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Young microglia restore amyloid plaque clearance
of aged microglia
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Abstract

Alzheimer0s disease (AD) is characterized by deposition of amyloid
plaques, neurofibrillary tangles, and neuroinflammation. In order
to study microglial contribution to amyloid plaque phagocytosis,
we developed a novel ex vivo model by co-culturing organotypic
brain slices from up to 20-month-old, amyloid-bearing AD mouse
model (APPPS1) and young, neonatal wild-type (WT) mice.
Surprisingly, co-culturing resulted in proliferation, recruitment,
and clustering of old microglial cells around amyloid plaques and
clearance of the plaque halo. Depletion of either old or young
microglial cells prevented amyloid plaque clearance, indicating a
synergistic effect of both populations. Exposing old microglial
cells to conditioned media of young microglia or addition of
granulocyte-macrophage colony-stimulating factor (GM-CSF) was
sufficient to induce microglial proliferation and reduce amyloid
plaque size. Our data suggest that microglial dysfunction in AD
may be reversible and their phagocytic ability can be modulated
to limit amyloid accumulation. This novel ex vivo model provides
a valuable system for identification, screening, and testing
of compounds aimed to therapeutically reinforce microglial
phagocytosis.
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Introduction

Alzheimer0s disease (AD) is the most prevalent neurodegenerative

disorder and is pathologically defined by extracellular amyloid

b-peptide (Ab) deposition, neurofibrillary tangles, and

neuroinflammation (Holtzman et al, 2011). Amyloid plaque cores

composed of fibrillar Ab in a b-sheet conformation are surrounded

by a halo of diffuse Ab. This neuropathological feature of AD is

faithfully recapitulated in transgenic mouse models such as APPPS1

(Radde et al, 2006).

Neuroimmune changes are tightly linked to the pathology of

AD, as well as other neurodegenerative disorders (Amor &

Woodroofe, 2014; Gjoneska et al, 2015; Guillot-Sestier et al,

2015b). This link has been strengthened by recent discoveries of

genes implicated in microglial function such as triggering receptor

expressed on myeloid cells 2 (TREM2), CD33, or complement

receptor 1 (CR1) as susceptibility loci for late-onset AD (Harold

et al, 2009; Lambert et al, 2009; Naj et al, 2011; Guerreiro et al,

2013; Jonsson et al, 2013). Interestingly, these newly identified

risk factors may be functionally linked to microglial phagocytosis

and Ab clearance (Griciuc et al, 2013; Thambisetty et al, 2013;

Kleinberger et al, 2014; Wang et al, 2015). Although microglia are

well known for their phagocytic capacity and are found to

surround amyloid plaques in mouse models of amyloidosis as well

as in AD patients (Dickson et al, 1988; Haga et al, 1989; Itagaki

et al, 1989; Wegiel & Wisniewski, 1990; Frautschy et al, 1998;

Stalder et al, 1999), their role in plaque clearance is still under

debate. Several studies proposed that microglia/macrophages are

involved in the clearance of Ab (Rogers et al, 2002; Simard et al,

2006; El Khoury et al, 2007; Bolmont et al, 2008; Lee & Landreth,

2010; Liu et al, 2010; Krabbe et al, 2013). However, microglial

depletion experiments in AD mouse models argued against the role

of myeloid cells in restricting plaque growth (Grathwohl et al,

2009; Prokop et al, 2015). Nevertheless, microglia-mediated phago-

cytosis and reduction in Ab burden have been observed upon Ab
immunotherapy (Schenk et al, 1999; Bard et al, 2000; Bacskai

et al, 2001; Nicoll et al, 2003, 2006; Wilcock et al, 2004; Boche &

Nicoll, 2008; Sevigny et al, 2016). Moreover, reduction in TREM2

reduced immunotherapeutic clearance of amyloid plaques (Xiang

et al, 2016). Thus, immune system activation may be beneficial in

order to reduce amyloid load (Reardon, 2015). On the contrary,

(pre-)clinical trials including non-steroidal anti-inflammatory drugs

(NSAIDs) suggested that inhibiting the immune system may
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also be of benefit in reducing the disease incidence or slowing

down AD progression (Stewart et al, 1997; Anthony et al, 2000;

in t’ Veld et al, 2001; Zandi et al, 2002; Monsonego & Weiner,

2003; Heneka et al, 2005; Yip et al, 2005). Additionally, microglia

can be activated by Αb resulting in secretion of inflamma-

tory cytokines that can harm neurons and provoke toxicity (Meda

et al, 1995; Giulian et al, 1996; Combs et al, 1999; Manocha

et al, 2016). It is therefore not clear whether microglial activation

is beneficial or detrimental for disease progression (Morgan et al,

2005; Wyss-Coray, 2006; Gandy & Heppner, 2013). Under-

standing microglial contribution to AD pathology and progression

is of pivotal relevance since age-dependent accumulation of

Αb in sporadic AD patients is apparently associated with

reduced clearance (Saido, 1998; Mawuenyega et al, 2010; Wildsmith

et al, 2013). Moreover, the major genetic risk factor for sporadic

AD, apolipoprotein E, has been functionally linked to reduced

clearance of Αb (Deane et al, 2008; Castellano et al, 2011).

One of the major limitations to study microglial contribution to

amyloid plaque phagocytosis is the lack of suitable model systems.

Major attempts to study microglial phagocytosis of Αb come from

studies using cultured microglial cells to which Ab has been

exogenously added (Ard et al, 1996; Webster et al, 2000; D’Andrea

et al, 2004; Mandrekar et al, 2009; Fleisher-Berkovich et al, 2010).

However, due to limited survival of microglial cells isolated from

aged animals and cultured in the absence of growth factors

(Moussaud & Draheim, 2010), mainly phagocytosis of young

(neonatal) microglia could be examined. Furthermore, changes in

microglial gene expression profile due to isolation and culturing

conditions need to be considered (Butovsky et al, 2014). Alterna-

tively, in vivo imaging studies in an amyloidosis mouse model

provided some evidence for possible phagocytosis of Ab by micro-

glia surrounding amyloid plaques (Bolmont et al, 2008). However,

age-related decrease in phagocytic capacity of microglial cells,

correlating with increased Ab plaque burden, has been reported

(Krabbe et al, 2013). Microglia recruited to amyloid plaques also

show morphological changes, including increased soma size and

thickening of processes (Itagaki et al, 1989; Baron et al, 2014;

Derecki et al, 2014; Mosher & Wyss-Coray, 2014). Transformation

of microglia from ramified into cells with enlarged cell bodies and

amoeboid morphology are morphological indicators of microglial

activation (Kreutzberg, 1996). Thus, microglia in AD become

chronically altered and this may compromise not only phagocytic,

but also other physiological functions, including chemokine,

cytokine, and growth factor secretion (Lue et al, 2001; Hanisch &

Kettenmann, 2007; Hickman et al, 2008; Lai & McLaurin, 2012;

Solito & Sastre, 2012; Derecki et al, 2014; Orre et al, 2014).

A key unresolved question is whether microglial dysfunction in

AD is reversible and whether their phagocytic ability can be

restored to limit amyloid accumulation. To this end, we developed

a novel ex vivo model of amyloid plaque clearance by co-culturing

young WT brain slices together with brain slices from aged AD

mice. We show that functional impairment of aged microglial cells

in amyloid plaque-bearing tissue can be reversed through factors

secreted by young microglia, resulting in increased amyloid

plaque clearance and thus reduced amyloid plaque load. Our

results suggest a role of microglia in reducing the amyloid burden

and support development of therapeutic approaches modulating

microglial activity.

Results

Co-culturing of old brain slices together with young slices
triggers clearance of the plaque halo

To study the capability of microglial cells in amyloid plaque clear-

ance, we developed a novel ex vivo model by co-culturing organ-

otypic brain slices from up to 20-month-old amyloid plaque-bearing

mice that co-express mutant amyloid precursor protein (KM670/

671NL) and mutant presenilin 1 (L166P) under the control of the

neuron-specific Thy1 promoter (APPPS1, line 21) (Radde et al,

2006) together with slices from young, neonatal WT mice (Fig 1A).

