig. 6C, top panels). The
number of NeuN(�) cells was markedly diminished following
A�1–42 injection (Fig. 6C, lower left panel). However, if anti-Flt-1 Ab
treatment was applied to peptide-injected animals, numbers of
NeuN(�) neurons were increased (Fig. 6C, bottom right panel).
Overall (n � 6 animals/group), the number of hippocampal neu-
rons was reduced by 37% with A�1–42, compared with PBS injection
(Fig. 6D). Application of anti-Flt-1 Ab was effective in conferring
neuroprotection whereby numbers of neurons were significantly in-
creased (by 23%) compared with control Ab injection.

Microglial chemotactic responses in vitro
The upregulation of Flt-1 in the peptide-injected hippocampus (Fig.
4C) and association with OX-42(�) cells (Fig. 5A,B) could reflect
chemotactic responses of microglia. Experiments were designed to
examine this possibility in vitro and in vivo. A schematic diagram
(Fig. 7A) indicates the method used to measure in vitro migration of
human microglia. Microglial cells were initially subjected to 24 h
exposure for the following treatments; PBS, A�1–42, and reverse pep-

tide A�42–1. Supernatants from the treated microglia were then ap-
plied to a transwell chamber (lower chamber) for the measurement
of migration. Microglia in the upper chamber were preincubated
with control Ab or with anti-Flt-1 Ab (10 �g/ml for 1 h), before the
chemotactic assay. The bar graph in Figure 7B summarizes the re-
sults from n � 5 experiments. Microglial chemotaxis increased 4.6-
fold with A�1–42 treatment, relative to PBS control. Inclusion of
anti-Flt-1 Ab with A�1–42 peptide, significantly diminished micro-
glial mobility by 37% compared with the application of peptide
alone. Numbers of migrating microglia were similar for controls and
for anti-Flt-1 Ab applied alone.

Microglial chemotactic responses in vivo
To examine chemotactic responses in vivo, we used the proce-
dures schematically diagrammed in Figure 8A (top panel). Mi-
croglia were first isolated from rat brain and then infected with a
lentivirus-expressing EGFP. Figure 8A (bottom panels) shows
representative in vitro double staining (EGFP and Iba-1) for the
cells before injection; colocalization of EGFP with the microglial
marker Iba-1 was evident for all cells examined. The EGFP-

Figure 3. Staining of Flt-1, VEGF, and A� in wild-type (WT) and transgenic mice. A, The upper panels show typical Flt-1 and A�
ir and merged staining in WT mice. The lower panels present representative staining for the markers in transgenic APP23 animals.
Scale bar is for 50 �m. B, Upper panels show representative patterns of staining for VEGF, A�, and merging of the two factors in
WT mice. The lower panels present staining for the same markers in APP23 mice. Scale bar represents 50 �m.
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microglia were incubated with control or anti-Flt-1 Ab (10 �g/ml
for 30 min) and then stereotaxically injected into peptide-
injected rat brain (at 3 d after peptide injection) at the location
shown (Fig. 8A, asterisk). Three areas were designated for the

counting of EGFP-microglia (labeled 1–3
in Fig. 8A), at sites between injected
EGFP-microglia and peptide.

The number of EGFP(�) microglia in
the different areas were measured in three
groups of animals; A�1– 42 plus microglia
incubated with control Ab; A�1– 42 plus
microglia incubated with anti-Flt-1 Ab or
reverse peptide A�42–1 plus microglia in-
cubated with control Ab. Animals receiv-
ing reverse peptide injection (Fig. 8B,
top panels) showed high levels of EGFP-
microglia in area 1 adjacent to transplan-
tation site but minimal migration of cells
to area 2 or 3 nearer to peptide. Represen-
tative immunostaining showed a different
pattern of chemotaxis with A�1– 42 injec-
tion (Fig. 8B, middle panels) whereby
considerable levels of EGFP(�) microglia
were evident in both areas 2 and 3. Ani-
mals receiving anti-Flt-1 Ab with peptide
(Fig. 8B, bottom panels) exhibited similar
levels of EGFP ir in area 1 as for the other
treatments. However, anti-Flt-1 Ab was ef-
fective in decreasing numbers of migrating
microglia in areas more proximal to pep-
tide, compared with animals receiving con-
trol antibody treatment.

The quantification for in vivo chemo-
taxis of EGFP(�) microglia is presented in
Figure 8C. Overall (n � 6 animals/group),
no differences in numbers of EGFP(�)
microglia were measured in area 1 for the
different treatments. In area 2, anti-Flt-1
Ab treatment significantly reduced the
number of EGFP(�) cells (by 57%) rela-
tive to peptide-injection. The correspond-
ing decrease in area 3 was 87%, represent-
ing a significant reduction by anti-Flt-1 Ab
in the migration of EGFP-labeled micro-
glia induced by peptide stimulation.

