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In brief

Tzioras and colleagues report that

synapse ingestion by astrocytes and

microglia is increased in Alzheimer’s

disease brain tissue compared with

controls. Human astrocytes andmicroglia

in culture demonstrate enhanced

phagocytosis of synapses derived from

Alzheimer’s brain, which can be reduced

to control levels by blocking MFG-E8

protein on the synapses.
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SUMMARY
Synapse loss correlates with cognitive decline in Alzheimer’s disease (AD). Data from mouse models sug-
gests microglia are important for synapse degeneration, but direct human evidence for any glial involvement
in synapse removal in human AD remains to be established. Here we observe astrocytes and microglia from
human brains contain greater amounts of synaptic protein in AD compared with non-disease controls, and
that proximity to amyloid-b plaques and the APOE4 risk gene exacerbate this effect. In culture, mouse
and human astrocytes and primary mouse and human microglia phagocytose AD patient-derived synapses
more than synapses from controls. Inhibiting interactions of MFG-E8 rescues the elevated engulfment of AD
synapses by astrocytes and microglia without affecting control synapse uptake. Thus, AD promotes
increased synapse ingestion by human glial cells at least in part via an MFG-E8 opsonophagocytic mecha-
nism with potential for targeted therapeutic manipulation.
INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disease charac-

terized by progressive cognitive decline and the accumulation of

two pathological protein aggregates in the brain, amyloid-b (Ab)

plaques and phosphorylated tau tangles.1,2 Oligomeric forms of

Ab and tau are toxic to synapses and contribute to synapse

loss.3–6 In turn, synapse loss is the strongest pathological corre-

late of cognitive decline in AD7,8; however, no therapies have

been developed to effectively halt the degeneration and loss of

synapses in humans. Controlled synapse elimination is an impor-

tant aspect of the developing brain and this process is aided by

glial cells in the brain, specifically astrocytes and microglia.9–13

This controlled synaptic refinement, or pruning, relies onmultiple

pathways, including the complement system,10 interleukin (IL)-
Cell Reports
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33,14 and epigenetic factors.15 Interestingly, it is hypothesized

based on data from animal models that glial cells re-activate

pathways involved in developmental synaptic pruning in a path-

ological manner during AD. For instance, in animal models of

AD, microglia and astrocytes engulf more synapses both in

response toAbpathology16–19 and tau.20,21 The upregulated syn-

aptic engulfment is often accompanied by cognitive deficits in

mice, and importantly, when synaptic engulfment is blocked,

there is a rescue of this cognitive deficit.16,17,22 This suggests

that not all synapses that are removed by microglia are degener-

ating, and highlights an important therapeutic window for

rescuing healthy synapses from being lost. There is a paucity of

human studies investigatingmicroglial and astrocyte interactions

with synapses in disease, whichmay in part contribute to the lack

of effective drugs in trial or approved for AD.23
Medicine 4, 101175, September 19, 2023 ª 2023 The Author(s). 1
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Figure 1. Astrocytes ingest more synapses in Alzheimer’s disease compared with midlife and aged controls

(A) Confocal images of immunostaining with orthogonal views (left) and three-dimensional reconstructions of stacks (right) of midlife control, aged control, and

Alzheimer’s disease showing ingestion of synapsin 1 (Syn1, green) by astrocytes (GFAP, magenta) in human brain sections. Ab plaques and nuclei are coun-

terstained with Thioflavin S and DAPI, respectively, shown in blue. Only ingested Syn1 is shown in 3D Imaris reconstructions. Representative images are from

BA17. Scale bars represent 5 mm.

(B) Quantification of synapsin 1 ingested by GFAP-positive astrocytes showed significantly increased levels in AD compared with both midlife controls (post hoc

Tukey corrected tests after linear mixed effects model t = 8.138, p < 0.0001) and aged controls (t = 4.997, p < 0.0001), and also between midlife controls to aged

controls (t = 3.68, p = 0.0015).

(C) Statistically significant increase of synapsin 1 ingestion by astrocytes near Ab plaques in AD cases (F[1,1202.02] = 13.6, p = 0.0002366).

(D) The APOE4 genotype was associated with an increase in synapsin 1 colocalization inside GFAP-positive astrocytes (F[1,78.36] = 17.81, p = 6.5 3 10�5).

(legend continued on next page)
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RESULTS

We examined human postmortem tissue from individuals with

late-stage AD (n = 32), age-matched control cases (n = 18),

and midlife control cases (n = 10) without neurological disorders

in two brain areas, the inferior temporal lobe (temporal cortex,

BA20/21), which contains substantial Ab and tau pathology,

and the primary visual cortex (occipital cortex, BA17), which is

affected later in dementia and contains less pathology than tem-

poral cortex even at end stages of disease (information for hu-

man cases found in Table S1).

To determine whether astrocytes ingest synapses in human

brain, we examined colocalization between GFAP and Syn1

(Figure 1A) and observe a 2.1-fold increase in AD compared

with age-matched control brain (Figure 1B), indicating astro-

cytes ingest more synapses in AD than control (p < 0.0001).