To thoroughly characterize the newly introduced ex vivo model, we

first investigated cell viability using propidium iodide, a dye perme-

able only to cells with compromised membrane integrity (Brana

et al, 2002). In contrast to high cell viability in young brain slices at

both 7 and 14 days in vitro (DIV), we observed poor cell viability in

old brain slices already at 7 DIV (Fig 1B and C). Low survival of

adult or aged brain slices ex vivo has also been reported by others

(Staal et al, 2011; Mewes et al, 2012). Cell viability of young and

old tissue in co-cultures was not different compared to single

cultures (Fig 1B and C). We detected a pronounced loss of neurons

and astrocytes in the old tissue as judged by reduced NeuN and

GFAP immunoreactivity (Figs 1D and E, and EV1A and B). In

contrast to neurons and astrocytes, we detected an increased signal

of the microglial marker CD68 in old brain slices which was even

further elevated upon co-culturing with young brain slices (Figs 1F

and EV1C and D).

Next, we analyzed amyloid plaques in the ex vivo co-culture

model and observed striking changes in their morphology over

14 DIV. Amyloid plaque cores visualized by co-staining of the

human anti-Ab antibody 6E10 and thiazine red (TR) and the plaque

halo of diffuse Ab visualized only by 6E10 are depicted in Fig 2A.

Surprisingly, we observed clearance of the plaque halo in the co-

culture model, resulting almost exclusively in core-only plaques at

14 DIV (Figs 2A and EV2A). We observed a significantly increased

number of core-only plaques upon co-culturing of old slices together

with young slices at 7 and 14 DIV compared to old slices alone

(Figs 2B and EV2B and C). Moreover, Western blot analysis

revealed an almost 60% reduced levels of Ab upon co-culturing of

old and young brain slices (Fig 2C and D). A comparable beneficial

effect on clearance of the amyloid plaque halo was observed inde-

pendently of whether we co-cultured young WT or young APPPS1

brain slices together with old brain slices (Fig EV2D). Furthermore,

upon co-culturing of old WT brain slices together with old APPPS1

brain slices, we observed no significant effect on clearance of

amyloid plaque halos (Fig EV2D). Taken together, our data suggest

that tissue age, rather than AD pathology, is instrumental for the

observed differences in plaque phagocytosis. Thus, the presence of

young tissue stimulates clearance of Ab deposits in the old,

amyloid-bearing tissue.

Microglial recruitment correlates with the reduction in plaque
size in the co-culture model

The above-described findings suggest that clearance of the plaque

halo is enhanced in an ex vivo co-culture model. We therefore exam-

ined microglial localization using the CD68 marker that identifies
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Figure 1. Characterization of the ex vivo model.

A Representative image of a typical young WT cortico-hippocampal slice (350 lm) from co-culture (14 DIV) stained with DAPI (gray) to visualize nuclei (left). Dentate
gyrus (DG), cornus ammonis 1 (CA1), and cortical (CTX) regions are indicated. An example of the co-culture dish is shown on the right. Co-culture includes two
young WT (*, young co-culture) and two old APPPS1 (+, old co-culture) brain slices.

B Immunofluorescence analysis of young WT and old APPPS1 slices cultured alone (young alone, old alone) or in co-culture (young co-culture, old co-culture) at
7 days in vitro (DIV) stained with propidium iodide (PI, red) reveals reduced cell viability in old brain slices compared to young.

C Quantitative analysis of PI-positive cells in young WT and old APPPS1 slices cultured alone (white and black bars, respectively) or in co-culture (gray and white
squared bars, respectively) at 7 and 14 DIV. The values are expressed as percentages of PI-positive cells from the total number of DAPI-positive cells. The values
represent mean � SEM from three independent experiments, each experiment including two independent slice culture dishes (n.s. = not significant; ***P < 0.001;
unpaired two-tailed Student’s t-test).

D–F Immunofluorescence analysis of young WT and old APPPS1 slices cultured alone or in co-culture at 7 DIV and immunostained using neuronal (NeuN), astrocytic
(GFAP), and microglial (CD68) markers (green) reveals reduced NeuN and GFAP and increased CD68 immunosignal. Scale bar: 75 lm (applies to panels B, D, E, F).
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Figure 2. Amyloid plaque clearance is enhanced in the ex vivo co-culture model of old and young brain slices.

A Immunofluorescence analysis of the old APPPS1 slice in co-culture using antibody 6E10 to detect amyloid plaques (green) and thiazine red (TR, red) to visualize
fibrillar amyloid cores. At 7 DIV, the majority of amyloid plaques contain 6E10- and TR-positive dense core surrounded by 6E10-positive halo of diffuse Ab. In contrast,
at 14 DIV, the majority of amyloid plaques are core-only plaques co-stained with 6E10 and TR without detectable 6E10-positive halo. Lower panels are higher
magnification images of boxed regions. Scale bars: 50 lm.

B Quantitative analysis of core-only plaques in old APPPS1 slices cultured alone (white bars) or in co-culture (gray bars) at 7 and 14 DIV reveals an increased number of
core-only plaques upon co-culturing of old APPPS1 brain slices together with young WT slices. The values are expressed as percentages of core-only plaques from the
total number of amyloid plaques. The values represent mean � SEM from three independent experiments, and each experiment including three independent slice
culture dishes (***P < 0.001; unpaired two-tailed Student’s t-test).

C Western blot analysis of Ab levels (triplicates) in the old APPPS1 tissue cultured alone or in co-culture with the young WT (14 DIV) using 2D8 antibody.
D Quantification of Western blot signals reveals decreased levels of Ab upon co-culturing compared to old tissue cultured alone. The values are normalized to the levels

of Ab in the old tissue cultured alone and represent mean � SEM from two independent experiments, and each experiment was performed in triplicates (**P < 0.01;
unpaired two-tailed Student’s t-test).

Source data are available online for this figure.
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lysosomes of microglia/macrophages (Zotova et al, 2013; Walker &

Lue, 2015). We observed a strong CD68 immunoreactivity in the old

APPPS1 tissue (Fig 3A). CD68-positive cells clustered around 6E10-

positive amyloid plaques (Fig 3B). We observed a trend toward

increased number of CD68-positive cells clustered around amyloid

plaques from 7 to 14 DIV upon co-culturing with the young tissue

(Fig 3C), paralleled by a pronounced reduction in plaque size,

mainly reflected by the clearance of the plaque halo (Fig 3D). More-

over, we also found a twofold increase in the proportion of amyloid

plaques surrounded by at least four CD68-positive cells (clustered

plaques) from 7 to 14 DIV, in line with a reduction in plaque size

(Fig 3E). These results suggest engulfment of amyloid plaques by

CD68-positive cells. Indeed, when phagocytosis was blocked by

cytochalasin D (CytoD) (Schliwa, 1982), clearance of plaque halos

was almost completely inhibited (Fig 3F and G). Thus, CD68-

positive microglial cells that cluster around amyloid plaques in the

co-culture model may reduce the amyloid burden by actively phago-

cytosing amyloid fibers.

Amyloid plaque clearance depends on both young and
old microglia

To analyze the contribution of microglial cells in amyloid plaque

clearance, we pharmacologically depleted either young or old micro-

glia with the macrophage toxin clodronate using established proto-

cols (Kohl et al, 2003; Kreutz et al, 2009; Vinet et al, 2012; Ji et al,

2013; Hellwig et al, 2015). Clodronate treatment of young brain

slices isolated from CX3CR1
+/GFP microglia/macrophage reporter

mice (Jung et al, 2000) revealed an almost complete removal of

microglial cells without affecting astrocytic or neuronal cell counts

(Fig EV3A–C). Next, we pre-treated young slices with clodronate,

stopped the treatment by exchanging the media, and then added old

APPPS1 slices as indicated in Fig 4A. This resulted in a significant

reduction in the amyloid plaque clearance efficacy, confirming

involvement of young microglia in this process (Fig 4B). However,

pre-treatment of old slices with clodronate, monitored by a substan-

tial reduction in CD68 coverage, and subsequent addition of young

brain slices completely abolished amyloid plaque clearance (Fig 4C–

E). This result suggests that microglia from the old APPPS1 tissue are

the actual effector mediating amyloid plaque phagocytosis. Taken

together, our results support a functional contribution of both young

and old microglia in amyloid plaque clearance.