Double immunostaining of the EGFP-
microglia-injected hippocampus was also
examined to determine association between
injected cells and markers for Flt-1 and
VEGF. Representative double staining for
EGFP(�) microglia and Flt-1 are shown in
the left panels of Figure 8D, with merged
staining indicating considerable regions of
overlap of the markers. Similarly, the associ-
ation of VEGF with EGFP(�) microglia was
also demonstrated (Fig. 8D, right panels).

Discussion
Chronic inflammation is integral to AD
pathology, however, specific mechanisms
underlying inflammatory responses are
not well understood (Mrak and Griffin,
2007). A critical and early component of
inflammatory response is an increased mi-

croglial mobility and chemotactic activity to A� peptide deposi-
tion in AD brain. Our results suggest that the VEGF receptor
subtype Flt-1 serves as a microglial chemotactic receptor to mo-

Figure 4. Time dependency of Flt-1 expression and production in A�1– 42-injected rat hippocampus. A, Representative Flt-1
mRNA expression following hippocampal injections with controls [PBS and A�42–1 (7 d)] and A�1– 42 (1, 3, and 7 d). �-actin was
used as a reaction standard. The bar graph shows semiquantitative RT-PCR results for relative levels of Flt-1 mRNA expression
(n � 5 animals/group). B, Western blot analysis for time-dependent changes (1, 3, and 7 d) in levels of Flt-1 after A�1– 42

injection, PBS control was for 7 d; �-actin was used as a reaction standard. Quantification of data for PBS and peptide treatments
(n � 4 animals/group). *p � 0.05 versus PBS. C, Representative Flt-1 immunoreactivity following hippocampal injection with
PBS (7 d), reverse peptide A�42–1 (7 d), and A�1– 42 (1, 3, and 7 d). Scale bar: 50 �m. The bar graph shows number of Flt-1(�)
cells for PBS and A�42–1 controls (7 d) and the time dependence of Flt-1 expression for the different times of peptide injections
(n � 6 animals/group). *p � 0.05 versus PBS.

Figure 5. Flt-1 double staining with microglia and astrocytes. A, Upper panels show representative Flt-1 double staining with
astrocytes (GFAP marker) and microglia (OX-42 marker) following 7 d injection of PBS. The lower panels are corresponding
double-staining images at 7 d after injection of A�1– 42. Scale bar: 30 �m. B, Quantification of number of Flt-1(�) astrocytes and
microglia in PBS and peptide-injected brain (n � 6 animals/group). *p � 0.05 versus PBS; #comparison of OX-42 versus GFAP
marker.
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bilize these immune cells in proximity to
peptide deposits yielding localized and
amplified inflammatory microenviron-
ments in AD brain. Importantly, such mi-
croenvironments may be neurotoxic since
we provide evidence that Flt-1-dependent
mobilization of microglia is associated
with neurodegeneration.

The conclusions stated above are sup-
ported by the findings that Flt-1 are up-
regulated under three independent exper-
imental conditions; in AD cortical brain
tissue, following intrahippocampal injec-
tion of A�1– 42 in rat brain and after pep-
tide stimulation of human microglia. This
work has directly demonstrated involve-
ment of Flt-1 in mediating microglial che-
motactic responses in vivo and in vitro, in
response to peptide stimulation. Impor-
tantly, anti-Flt-1 Ab was found effective in
inhibiting mobility of EGFP-labeled mi-
croglia induced by A�1– 42 injection into
rat hippocampus and attenuating mobility
of cultured microglia responding to a
transwell insert of peptide. Previous work,
using the murine microglial cell line (BV-
2), has reported increased cell migration in
response to VEGF (Forstreuter et al.,
2002). Since VEGF is also a potent factor
for induction of neovasculature, the
present data also suggest microglial che-
mokine activity may be associated with
vascular remodeling in AD brain, a point
discussed below.

An important finding was that micro-
glia obtained from AD brain samples ex-
hibited significantly higher expressions
and levels of Flt-1 and ligand VEGF rela-
tive to ND brain tissue. Double staining
showed little or no localization of either
Flt-1 or VEGF with HLA-DR(�) micro-
glia in ND sections. A very different result
was obtained in AD brain tissue where
considerable Flt-1 and VEGF ir was asso-
ciated with microglia. These data could in-
dicate that in AD, enhanced Flt-1 and
VEGF expression contributes to microglial
autocrine and paracrine processes. Thus,
�-amyloid peptide not only induces che-
motaxis in AD brain but also acts to am-
plify responses resulting in microgliosis.