Further, there is a 2.7-fold increase in the volume occupied

by synapses and GFAP between midlife and healthy aging

(p = 0.0015), indicating that astrocyte ingestion of synapses in-

creases during age and further increases in AD (p < 0.0001)

(Figure 1B). Astrocytes ingest more synapses in the proximity

of Ab plaques in BA20/21 (p = 0.0004) but not in BA17 in AD

brain (Figures 1C and S1). Also, we observe significantly higher

astrocytic ingestion of Syn1 in individuals who carry the APOE4

allele than those who do not (p = 6.5 3 10�5) (Figures 1D, S1C).

Moreover, there is more colocalization of astrocytes and syn-

apses in BA17 than BA20/21 (p < 0.0001) (Figure 1E), which oc-

curs both in aged control and in AD cases (Figure S1C). When

ingestion was normalized to GFAP burden, there was still a sig-

nificant effect of cohort (p < 0.0001) with both AD and aged

controls having more synapse colocalization with astrocytes

than midlife controls in post hoc tests (Figure S1D). Interest-

ingly, women had significantly more synaptic ingestion by as-

trocytes when normalized to GFAP burden (p = 0.015). To

confirm synaptic ingestion by astrocytes with a sub-diffraction

limit technique, we re-analyzed a recently published array to-

mography dataset,24 and confirmed at sub-synaptic resolution

that synapses are within GFAP-positive astrocytes (Figures S1J

and S1K).

We also assessed internalization of synapses by microglia us-

ing Syn1 colocalization with the microglial lysosomal marker

CD68 (Figure 2A), which was also confirmed by super-resolution

Airyscan microscopy (Figure S1E). CD68 labels both microglia

and macrophages, and in the cortical neuropil regions examined

from our cases, we observed that CD68-positive cells were also

positive for IBA1 and the microglial marker TMEM11924,25 (Fig-

ure S1G). We found a significant increase in the volume of coloc-

alization between CD68 and Syn1 in AD compared with aged

controls (p = 0.0024) and in AD compared with midlife controls

(p = 0.0096), suggesting increased synaptic ingestion by micro-

glia in disease (Figure 2B). The increased synaptic ingestion by

microglia in AD was present in both BA17 and BA20/21 (Fig-
(E) BA17 (primary visual cortex) was associated with higher levels of synapsin 1 c

temporal cortex) (F[1,2228.59] = 1382.4, p = 2.2 3 10�16). Statistical compariso

formed data with case as a random effect and disease, brain region,APOE4 status

(B)–(E). All data are included in boxplots and casemedians are shown in points. Da

by circles and females by triangles. Biological replicates were human brain dono
ure S1H). Unlike astrocyte ingestion, there was no increase inmi-

croglial ingestion of synapses between midlife and healthy aging

(p = 0.625) (Figure 2B). Moreover, in AD brain samples, this

ingestion was higher in the presence of Ab plaques (p =

8.153 10�7) (Figure 2C) and in individuals with the APOE4 geno-

type (p = 0.02) (Figures 2D and S1H). Similar to astrocytes, there

is more colocalization of microglia and synapses in BA17 than

BA20/21 (p < 0.0001) (Figures 2E and S1H). As expected, we

observed microgliosis in AD brain with a 1.9-fold increase in

CD68 volume across both brain areas. When synaptic colocali-

zation with CD68 was normalized to CD68 volume, no differ-

ences were seen between AD and aged control brain, indicating

that the increased colocalization (reflective of ingestion) is at

least partly driven by microgliosis and/or microglial hypertrophy

(Figure S1I). These data show that microglia contain synaptic

protein in human brain with more ingestion in AD, more near pla-

ques, and more in APOE4 carriers.

To further validate microglial ingestion of synapses, we immu-

nostained for the microglial-specific marker P2Y12, which

confirmed synaptic colocalization with this marker (Figure 3A).

Since synapsin 1 can be observed in axons as well as synapses,

we confirmed synaptic ingestion by both astrocytes and micro-

glia using synaptophysin, a more specific presynaptic vesicle

marker (Figure 3A). We also observed excitatory postsynaptic

densities (PSD95) and inhibitory presynaptic proteins GAD65/

67 within astrocytes and microglia (Figures S2A and S2B). The

synaptic ingestion we observed in postmortem samples could

be due to specific phagocytosis of synapses from living neurons

or more general clearance of dead or dying neurons by glia. To

investigate this possibility, we co-stained synaptic protein syn-

aptophysin, neuronal neurite protein MAP2, astrocytes, and mi-

croglia (Figure 3A). Similar to our previous experiments, we

observed significantly higher colocalization of synaptophysin

with both astrocytes (p = 0.001, Figure 3B) and microglia (p =

0.047, Figure 3C). In AD cases, triple colocalization of MAP2

with synaptophysin and astrocytes showed a 10-fold lower co-

localization than synaptophysin with astrocytes (Figure 3D),

and similarly MAP2 with synaptophysin and microglia showed

a 44-fold lower colocalization compared with synaptophysin

with microglia (Figure 3E), suggesting synaptic ingestion occurs

predominantly in the absence of neurite ingestion. We also did

not observe axonal neurofilament ingestion by astrocytes and

microglia (Figure S2C).

