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Abstract. Alzheimer’s disease (AD) is characterized by the accumulation of extracellular

amyloid-�  (A�) fibrils with microglia. Recently, there has been great interest in the microglial

phagocytosis of A� , because the microglial pathway is considered to be one of the A�  clearance

pathways in the brain parenchyma. However, the mechanism of microglial phagocytosis of A�

is not fully understood and, thus, was investigated in this study. At one minute after exposure to

A�(1 – 42) (A�42), A�  immunoreactivity was detected at the cell surface of microglia. After

1 h, marked immunoreactivity was observed in the cytosolic vesicles. At 12 h, delayed phago-

cytosis of fibrillar A�42 was also observed with the formation of a large phagocytic cup. The

microglial cell shape rapidly changed to an ameboid form during the process of phagocytosis.

Although neither neural Wiskott-Aldrich syndrome protein (N-WASP) nor WASP interacting

SH3 protein (WISH) immunoreactivity was co-localized with filamentous actin (F-actin) distri-

bution, both WASP family verprolin-homologous protein (WAVE) and Rac1 immunoreactivity

was co-localized with F-actin in the lamellipodia of phogocytic microglia. These results suggest

that WAVE and Rac1 participate in the phagocytosis of A�42 by microglia.

Keywords: Wiskott-Aldrich syndrome protein family verprolin-homologous protein (WAVE), 

Rac1, amyloid-�(1 – 42), microglial phagocytosis, Alzheimer’s disease

Introduction

One of the pathological characteristics of Alzheimer’s

disease (AD) is the formation of extracellular senile

plaques associated with activated microglia (1 – 3).

Epidemiological studies have shown that a reduction

in AD prevalence occurs among users of non-steroidal

anti-inflammatory drugs (NSAIDs) (4). Microglial acti-

vation has also been found to be intimately involved in

inflammatory responses in AD brains (3). However, the

pathogenesis of microglial activation in this disease

has not been clarified. Conversely, it has been reported

that glial cells support neuronal function and that micro-

glial activation also induces the production of neuro-

trophic factors (5). In the brains of double transgenic

mice carrying both mutant presenilin-1 and A�  pre-

cursor protein transgenes (PS /APP mouse), high levels

of amyloid-�  (A� ) peptides were produced and reactive

microglia accumulated around the A�  deposits (6).

However, global neuronal loss was not detected (7). In

addition, a nitric oxide-releasing NSAID, NCX-2216,

dramatically reduced A�  deposits with an increase in

activated microglia in PS /APP mice (8). Based on these

observations, it is likely that microglial activation does

not directly cause the exacerbation of neurodegenera-

tion, but it appears that microglia act as sensors of

pathological events in the brain (9).

There have been controversial reports that microglia
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drive plaque formation (10, 11) and that microglia

phagocytose A�  peptides (12 – 14). Recent studies

have suggested that antibodies to A� , produced by A�

immunotherapy (15), induce microglial phagocytosis

(16), and /or sequester plasma A�  peptides (17). Trans-

forming growth factor �1 (TGF-�1), produced by astro-

cytes, may participate in microglial A�  clearance (18).

We recently reported that extracellular A�(1 – 42)

peptide (A�42), rather than A� (1 – 40), was markedly

phagocytosed by rat microglia after exposure. Maximal

phagocytosis of A�42 occurred at 12 h after exposure

and then gradually decreased, as assessed by immuno-

blot analysis using anti-A�  antibody (19, 20). In addi-

tion, insulin or pepstatin A, but not phosphoramidon

(neprilysin inhibitor), suppressed the decrease in A�42

levels in microglia after 72 h. This suggests that phago-

cytosed A�42 is degraded by an insulin-degrading

enzyme (IDE)-like peptidase and /or cathepsin D-like

aspartic proteinase in rat microglia (20). However, the

mechanism of microglial phagocytosis of A�  peptides

has not been elucidated.

It has been reported that morphogenesis, cell move-

ment, and phagocytosis are driven by dynamic reorgani-

zation of the actin cytoskeleton (21, 22). Small GTPases

in the Ras-homologous (Rho) family, such as cell-

division cycle 42 protein (Cdc42) and Ras-related C3

botulinum toxin substrate 1 (Rac1), were shown to

induce filopodium and lamellipodium formation (23).

