
 
 
 
 
 
Amyloid-β-induced astrocytic phagocytosis is mediated by CD36, CD47 and RAGE 

 

 

 

 

 

Raasay S. Jones, Aedín M. Minogue§, Thomas J. Connor and Marina A. Lynch. 

 

Trinity College Institute of Neuroscience,  

Department of Physiology, 

Lloyd Building, 

Trinity College,  

Dublin 2.  

Ireland. 

 

 

 

§Corresponding author:  

E-mail: aminogu@tcd.ie  

Phone: +353 1 8968476 

Fax: +353 1 8963183 



ABSTRACT 

 Astrocytes, the most numerous glial cell in the brain, have multiple functions and are key to 

maintenance of homeostasis in the central nervous system.  Microglia are the resident 

immunocompetent cells in the brain and share several functions with macrophages, including 

their phagocytic ability. Indeed microglia are the resident phagocytes in the brain and express 

numerous cell surface proteins which act to enable receptor-mediated phagocytosis. However 

recent evidence suggests that astrocytes express some genes which permit phagocytosis of 

phosphatidylserine-decorated cells and this probably explains sporadic reports in the literature 

which suggest that astrocytes become phagocytic following brain trauma.  Here we examined 

the potential of astrocytes to phagocytose fluorescently-labelled latex beads and amyloid-β (Aβ) 

and report that they competently engulf both in a manner that relies on actin polymerization 

since it was inhibited by cytochalasin D. The data indicate that incubation of cultured astrocytes 

or microglia with Aβ increased phagocytosis and markers of activation of both cell types.  Aβ  

was found to markedly increase expression of the putative Aβ-binding receptors CD36 and 

CD47 in astrocytes, while it decreased expression of the receptor for advanced glycation 

endproducts (RAGE). It is demonstrated that blocking these receptors using a neutralizing 

antibody   attenuated   Aβ-induced phagocytosis of latex beads by astrocytes. Interestingly 

blocking these receptors also  decreased  uptake  of  beads   even   in   the   absence  of  Aβ.  Here we 

demonstrate that astrocytes are competent phagocytes and are capable of engulfing Aβ.  
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INTRODUCTION 

    Phagocytosis is an essential element of the innate immune response, an important defence 

mechanism against infection and the process by which cell debris is removed.  In the CNS, 



microglia are the resident immunocompetent cells, sharing several characteristics with 

peripheral macrophages including their phagocytic function.  

   Evidence from numerous sources  indicates  that  microglia  mediate  the  clearance  of  Aβ  though  

receptor-mediated phagocytosis, and potential roles for several receptors have been described; 

these include the receptor for advanced glycation end products (RAGE), Toll-like receptors 2 

and 4, the scavenger receptor CD36, phosphatidylserine (PS) receptor and the purine receptor 

P2Y6 (Noda and Suzumura 2012). Uptake  of  Aβ  by  microglia, and its subsequent targeting to 

the endosome-lysosomal pathway, has been examined in detail with microglia shown to actively 

phagocytose   monomeric,   oligomeric   and   fibrillar   Aβ   (Lee and Landreth 2010) while 

ultrastructural studies have identified intra-cytoplasmic  fragments  of  Aβ  in  microglia  in  models  

of AD (Mandrekar-Colucci et al. 2012) and in post-mortem tissue prepared from AD patients 

(Lewandowska et al. 2004). However, there is inefficient clearance of amyloid-β   (Aβ)   in   the  

brain   in  Alzheimer’s  disease  (AD)  and  a  great  deal  of  evidence  suggests that accumulation of 

Aβ  in  the  brain  contributes  to  pathogenesis  of  the  disease.      It  has  been  shown  that  phagocytosis  

of  Aβ  by  macrophages prepared from patients with AD is decreased  (Mizwicki et al. 2012), but 

the phagocytic capacity of microglia in AD patients is not known.  However a recent study 

reported that CD68 expression was increased in post-mortem brain tissue obtained from AD 

patients   which   had   been   immunized   with   Aβ   (AN1792);;   this   correlated   with   Aβ   load   and,  

although implied rather than explicit, this perhaps suggests that the phagocytic potential of 

microglia was reduced in AD patients (Zotova et al. 2011).   

   It has been suggested that early microglial activation, and specifically recruitment of bone 

marrow-derived cells, may limit Aβ accumulation (Simard et al. 2006; El Khoury et al. 2007), 

whereas persistent activation appears to parallel the increase in plaque development.  This is 

consistent with the finding that, with age, microglia become dystrophic and functionally 

deficient (Streit et al. 2009), and with the observation that microglial expression of several Aβ-

binding proteins, which play a role in phagocytosis, decreases with age in APPswe/PS1dE9 

mice (Hickman et al. 2008). 