In terms of relevance of glial ingestion of synapses to synapse

loss, we previously characterized a subset of these same human

brain donors with array tomography to accurately measure syn-

apse density (n = 4 midlife, 10 aged control, AD 16, data from

King et al.4 and Colom-Cadena et al.5). In this subset of cases,

the synapse density negatively correlated with astrocyte inges-

tion of synapses in BA20/21 (Figure S1B, correlation coefficient

�0.68, p < 0.0001). Microglial engulfment of synapses did not

correlate with synapse density in either brain region (Figure S1F).
olocalization inside GFAP-positive astrocytes compared with BA20/21 (inferior

ns were made using ANOVA after linear mixed effects model on Tukey trans-

, gender, and age as fixed effects. Untransformed data are presented in graphs

ta in this figure are pooled from both BA17 andBA20/21.Males are represented

rs: n = 10 midlife controls, 19 aged controls, AD 31 cases.
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Figure 2. Microglia ingest more synapses in Alzheimer’s disease compared with midlife and aged controls

(A) Confocal images of immunostaining with orthogonal views (left) and three-dimensional reconstructions of stacks (right) of midlife control, aged control, and

Alzheimer’s disease showing ingestion of synapsin 1 (Syn1, green) by microglia (CD68, magenta) in human brain sections. Ab plaques and nuclei are coun-

terstained with Thioflavin S and DAPI, respectively, shown in blue. Only ingested Syn1 is shown in 3D Imaris reconstructions. Representative images are from

BA17. Scale bars represent 5 mm.

(B) Quantification of synapsin 1 ingested by CD68-positive microglia showed significantly increased levels in AD comparedwithmidlife (Tukey corrected post hoc

test t = 3.56, p = 0.0024) and aged controls (t = 3.09, p = 0.0096). No statistical difference was seen betweenmidlife controls and aged control (t = 0.93, p = 0.625).

Data here are pooled from both BA17 and BA20/21, sample size corrected by mixed effected linear model.

(C) Statistically significant increase of synapsin 1 ingestion by microglia near Ab plaques in AD cases (ANOVA F[1,881.57] = 20.74, p = 6.01 3 10�6).

(D) The APOE4 genotype was associated with an increase in synapsin 1 colocalization inside CD68-positive microglia (F[1,42.86] = 5.84, p = 0.02).

(legend continued on next page)
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Having shown in postmortem human tissue that there is more

synaptic protein located within microglia and astrocytes in AD

compared with control brains, we next sought to determine

whether synapses derived from human AD brains are more

readily internalized by glia in dynamic ex vivo assays. We used

snap-frozen samples from the temporal lobe (Brodmann area

38, or BA38) of control and AD cases to prepare synaptoneuro-

somes and synaptosomes in synapse-enriched fractions (SEFs),

as previously validated by our lab26 and others.27 Western blot-

ting showed the synaptoneurosomes and synaptosomes had

significantly higher levels of both synaptophysin (Sy38) and post-

synaptic density 95 (PSD-95) in the SEFs compared with total

brain homogenate, as well as a significant de-enrichment of

the nuclear marker histone H3 (Figures S3A–S3C, S3E, and

S3F). Synaptic integrity was also validated by electron micro-

scopy (Figure S3G). We observed lower levels of synaptophysin

in AD brain homogenates and synaptoneurosomes compared

with brains from age-matched controls without dementia, re-

flecting the known synapse loss that occurs in AD (Figure S3D).

Synaptoneurosomes and synaptosomes were conjugated to

pHrodo-Red succinidyl ester, enabling visualization of synapses

internalized within the acidic phago-lysosomal compartment

during phagocytosis.28,29 We challenged cultured GFAP-ex-

pressing human and mouse astrocytes (Figures S4A and S4B)

with pHrodo-Red labeled synaptoneurosomes from AD or con-

trol brain to confirm they phagocytose synapses (Figures 4A

and 4B, Videos S1 and S2). We observed that cultured human

astrocytes phagocytose synaptoneurosomes from AD brain

both more (p = 8.47 3 10�4) and faster (p = 8.25 3 10�14) than

those from controls (Figures 4C and 4D). Similarly, AD synapto-

somes were also ingested more than control synaptosomes by

human astrocytes (Figure S3H). Primary mouse astrocytes simi-

larly ingested AD synapses both more (p = 8 3 10�4) and faster

(p = 2 3 10�16) than controls (Figures 4E and 4F). Importantly,

phagocytosis of synaptoneurosomes was completely sup-

pressed in astrocytes treated with cytochalasin D (CytD), a

potent inhibitor of actin polymerization that prevents phagocy-

tosis (Figures 4C, 4E, S4C, and S4D).