Old microglia are Ab engulfing cells

To further reveal whether CD68-positive cells found to cluster

around amyloid plaques originate from young or old tissue, we co-

cultured young brain slices from CX3CR1
+/GFP animals with the old

APPPS1 brain slices. At 14 DIV, we detected numerous GFP-positive

cells migrating toward the old tissue, but only very few reached the

edge of the old tissue and almost none migrated deeper into the

slice (Fig EV4A and B). Consequently, CD68-positive cells

surrounding M3.2-labeled amyloid plaques were not positive for

GFP, suggesting that the plaque-surrounding microglia are derived

from the old tissue (Fig 5A). To validate this assumption, we co-

cultured old APPPS1/CX3CR1
+/GFP brain slices together with young

WT slices. Indeed, we readily detected GFP and CD68 double-

positive microglial cells surrounding amyloid plaques (Fig 5B).

Furthermore, we detected M3.2-positive Ab within intracellular

compartments of old, GFP-positive microglial cells (Fig 5C). We

also observed morphological changes of old microglial cells ex vivo,

illustrated by increased number of amoeboid cells. We compared

microglial morphology in co-cultures of young CX3CR1
+/GFP and

old APPPS1/CX3CR1
+/GFP brain slices versus single cultures and

freshly cut brain slices (Fig 5D and E). Both young and old micro-

glia display ramified morphology in freshly cut brain slices (0 DIV).

While young microglia mostly preserved their architecture after 10

DIV, old microglia presented mainly with amoeboid shape (Fig 5D

and E). Amoeboid morphology of old microglial cells was further

potentiated by the presence of young tissue, correlating well with

increased phagocytosis upon co-culturing of old and young brain

slices. Thus, our data demonstrate that old APPPS1-derived micro-

glial cells acquire amoeboid morphology, cluster around amyloid

plaques, and engulf Ab.

Soluble factors released by young microglia trigger Ab uptake of
old microglia

As suggested above, old microglial cells are responsible for clearance

of Ab halos while young microglia may secrete soluble factor(s) that

stimulate this process. To investigate the contribution of soluble

factors released by young slices in promoting Ab uptake, we

collected conditioned media of cultured WT brain slices and added

them to old APPPS1 slices. This was sufficient to increase amyloid

clearance and indistinguishable from the effect observed in co-

cultures of old and young brain slices at all investigated time points

(Fig 6A). Addition of conditioned media collected from old APPPS1

slices did not result in increased numbers of core-only plaques

compared to old slices cultured alone (Fig 6A). Next, we tested

conditioned media collected from microglia-depleted young slices

which failed to increase numbers of core-only plaques in contrast to

conditioned media from control-treated young slices (Fig 6B). These

results suggest that young microglial cells produce a soluble factor,

which stimulates Ab uptake by the old APPPS1 microglial cells. To

further strengthen this hypothesis, we co-cultured old APPPS1 slices

in the presence or absence of conditioned media obtained from

young primary microglia. Again, we observed a significantly

increased number of core-only plaques, consistent with the require-

ment of a soluble factor derived from young microglia that is able to

stimulate Ab uptake of the old microglia (Fig 6C).

GM-CSF stimulates Ab uptake

Previous data support the regulatory role of several pro- and

anti-inflammatory cytokines in phagocytosis of Ab (Lai &

McLaurin, 2012; Wilcock, 2012; Chakrabarty et al, 2015; Guillot-

Sestier et al, 2015a). To test whether direct addition of soluble

factors to old APPPS1 tissue would be sufficient to enhance

microglial Ab uptake, we screened for the effects of several pro-

and anti-inflammatory cytokines. The key anti-inflammatory

cytokines interleukin-10 (IL-10) and transforming growth factor b
(TGF-b), as well as the prototypic pro-inflammatory cytokines

IL-6 and IL-12/p40, were not able to trigger clearance of the

plaque halo or affect amyloid plaque morphology (Fig 7A–E). In

contrast, GM-CSF treatment stimulated Ab uptake of old micro-

glia and resulted in enhanced appearance of core-only plaques
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Figure 3. Recruitment and clustering of CD68-positive cells at amyloid plaques is paralleled by a decrease in plaque size.

A, B Immunofluorescence analysis of the old APPPS1 slice in co-culture (14 DIV) using antibodies 6E10 (green) and CD68 (red). Nuclei were counterstained using DAPI
(blue). Image of boxed region in (A) is depicted at higher magnification in (B) and reveals clustering of several CD68-positive cells around amyloid plaques. Scale
bars: 100 lm (A) and 10 lm (B).

C Quantitative analysis of plaque-associated CD68-positive cells in co-culture samples at 7 and 14 DIV reveals a trend toward increased number of CD68-positive
cells. The values represent mean � SEM from at least three independent experiments, including total of at least six independent slice culture dishes (n.s. = not
significant; unpaired two-tailed Student’s t-test).

D Quantitative analysis of co-culture samples at 7 and 14 DIV reveals a decrease in plaque size. The values represent mean � SEM from at least three independent
experiments, including total of at least six replicates (***P < 0.001; unpaired two-tailed Student’s t-test).

E Quantitative analysis of plaques surrounded by CD68-positive cells (clustered plaques) in co-culture samples at 7 and 14 DIV reveals an increase in the number of
clustered plaques. The values are expressed as percentages of clustered plaques from the total number of amyloid plaques. The values represent mean � SEM from
at least three independent experiments, including total of at least six independent slice culture dishes (***P < 0.001; unpaired two-tailed Student’s t-test).

F Immunofluorescence analysis of the old APPPS1 slice in co-culture (14 DIV) treated with cytochalasin D (CytoD) and vehicle control (Ctr) and immunostained with
M3.2 (green) and CD68 (red). Inhibition of phagocytosis by CytoD blocks amyloid plaque clearance. Scale bar: 50 lm.

G Quantitative analysis of core-only plaques in the old APPPS1 slice in co-culture (14 DIV) treated with CytoD and Ctr reveals a decreased number of core-only
plaques upon CytoD treatment. The values are expressed as percentages of core-only plaques from the total number of amyloid plaques. The values represent
mean � SEM from three independent experiments, including total of six independent slice culture dishes (***P < 0.001; unpaired two-tailed Student’s t-test).
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A Immunofluorescence analysis of the old APPPS1 slice co-cultured with the young WT slice pre-treated with Clo and Ctr and immunostained with CD68 (red) and M3.2
(green). Scale bar: 50 lm.

B Quantitative analysis of core-only plaques in the old APPPS1 tissue co-cultured with the young WT tissue pre-treated with Clo and Ctr as indicated in (A) reveals a
decreased number of core-only plaques upon Clo treatment. The values are expressed as percentages of core-only plaques from the total number of amyloid plaques
and represent mean � SEM from three independent experiments, including total of six independent slice culture dishes (***P < 0.001; unpaired two-tailed Student’s
t-test).

C Immunofluorescence analysis of the old APPPS1 slice treated with Clo and Ctr and subsequently co-cultured with the young WT slice and immunostained with CD68
(red) and M3.2 (green). Scale bar: 50 lm.

D Area of CD68-positive cells (CD68 coverage) in the old APPPS1 tissue treated with Clo and Ctr and subsequently co-cultured with the young WT tissue as indicated in
(C). CD68 coverage is reduced upon Clo treatment. The values are normalized to CD68 coverage of the Ctr and represent mean � SEM from three independent
experiments, including total of six independent slice culture dishes (***P < 0.001; unpaired two-tailed Student’s t-test).