    In comparison to microglia, the role of astrocytes as phagocytic cells is less studied.  It is 

recognized that astrocytes do not express certain genes associated with phagocytosis in 

microglia, although a recent study suggests that the molecular machinery required for 

phagocytosis of phosphatidylserine-labelled apoptotic cells is present in astrocytes.  Expression 

of certain genes of the cell death abnormality (ced) pathway are expressed on astrocytes (Cahoy 

et al. 2008) including ced-1 and ced-7, which regulate expression of phosphatidylserine on 

phagocytic cells (Mapes et al. 2012) and  the  integrin  αvβ5,  which  modulates  stabilin-2-mediated 

phagocytosis (Kim et al. 2012). This provides a mechanism by which astrocytes engulf and 

break down myelin (Lantos 1974), play a role in axon elimination (Berbel and Innocenti 1988) 

and phagocytose large axonal evulsions (Nguyen et al. 2011).  Astrocytes have also been shown 

to become phagocytic following brain trauma (al-Ali and al-Hussain 1996; Bechmann and 

Nitsch 1997).  

    There   have   been   few   studies   designed   to   examine   a   role   for   astrocytes   in   clearance   of  Aβ  

although  a  decrease   in  Aβ  levels  was  reported  when  astrocytes  were  applied   to  brain  sections  

prepared from a mouse model of AD (Wyss-Coray et al. 2003). In addition, astrocytes from 

enhanced green fluorescent protein-expressing mice transplanted into the hippocampus of 

APPswe/PS1dE9 mice were found to internalise   Aβ   immunoreactive   material   (Pihlaja et al. 

2008).  

     In this study, we set out to examine the phagocytic potential of astrocytes in vitro and report 

that these cells efficiently phagocytose fluorescently-labelled latex beads and fluorescently-

labelled (FITC-tagged)  Aβ.    Incubation  of  cells  in  the  presence  of  Aβ  increased  markers  of  glial  

activation and stimulated phagocytosis in astrocytes as well as microglia.  The data indicate that 

incubation   of   cultured   astrocytes   with   Aβ  markedly increased expression of the putative Aβ  

binding receptors CD36 and CD47 in astrocytes, while it decreased expression of RAGE. It is 

demonstrated that blocking these proteins  using  a  neutralizing  antibody  attenuated  Aβ-induced 

phagocytosis of latex beads by astrocytes, in addition to decreasing uptake of beads even in the 

absence  of  Aβ.  

  



METHODS   

Preparation of cultured cells 

    Primary mixed glial cell cultures were prepared from brains of 1-3 day old neonatal Wistar 

rats (Bioresources Unit, Trinity College, Dublin, Ireland). The meninges and adherent blood 

vessels were removed, cortical tissue was dissected, cross-chopped and incubated (20 min, 

37°C)   in  Dulbecco’s  modified  Eagle’s  medium   (DMEM;;   Invitrogen,  UK)   supplemented  with  

10% fetal bovine serum and 50 U/ml penicillin/streptomycin (Invitrogen, UK). Tissue was 

triturated, passed though a nylon cell strainer (40µM) and centrifuged (2000rpm, 3 min, 20°C). 

Cells were counted, plated onto 6-well plates (density: 1x106 cells/ml) and maintained at 37°C 

in a 5% CO2 humidified atmosphere. Culture media was replaced every 3-4 days until cells 

reached confluency.  

 After 10 days, mixed glia were pretreated with cytochalasin D (1-10µM; Calbiochem, 

Germany) or vehicle control for 2 h prior to examining phagocytosis or 4 h prior to assessing 

cell viability using alamar blue and LDH assays. 

Purified astrocytes or microglia were used for analysis of zymosan phagocytosis, and for the 

experiments in which we assessed the effect of neutralising antibodies. To prepare purified 

microglial cultures, cells were seeded onto T25 flasks and, after 24 h, media was replaced with 

DMEM containing M-CSF (20ng/ml; R&D Systems, UK) and GM-CSF (10ng/ml; R&D 

Systems, UK). After 10 days, flasks were shaken (2 h, 130rpm, room temperature) and tapped 

several times to remove nonadherent microglia. Supernatants were centrifuged (2000rpm, 3 

min, 20°C) and the resultant pellet was resuspended in DMEM. Cells were counted, plated onto 

6-well plates (density: 1x106 cells/ml) and maintained at 37°C in a 5% CO2 humidified 

atmosphere for 2 days prior to treatment.  

    Purified astrocytes were prepared as described for mixed glia except that, on day 10, 

microglia were removed by shaking (2 h, 200rpm, room temperature). The supernatant was 

removed, adherent astrocytes were washed with phosphate-buffered saline (PBS) and incubated 

with 0.05% w/v trypsin-ethylene diamine tetraacetic acid (EDTA) at 37°C until cells began to 

detach. DMEM was added to terminate the action of trypsin, cells were centrifuged (2000rpm, 3 



min, 20°C), plated onto 6-well plates (density: 1x106 cells/ml) and maintained at 37°C in a 5% 

CO2 humidified atmosphere for 2 days prior to treatment. 