We next tested whether microglia also ingest AD synapses

differently from controls. The BV2 murine microglial cell line

was used to validate phagocytosis of pHrodo-tagged synapto-

neurosomes where clear uptake of synaptoneurosomes into

acidic subcellular compartments was observed, while this was

diminished by CytD (Figures S4E and S4F). We then tested up-

take of synaptoneurosomes from control or AD brains by primary

human microglia isolated from peritumoral tissue extracted dur-

ing glioblastoma surgeries (n = 11 patient donors; Table S2). Mi-

croglia were isolated by immunomagnetic separation, as previ-

ously validated for mice by our group,30 and human cells were

shown to express the microglia-specific marker TMEM119 (Fig-

ure 5A). Human microglia in culture were exposed to AD or con-

trol synaptoneurosomes labeled with pHrodo and imaged using
(E) BA17 (primary visual cortex) was associated with higher levels of synapsin 1

temporal cortex) (F[1,1973.76] = 67.82, p = 3.42 3 10�16). Statistical compariso

model on Tukey transformed data with case as a random effect and disease, bra

are presented in graphs (B)–(E). Males are represented by circles and females by t

17 aged controls, AD 22 cases.
live microscopy (Figures 5B and 5C, Videos S3 and S4). A signif-

icantly greater proportion of human microglia phagocytosed AD

synaptoneurosomes compared with controls (p = 0.027) and this

process also occurred faster (p = 23 10�16) (Figures 5D and 5E).

There were no effects of gender, age, or resection brain region

for the microglial surgical donors. We also observed similar re-

sults from adult primary microglia from non-diseased temporal

cortex of a neurosurgical biopsy due to epilepsy (Figures S5A–

S5C), as well as from human pluripotent stem-cell-derived mi-

croglia-like cells (Figures S5D–S5H). Given the inter-person vari-

ability of human microglia, we also challenged adult primary

mouse microglia with the human synaptoneurosomes. Similar

to the human microglia, murine microglia also ingested AD syn-

aptoneurosomes both more (p = 0.01) and faster (p < 0.0001)

than control synaptoneurosomes (Figures 5F and 5G, effect of

disease of synapse donor: F[1,2.88E21] = 102.39, p < 0.0001; ef-

fect of incubation time F[18,inf] = 98.10, p < 0.0001). Primary

mouse microglia also preferentially ingested AD synaptosomes

compared with control synaptosomes (Figure S3I). Interestingly,

cultured astrocytes phagocytosed synapses more slowly than

microglia, with maximum phagocytosis occurring at around

60 min in microglia and around 48 h in astrocytes. Last, we

excluded the possibility that AD-derived synapses interfere

with the phago-lysosomal compartment to account for this in-

crease in ingestion by running degradation assays in cultured as-

trocytes and microglia showing effective degradation of both AD

and control synaptoneurosomes (Figures S6A–S6C).

One possible mechanism for tagging synapses for ingestion is

via MFG-E8, a phosphatidylserine-recognizing opsonin. Astro-

cytes, microglia, and macrophages produce MFG-E8 both

in vitro and in vivo, which can bind to exposed phosphatidylser-

ine on living neurons challenged with either Ab or p-tau, facili-

tating phagocytosis via binding integrins on phagocytes.31–35

We have previously observed increased levels of MFG-E8 at

the synapse in AD individuals compared with controls by unbi-

ased proteomic screening.36 Here, we have validated that the

AD synaptoneurosomes tested in the phagocytosis assays

also express higher levels of MFG-E8 compared with control

samples (p = 0.01) by quantitative dot blots (Figures 6A–6C).

Thus, we tested the hypothesis that blocking the integrin binding

site onMFG-E8 would modulate phagocytosis of AD and control

synaptoneurosomes. Synaptoneurosomes from AD and control

brain were pre-incubated with an antibody to block the integrin

binding domain of MFG-E8 (or immunoglobulin [Ig]G1 isotype

control) before applying them to cultured human microglia or as-

trocytes. In human astrocyte cultures (Figure 6D), anti-MFG-E8

antibody treatment significantly reduced phagocytosis of AD

synaptoneurosomes (p = 0.0011) compared with both untreated

and IgG1 (isotype control for anti-MFG-E8 antibody) incubation

(p = 0.0384) (Figure 6E and S5I). When astrocytes were exposed

to control synapses, there was no effect of either MFG-E8 or

IgG1 treatment on phagocytosis. This provides a mechanism
colocalization inside CD68-positive microglia compared with BA20/21 (inferior

ns were made using post hoc Tukey test or ANOVA after linear mixed effects

in region, APOE4 status, gender, and age as fixed effects. Untransformed data

riangles. Biological replicates were human brain donors: n = 10midlife controls,
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Figure 3. Astrocytes and microglia ingestion of synapses in the absence of neuronal neurite ingestion

(A) Staining presynaptic terminals with synaptophysin, neuronal neurites with MAP2, astrocytes with GFAP, and microglia with P2Y12 reveals synaptic ingestion

by astrocytes (cyan boxes, arrowheads) and microglia (magenta boxes, arrows) in the absence of MAP2 staining in control and AD brain. In AD, MAP2 positive

neuronal protein can also be observed in astrocytes (cyan boxes, dotted ovals) andmicroglia (magenta boxes, dotted ovals). Large panels are maximum intensity

projections of confocal image stacks. Insets are single sections to demonstrate colocalization. Scale bars represent 20 mm in large panels, 5 mm in insets.

(B) Quantification of synaptophysin (SyO) ingested by GFAP-positive astrocytes showed significantly increased levels in AD compared with aged controls (-

ANOVA after linear mixed effects model with cohort, gender, and age as fixed effects and case as a random effect F[1,13.02] = 17.38, p = 0.001).