Recently, the neural Wiskott-Aldrich syndrome protein

(N-WASP) and WASP family verprolin-homologous

protein (WAVE) have been identified as key molecules

participating specifically in filopodium and lamellipo-

dium formation through Cdc42 and Rac1, respectively

(24 – 26). In addition, N-WASP-induced formation of

filopodia was facilitated by WASP interacting SH3

protein (WISH) in a Cdc42-independent manner (27). In

the present study, we examined changes in the distri-

bution of filamentous actin (F-actin), WAVE, Rac1, N-

WASP, WISH, and Cdc42, during the process of micro-

glial phagocytosis of A�42.

Materials and Methods

Materials

The hydrochloride (HCl) form of A�42, rhodamine-

conjugated phalloidin and cytochalasin D were pur-

chased from AnaSpec (San Jose, CA, USA), Molecular

Probes (Eugene, OR, USA) and Sigma (St. Louis, MO,

USA), respectively. Antibodies against N-WASP and

WISH were prepared as described previously (27, 28).

Other primary antibodies included rabbit polyclonal

anti-WAVE antibody (Santa Cruz Biotechnology, Santa

Cruz, CA, USA) and mouse monoclonal antibodies to

A�  (Chemicon, Temecula, CA, USA), Rac1 (BD Trans-

duction Laboratories, Lexington, KY, USA), and Cdc42

(Santa Cruz Biotechnology). The enhanced chemilumi-

nescent detection system kit (ECL kit) from Amersham

Pharmacia Biotech (Buckinghamshire, UK) and Brad-

ford protein assay from BioRad Laboratories (Hercules,

CA, USA) were used.

Microglial culture

Mixed glial cells (a mixture of astrocytes and micro-

glia) were prepared from the cerebral hemispheres,

which were carefully removed from the meninges of

newborn Wistar rats (SLC, Inc., Shizuoka). The tissue

suspension was filtered through a 50-�m-diameter nylon

mesh (cell strainers; Falcon, Franklin Lakes, NJ, USA)

into 50 ml tubes and cells were collected by centrifuga-

tion at 200 � g for 10 min. Cells were resuspended in

Dulbecco’s modified Eagle’s medium supplemented

with 10% fetal calf serum, plated out into 100-mm-

diameter dishes and incubated at 37�C in 5% CO2/95%

air. Floating microglia were harvested from mixed glial

cultures and plated out into new culture dishes, taking

extreme care to avoid contamination by endotoxins

(20, 29).

Cell treatment, laser confocal analysis and quantitative

analysis

In our experiments, the HCl form of A�42, which

aggregates more readily than the trifluoroacetic acid

form (30), was used. Although the microglia had an

ameboid type shape immediately after attachment to

new culture dishes, the cell shapes gradually resumed

the resting ramified form. Therefore, we used microglia

after at least 10 h incubation in new dishes. Rat micro-

glia (over 97% pure) were treated with vehicle or 3 �M

A�42 in the presence or absence of cytochalasin D.

After treatment, the cells were gently washed with PBS

for 3 times and then fixed. Cells were incubated with

primary antibody against A� , WAVE, Rac1, N-WASP,

WISH, or Cdc42 (each diluted 1:1000), followed by the

appropriate secondary antibody linked to fluorescein

isothiocyanate (FITC). Rhodamine-conjugated phalloi-

din was used to visualize actin filaments. The fluores-

cence and cellular images (the difference interference

contrast, DIC) were observed using a laser scanning con-

focal microscope LSM410 (Carl Zeiss, Jena, Germany).

For the semi-quantitative analysis, images of A�

immunoreactivity in microglia were scanned using a

laser scanning confocal microscope LSM410 and then

analyzed (WinRoof; Mitani, Fukui) (31). The A�-

immunoreactive areas in the cytosolic (inner space of

phalloidin-staining) region and the cell surface (double

staining of phalloidin and anti-A�  antibody) region and
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total A�-immunoreactive area were measured (�m2).