Lyophilized Aβ1-40, Aβ1-42 and  Aβ40-1 peptides (Invitrogen, UK) were dissolved in HPLC grade 

water to provide a 6mg/ml stock solution, diluted to 1mg/ml using sterile PBS and allowed to 

aggregate (48 h, 220 rpm, 37°C). Isolated cultures of microglia and astrocytes were incubated 

with Aβ1-40 (4.2µM) + Aβ1-42 (5.8µM), or Aβ40-1 (10µM) for 24 h at 37°C.   

In a further set of experiments, astrocytes were incubated with Aβ  cocktail or reverse peptide 

in the presence of anti-CD36 rabbit polyclonal, anti-CD47 mouse monoclonal (Santa Cruz 

Biotechnology, USA) or anti-RAGE goat polyclonal (R&D Systems, UK) neutralizing 

antibodies or rabbit, mouse or goat IgG controls (Santa Cruz Biotechnology, USA; R&D 

Systems, UK; all at 2.5 g/ml) respectively for 24 h prior to assessing phagocytosis. 

 

Analysis of cell viability 

    Lactate dehydrogenase (LDH) and alamar blue assays were used to evaluate cell viability. 

The LDH CytoTox 96® assay   (Promega,   UK)   was   carried   out   as   per   manufacturer’s  

instructions.  Aliquots  of  supernatants   (50μl)  were   transferred   to  a  96-well flat-bottomed plate. 

DMEM alone was used as the negative control and supernatant from cells incubated in the 

presence of lysis buffer  as  the  positive  control.  Reconstituted  substrate  mix  (50μl)  was  added  to  

each well and the plate was incubated in the dark at room temperature for 30 min. Stop solution 

(50μl)  was  added  and  the  absorbance  was  read  at  490nm.  Cytotoxicity  (%)  was  calculated as the 

(absorbance in samples/maximum absorbance) x 100.  

    The alamar blue assay is based upon the ability of viable cells to reduce resazurin to resorufin 

with the amount of fluorescence produced being proportional to the number of living cells. A 

stock solution of resazurin (440µM in dH2O; Sigma, UK) was added to cells at a 1:10 dilution 

in DMEM, with the appropriate controls as described above. Cells were incubated at at 37°C 

until a colour change was observed (pink in viable cells and dark blue in non-viable cells), at 

which  time  absorbance  in  aliquots  of  supernatant  (100μl)  was  read  at  595nm.    Cell  viability  was  

assessed as follows: % Cell viability = ((Am - As)/(Am - Ac)) x 100, where Am was the 



absorbance in samples containing DMEM only, As was the average absorbance of wells 

containing cells without treatments and Ac was the absorbance of a particular sample.  

 

Opsonized zymosan assay 

    To opsonize zymosan, serum was obtained from whole rat blood by centrifugation (4000rpm, 

15 min, 4°C). Zymosan   (1mg/ml;;   Sigma,   UK)   was   diluted   in   Hank’s   balanced   salt   solution  

(HBSS; Sigma, UK) and incubated with serum (ratio 3:1, zymosan: serum; 30 min, 37°C). 

Samples were centrifuged (1600rpm, 10 min), the opsonized zymosan pellet was washed, 

centrifuged and resuspended in HBSS. Opsonized zymosan  (50μl)  was  added  to  each  well  of  a  

black 96-well microplate containing purified microglia, astrocytes or PBMCs, prepared from rat 

blood  by  density   separation  over  Lymphoprep™  (50μl;;  3x106 cells/ml in HBSS) and luminol 

solution   (1mM;;   50μl)  was   added.   Chemiluminescence  measurements  were   taken   at   2  minute  

intervals for 44 min.  

 

Microscopy  

    Cells were fixed in ice-cold methanol (5 min, -20°C), washed 3 times (PBS containing 0.02% 

Triton X-100), blocked in 10% normal goat serum (2 h, room temperature) and incubated with 

mouse anti-rat CD11b (1:200; Serotec, US) or rabbit anti-GFAP (1:2000; Dako, Denmark) 

antibodies in 5% goat serum in wash buffer (overnight, 4°C). Coverslips were washed, 

incubated in the dark for 2 h with Alexa Fluor® 633 goat anti-mouse or goat anti-rabbit 

antibodies (1:4000 in 5% goat serum in wash buffer; Invitrogen, UK). Cells were washed, 

mounted onto glass slides using Vectashield with DAPI (Vector Labs, UK), sealed and stored at 

4°C for fluorescent microscopy. Images were acquired using a LSM 510 Confocal Laser 

Scanning Microscope and visualized using LSM Image Browser Rel. 4.2. Z-stacking was 

carried out to obtain images of planes of the cell at various depths in order to confirm that 

fluorescently-labelled latex beads or FITC-Aβ had been internalized by cells of interest. 