(legend continued on next page)
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by which astrocytes ingest AD-specific synapses and a pathway

that can be targeted tomodulate phagocytosis. In human brains,

astrocytes abundantly express the integrin receptor a5b5, which

is known to bind MFGE8.37 Therefore, we used an antibody to

block this receptor and test its effects in ingestion of synapto-

neurosomes. We found that anti-a5b5 treatment on human as-

trocytes resulted in significantly reduced phagocytosis of AD

(p = 0.006), but not control (p = 0.0758) synaptoneurosomes

compared with untreated cells (Figure 6F). This suggests that

both MFG-E8 and its integrin receptor a5b5 are important mo-

lecular pathways in astrocytic ingestion of synapses in AD.

We also challenged human cultured microglia with synapto-

neurosomes treated with the anti-MFG-E8 antibody or IgG1 iso-

type control (Figure 6G) as above. MFG-E8 antibody treatment

reduced phagocytosis of AD synaptoneurosomes compared

with untreated (p < 0.0001) and IgG1 isotype control (p =

0.0208). We also found that AD synaptoneurosome phagocy-

tosis was decreased by IgG isotype alone (p < 0.0001) compared

with non-antibody-containing vehicle, despite prior blocking of

low affinity Fc receptors (with anti-CD16/32) on microglia in all

conditions (Figure 6H). Anti-MFG-E8 treatment attenuated mi-

croglial phagocytosis of AD synapses significantly more than

IgG1 treatment (p = 0.0208), suggesting MFG-E8 acts as a

more specific opsonin on synapses than IgG1. Anti-MFG-E8

treatment did not affect microglial phagocytosis of control

brain-derived synaptoneurosomes, similar to astrocytes (Fig-

ure 6H). The absence of an IgG1 effect in astrocyte cultures

above is consistent with their lacking expression of Fc receptors.

Overall, blocking synaptic MFG-E8 on AD synapses also

reduced phagocytosis by human microglia.

DISCUSSION

In this study, we have demonstrated that microglia and astro-

cytes in human AD brains contain more synaptic protein than

in control brains, and that in vitro these cells preferentially ingest

AD-derived synapses compared with controls. This builds upon

previous evidence that microglia and astrocytes are capable of

containing synaptic material in AD,38–40 and further indicates

that the synapse loss we have observed in the same cohort of

brain donors4,5 may be influenced by glial ingestion. We specu-

late that these differences in synaptic ingestion are due to AD-

specific mechanisms, as in schizophrenia, a disease also char-

acterized by reduced synaptic levels where microglia partake

in increased synaptic phagocytosis,41 We have found that there

are no differences in synaptic ingestion by microglia in postmor-

tem tissue of peoplewith andwithout schizophrenia.42 In AD, this

could in theory be beneficial in clearing dysfunctional or dead

synapses or could be harmful in contributing to synaptic degen-

eration and removal of functional synapses. It is possible that
(C) Quantification of SyO ingested by P2Y12-positive microglia showed significa

mixed effects model F[1,13.007] = 4.8, p = 0.047).

(D) Quantification of SyO andMAP2 ingested by GFAP-positive astrocytes showe

mixed effects model F[1,13.01] = 2.58, p = 0.1324).

(E) Quantification of SyO and MAP2 ingested by P2Y12-positive microglia show

corrected tests after linear mixed effects model F[1,12.98] = 0.08, p = 0.778). Bio

Males are represented by circles and females by triangles.
both are true with a differing balance of beneficial and harmful

contributions of glia to synaptic phenotypes at different stages

of disease and in different parts of the brain. Indeed, there is ev-

idence that when microglia phagocytose amyloid beta due to

manipulation of TDP-43, synapses are also phagocytosed,43

which demonstrates that a potentially beneficial action of micro-

glia, namely clearance of pathological proteins, may be linked to

the potentially detrimental effect of synapse removal.