Immunoblotting and semi-quantitative analysis

After treatment with vehicle or A�42 in the presence

or absence of cytochalasin D, microglia were washed

with phosphate-buffered saline (PBS) and then collected

and lysed. Aliquots containing 10 �g of protein were

analyzed by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) and then transferred to a

polyvinylidene difluoride (PVDF) membrane (BioRad).

The PVDF membrane was incubated with Tris-buffered

saline (pH 7.4) containing 0.3% Triton X-100 (TBS-T)

and 5% dehydrated skimmed milk (Difco Laboratories,

Detroit, MI, USA) to block nonspecific protein binding.

The membrane was then incubated with antibody to A�

(1:3000), WAVE (1:1000), Rac1 (1:1000), N-WASP

(1:1000), WISH (1:5000), or Cdc42 (1:100), followed

by secondary antibody, horseradish peroxidase (HRP)-

linked antibodies against either rabbit or mouse immuno-

globulin (each diluted 1:1000). Subsequently, bound

HRP-labeled antibodies were detected by chemilumi-

nescence (ECL kit). The protein bands that reacted with

the antibodies were detected on radiographic film (X-

Omat JB-1; Kodak, Rochester, NY, USA) 5 – 60 s after

exposure.

For semi-quantitative analysis, the bands of these

proteins on radiographic films were scanned with a CCD

color scanner (DuoScan; AGFA, Leverkusen, Germany)

and then analyzed. Densitometric analysis was per-

formed using the public domain NIH Image 1.56 pro-

gram (written by Wayne Rasband at the U.S. National

Institutes of Health and available from the Internet by

anonymous ftp from zippy.nimh.nih.gov.).

Statistical evaluation

Results from the confocal analysis of immunoreactive

images and the densitometric analysis of immunoblots

are given as the mean � standard error of the mean

(S.E.M.). The statistical significance of differences was

determined by analysis of variance (ANOVA). Further

statistical analysis for post hoc comparisons was carried

out using the Bonferroni /Dunn test.

Results

A�42-induced membrane ruffling and its phagocytosis

by rat microglia

Until A�42 attached to the cell surface, the microglia

had a ramified resting shape of a slender cell body

with some processes (Fig. 1A). After 1 min, slight A�

immunoreactivity was detected at the microglial cell

surface and was partially co-localized with F-actin

(Fig. 1B). Subsequently, the microglia formed a rounded

up ameboid cell body with lamellipodia, and phalloidin-

stained retraction fibers were observed in the cell peri-

phery (Fig. 1: C – E). In addition, pitted bundles of F-

actin with A�  peptides were observed like small phago-

cytic cups after 5 min (Fig. 1: C, D). After 1 h, marked

A�  immunoreactivity was detected in the cytosolic

vesicles (Fig. 1: E – G). Thus, A�42 may rapidly induce

actin reorganization to cause ameboid shaped microglia

with lamellipodia and is then taken up into cytosolic

vesicles. We measured the A�-immunoreactive areas in

the cell surface (membrane) region and the cytosolic

region and the total A�-immunoreactive area (Fig. 1H).

On the microglial cell surface, A�  immunoreactivity

was increased within 5 min and then gradually enhanced.

On the other hand, the cytosolic A�  immunoreactivity

was markedly increased after 30 min (Fig. 1H).

Since we used the HCl form of A�42 that readily

forms the �-sheet structure itself (30), the fibril-like

structure of A�42 was observed to some extent in micro-

glial culture (Fig. 2). In this case, the microglia migrated

and associated with the A�42 fibrils (Fig. 2A), which

they attempted to phagocytose (Fig. 2: B, C). Later (at

12 h), a large circular bundle of F-actin surrounding

fibrillar A�  formed a large phagocytic cup and A�

immunoreactivity was also detected in cytosolic vesicles

(Fig. 2D).