Our results also demonstrate consider-
able extents of Flt-1 and VEGF ir colocalized with peptide. Since
both factors are associated with microglia (Fig. 1), these data
imply clusters of mobile microglial cells in proximity to peptide
deposits. The patterns of Flt-1 staining in both AD tissue (Fig. 2)
and APP23 transgenic mice (Fig. 3) showed evidence for areas of
Flt-1 ir coincident with A� peptide deposits in addition to regions
with no association between the two markers. It was noteworthy
that Flt-1 ir away from deposits appeared discrete, whereas Flt-1
ir in association with plaques exhibited diffuse patterns of stain-
ing. This finding was observed in both AD tissue and in trans-
genic animals. One possible interpretation of these immuno-

staining data are that a diffuse Flt-1 ir colocalized with A� is
indicating the accumulation of numbers of microglial cells
nearby peptide. In this case the diffuse Flt-1 ir could represent the
endpoint of microglial chemotactic responses initiated by depos-
its of amyloid-� peptide. This explanation would be consistent
with the expression and activation of Flt-1 in microglia serving as
a mechanism to induce cellular mobility and mobilize and accu-
mulate microglia in the vicinity of plaques. Although speculative
at present, Flt-1-mediated microglial reactivity and inflamma-
tory responses could then be linked with, and modulated by, the
extents of amyloid deposits in AD brain.

Figure 6. Effects of anti-Flt-1 antibody on Iba-1 (microglial marker) and NeuN expression in vivo. A, Representative Iba-1
immunoreactivity (ir) following 7 d intrahippocampal injection for the following: PBS, A�42–1, A�1– 42 plus control Ab and
A�1– 42 plus anti-Flt-1 Ab. Scale bar: 50 �m. B, Numbers of Iba-1(�) microglia for the different injections (n � 6 animals/
group). *p � 0.05 for comparison of PBS versus A�1– 42 and # for comparison of A�1– 42 plus control Ab versus A�1– 42 plus
anti-Flt-1 Ab. C, Representative NeuN ir with 7 d injections for PBS, A�42–1, A�1– 42 plus control Ab, and A�1– 42 plus anti-Flt-1
Ab. Scale bar: 50 �m. D, Numbers of NeuN cells for the different injections (n � 6 animals/group). *p � 0.05 for PBS versus
A�1– 42; #p � 0.05 for A�1– 42 versus A�1– 42 plus anti-Flt-1 Ab.

Figure 7. Migration of human microglia, in vitro. A, Schematic diagram for the treatment of microglia with PBS, A�1– 42, or
A�42–1 and supernatant application, in the absence and presence of anti-Flt-1 Ab, in the transwell microglial migration assay. B,
The bar graph shows the number of migrating microglia with the different treatments and the effects of anti-Flt-1 Ab on migration
(n � 5 samples/group). *p � 0.05 for peptide versus PBS treatment; #p � 0.05 for effects of anti-Flt-1 Ab on migration with
peptide application.
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In vivo, intrahippocampal injection of A�1– 42 caused a time-
dependent (1–7 d) increase in expression of Flt-1 as measured
using RT-PCR, Western blots, or immunohistochemical staining
(Fig. 4). Double-staining analysis demonstrated a predominant
association of Flt-1 with microglia, however, a smaller extent of
Flt-1 localization to astrocytes was also evident. At 7 d after pep-
tide injection, significant increases of microgliosis and neuronal
damage were measured relative to controls (injection of PBS or
reverse peptide, A�42–1). A novel finding was that the inclusion of
anti-Flt-1 Ab with peptide, inhibited microgliosis and conferred
partial neuroprotection. These results suggest blocking peptide-
induced microglial migration as a rationale strategy to attenuate
neuronal damage in AD brain.

To examine functional roles of Flt-1 in vivo, EGFP-labeled mi-
croglia were transplanted into rat hippocampus previously injected
with A�1–42 or reverse peptide. Three areas, differentially located

between sites of microglial transplantation and peptide injection,
were used to quantify microglial mobility. In the presence of reverse
peptide, no net migration of EGFP-microglia away from the trans-
plantation site was evident. However, with A�1–42 as a chemotactic
stimulus, microglia exhibited increased mobility into parenchymal
areas directed toward the peptide-injection site. Treatment of
peptide-injected brain with anti-Flt-1 Ab was highly effective in re-
ducing the numbers of migrating EGFP-microglia in regions 2 and 3
between sites of microglial transplantation and peptide injection.
Double-staining analysis showed considerable extents in overlaps of
EGFP microglial marker with both Flt-1 and VEGF.