Lysosomes were visualised by incubating astrocytes with Lysotracker® Red DND-99 (50nM in 

DMEM; Invitrogen, UK) for 2 h at 37°C prior to staining for GFAP. 



 

FACS analysis  

    To assess phagocytosis, mixed glial cells, microglia or astrocytes were incubated with 

fluorescently-labelled yellow/green latex beads (Abs/Em=470/505nm; 1:200 dilution; 1µM; 

Sigma, UK) or HiLyte   Fluor™   488-labeled Aβ (Abs/Em=503/528nm; 0.15-10μM;;   Anaspec,  

US) for 2 h. Media was replaced with trypan blue (0.2mg/ml; Sigma, UK) and samples were 

incubated for 2 min to quench extracellular fluorescence. Cells were washed with FACS buffer 

(2% FBS, 0.1% NaN3 in PBS), centrifuged (1200rpm, 5 min), resuspended in blocking solution 

(50% FBS in FACS buffer) for 30 min, centrifuged (1200rpm, 5 min) and resuspended in FACS 

buffer with Alexa Fluor 647 anti-rat CD11b (1:100; Serotec, UK) or APC anti-GLAST ACSA-1 

(1:200; Miltenyi Biotec, US) for 30 min in order to identify CD11b+ microglia and CD11b- or 

GLAST+ astrocytes.  

Unstained cells and fluorescence minus one (FMO) tubes were used to gate the percentage of 

positive cells in any channel. Compensation beads were used to optimise fluorescence settings 

for multicolour flow cytometric analyses.  Phagocytic cells were represented as the number of 

CD11b+ or CD11b- or GLAST+ cells respectively positive in the fluorescein isothiocyanate 

(FITC) channel.   

 

Assessment of mRNA expression of CD11b, GLT-1 and GFAP  

    RNA was extracted from harvested cultured cells using a NucleoSpin RNA II isolation kit 

(Macherey-Nagel Inc., Germany) and concentrations were equalized to 1µg prior to cDNA 

synthesis using a High Capacity cDNA RT Kit (Applied Biosystems, UK), according to the 

manufacturer’s   instructions.      Equal   concentrations of cDNA were used for RT-PCR 

amplification.  Real-time  PCR  primers  were  delivered  as  “Taqman® Gene  Expression  Assays”  

containing forward and reverse primers, and a FAM-labeled MGB Taqman probe for each gene 

(Applied Biosystems, UK) as described previously (Downer et al. 2010).  The assay IDs were as 

follows: CD11b (Rn00709342_m1), GLAST (Rn00570130_m1), GLT-1 (Rn00568080_m1), 

CD36 (Rn01442639_m1), CD47 (Rn00569914_m1) and RAGE (Rn00584249_m1). Gene 



expression  was  calculated  relative  to  the  endogenous  control  samples  (β-actin) to give a relative 

quantification (RQ) value (2-DDCT, where CT is threshold cycle). 

 

Statistical analysis 

    Data  were  analyzed  using  either  Student’s  t-test for independent means or a one-way analysis 

of variance (ANOVA) followed by post hoc Student Newman–Keuls test to determine which 

conditions were significantly different from each other.  Data are expressed as means with 

standard errors and deemed statistically significant when p<0.05. 

 

RESULTS 

    Mixed glia were incubated in the presence of fluorescently-labelled latex beads and stained 

with anti-GFAP.  The data indicate the presence of fluorescently-labelled beads in both GFAP+ 

and GFAP- cells (Figure 1A).  Z-stack images, taken at planes of various depth within the cells, 

indicate that beads were internalized in both CD11b+ cells (Figure 1B) and GFAP+ cells (Figure 

1C). We also confirm the presence of lysosomes, using lysotracker, in GFAP+ cells (Figure 1D). 

These data indicate that, in addition to microglia, astrocytes are phagocytic and, consistent with 

this, we confirm that pretreatment of cells with cytochalasin D significantly inhibited uptake of 

latex beads in CD11b+ and CD11b- cells (***p < 0.001; ANOVA; Figure 2A,B); cytochalasin D 

did not affect cell viability, as assessed by alamar blue (Figure 2C) or LDH release (Figure 2D) 

although,  as  predicted,  staurosporine  (5μm)  significantly  decreased  cell  viability  (***p  <  0.001;;  

ANOVA) and increased LDH activity (***p < 0.001; ANOVA).  

    In addition to their ability to phagocytose latex beads, GFAP+ cells   also   phagocytose  Aβ.  