E Quantitative analysis of core-only plaques in the old APPPS1 tissue treated with Clo and Ctr and subsequently co-cultured with the young WT tissue as indicated in
(C) reveals a decreased number of core-only plaques upon Clo treatment. The values are expressed as percentages of core-only plaques from the total number of
amyloid plaques and represent mean � SEM from three independent experiments, including total of six independent slice culture dishes (**P < 0.01; unpaired two-
tailed Student’s t-test).
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Figure 5. Old CD68-positive cells acquire amoeboid morphology, cluster around amyloid plaques, and engulf Ab.

A Immunofluorescence analysis of the old APPPS1 slice in co-culture with the young CX3CR1
+/GFP slice (14 DIV) and immunostained using GFP (green), CD68 (red), and

M3.2 (blue) reveals no co-localization of young, GFP-positive microglial cells with CD68-positive cells surrounding amyloid plaques. A GFP antibody was used to
amplify the signal of GFP-expressing young microglial cells.

B Immunofluorescence analysis of the old APPPS1/CX3CR1
+/GFP slice in co-culture with the young WT slice (14 DIV) and immunostained using GFP (green), CD68 (red),

and M3.2 (blue) reveals co-localization of old, GFP-positive microglial cells with CD68-positive cells surrounding amyloid plaques. A GFP antibody was used to amplify
the signal of GFP-expressing old microglial cells. Scale bar: 10 lm (applies to panels A and B).

C 3D reconstruction of the old APPPS1/CX3CR1
+/GFP slice in co-culture with the young WT slice (10 DIV) and immunostained using GFP (green) and M3.2 (red). GFP-

positive old microglial cells surrounding amyloid plaques exhibit intracellular M3.2-positive immunoreactivity indicative of Ab uptake. Overview at low magnification
is shown in the left panel. Scale bar: 15 lm. A detailed plaque is shown at higher magnification in the right panels. Scale bar: 10 lm.

D Immunofluorescence analysis of young CX3CR1
+/GFP and old APPPS1/CX3CR1

+/GFP slices freshly cut (0 DIV), cultured alone or in co-culture (10 DIV), and
immunostained using GFP (green) shows alterations in microglial morphology of old cells upon culturing. Upper left panels are enlargements of boxed regions. A GFP
antibody was used to amplify the signal of GFP-expressing microglial cells. Scale bars: 50 lm.

E Quantitative analysis of amoeboid microglial cells in young CX3CR1
+/GFP (white bars) and old APPPS1/CX3CR1

+/GFP (green bars) brain slices freshly cut (0 DIV), cultured
alone or in co-culture (10 DIV). The values are expressed as percentages of amoeboid microglia from the total number of microglial cells. The values represent
mean � SEM from three independent experiments, each experiment including at least 250 cells per condition (*P < 0.05, ***P < 0.001; unpaired two-tailed Student’s
t-test).
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Figure 6. Factors released by young microglia promote amyloid plaque clearance.

A Old APPPS1 tissue was cultured alone (old alone, white bars) or incubated with conditioned media (CM) collected from young WT slices (old alone + young CM, gray
bars). Analysis included co-culture of old APPPS1 and young WT brain slices (old co-culture, black bars) as a positive control and old APPPS1 tissue incubated with
conditioned media collected from old APPPS1 slices (old alone + old CM, white squared bars) as a negative control. Quantitative analysis at 7, 11, and 14 DIV reveals
increased numbers of core-only plaques upon incubation of the old APPPS1 tissue with conditioned media collected from young WT slices, fully recapitulating core-
only plaque numbers observed in the co-culture. The values are expressed as percentages of core-only plaques from the total number of amyloid plaques and
represent mean � SEM from three independent experiments, each experiment including at least two independent slice culture dishes (n.s. = not significant,
**P < 0.01, ***P < 0.001; unpaired two-tailed Student’s t-test).

B Old APPPS1 tissue was incubated with conditioned media collected from young WT slices previously treated with clodronate (old alone + young CM + Clo, gray bars)
and vehicle control (old alone + young CM + Ctr, white bars). Quantitative analysis at 7, 11, and 14 DIV reveals decreased numbers of core-only plaques upon
incubation of the old APPPS1 tissue with conditioned media collected from young WT slices pre-treated with Clo. The values are expressed as percentages of core-
only plaques from the total number of amyloid plaques and represent mean � SEM from three independent experiments, each experiment including at least two
independent slice culture dishes (n.s. = not significant, ***P < 0.001; unpaired two-tailed Student’s t-test).

C Old APPPS1 tissue was incubated with conditioned media collected from cultured WT primary microglial cells (old alone + MG CM, gray bar) or with unconditioned
slice culture media as a control (old alone + Ctr, white bar). Quantitative analysis of core-only plaques at 14 DIV reveals enhanced amyloid plaque clearance upon
incubation of the old APPPS1 tissue with conditioned media collected from cultured primary microglia. The values are expressed as percentages of core-only plaques
from the total number of amyloid plaques and represent mean � SEM from three independent experiments, each experiment including two independent slice
culture dishes (*P < 0.05; unpaired two-tailed Student’s t-test).
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(Figs 7F and 8B) as observed upon co-culturing of young and

old brain slices (Fig 2B).

As GM-CSF is a well-known mitogen capable of triggering prolif-

eration of microglial cells (Giulian & Ingeman, 1988; Lee et al, 1994;

Suh et al, 2005), we investigated the density of CD68-positive cells.

Indeed, this revealed a significantly increased CD68 coverage upon

GM-CSF treatment of old APPPS1 slices accompanied by increased

engulfment of the plaque halo (Fig 8A and B). Moreover, increased

CD68 coverage triggered by GM-CSF treatment is also recapitulated

by the addition of conditioned media from young WT slices to old

APPPS1 slices (Fig 8C) indicating the possibility that GM-CSF is the

responsible factor secreted by microglia. To test whether GM-CSF is

necessary to drive microglial proliferation and Ab uptake, we co-

cultured young brain slices isolated from GM-CSF knockout mice

(GM-CSF�/�) with old APPPS1 slices (Fig 8D). However, even in

the absence of GM-CSF release from young brain slices we observed

a significantly increased number of core-only plaques (Fig 8D and

E). In line with that, CD68 coverage was also increased upon co-

culturing of young GM-CSF�/� and old APPPS1 brain slices (Fig 8F).

Thus, GM-CSF is clearly not the only factor stimulating microglial

proliferation and Ab uptake.

Proliferation of old microglial cells is required for
amyloid clearance

As we observed an increased CD68 coverage upon GM-CSF treat-

ment (Fig 8A), as well as upon addition of young conditioned media

to old brain slices (Fig 8C), we investigated microglial proliferation

and its relevance for amyloid clearance in our newly established

ex vivo model. We used a cell proliferation marker Ki67 (Scholzen &

Gerdes, 2000) to assess the numbers of proliferating cells. Treatment

of old APPPS1 slices with GM-CSF strongly increased numbers of

Ki67 and CD68 double-positive microglial cells (Figs 9A and B, and

EV5A) that is in line with the described mitogenic potential of GM-

CSF (Giulian & Ingeman, 1988; Lee et al, 1994; Suh et al, 2005).

Next, we analyzed whether increased proliferation also occurs upon

co-culturing conditions. Similar to the effect of GM-CSF, we also

observed an increase in number of proliferating microglial cells upon

co-culturing of old together with young brain slices (Figs 9C and D,

and EV5B). Finally, to test whether proliferation of old microglial

cells is necessary for amyloid clearance, we incubated old APPPS1

slices with the young WT conditioned media, in the presence or

absence of cytosine arabinoside (AraC), a widely used inhibitor of

proliferation (Doetsch et al, 1999; Gomez-Nicola et al, 2013). AraC

treatment abolished amyloid plaque clearance, suggesting that prolif-

eration of microglial cells is required for stimulation of Ab uptake

(Fig 9E and F). Taken together, our results revealed that factors

secreted by the young microglia stimulate proliferation of old micro-

glial cells, which is a pre-requisite for enhanced amyloid clearance.