Cytochalasin D-induced inhibition of A�42 phago-

cytosis in rat microglia

To clarify the relationship between the actin assembly

and the phagocytosis of A�42 in rat microglia, we exam-

ined the effect of cytochalasin D, an inhibitor of actin

assembly (32). After the pre-incubation for 30 min with

cytochalasin D, A�42 was added into the microglial

culture, and then we assessed the total amount of A�42

in microglia (membrane-bound and phagocytosed A�42)

by immunoblot assay using anti-A�  antibody (Fig. 3: A,

B). After 24 h, the amount of A�42 in the microglia

was inhibited by cytochalasin D in a concentration-

dependent manner. Similarly, total A�-immunoreactive

area in the microglia after 3 h was suppressed by 3 �M

cytochalasin D (Fig. 3: C, D). In brief, cytochalasin D

markedly reduced the cytosolic A�-immunoreactive

area, but it significantly increased membrane-bound

A�-immunoreactivity (Fig. 3: C, D). Thus, an inhibition

of actin assembly causes the suppression in microglial

phagocytosis of A�42 and the accumulation of extra-

cellular A�42.

Alteration in the distribution of WAVE and Rac1 during

the phagocytosis of A�42 in rat microglia

Normal microglia formed a ramified shape with slight

formation of lamellipodium- and filopodium-like struc-
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tures at the cell edges (Fig. 4). In these cells, phalloidin-

labeled F-actin was detected predominantly in the sub-

stratum and showed a slight punctate distribution in

the cytoplasm. Marked WAVE immunoreactivity was

observed in the cytoplasm and, to a lesser extent, in

lamellipodium-like structures where it was partially co-

localized with F-actin (Fig. 4A). A similar distribution

was observed for Rac1 immunoreactivity in control

microglia (Fig. 4B). N-WASP, WISH, and Cdc42

immunoreactivity was predominantly detected in the

cytoplasm showing partial co-localization with F-actin

(Fig. 4: C – E).

At 1 h after treatment with 3 �M A�42, resting micro-

glia transformed into an ameboid shape, which showed

retracted processes and an enlarged cell body (Figs. 1E

and 5). A�  immunoreactivity was detected in the cyto-

solic vesicles in these cells (Fig. 1E). At this time,

WAVE and Rac1 immunoreactivity was almost com-

Fig. 1. Morphological changes and phagocytosis of A�42 in rat microglia. Rat microglia were treated with 3 �M A�42 for

1 min (B), 5 min (C), 30 min (D), 1 h (E), 3 h (F), and 6 h (G). The control was treated for 1 h with vehicle in the absence of A�42

(A). After treatment, cells were washed and fixed. Subsequently, confocal analysis was performed using anti-A�  antibody (green,

first panels) and rhodamine-conjugated phalloidin (red, second panels). The merged images are shown in the third panels. Images

of cell shapes (DIC, fourth panels) were also obtained using confocal laser microscopy. In addition, fifth panels are the overlay

of merged colors and DIC. Scale bars, 15 �m (for A and B); 10 �m (for C – G). H: Time-dependent changes in the A� -

immunoreactive areas in the cell surface region (open triangle) and the cytosolic region (open diamond), and the total A� -

immunoreactive area (closed circle) after A�42 exposure. n, the number of microglia measured A� -immunoreactive areas.
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Fig. 2. Phagocytosis of fibrillar A�42 in rat microglia. Rat microglia were treated with 3 �M A�42 for 1 min (A), 5 min (B),

6 h (C), and 12 h (D). After treatment, cells were washed and fixed. Subsequently, confocal analysis was performed using anti-A�

antibody (green) and phalloidin (red). Arrowheads (blue) and arrows (yellow) indicate the fibril-like structure of A�42 (A – D,

DIC) and a large phagocytic cup (D, phalloidin), respectively. Scale bar, 10 �m (for A – D).

Fig. 3. Inhibitory effect of cytochalasin D on the A�42 phagocytosis by microglia. Rat microglia were treated for 24 h (A, B)

or 3 h (C, D) with vehicle or A�42 at 0.3 �M (A, B) or 3 �M (C, D) in the presence or absence of cytochalasin D (Cyt D) at

0 – 10 �M. A and B: After treatment for 24 h, cells were washed and lysed, and then immunoblotted with anti-A�  antibody.