Analysis of the uptake of FITC-labelled  Aβ  revealed  a  concentration-dependent change in both 

uptake by CD11b+ and CD11b- cells as revealed by the mean values (**p < 0.01; ***p < 0.001; 

ANOVA; Figure 3A, B) and the representative FACS-plots which illustrate the increase in the 

number of FITC+ cells as the FITC-labelled   Aβ   concentration   increased   from   zero   to   10μM  

(Figure 3C).  Pre-treatment with cytochalasin D partially but significantly decreased uptake of 

FITC-labelled  Aβ  by  both  CD11b+ and CD11b- cells (**p<0.01; ***p<0.001; ANOVA; Figure 



3D,E) and the inhibitory effect was significantly greater when cells were incubated in the 

presence of 10μM   cytochalasin   D   compared   with   1   and   3μM   cytochalasin   D   (+p<0.05; 

ANOVA).  Since the effect of cytochalasin D was partial, it was important to establish that 

FITC-Aβ  was  internalized  by these cells and thus Z-stack confocal microscopy was employed to 

confirm   the   presence   of   Aβ   within   CD11b+ microglia and GFAP+ astrocytes respectively 

(Figure 4A,B).  We also compared the oxidative burst in response to opsonized-zymosan in 

purified astrocytes and microglia to that of PBMCs and demonstrate that, although a significant 

phagocytic response was observed in both types of glia (p<0.01; ANOVA; Figure 5), it was 

markedly less than the response of PBMCs (p<0.001; ANOVA).  

    Having   shown   the   phagocytic   potential   of   astrocytes   we   investigated   the   effect   of   Aβ   on  

phagocytic function in purified microglia and astrocytes in vitro.  When purified microglia were 

incubated   in   the   presence   of   Aβ,   expression   of   CD11b   mRNA   was   significantly   increased  

(***p<0.001;;   Student’s   t-test for independent means; Figure 6A).  Significant increases in 

CD40 mRNA and CD68 mRNA expression (1.00  ±  0.03  (control)  vs  1.69  ±  0.11  (Aβ)  and 1.01 

±   0.06   (control)   vs   1.79   ±   0.13   (Aβ) respectively;;   p<0.001;;   Student’s   t-test for independent 

means) were also observed (data not shown).  Aβ  also  significantly increased the percentage of 

CD11b+ bead+ cells  (*p  <0.05;;  Student’s  t-test for independent means; Figure 6B, C). Incubation 

of  purified  astrocytes  in  the  presence  of  Aβ  increased  GLT-1 mRNA (***p  <0.001;;  Student’s  t-

test for independent means; Figure 6E) but had no effect on GLAST mRNA expression (Figure 

6D). However, Aβ  significantly  increased  the  percentage  of  GLAST+ bead+ cells (***p <0.001; 

Student’s  t-test for independent means; Figure 6F, G).  Therefore  the  evidence  indicates  that  Aβ  

stimulates purified microglia and astrocytes to phagocytose fluorescently-labelled latex beads. 

    Several cell surface proteins have been proposed to play a role in phagocytosis; these include 

RAGE, a class B scavenger receptor, CD36, and the membrane glycoprotein CD47 (Matozaki et 

al. 2009; Greenberg et al. 2006; Friggeri et al. 2011). These proteins have also been identified as 

Aβ-binding proteins (Koenigsknecht and Landreth 2004; Wilkinson and El Khoury 2012).  

Here, we  first  assessed  the  effect  of  Aβ  on  expression  of  these  markers  on astrocytes and show 

that it significantly increased CD36 and CD47 mRNA (Figure 7A,C) but decreased RAGE 



mRNA expression (Figure 7E).  Neutralising antibodies were assessed for their affinity for the 

target protein by western blot (data not shown). Whereas  Aβ  increased  the  proportion  of  latex  

bead+ astrocytes (*p < 0.05; Figure 7B,D,F) as shown earlier, incubation of cells in the presence 

of anti-CD36, anti-CD47 or anti-RAGE antibodies decreased phagocytosis even in the absence 

of  Aβ   (+p < 0.05; ++p < 0.01; ANOVA; control in the presence of IgG vs anti-CD36 or anti-

CD47 or anti-RAGE) and significantly attenuated the  Aβ-induced change (+p < 0.05; ++p < 0.01; 

ANOVA;;  Aβ  in  the  presence  of  IgG  vs  Aβ  in  the  presence  of  anti-CD36 or anti-CD47 or anti-

RAGE; Figure 7B,D,F; ANOVA). 

 

DISCUSSION 

    We set out to assess the phagocytic potential of astrocytes and report that these cells actively 

phagocytose fluorescently-labelled latex beads, and FITC-labelled Aβ 

opsonized zymosan by these cells is associated with a respiratory burst.  The data indicate that 

Aβ stimulates uptake of fluorescently-labelled latex beads into astrocytes and that this is 

attenuated by blocking CD47, CD36 or RAGE. 