Here, we have shown that MFG-E8 may contribute to the glial-

mediated synapse ingestion observed in AD. MFG-E8 protein is

likely increased on AD synapses due to binding phosphatidylser-

ine, which is a well-known microglial opsonin that has been

observed to play a role in neuron phagocytosis by microglia in

mouse cultures.31 Phosphatidylserine performs many signaling

roles and is a major component of all neuronal plasma mem-

branes. MFGE8 is expressed by astrocytes and microglia in

cortical gray matter,37,44,45 while ITGAV and ITGBV are also ex-

pressed in these cell types, which is important, as MFG-E8 is

known to bind glial integrin a5b5 encoded by these genes.46

Notably in human brain, ITGB3 was expressed only at very low

levels in astrocytes and microglia, indicating that the MFG-E8 ef-

fect we observe in human astrocytes is likely driven by interaction

with integrin a5b5 not a5b3, which it can also bind.37 Published

single nucleus sequencing data from AD vs. control brain confirm

that MFGE8 is expressed in astrocytes and is significantly upre-

gulated in AD vs. control astrocytes.45 This suggests that AD

brain-derived synapses already partially tagged with MFG-E8 as

we showed previously36 could be further opsonized by astrocytes

secretingMFG-E8 during culture, thus reinforcing this pathway as

a mechanism for astrocyte-mediated synapse uptake. ITGB5 is

expressed in microglia and astrocytes in these data and in AD it

is upregulated in astrocytes but not microglia. Interestingly, this

dataset also showed that ITGAV is expressed in both microglia

and astrocytes and is downregulated in AD in both cell types.45

MFGE8, ITGB5, and ITGAV mRNA are all found in nuclei as well

as cell somata, making the data from single nuclear sequencing

studies of human postmortem brain likely a reliable reflection of

the expression levels of these genes.47

With a clearer understanding of glia-synapse interactions,

there is potential to develop effective therapeutics to protect

synapse function. Drugs that attenuate astrocytic and microglial

phagocytic activity and anti-complement therapies have shown

some potential to reduce AD-associated pathology in mice,

notably limiting synapse loss and rescuing cognitive defi-

cits.16,22,48 This is very important, as it suggests glial cells do

not only clear dystrophic or degenerating neurons,39,40 but

may also eliminate healthy ones. Our data here show the rele-

vance of this process in human AD brain and glial cells, and

reveal a potential mechanism by which augmented AD synapse

uptake can occur.
ntly increased levels in AD compared with aged controls (ANOVA after linear

d no significant differences between AD and aged controls (ANOVA after linear

ed no significant differences between AD and aged controls (post hoc Tukey

logical replicates were human brain donors: n = 5 aged controls, AD 8 cases.
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Figure 4. Human and mouse astrocytes ingest human AD synapses more than control synapses in culture

(A) Live-imaging assay of primary human fetal astrocytes shows astrocytes phagocytose pHrodo-Red-labeled human synaptoneurosomes from control and

Alzheimer’s disease (AD) brains after treatment (48 h). Scale bar represents 200 mm.

(B) Live-imaging assay of primary mouse embryonic astrocytes shows astrocytes phagocytose pHrodo-Red-labeled human synaptoneurosomes from control

and AD brains after treatment (48 h). Scale bar represents 200 mm.

(C) The phagocytosis index curves normalized towithin experiment control at the last time point show that human astrocytes (n = 8 independent culture replicates)

phagocytose AD synapses more and faster than controls (ANOVA after linear mixed effects model with disease status of synapse donor and incubation time as

fixed effects and experimental replicate as random effect, effect of disease status F[1,370.03] = 50.25, p < 0.0001, effect of time F[24,370.09] = 85.45, p < 0.0001).

Asterisks represent significant post hoc Tukey corrected tests between AD and control at the time points indicated.

(legend continued on next page)
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Limitations of the study
The first three figures of this study are limited by the use of hu-

man postmortem tissue, which provides a snapshot at the end

stage of AD and does not allow longitudinal study of glial-medi-

ated ingestion of synapses nor deeper mechanistic investiga-

tions of these mechanisms by pharmacological or genetic inter-

ventions. As such, all human mechanistic data here were

collected in vitro, which is not ideal for investigating glial cells,

as these cells are sensitive to homeostatic changes. Further-

more, human microglia were collected from peritumoral areas

or regions near an epileptic focus during brain surgery, which

could also affect their function. Due to the processing of donated

brains, it is difficult to study synaptic ingestion by glial cells in hu-

mans using super-resolution microscopy techniques. Last, un-

like mice, there are many independent variables in human

studies, including genetics, environmental factors, medications,

and cause of death, which can all influence brain function.

Despite these limitations, our work provides evidence from hu-

man brain and living human brain cells that astrocytes and mi-

croglia ingest synapses and hint at a mechanism that may be a

future target to modulate this ingestion.
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Figure 5. Human and mouse microglia ingest human AD synapses more than control synapses in culture

(A) Immunocytochemistry on fixed microglia grown from human peritumoral tissue resected during neurosurgery shows they express the microglial-specific

marker TMEM119 and engulfed pHrodo-Red-labeled human synaptoneurosomes when these were applied 2 h before fixation. Scale bar represents 20 mm.

(B) Live imaging of human microglia (phase) with DAPI (cyan) and pHrodo-Red confirms live phagocytosis of human synapses over 2 h. Scale bar represents

20 mm.

(C) Live imaging of human microglia with nuclear marker Hoechst and pHrodo-Red confirms that these primary cultured microglia engulf synapses derived from

human AD and control brain. Scale bar represents 20 mm.

(D) Quantification of experiments from n = 11 neurosurgical donors (each a biological replicate) shows that the phagocytosis index normalized to the final value for

the control condition for each experiment increases over time and that AD synapses are phagocytosedmore and faster than control synapses (ANOVA after linear

mixed effects model on square root transformed data with synaptoneurosome donor disease status, incubation time, neurosurgical brain region, microglial donor

gender, and microglial donor age as fixed effects and donor as a random effect, effect of disease status of synapse donor F[1,396.09] = 122.74, p < 2 3 10�16,

effect of incubation time F[24,396.25] = 119.49, p < 2 3 10�16).

(E) Quantifying the area under the curve of the phagocytosis index confirms more phagocytosis of AD than control synapses (*ANOVA after linear mixed effects

model with synaptoneurosome donor disease status, incubation time, neurosurgical brain region, microglial donor gender, and microglial donor age as fixed

effects and donor as a random effect, effect of disease status of synapse donor F[1,12] = 6.38, p = 0.027).