Discussion

It has been a matter of debate whether microglial cells can modulate

the Ab burden during the course of AD. As failure to clear Ab is

assumed to be a culprit in sporadic AD patients, it is of great rele-

vance to gain more insight into understanding clearance mecha-

nisms (Saido, 1998; Mawuenyega et al, 2010; Wildsmith et al,

2013). Investigations of this important question have so far been

hampered by the lack of suitable models. Therefore, we developed a

novel ex vivo model of amyloid plaque clearance, which is allowing

us to monitor microglial activity over several weeks. Our results

show that the phagocytic function of aged microglial cells in Ab
clearance is not irreversibly impaired, but can be restored even at

advanced stages of amyloid deposition.

Microglial role in Ab clearance

In this study, we observed a reduction in amyloid plaque size when

old APPPS1 brain slices were cultured together with young WT

slices. Surprisingly, we found that only old APPPS1-derived micro-

glial cells are the cells responsible for Ab uptake in our ex vivo co-

culture model. However, the Ab uptake capacity of old microglia is

stimulated by factors secreted from young microglia.

As shown in amyloidosis mouse models, plaques are growing over

time (Hefendehl et al, 2011; Bittner et al, 2012) and microglial cells

seem to be inefficient in phagocytosing and clearing Ab (Hickman

et al, 2008; Meyer-Luehmann et al, 2008; Krabbe et al, 2013). Along

these lines, it has been reported that myeloid cells of AD patients show

reduced phagocytosis of Ab compared to healthy controls (Fiala et al,

2005). Moreover, a reduced expression of genes involved in phago-

cytosis has been detected in aged ADmicroglia (Orre et al, 2014). Simi-

larly, while young microglia from organotypic slice cultures were

capable of ingesting exogenously added Ab, this capacity was severely

compromised in microglia isolated from adult AD mice (Hellwig et al,

2015). Our data are fully in line with above-mentioned studies impli-

cating phagocytosis defects in aged AD microglia.

Similar to the ex vivo co-culture model described here, activation

and clustering of microglial cells at amyloid plaques and reduction

in amyloid plaque load have been observed in AD mouse models

and humans after Ab immunotherapy (Schenk et al, 1999; Bard

et al, 2000; Bacskai et al, 2001; Nicoll et al, 2003, 2006; Wilcock

et al, 2004; Boche & Nicoll, 2008; Sevigny et al, 2016; Xiang et al,

2016). Moreover, core-only plaques were indeed observed in human

AD cases after Ab immunotherapy (Nicoll et al, 2006; Boche &

Nicoll, 2008; Wisniewski & Goni, 2015; Sevigny et al, 2016). In

agreement with our data, it has been reported that diffuse Ab (found

at the plaque halo) can be cleared more effectively compared to fib-

rillar (plaque core) Ab deposits (Nicoll et al, 2006; Mandrekar et al,

2009; Serrano-Pozo et al, 2010). As soluble Ab species have been

strongly implicated in synaptic dysfunction in AD, reducing their

levels may indeed be beneficial for cognition (Haass & Selkoe, 2007;

Koffie et al, 2009).

Collectively, immunotherapy studies, as well as our work, put

forward the idea of immune system activation as a strategy to

reduce amyloid load (Reardon, 2015). However, due to numerous

pro- and anti-inflammatory pathways that are directly controlled by

microglia and often affected in AD (Lucin & Wyss-Coray, 2009;

Solito & Sastre, 2012; Heneka et al, 2015), titration of microglial

activity appears challenging.

Effects of immune system modulation and microglial
proliferation on amyloid clearance

Various studies have shown that modulation of the inflammatory

state induced by cytokines, including TGF-b, IL-10, IL-4, TNF-a, and
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Figure 7. The pro-inflammatory factor GM-CSF stimulates amyloid plaque clearance.

A–F Immunofluorescence analysis of the old APPPS1 slice (14 DIV) treated with vehicle Ctr in (A), anti-inflammatory factors IL-10 and TGF-b in (B, C) and pro-
inflammatory factors IL-6, IL-12/p40, and GM-CSF in (D, E, and F), respectively, and immunostained with CD68 (red) and M3.2 (green). In contrast to increased
number of core-only plaques upon GM-CSF treatment, other factors tested did not induce amyloid plaque clearance, resulting in a better preservation of the M3.2-
positive halos of Ab surrounding dense core of amyloid plaques. Scale bar: 50 lm.
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Figure 8. Amyloid plaque clearance is enhanced in the co-culture of old APPPS1 and young GM-CSF�/� brain slices.

A CD68 coverage in the old APPPS1 tissue (14 DIV) treated with GM-CSF and vehicle Ctr. CD68 coverage is increased upon treatment with GM-CSF. The values are
normalized to CD68 coverage of the Ctr and represent mean � SEM from three independent experiments, each experiment including two independent slice culture
dishes (*P < 0.05; unpaired two-tailed Student’s t-test).

B Quantitative analysis of core-only plaques in the old APPPS1 tissue (14 DIV) treated with GM-CSF and Ctr reveals an increased number of core-only plaques upon
treatment with GM-CSF. The values are expressed as percentages of core-only plaques from the total number of amyloid plaques and represent mean � SEM from
three independent experiments, each experiment including three independent slice culture dishes (***P < 0.001; unpaired two-tailed Student’s t-test).

C CD68 coverage in the old APPPS1 tissue (14 DIV) incubated with conditioned media collected from young WT slices (young CM) or with non-conditioned slice culture
media (Ctr). CD68 coverage is increased upon incubation of the APPPS1 tissue with the young CM. The values are normalized to CD68 coverage of the Ctr and represent
mean � SEM from three independent experiments, each experiment including two independent slice culture dishes (**P < 0.01; unpaired two-tailed Student’s t-test).

D Immunofluorescence analysis of the old APPPS1 slice cultured alone (old alone) or in co-culture with young GM-CSF�/� brain slices (old co-culture) at 14 DIV and
immunostained with CD68 (red) and M3.2 (green) reveals an increased number of core-only plaques upon co-culturing with young GM-CSF�/� brain slices. Scale bar:
50 lm.

E Quantitative analysis of core-only plaques in the old APPPS1 slice cultured alone or in co-culture with young GM-CSF�/� brain slices (14 DIV) reveals an increased
number of core-only plaques upon co-culturing of old APPPS1 brain slices together with young GM-CSF�/� brain slices. The values are expressed as percentages of
core-only plaques from the total number of amyloid plaques. The values represent mean � SEM from three independent experiments, each experiment including
three independent slice culture dishes (***P < 0.001; unpaired two-tailed Student’s t-test).

F CD68 coverage in the old APPPS1 tissue (14 DIV) cultured alone or in co-culture with young GM-CSF�/� brain slices. CD68 coverage is increased upon co-
culturing of old APPPS1 brain slices together with young GM-CSF�/� brain slices. The values are normalized to CD68 coverage of the old slice cultured alone
and represent mean � SEM from three independent experiments, each experiment including two independent slice culture dishes (*P < 0.05; unpaired two-
tailed Student’s t-test).
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Figure 9. Microglial proliferation is a pre-requisite for amyloid plaque clearance.

A Immunofluorescence analysis of the old APPPS1 slice (14 DIV) treated with GM-CSF and vehicle Ctr and immunostained with CD68 (red), cell proliferation marker Ki67
(green) and M3.2 (blue). Scale bar: 50 lm.