The density of the protein band in the vehicle treatment (at 0 �M) was taken as 100%. Each value is the mean � S.E.M. of 3

determinations. C and D: After treatment for 3 h, cells were washed and fixed. Subsequently, confocal analysis was performed

using anti-A�  antibody (green) and phalloidin (red). Scale bar, 10 �m (C). In addition, A� -immunoreactive areas in the cytosolic

region (Cytoplasm) and the cell surface region (Membrane) and the total A� -immunoreactive area (Total) were measured. Each

value is the mean � S.E.M. of 8 cells of vehicle control microglia and 11 cells of microglia treated with 3 �M cytochalasin D.

**P�0.01; ***P�0.001 vs the vehicle control (at 0 �M).
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pletely co-localized with phalloidin-labeled F-actin in

the lamellipodia and in a punctate distribution in the

cytoplasm (Fig. 5: A, B). N-WASP and WISH immuno-

reactivity was not co-localized with phalloidin fluores-

Fig. 4. Localization of WAVE, Rac1, N-WASP, WISH, and Cdc42 in resting microglia. Microglia were treated for 1 h with

vehicle alone. After treatment, cells were washed and fixed. Subsequently, confocal analysis was performed using antibody

(green, upper panels) against WAVE (A), Rac1 (B), N-WASP (C), WISH (D), or Cdc42 (E), and rhodamine-conjugated phalloi-

din (red, middle panels). The merged images are shown in the lower panels. Scale bar, 15 �m (for A – E).

Fig. 5. Localization of WAVE, Rac1, N-WASP, WISH, and Cdc42 in phagocytic ameboid microglia. Microglia were treated

for 1 h with 3 �M A�42. After treatment, cells were washed and fixed. Subsequently, confocal analysis was performed using

antibody (green, upper panels) against WAVE (A), Rac1 (B), N-WASP (C), WISH (D), or Cdc42 (E), and rhodamine-conjugated

phalloidin (red, middle panels). These merged images were shown in lower panels. Notes: WAVE and Rac1 immunoreactivity

was overlapped with phalloidin-labeled F-actin in the lamellipodia. Scale bar, 4 �m (for A – E).
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cence (Fig. 5: C, D), but Cdc42 immunoreactivity was

partially co-localized with F-actin in the substratum

(Fig. 5E).

We further examined the levels of these proteins after

treatment with A�42. In immunoblots of rat microglial

cell lysates, the molecular masses of WAVE, Rac1,

N-WASP, WISH, and Cdc42 were approximately 80-,

21-, 65-, 90-, and 25-kDa, respectively. The protein

levels of WAVE and Rac1 did not change, even after

treatment with A�42 (Fig. 6: A, B). Conversely, protein

levels of N-WASP and WISH were markedly reduced

(Fig. 6: C, D), and the Cdc42 level was slightly de-

creased (Fig. 6E).

Discussion

Recently, there has been great interest in the micro-

glial phagocytosis of A� , because microglia are thought

to clear A�42 from the brain parenchyma (16, 18, 20). In

the present study, we clearly showed that exposure of

cultured rat microglia to A�42 induced morphological

changes from the resting form to the ameboid type

(reactive form). Microglia rapidly phagocytosed soluble

or small particle-like A�42 peptides. In addition, an

inhibitor of actin assembly, cytochalasin D, significantly

reduced A�42 phagocytosis. On the other hand, since

A�  immunoreactivity was detected in cytosolic vesicles

at 12 h, after the association with A�42 fibrils, rat

microglia are able, at least partially, to phagocytose

fibrillar A�42. However, it is possible that other extra-

cellular A�42 peptides, such as monomers and small

oligomers, were simultaneously phagocytosed by micro-

glia.

Recently, WAVE and N-WASP /WISH were identi-

fied as critical regulators in the formation of lamelli-

podia and filopodia in the co-author’s laboratory (24, 27,

33, 34). WAVE regulates the formation of membrane

ruffles and lamellipodia by activating the actin-related

protein 2 /3 (Arp2 /3) complex downstream of Rac1 (25,

26, 34). N-WASP-induced formation of filopodia is

mediated in a Cdc42- or WISH-dependent manner (24,

26, 27, 33). In the present study, WAVE and Rac1

immunoreactivity was partially co-localized with F-

actin in resting microglia and almost completely co-

localized with F-actin in the lamellipodia of ameboid

microglia. In contrast, neither N-WASP nor WISH

immunoreactivity co-localized with F-actin in ameboid

microglia. Although the protein levels of WAVE and

Rac1 were not changed, levels of N-WASP and WISH

were markedly reduced after exposure to A�42. Thus, it

appears that N-WASP and WISH may not participate in

the microglial phagocytosis of A�42.