(legend continued on next page)
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Figure 6. Synaptic MFG-E8 and astrocytic integrin a5b5 modulate phagocytosis of AD synaptoneurosomes

(A) Representative dot blots of aged control and AD-derived synaptoneurosomes probed with MFG-E8. Mouse hippocampus (hpp) was used as a negative

control where no MFG-E8 binding is observed and human milk was used as positive control where MFG-E8 is highly expressed.

(legend continued on next page)
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Donkey anti rabbit Alexa FluorTM 647 (used 1:500) Thermo Fisher Scientific A-31573 RRID:AB_2536183

Donkey anti goat Alexa FluorTM 647 (used 1:500) Thermo Fisher Scientific A32849 RRID:AB_2762840

Goat anti chicken Alexa FluorTM 647 (used 1:500) Thermo Fisher Scientific A32933 RRID:AB_2762845

Donkey anti chicken Alexa FluorTM 405 (used 1:500) Jackson ImmunoResearch 103-475-155 RRID:AB_2337389
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Rabbit anti-goat HRP (used 1:5000) Abcam ab6741 RRID:AB_955424
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IRDye 800CW Donkey anti-rabbit (1:5000) LI-COR 925-32213 RRID:AB_2715510

Biological samples

Human postmortem brain samples (paraffin

embedded and fresh-frozen) and live brain

samples for cell isolation

MRC Edinburgh Brain Bank See Tables S1 and S2

for all sample info
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Citrate buffer pH 6 Vector labs H3300

Autofluorescence eliminator reagent Merck 2160

TrueVIEW � Autofluorescence Quenching Kit Vector labs SP-8400-15

Triton X-100 Sigma-Aldrich T8787-100ML

Normal donkey serum Sigma-Aldrich D96663

Normal goat serum Sigma-Aldrich S26-100ML

DAPI Sigma-Aldrich D9542-10MG

Hoechst ThermoFisher Scientific H3570

Cellmask deep red Life technologies C10046

Thioflavin S Sigma-Aldrich T1892

Ponceau S Sigma-Aldrich P7170-1L

Immumount ThermoFisher Scientific 9990402

pHrodoTM Red-SE ThermoFisher Scientific P36600

NuPAGETM buffer ThermoFisher Scientific NP0002

Odyssey blocking buffer LI-COR 927–40000

Protease inhibitors Merck 11836170001

Phosphatase inhibitors Merck 524629-1SET

Protease inhibitor cocktail EDTA-free ThermoFisher Scientific 78447

Western blot molecular weight marker LI-COR 928–40000

DMEM + GlutaMAX ThermoFisher Scientific 31966–021

DMEM/F-12 ThermoFisher Scientific 11320033

Astrocyte medium Caltag Medsystems SC-1801

Percoll GE Healthcare GE17-0891-01

Human mCSF1 R&D Systems 216-MC-010/CF

Mouse mCSF1 R&D Systems 416-ML-010/CF

Recombinant human TGFb-1 Miltenyi 170-076-166

Low endotoxin BSA Sigma-Aldrich A8806

Fetal bovine serum (heat inactivated) ThermoFisher Scientific 10500064

Penicillin/streptomycin ThermoFisher Scientific 15070063

Cytochalasin D Sigma-Aldrich C8273

K777 Adipogen AG-CR1-0158

IL-34 Peprotech 20034205

BDNF Peprotech 45002100

Critical commercial assays

Neural Tissue Dissociation Kit (P) Miltenyi 130-092-628

Micro BCA kit ThermoFisher Scientific 23235

CD11b microbeads Miltenyi 130-093-634

SuperSignalTM West Dura Extended Duration

Substrate

ThermoFisher Scientific 34075

Deposited data

All spreadsheets and statistical analysis files

can be found at https://doi.org/10.7488/ds/7492

N/A N/A

All image analysis scripts are available on Github

at https://github.com/Spires-Jones-Lab.

N/A N/A

Experimental models: Cell/mouse lines

Primary human astrocytes Caltag Medsystems (Sciencell) SC-1800

BV2 cells

C57Bl/6J mice Charles River Laboratories 000664

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

R Studio Version 2022.12.0 + 353 GitHub https://github.com/rstudio/rstudio

R version 4.1.2 GUI 1.77 High Sierra build https://www.r-project.org/ R 4.1.2 GUI 1.77 High Sierra build

Color scheme for R Studio graphs: GitHub https://github.com/asteves/tayloRswift

Prism 9 GraphPad Prism 9

FIJI Version 2.0.0-rc-54/1.52t GitHub FIJI Version 2.0.0-rc-54/1.52t

MATLAB Version R2022a Mathworks Version R2022a

Docker Version 4.10.1 (82475) Docker Version 4.10.1 (82475)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Tara

Spires-Jones (tara.spires-jones@ed.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All spreadsheets of analyzed data and statistical analysis scripts are available on the University of Edinburgh DataShare repository

https://doi.org/10.7488/ds/7492. All image analysis scripts are available on Github at https://github.com/Spires-Jones-Lab. Raw im-

ages from analyses are available upon request from the lead contact. Any additional information required to analyze the data reported

in thus paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Microglial isolation experiments were performed using 12-week-old male C57Bl/6J mice (Charles River Laboratories). Primary astro-

cyte isolations were performed on E17.5 CD1 mouse embryos of both sexes. Mice were maintained under a standard 12 h light/dark

cycle and providedwith ad libitum access to food andwater. Mice were housed in groups of up to fivemice andwere acclimatized for

aminimumof 1 week prior to procedures. All experiments were conducted under the UKHomeOffice Animals (Scientific Procedures)

Act 1986, in agreement with local ethical and veterinary approval (Biomedical Research Resources, University of Edinburgh).