B Quantitative analysis of Ki67 and CD68 double-positive microglial cells in the old APPPS1 tissue (14 DIV) treated with GM-CSF and Ctr reveals increased microglial
proliferation upon treatment with GM-CSF. The values are expressed as percentages of CD68 and Ki67 double-positive microglial cells from the total number of CD68-
positive cells and represent mean � SEM from two independent experiments, each experiment including four independent slice culture dishes (***P < 0.001;
unpaired two-tailed Student’s t-test).

C Immunofluorescence analysis of the old APPPS1 tissue cultured alone or in co-culture with young WT brain slices (14 DIV) and immunostained with CD68 (red), Ki67
(green) and M3.2 (blue) Scale bar: 50 lm.

D Quantitative analysis of Ki67 and CD68 double-positive microglial cells in the old APPPS1 tissue cultured alone or in co-culture with young brain slices (14 DIV)
reveals increased microglial proliferation upon co-culturing of old and young brain slices. The values are expressed as percentages of CD68 and Ki67 double-positive
microglial cells from the total number of CD68-positive cells and represent mean � SEM from three independent experiments, each experiment including two
independent slice culture dishes (**P < 0.01; unpaired two-tailed Student’s t-test).

E Old APPPS1 tissue was incubated with conditioned media collected from young WT slices and in addition treated with proliferation inhibitor AraC (young CM + AraC)
or vehicle Ctr (young CM + Ctr). Immunofluorescence analysis was performed at 14 DIV using CD68 (red) and M3.2 (green). Scale bar: 50 lm.

F Quantitative analysis of core-only plaques in the old APPPS1 tissue (14 DIV) incubated with conditioned media from young WT slices and in addition treated with
AraC or Ctr reveals a decreased number of core-only plaques upon AraC treatment. The values are expressed as percentages of core-only plaques from the total
number of amyloid plaques and represent mean � SEM from three independent experiments, each including two independent slice culture dishes (***P < 0.001;
unpaired two-tailed Student’s t-test).
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others can modify plaque load and improve AD outcome (Town

et al, 2008; Chakrabarty et al, 2011, 2012, 2015; Wilcock, 2012;

Guillot-Sestier & Town, 2013; Guillot-Sestier et al, 2015a). We

achieved enhanced phagocytosis upon direct addition of GM-CSF to

old APPPS1 brain slices. Addition of other pro-inflammatory (IL-6 or

IL-12/p40) or anti-inflammatory (TGF-b and IL-10) cytokines did

not mimic the same phenotype. GM-CSF-mediated amyloid plaque

clearance observed in our study was associated with induced micro-

glial proliferation. Accordingly, in contrast to treatment with IL-6,

IL-12/p40, TGF-b or IL-10, CD68 coverage was increased only upon

treatment of the old tissue with GM-CSF. Of note, TGF-b treatment

even appeared to reduce numbers of CD68-positive cells which

would be in agreement with its potential to decrease cell prolifera-

tion (Suzumura et al, 1993; Grainger et al, 1994).

Our finding that proliferation of old microglial cells is a pre-requi-

site for increased amyloid clearance strengthens the link between

microglial proliferation and Ab clearance proposed by other studies

(Liu et al, 2010; Smith et al, 2013; Neniskyte et al, 2014). In

contrast, increased microglial proliferation in AD and beneficial

effect of its inhibition on disease progression have recently been

reported (Olmos-Alonso et al, 2016). However, the amyloid burden

was not modified in this study. Although proliferation seems to be

necessary in our co-culture model, we consider unlikely that

increased phagocytosis is only due to increased microglial numbers.

Often, microglial activation is linked to increased proliferation, but

also enhanced phagocytic capacity of individual cells suggesting that

regulation of proliferation and phagocytosis may be controlled by

the same signaling pathway (Giulian & Ingeman, 1988). Similarly,

macrophage colony-stimulating factor (M-CSF) was shown to

increase both microglial proliferation and lysosomal activity

(Majumdar et al, 2007; Boissonneault et al, 2009; Sanchez-Ramos

et al, 2009; Smith et al, 2013). In that regard, some experimental

evidence suggested that microglia are not efficiently degrading

engulfed Ab (Frackowiak et al, 1992; Paresce et al, 1997; Chung

et al, 1999), possibly due to poor hydrolytic activity of lysosomes

(Majumdar et al, 2007), and it may therefore be required to enhance

lysosomal degradation in order to successfully remove amyloid.

However, further studies toward clarifying complex functions of

particular cytokines are needed to strengthen their link with phago-

cytosis and amyloid clearance. GM-CSF may be of relevance as its

injection into an AD mouse model induced microglial proliferation

and reduced amyloid and is currently also evaluated in phase II clin-

ical trials for AD (Boissonneault et al, 2009; Boyd et al, 2010; Lai &

McLaurin, 2012). However, also opposite reports exist that

suggested neutralization of GM-CSF to be beneficial and decrease

amyloid load (Manczak et al, 2009). Although we could show that

direct administration of GM-CSF to old slices induces microglial

proliferation and enhances phagocytosis, release of GM-CSF by the

young tissue is not a pre-requisite for plaque phagocytosis in our

ex vivo co-culture model. Accordingly, we still detected increased

CD68 coverage when old APPPS1 slices were co-cultured with

young GM-CSF�/� brain slices suggesting that microglial numbers

can be increased in the absence of GM-CSF secretion from the young

tissue and another mitogen may be involved in mediating this effect.

Of note, upregulation of M-CSF has been reported to occur as a

compensatory mechanism in GM-CSF�/� mice (Shibata et al, 2001;

Bonfield et al, 2008). Although this effect has not yet been shown to

occur in the brain parenchyma, we cannot rule out that M-CSF

upregulation is responsible for increased microglial numbers and

consequently enhanced phagocytosis. Taken together, our work

suggests that microglial modulation may be of benefit for AD. Their

potential should be explored further to understand molecular

changes occurring in diseased microglia and the potential to reverse

those pathological changes by enhancing young and protective func-

tions of healthy microglia.

Reduced amyloid clearance of aged microglia in AD is reversible

Previous reports described AD microglia as burned-out, dystrophic

(senescent) or degenerating (Streit et al, 2004, 2014), suggesting a

low potential for functional repair. Intriguingly, the amyloid plaque

clearance potential of aged AD microglia could be fully restored in

our ex vivo co-culture model despite their unfavorable cellular

environment due to continuous loss of neurons and astrocytes. We

want to note that is important to assess microglia not only in the

context of amyloid plaques, but also in the context of neurodegen-

eration. Microglial response to amyloid pathology can be mimicked

in transgenic mouse models, such as APPPS1 used here. However,

microglial reaction to significant cell loss cannot be examined as

no overt neurodegeneration has been observed in this and other

commonly used mouse models of amyloidosis (Ashe & Zahs,

2010). Thus, our newly developed ex vivo model may more closely

recapitulate microglial environment in AD brains. Attempts to reju-

venate old microglia toward promoting beneficial functions of

young microglia may help understanding pathological changes in

AD and open novel therapeutic avenues. Rejuvenation as the idea

to restore brain functions that decline with aging has been

proposed upon systemic manipulations such as caloric restriction,

exercise or, as recently shown, heterochronic parabiosis (Villeda

et al, 2011, 2014; Bouchard & Villeda, 2015; Smith et al, 2015).

Our ex vivo model can be explored further to search for additional

factors that enhance amyloid clearance and reduce accumulation

of Ab.