    Fluorescently-labelled latex beads and FITC-labelled  Aβ  were   taken  up   in  a  concentration-

dependent manner by both microglia and astrocytes.  It is suggested that this occurred by 

phagocytosis since uptake was inhibited by cytochalasin D which blocks the actin 

polymerization on which phagocytosis relies. The phagocytic function of activated microglia 

has been known for decades. In contrast there are relatively few reports in the literature which 

indicate that astrocytes have phagocytic potential; astroglial filaments were found adjacent to 

demyelinating myelin sheaths in experimental gliomas, which they were shown to phagocytose 

and process (Lantos 1974), while astrocytes, as well as microglia, play a phagocytic role in axon 

elimination during embryonic and early post-natal development (Berbel and Innocenti 1988). 

More recently, a population of constitutively-phagocytic astrocytes, capable of engulfing large 

axonal evulsions, were identified in the postlaminar optic nerve head myelination transition 

zone; these astrocytes expressed Mac-2, a protein typically expressed on phagocytic cells 

(Nguyen et al. 2011).  Astrocytes have also been shown to become phagocytic following brain 



trauma; in particular, they are able to engulf colloidal carbon particles following their injection 

into the brain (al-Ali and al-Hussain 1996) while phagocytic astrocytes appear in the middle 

molecular layer of the dentate gyrus 6 days after lesioning of the entorhinal cortex (Bechmann 

and Nitsch 1997) and engulf TUNEL+ cells following traumatic brain injury in vivo (Loov et al. 

2012). Although astrocytes do not express certain genes associated with phagocytosis in 

microglia, expression of specific genes of the cell death abnormality (ced) pathway are 

expressed on astrocytes (Cahoy et al. 2008) including ced-1 and ced-7, which regulate 

expression of phosphatidylserine on phagocytic cells (Mapes et al. 2012) and  the  integrin  αvβ5,  

which modulates stabilin-2-mediated phagocytosis (Kim et al. 2012). Therefore the finding that 

astrocytes, as well as microglia, had the ability to internalise soluble Cy3-labeled Aβ in vitro is 

not unexpected (Mandrekar et al. 2009).  However, this group reported that the phagocytic 

ability of astrocytes was much less efficient and more variable than microglia, with one 

population of cells capable   of   internalizing   Aβ   as   efficiently   as   microglia   while   other  

populations exhibited no phagocytic capability. In the present study the efficiency of astrocytes 

to phagocytose latex beads and FITC-labelled  Aβ  was  similar  to  that  of  microglia  and  therefore  

the marked cell-associated   difference   in   phagocytic   ability   in   terms   of   soluble   Aβ   was   not  

evident  when  phagocytosis  of  aggregated  Aβ  was  examined. 

   Cytochalasin  D  did  not  completely  abrogate  the  uptake  of  beads  or  Aβ  and  this  indicates  that  

both may be partially internalized by a mechanism independent of actin-polymerisation, as has 

been described in the case of polystyrene particles which were taken up by phagocytic cells 

even in the presence of cytochalasin D (Hofer et al. 2009). The possibility that Aβ   simply  

adhered to the cell membrane and was not internalized does not provide an explanation for the 

findings since extracellular fluorescence was routinely quenched using trypan blue which 

discriminates between adherent and ingested fluorescent particles (Van Amersfoort and Van 

Strijp 1994), and Z-stack confocal microscopy indicated the intracellular localization of Aβ. 

Uptake of FITC-labelled  Aβ  was   concentration-dependent, which was not the case with latex 

beads;;  this  raises  the  possibility  that  different  uptake  methods  exist  for  latex  beads  and  Aβ.   



    Zymosan-induced luminol-enhanced chemiluminescence was also used to compare the 

phagocytic responses of microglia and astrocytes and the evidence indicated that the production 

of reactive oxygen species occurred in both cell types; the response of microglia was somewhat 

greater than astrocytes, while both were markedly less than the response of PBMCs.    