Although stress fibers and associated focal adhesions

are absent in hematopoietic cells, small focal complexes

were detected in the mouse macrophage cell line

Bac1.2F5 (35). These complexes, which are distinct

from Rho-induced focal adhesions, are associated with

lamellipodia and filopodia through Rac1 and Cdc42,

and contain vinculin, paxillin, focal adhesion kinase,

and �3 integrin (36). Recent reports indicated that over-

Fig. 6. Changes in protein levels of WAVE, Rac1, N-WASP, WISH, and Cdc42 in microglia. Microglia were treated for 1 h

with vehicle or 3 �M A�42. Subsequently, cells were washed and lysed. Each sample (10 �g protein / lane) was subjected

to immunoblot analysis of antibodies against WAVE (A), Rac1 (B), N-WASP (C), WISH (D), and Cdc42 (E). 80-kDa WAVE,

21-kDa Rac1, 65-kDa N-WASP, 90-kDa WISH, and 25-kDa Cdc42 were detected in each immunoblot of cell lysates (upper

panels). The density of protein band in the vehicle treatment was taken as 100%. Each value is the mean � S.E.M. of 6 determina-

tions. *P�0.05. ***P�0.001 vs the vehicle control.
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expression of the dominant negative Rac1 mutant,

N17Rac1, inhibited lamellipodium formation and

membrane ruffling in Bac1.2F5 macrophages (35) and

membrane ruffling and phagocytic cup formation in the

mouse MG5 microglial cell line (22). These results

suggest that Rac1 predominantly participates in the

formation of membrane ruffles, lamellipodia, and

phagocytic cups in mouse macrophages and microglia.

Interestingly, dominant negative N17Cdc42 slightly

inhibited the formation of focal complexes in Bac1.2F5

macrophages and of phagocytic cups in MG5 microglia

(22, 35). Therefore, it is possible that Cdc42 may act, in

part, upstream of Rac1 to regulate the formation of focal

complexes and phagocytic cups in macrophages and

microglia (22, 35). In our present study, Cdc42 immuno-

reactivity, but not that of N-WASP or WISH, was

partially co-localized with F-actin in the microglial

cytoplasm. Although the protein levels of N-WASP and

WISH were markedly decreased after A�42 exposure,

the Cdc42 level was only slightly reduced. Thus, the

Cdc42 profile is more similar to those of WAVE and

Rac1, than to those of N-WASP and WISH. From these

observations, we presume that Rac1 and WAVE, rather

than WISH and N-WASP, participate in the morpho-

logical changes in microglia and in their phagocytosis

of A�42. Cdc42 may also contribute, in part, to the

formation of lamellipodia in rat microglia. Despite

recent setbacks in the human clinical phase IIa trials of

A�  vaccination (37), its experimental effectiveness in

preventing plaque development in A�  deposit-forming

transgenic mice models of AD indicates that further

investigations are warranted (8, 15, 16, 38). Therefore,

microglial clearance of A�42 may be another option to

investigate in the search for a therapeutic strategy for

AD.

In conclusion, A�  immunoreactivity was detected at

the cell surface of microglia at 1 min after exposure

to A�42. After 1 h, marked immunoreactivity was

observed in the cytosolic vesicles. Interestingly, delayed

phagocytosis of fibrillar A�42 was also observed with

the formation of a large phagocytic cup. During the

process of microglial phagocytosis, the cell shape

rapidly changed to an ameboid form. Although neither

N-WASP nor WISH immunoreactivity was co-localized

with F-actin, WAVE, and Rac1 immunoreactivity was

co-localized with F-actin in the lamellipodium of

ameboid microglia. These results suggest that WAVE

and Rac1 may predominantly participate in the phago-

cytosis of A�42 in microglia.
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