Materials and Methods

Animals

Hemizygous APPPS1 mice (line 21) were kindly provided by

Mathias Jucker, Hertie-Institute for Clinical Brain Research, Univer-

sity of Tübingen, and DZNE-Tübingen (Radde et al, 2006). The

APPPS1 mice are overexpressing human APPKM670/671NL and

PS1L166P under the control of the Thy-1 promoter and were bred in a

C57BL/6J background. The CX3CR1
GFP/GFP reporter line (Jung et al,

2000) was obtained from the Jackson Laboratory and bred with

C57BL/6J WT and hemizygous APPPS1 line to obtain CX3CR1
+/GFP

and APPPS1/CX3CR1
+/GFP mice, respectively. The GM-CSF knock-

out mice (GM-CSF�/�) were also obtained from the Jackson Labora-

tory (Dranoff et al, 1994). Both male and female mice were used in

this study. Mice were group housed under specific pathogen-free

conditions. Mice had access to water and standard mouse chow

(Ssniff� Ms-H, Ssniff Spezialdiäten GmbH, Soest, Germany) ad libi-

tum and were kept under a 12/12 h light–dark cycle in IVC System

Type II L-cages (528 cm2) equipped with solid floors and a layer of

bedding. All animal experiments were performed in compliance
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with the German animal welfare law and have been approved by

the government of Upper Bavaria.

Organotypic slice cultures

Organotypic slice cultures were prepared according to the

membrane interface method described by Stoppini et al (1991) with

some modifications. Brains were removed from either young neo-

natal (postnatal days 5–7) or old (10–20 months) mice. Young

neonatal pups were decapitated, and old mice were sacrificed by

CO2 inhalation, all according to animal handling laws. Hippocampi

and neocortices of the old mice (hippocampal or cortical slice

cultures) or hippocampi together with the adjacent neocortices of

young mice (cortico-hippocampal slice cultures, depicted in Fig 1A)

were dissected. Sagittal sections, 350 lm thick, were cut using a

Mcllwain tissue chopper (Model TC752, Mickle Laboratory Engi-

neering Company), intact sections carefully selected under a dissec-

tion microscope (SZ61, Olympus) and incubated for 30 min at 4°C

in pre-cooled dissection media (50% HEPES-buffered MEM, 1%

penicillin–streptomycin, 10 mM Tris, pH 7.2). Subsequently, four

slices were plated onto each 0.4-lm porous polytetrafluoroethylene

(PTFE) membrane insert (PICM ORG 050, Millipore) placed in a 3.5-

cm dish filled with 1 ml of slice culture media containing 50%

HEPES-buffered MEM (Gibco), 25% heat-inactivated horse serum

(Sigma-Aldrich), 25% HBSS (Gibco), and 1 mM L-glutamine (Gibco)

at pH 7.4 and maintained in a cell-culture incubator at 37°C, 5%

CO2. In the co-culture paradigm, two slices of young WT tissue (cor-

tico-hippocampal) were plated together with two slices of old

APPPS1 tissue (cortical and hippocampal) in the same culture dish

(Fig 1A). Media were exchanged 1 day after preparation and subse-

quently every 3–4 days.

Drug and cytokine treatments of slice cultures

Drugs were applied directly to the slice culture media. Slice cultures

were treated as indicated and retreated at every media exchange.

Treatments were as follows: cytochalasin D (CytoD, Sigma-Aldrich,

1 mM stock in DMSO) at 1 lM; clodronate (Clo, Millipore, 50 mg/

ml clodronate disodium salt stock in H2O) at 100 lg/ml; recombi-

nant mouse IL-10 (R&D systems, 100 lg/ml stock in PBS) at

100 ng/ml; recombinant mouse TGF-b1 (R&D systems, 50 lg/ml

stock in PBS) at 100 ng/ml; recombinant mouse IL-6 (R&D systems,

100 lg/ml stock in PBS) at 100 ng/ml; recombinant mouse IL-12/

p40 (R&D systems, 100 lg/ml stock in PBS) at 100 ng/ml; recombi-

nant mouse GM-CSF (R&D systems, 100 ng/ml stock in PBS) at

1 ng/ml; and cytosine arabinoside (AraC, Merck Millipore, 1 mM

stock in H2O) at 5 lM.

Biochemical characterization of slice cultures

For each sample, eight brain slices were pooled (from four indepen-

dent slice culture dishes), and this was performed in triplicates and

in three independent experiments. RIPA lysates were prepared, and

the remaining pellet after 14,000 g centrifugation (60 min at 4°C)

was homogenized in 70% formic acid. The formic acid fraction was

neutralized with 20× 1 M Tris–HCl buffer at pH 9.5 and used for Ab
analysis. For Ab detection, proteins were separated on Tris-Tricine

(10–20%, Thermo Fisher Scientific) gels, transferred to

nitrocellulose membranes (0.1 lm, GE Healthcare) which were

boiled for 5 min in PBS and subsequently incubated with the block-

ing solution containing 0.2% I-Block (Thermo Fisher Scientific) and

0.1% Tween-20 (Merck) in PBS for 1 h, followed by overnight incu-

bation with 2 lg/ml 2D8 antibody in the blocking solution. The rat

monoclonal 2D8 antibody against Ab was described before

(Shirotani et al, 2007). RIPA lysates (10–20 lg of protein) were

separated on Tris-Glycine (7–8%) or Tris-Tricine (10–20%, Thermo

Fisher Scientific) gels and blotted onto PVDF (Immobilon-P; Milli-

pore) membranes for the detection of CD68 (Serotec, MCA1957GA)

1:600, GFAP (Dako Cytomation, Z 0334) 1:1,500 and b3-tubulin
(Covance, MMS-435P) 1:1,000. Antibody detection was performed

using the corresponding anti-HRP-conjugated secondary antibodies

(Santa Cruz) and chemiluminescence detection reagent ECL

(Thermo Fisher Scientific) and quantified by ImageJ.

Slice culture conditioned media: collection and incubation

Conditioned media (CM) from young WT and old APPPS1 tissue

(4 slices/dish) were collected in 1.5-ml tubes starting from 4 to 5

DIV and collected every 3–4 days for a total of six times, centrifuged

at 0.9 g for 5 min at 4°C, and the supernatants stored at �20°C. CM

from different aliquots were thawed, pooled, and distributed into

new 3.5-cm dishes (1 ml/dish) and pre-equilibrated at 37°C, 5%

CO2 for at least 2 h before incubating the old APPPS1 tissue.

For collection of CM from microglia-depleted young WT tissue,

slices (4 slices/dish) were treated with 100 lg/ml of bisphospho-

nate clodronate (Clo) from 1 DIV until 7 DIV. After stopping the

treatment, CM were collected (starting from 10 to 11 DIV) every

3–4 days for a total of five times. CM were filtered through a

0.2-lm pore size sterile filter (VWR International) and stored at

�20°C until usage. As a control, media were collected from vehi-

cle (H2O)-treated young WT tissue and subjected to the same

experimental procedure. Slice cultures were incubated in CM,

starting from 1 DIV, and re-incubated every 3–4 days with freshly

thawed and pre-equilibrated CM. Samples were fixed at 7, 11 and

14 DIV and immunostained.

For analysis of cell proliferation, old APPPS1 slices were incu-

bated in CM from young WT tissue in combination with 5 lM AraC

or H2O as a vehicle control, starting from 1 DIV and re-incubated

every 3–4 days with freshly thawed and pre-equilibrated CM and

retreated. Samples were fixed at 14 DIV and immunostained.

Primary microglial cultures, conditioned media: collection
and incubation

Primary microglia were isolated from postnatal day 5 WT mouse

brains using MACS Technology (Miltenyi Biotec) and according to

manufacturer0s instructions. Briefly, brain cortices were dissected,

freed from meninges, and dissociated by enzymatic digestion using

a Neural Tissue Dissociation Kit P (Miltenyi Biotec). Cd11b-positive

microglia were magnetically labeled using Cd11b MicroBeads,

loaded onto a MACS Column (Miltenyi Biotec) and subjected to

magnetic separation. Isolated microglia were plated onto 6-cm tissue

culture dish at density 1 × 106cells/dish and cultured for 24 h in

DMEM/F12 media (Invitrogen) supplemented with 10% heat-

inactivated FCS (Sigma) and 1% penicillin–streptomycin (Invitrogen)

and maintained in a humidified 5% CO2 incubator at 36.5°C. After
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24 h, plating media were replaced with fresh slice culture media

described above. Conditioned media (CM) were collected after addi-

tional 48 h, and filtered aliquots (0.45 lm, Millipore) have been

stored at �20°C. Old APPPS1 slices were incubated in CM from

young primary microglia or in slice culture media as a control, start-

ing from 1 DIV and re-incubated every 3–4 days with freshly thawed

and pre-equilibrated CM. Samples were fixed at 14 DIV and

immunostained.