Anti-Flt-1 Ab was also effective in inhibiting the migration of
human microglia in vitro, where supernatants (conditioned me-
dium) from cells exposed to PBS, A�1– 42, and A�42–1 were used as
stimulants. Under control conditions, neither PBS nor reverse
peptide were effective in the induction of microglial mobility.

Figure 8. Chemotactic responses of EGFP-labeled microglia, in vivo. A, Upper panel, Schematic diagram showing in vivo locations of EGFP-labeled microglial transplantation (*) and A�1– 42 or
reverse peptide injection (red circle). The three areas chosen for the analysis of EGFP cell migration are shown (refer to text). Lower panels show representative double staining for EGFP and for Iba-1,
and merged staining for both markers. Scale bar: 20 �m. B, Representative EGFP microglial staining in the three areas for: A�42–1 plus microglia incubated with control Ab, A�1– 42 plus microglia
incubated with control Ab, and A�1– 42 plus microglia incubated with anti-Flt-1 Ab. Scale bar: 50 �m. C, The bar graph shows the numbers of EGFP-labeled microglia in areas 1–3, for the three
protocols (n � 6 animals/group). *p � 0.05 for the effects of anti-Flt-1 Ab on microglial chemotaxis in peptide-injected hippocampus. D, Representative single and double staining for EGFP/Flt-1
and for EGFP/VEGF. Scale bar: 20 �m.
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With A�1– 42 as a stimulus, a markedly increased migration was
evident (by fourfold) relative to PBS; this enhanced migration
was reduced with inclusion of anti-Flt-1 Ab treatment with pep-
tide. However, anti-Flt-1 Ab was only partially effective in the
inhibition of microglial chemotactic response. This latter result
could reflect that under the experimental conditions of this assay,
factors in the conditioned medium, other than VEGF, could also
contribute to the increased mobility of microglia. Future studies
using Flt-1 knock-out transgenic mice could have utility in char-
acterizing functional roles of this chemotactic receptor in AD
brain. However, interpretation of results could be confounded by
the possibility that Flt-1 knock-out animals could exhibit deficits in
developmental and other functional responses (Fong et al., 1995).

The possibility that accumulation of peptide could serve as
foci for the induction of microglial-mediated inflammatory para-
crine responses involving VEGF is an important consideration in
the pathology of AD. Previous work has reported increased intra-
thecal levels of VEGF in AD, relative to non-AD, individuals
(Tarkowski et al., 2002). This study also reported elevated VEGF
was correlated with clinical severity of disease. Since VEGF is a
highly potent vascular mediator, our results suggest the possibil-
ity of vascular remodeling near sites of microgliosis, elevated
VEGF and peptide deposits. It has been pointed out that vascular
angiogenic factors are elevated in AD pathology (Vagnucci and
Li, 2003; Pogue and Lukiw, 2004), however, despite this finding
there is little evidence for formation of new blood vessels in AD
diagnosed individuals. Instead, vasculature in AD brain exhibits
considerable morphological abnormalities and increased perme-
ability and leakage of BBB (Prat et al., 2001; Fiala et al., 2002; Park
et al., 2005; Zlokovic, 2005; Zipser et al., 2007). Our results could
help account for this discrepancy. The lack of neovascularization
in AD brain, despite elevated levels of angiogenic inducers, may
be explained by a progressive and concomitant increase in an
inflammatory environment causing newly formed blood vessels
to degenerate.

Deposition of amyloid � peptide is a critical stimulus for in-
flammation in AD brain (Combs et al., 2001; Lue et al., 2001). We
postulate that peptide deposits act as foci for assimilating clusters
of mobile activated microglia and serving as sites for vascular
remodeling in sustaining inflammatory environments. Micro-
glial Flt-1 and VEGF are suggested as primary, but clearly not as
sole, factors in maintaining chronic inflammatory responses
dealing with removal of unwanted peptide. Although intrahip-
pocampal peptide injection represents an acute insult, the proce-
dure exacerbates inflammatory responses and likely compresses
inflammation in this animal model into a much shorter time-
frame (days) compared with the slow progression of inflamma-
tion (years) evident in AD brain. This point is testable in future
studies using transgenic mouse models of AD where it is predicted
that aged animals (months) will exhibit Flt-1 and VEGF microglial-
dependent chemotactic processes with anti-Flt-1 Ab effective in in-
hibiting microgliosis and conferring neuroprotection.
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