    There are conflicting data regarding the modulatory effect of inflammatory cytokines on 

phagocytosis by microglia, with some groups suggesting a stimulatory effect on phagocytosis 

(Shaftel et al. 2007; Chakrabarty et al. 2010) and others reporting the opposite (Koenigsknecht-

Talboo and Landreth 2005). Aβ stimulates production and release of several inflammatory 

cytokines from microglia and astrocytes (Floden and Combs 2006; Lindberg et al. 2005; 

Benveniste et al. 2001; Butovsky et al. 2005; Veerhuis et al. 2005), but here we investigated the 

effect of  Aβ  on  phagocytosis.  Aβ increased mRNA expression of CD11b and the uptake of latex 

beads by CD11b+ microglia and it also increased expression of CD68. CD68 is a lysosome-

associated membrane protein thought to be involved in a number of cellular processes including 

phagocytosis and autophagy (Zotova et al. 2011) . Given its role in these processes it seems 

likely that the upregulated expression of this protein seen here reflects an attempt to clear 

aggregated Aβ from the extracellular space. However, whether the upregulated expression of 

CD68 is preferentially associated with phagocytosis or autophagy remains to be elucidated - 

both processes are important in the clearance of misfolded or aggregated protein. Interestingly 

the ability of astrocytes to clear aggregated proteins in a number of neurodegenerative disease 

has been reported (Seidel et al. 2012). .  

    Having shown that Aβ triggers phagocytosis in astrocytes, we examined the possibility that 

this  might  rely  on  the  association  of  Aβ  with  CD36,  CD47  or  RAGE.  Aβ  differentially  affected  

the expression of CD36, CD47 and RAGE on astrocytes; while it markedly increased the 

expression of CD36 and CD47, it had the opposite effect on RAGE. The finding that these 

proteins are expressed on astrocytes is consistent with previous observations (Sick et al. 2011; 

Bao et al. 2012; Askarova et al. 2011) although earlier findings suggested that RAGE was 

expressed on microglia but not astrocytes (Alarcon et al. 2005). 



 We demonstrate that blocking each of these proteins using a neutralizing antibody attenuated 

Aβ-induced phagocytosis of latex beads by astrocytes.  Interestingly the antibodies also 

decreased  uptake  of  beads  even  in  the  absence  of  Aβ.    A role for these proteins in phagocytosis 

by macrophages or microglia has been reported (Matozaki et al. 2009; Greenberg et al. 2006; 

Friggeri et al. 2011; Bao et al. 2012; Gitik et al. 2011) but, to our knowledge, there is no 

previous evidence that they play a role in phagocytosis by astrocytes.  The fact that antibodies to 

these proteins attenuate Aβ-induced uptake of latex beads is not surprising since they all act as 

Aβ  binding  proteins  (Koenigsknecht and Landreth 2004).  

    The phagocytic role of astrocytes may be more important than hitherto suspected, particularly 

in the context of the recent finding that ablation  of  microglia  exerted  no  significant  effect  on  Aβ  

accumulation   in   two   transgenic  mouse  models   of  Alzheimer’s   disease,   APP/PS1   and  APP23 

mice (Grathwohl et al. 2009). The findings indicated that the almost-complete absence of 

microglia for a 4 week period exerted no effect on either congophilic amyloid deposits or 

dystrophic neuritic structures indicating that the role of microglia, at least during a specific time 

period, exerts limited effect on de novo formation of amyloid-containing plaques and clearance 

of amyloid from plaques. It has been demonstrated, particularly in post-mortem human tissue 

that microglia become dystrophic with age and it is reasonable to assume that senescence 

adversely affects their function (Streit et al., 2009).  The results obtained in this study may 

reflect impaired function associated with senescence of microglia. Although a similar 

senescence-associated change in the function of astrocytes remains to be demonstrated, 

expression of GFAP increases with age; whether this reflects enhanced phagocytic capacity or 

dysregulation of function remains to be elucidated (Lynch et al. 2010). 

We conclude that astrocytes are competent phagocytes and their ability to engulf  Aβ  may  be  

important   in   the   context   of   identifying   strategies   which   might   reduce   Aβ   accumulation   in  

Alzheimer’s  disease. 
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 FIGURE LEGENDS 

Figure 1.  Astrocytes, in a mixed glial culture, are phagocytic.  

Mixed glial cells were incubated with fluorescently-labelled latex beads (green) for 2 h and 

stained with anti-GFAP (red; A). The fluorescent micrograph demonstrates cellular localisation 

of the latex beads. The arrow denotes a probable microglial cell due to its lack of positive GFAP 

staining. (B, C) Orthogonal projections of confocal z-stacks confirm intracellular localisation of 



fluorescently-labelled latex beads (green) in a CD11b+ microglial cell (red; B) and a GFAP+ 

astrocyte (red; C). Lysotracker® was used to visualise lysosomes (red) within GFAP+ astrocytes 

(green; D). Nuclei were counterstained using DAPI (blue). Scale bars at 20µM.  

 

Figure 2.  Cytochalasin D inhibited the uptake of fluorescently-labelled latex beads.   

Mixed glia were pre-treated with cytochalasin D (1, 3 or  10μM)  for  2  h  and  incubated  with  latex  

beads for a further 2 h. Uptake of latex beads by CD11b+ (A) and CD11b- (B) cells was 

significantly decreased following pre-treatment with cytochalasin D (***p<0.001; ANOVA). 