Immunohistochemistry

Slices were fixed in 4% paraformaldehyde (PFA)/sucrose, pH 7.4

for 15 min at room temperature (RT), washed in PBS (three times),

and permeabilized for 30 min in PBS containing 0.5% Triton X-100.

Slices were cut from the membrane insert using a scalpel and trans-

ferred in a wet chamber, followed by 1-h incubation in a blocking

solution (PBS containing 0.5% Triton X-100 and 5% goat serum).

Slices were incubated overnight at RT in blocking solution contain-

ing primary antibodies: CD68 (Serotec, MCA1957GA) 1:1,000; Ab
antibodies M3.2 (Covance, SIG-39155) 1:500, 6E10 (Covance, SIG-

39320) 1:500, and 2D8 (Shirotani et al, 2007) 0.011 lg/ll; GFAP

(Dako Cytomation, Z 0334) 1:200; NeuN (Millipore, MAB377)

1:200; either GFP (NeuroMab, 75-132) or GFP (Fitzgerald, 20R-

GR011) 1:200; and Ki67 (Cell Signaling Technology, 12202) 1:100.

Slices were washed three times for 10 min with PBS containing

0.5% Triton X-100 and incubated for 3–5 h at RT in blocking solu-

tion containing DAPI (Invitrogen) 1:20,000 and appropriate

secondary antibodies conjugated to Alexa Fluor 488, 555, and 647

(Life Technologies) 1:200 and (Immunological Sciences) 1:350.

Slices were subsequently washed three times for 10 min. Fibrillar

dense core plaques were stained with thiazine red (Sigma-Aldrich,

2 lM solution in PBS) for 20 min in the dark at RT followed by

three PBS washing steps. Slices were mounted using Gel Mount

media (Sigma-Aldrich) and analyzed by confocal microscopy.

Image acquisition, analysis, and quantification

Confocal images were acquired using a Plan-Apochromat 10×/

0.45 M27 and 40×/1.4 oil differential interference contrast (DIC)

objectives at 0.6- and 1.5-fold magnifications on a LSM 710 confocal

microscope (Zeiss) using ZEN 2011 software package. 3D image

rendering was performed using Imaris x64 software (version 7.6.0,

Bitplane). 3D images were analyzed using “surpass volume” mode.

Representative images were acquired using the “snapshot” tool.

For quantification of amyloid plaques, samples were immuno-

stained with M3.2 or 6E10 anti-Ab antibodies to visualize plaques.

Images were acquired using a Plan-Apochromat 10×/0.45 M27

objective on a fluorescence microscope (Zeiss AxioImager A2)

equipped with AxioCam MRm using AxioVision software package.

Total number of amyloid plaques and number of core-only plaques

were manually counted from acquired images and normalized to

the tissue surface (in square micrometers). Imaged surface was

calculated using the ZEN lite 2011 software package. The values

are expressed as percentages of core-only plaques from the total

number of amyloid plaques. A minimum of 18 images per experi-

ment, from at least three independent experiments, were used for

quantification analysis (exceptions: Figs 6B and 9F where 12

images per experiment, from three independent experiments, were

used for quantification analysis). Core-only plaques were classified

as plaques containing fibrillar, TR-positive amyloid core, and no

detectable 6E10-positive halo (as depicted in Figs 2A, 14 DIV and

EV2A). For quantification of the number of plaque-associated

CD68-positive cells and plaque size, samples were immunostained

with CD68 and 6E10 antibodies and confocal images acquired with

40×/1.4 oil DICIII objective at 1.5-fold magnification. The number

of plaque-associated CD68-positive cells was counted manually

taking into account CD68 and DAPI signal, used to visualize

nuclei. Results were expressed as numbers of CD68-positive cells

per plaque. The plaque area was determined from acquired images

by drawing manually its outline and surface calculated using the

ZEN lite 2011 software package and expressed in square micro-

meters. A minimum of 50 plaques, from at least three independent

experiments, were used for quantification analysis. For quan-

tification of the area of CD68-positive cells (CD68 coverage),

samples immunostained with CD68 Ab were used and confocal

images acquired with Plan-Apochromat 10×/0.45 M27 objective at

1.5-fold magnification. CD68 coverage was analyzed by the thresh-

olding technique using ImageJ software (NIH). The values were

normalized to CD68 coverage of the Ctr. For each condition

analyzed, a total of 12 regions of interest (ROI) were recorded

from cortical areas. Twelve images per experiment, from three

independent experiments, were used for the analysis. For quan-

tification of the area of CX3CR1-GFP-positive cells (CX3CR1-GFP

coverage), samples were immunostained with GFP Ab and

subjected to the same experimental procedure as described above.

For quantification of the number of proliferating CD68-positive

microglial cells, samples were immunostained with CD68 and Ki67

antibodies and confocal images of cortical areas were acquired

with Plan-Apochromat 10×/0.45 M27 objective at 1.5-fold magnifi-

cation. The number of CD68-positive and CD68 and Ki67 double-

positive microglial cells was determined by the thresholding

technique and the “Analyze Particle” function using ImageJ (NIH)

software (within size of 0.01-Infinity for CD68-positive cells and

0.0015-Infinity for CD68 and Ki67 double-positive cells). For the

determination of the number of CD68-positive cells, thresholded

images were analyzed using the “watershed” module. A minimum

of eight images per experiment, from three independent experi-

ments, were used for the analysis in Fig 9B, and 12 images per

experiment, from two independent experiments, were used for the

analysis in Fig 9D. The values are expressed as percentages of

Ki67 and CD68 double-positive cells from the total number of

CD68-positive cells.

Cell viability assay

Cell viability was assessed by incubating brain slices (7 and 14 DIV)

with 5 lg/ml propidium iodide (PI, Sigma-Aldrich) for 15 min at

37°C, 5% CO2. Afterward, PFA-/sucrose-fixed samples have been

stained with rabbit anti-GFAP, rabbit anti-NeuN antibodies, and

DAPI as described before. Representative pictures have been

acquired using a Leica SP5 confocal microscope with a 20× dry

objective. PI-positive cells have been quantified and normalized to

the total cell number (DAPI-positive) using an automated counting

of single-color images on ImageJ software (NIH). Quantification has

been based on at least three pictures per sample from three indepen-

dent experiments.
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Microglial morphology

In order to investigate microglial morphology ex vivo, slice cultures

from young CX3CR1+/GFP and old APPPS1/CX3CR1+/GFP mice

have been prepared. Only cells not directly in contact with

amyloid plaques have been analyzed in APPPS1/CX3CR1+/GFP

mice. Brain slices at 0 DIV (young and old) and 10 DIV (young

and old cultured alone and in co-culture) have been PFA/sucrose

fixed and stained using rabbit anti-GFP, mouse anti-Ab antibody

M3.2, and DAPI as described before. At least five representative

pictures from each sample, from three independent experiments,

have been acquired using a Leica SP5 confocal microscope with a

20× dry objective and 1.7-fold magnification. Microglial cells have

been classified by a rater blinded to treatment groups into two

distinct categories (ramified versus amoeboid) according to cell

body volume with a cut-off of 523 lm3 (radius = 5 lm). Data are

expressed as percentages of amoeboid cells versus total number of

analyzed microglial cells.

Statistical analysis

The data are presented as mean � standard error of the mean

(� SEM) from at least three independent experiments. Statistical

significance (P-value) was calculated using the unpaired two-tailed

Student’s t-test (P-value of < 0.05 was considered to be statistically

significant; *P < 0.05, **P < 0.01 and ***P < 0.001, n.s. = not

significant).

Expanded View for this article is available online.
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