Data are expressed as means + SEM (n=4). (C,D) Mixed glia were treated with cytochalasin D 

(1,  3  or  10μM)  for  4  h  and  alamar  blue  (A)  and  LDH  (B)  assays  were  carried  out.  The  data  show  

that  cytochalasin  D  had  no  effect  on  cell  viability.  Staurosporine  (5μM)  was  used  as  a  positive  

control and significantly reduced cell viability (C) and increased LDH activity (D; ***p<0.001; 

ANOVA). Data are expressed as means + SEM (n=3).   

 

Figure 3.  FITC-labelled   Aβ   uptake   by   CD11b+ and CD11b- cells is concentration-

dependent and inhibited by cytochalasin D.  

Mixed glial cells were incubated with FITC-labelled  Aβ  (0.15,  0.45,  1.35,  3  or  10μM)  for  2  h.  

Uptake   of   Aβ   by   CD11b+ (A) and CD11b– (B) cells increased in a concentration-dependent 

manner (**p<0.01; ***p<0.001; ANOVA). Data are expressed as means + SEM (n=4). 

Representative FACS-plots for each concentration are presented (C). Pretreatment of cells with 

cytochalasin  D   (1,   3   or   10μM)   for   2   h   prior   to   incubation  with   FITC-labelled  Aβ   decreased  

uptake by CD11b+ (D) and CD11b- (E) cells (**p<0.01; ***p<0.001; ANOVA), with 

significantly   greater   inhibition   when   cells   were   incubated   with10μM,   compared   with   1   and  

3μM,  cytochalasin  D  (+p<0.05; ANOVA). Data are expressed as means + SEM (n=4). 

 

Figure 4. Intracellular localisation of FITC-labelled  Aβ  in  microglia  and  astrocytes 



Representative micrograph of a phagocytosing CD11b+ microglial cell (red; A) and GFAP+ 

astrocyte (red; B) in orthogonal projections of confocal z-stacks. After a 2 h incubation period, 

FITC-labelled  Aβ  (green)  was  internalized  by  CD11b+ microglia and GFAP+ astrocytes. Nuclei 

were counterstained using DAPI (blue).  

 

Figure 5.  Phagocytosis is associated with release of ROS.  

Isolated primary astrocytes, microglia and rat peripheral blood mononuclear cells (PBMC) were 

incubated with opsonized-zymosan and luminol for 44 min while chemiluminescence was 

assessed at 2 minute intervals. Chemiluminescence readings were similar in microglia and 

astrocytes but significantly greater in PBMC (p<0.001; ANOVA). All cell types mounted a 

significant phagocytic response compared with control (p<0.01; ANOVA). Data are expressed 

as means + SEM (n=5).  

 

 

Figure 6.  Aβ  increased  phagocytosis  of  latex  beads  in  microglia  and  astrocytes.   

Isolated microglia or astrocytes were  incubated  with  Aβ1-40 (4.2μM)  +  Aβ1-42 (5.8μM)  or  reverse  

peptide  Aβ40-1 (10μM)  for  24  h  in vitro.  Aβ  significantly  increased  mRNA  expression  of  CD11b  

(A) and phagocytosis of latex beads by CD11b+ cells (B, C;;  ***p<0.001;;  *p<0.05;;  Student’s  t-

test for independent   means).   Aβ   had   no   effect   on   mRNA   expression   of   GLAST   (D)   but  

significantly increased expression of GLT-1 (E) and phagocytosis of latex beads by GLAST+ 

cells (F,G; ***p<0.001;;  Student’s  t-test for independent means). Data are expressed as means + 

SEM (n=4-6). 

 

Figure  7.  Aβ-induced phagocytosis of latex beads by astrocytes is attenuated by antibodies 

to  Aβ  binding  proteins   

Aβ   significantly   increased   expression   of   CD36   mRNA   (A; ***p<0.001; Student’s   t-test for 

independent means) and CD47 mRNA (C; **p<0.01; Student’s   t-test for independent means) 



but significantly decreased RAGE mRNA (E; *p<0.05; Student’s  t-test for independent means).  

Aβ  significantly  increased  uptake  of  latex  beads by astrocytes (*p < 0.05; B,D,F); this effect was 

inhibited by incubation of cells in the presence of anti-CD36 (B), anti-CD47 (D) or anti-RAGE 

(F; +p < 0.05; ++p  <  0.01;;  ANOVA;;  Aβ  in   the  presence  of  IgG  vs  Aβ  in  the  presence  of  anti-

CD36 or anti-CD47 or anti-RAGE). The antibodies also decreased unstimulated uptake of latex 

beads (+p < 0.05; ++p < 0.01; ANOVA; control in the presence of IgG vs anti-CD36 or anti-

CD47 or anti-RAGE; ANOVA). 
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