Human postmortem tissue
All tissue was provided by the MRC Edinburgh Brain Bank, following all appropriate ethical approval and informed consent of the

donors pre-mortem and their families postmortem. For paraffin embedding, tissue was dehydrated via increasing ethanol solutions,

fixed in formalin, and baked in paraffin-embedded blocks. Tissue from the inferior temporal lobe (Brodmann area 20/21) and primary

visual cortex (Brodmann area 17) was cut using a microtome at 4mm thickness and mounted on glass slides for use in immunohis-

tochemistry. The locations of these areas in the brain are visualised in Figure 1. AD cases were cross-checked neuropathologically

and were confirmed to be Braak Stages V-VI. In one case (BBN: 24527) no plaques were measured in BA17 and was excluded as a

whole from the near plaque analysis. Case BBN31495 has a Braak Stage of VI but has been cognitively tested upon 3 waves and was

cognitively unimpaired. Data about subjects included in the study are found in Table S1.

Use of human tissue for postmortem studies has been reviewed and approved by the Edinburgh Brain Bank ethics committee and

the ACCORDmedical research ethics committee, AMREC (approval number 15-HV-016; ACCORD is the Academic andClinical Cen-

tral Office for Research and Development, a joint office of the University of Edinburgh and NHS Lothian). The Edinburgh Brain Bank is

a Medical Research Council funded facility with research ethics committee (REC) approval (11/ES/0022).

BV2 microglia phagocytosis assay
Phagocytosis assays were optimised using the BV2 immortalised murine microglia cell line. BV2 microglia were cultured in DMEM +

GlutaMAX (ThermoFisher Scientific, 31966-021) andwere supplemented with 10% fetal bovine serum (FBS, ThermoFisher Scientific)

and 1%penicillin/streptomycin (PenStrep, ThermoFisher Scientific). Cells were grown in a humidity-controlled incubator at 37�Cwith

5%CO2. One day prior to the phagocytosis assay, BV2microglia were seeded in a 96-well flat bottom plate (ThermoFisher Scientific,

165305) at a density of 12,500 cells/well. Cells were stained with Hoechst (2 mg/mL, ThermoFisher, H3570) to visualise nuclei and
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cytochalasin D treated cells (10 mM, Sigma-Aldrich, C8273) were used as negative controls. BV2 cells were challenged with pHrodo-

tagged synaptoneurosomes, and immediately taken to an ImageExpress high-throughput microscope (Molecular Devices) for live-

imaging using a 20x air objective (37�C, 5% CO2). Images were taken every 5–10 min for 3 h, using the same settings for all imaging

sessions. All conditions were repeated in triplicate with 4 fields of view per well. For analysis, MetaXpress 6 (Molecular Devices) soft-

ware was used to automatically calculate the number of cells per field of view and detect fluorescence around cells by thresholding. A

phagocytosis index was calculated by normalizing the number of cells phagocytosing to total number of cells in an automated and

unbiased way. The same exposure settings were used for each set of experiments. Videos taken with phase contrast were recorded

on a Zeiss Observer Z1 microscope using 20x air objective (37�C, 5% CO2), with images taken every 5 min.

Primary mouse microglia
Primary adult mouse microglia were isolated and cultured as described previously.49 Brains from 12-week-old male C57/Bl6

(Charles-River) mice were isolated by terminally anesthetizing with 3% isoflurane (33.3%O2 and 66.6%N2O) and transcardial perfu-

sion with ice-cold 0.9% NaCl. Brains were immediately placed into ice-cold HBSS (ThermoFisher Scientific) and minced using a 22A

scalpel before centrifugation (300 x g, 2 min) and digestion using the MACS Neural Dissociation Kit (Miltenyi) according to manufac-

turer’s instructions. Briefly, brain tissue was incubated in enzyme P (50 mL/brain) diluted in buffer X (1900 mL/brain) for 15 min at 37�C
under gentle rotation before addition of enzymeA (10 mL/brain) in buffer Y (20 mL/brain) and further incubation for 20min at 37�Cunder

gentle rotation. Following digest tissue was dissociated mechanically using a Dounce homogenizer (loose Pestle, 20 passes) on ice

and centrifuged (400 x g, 5 min at 4�C). To remove myelin, tissue was resuspended in 35% isotonic Percoll (GE Healthcare, GE17-

0891-01), overlaid with 2 mL HBSS, and centrifuged (800 x g, 40 min, 4�C). Following centrifugation, the supernatant and myelin

layers were discarded and the pellet resuspended in MACS buffer (PBS, 0.5% low endotoxin BSA (Sigma-Aldrich), 2 mM EDTA,

90 mL/brain). Anti-CD11b microbeads (Miltneyi) were added (10 mL/brain) and the suspension incubated for 15 min at 4�C. before
running through pre-rinsed (MACS buffer) LS columns attached to a magnet (Miltenyi). After washing with 12 mL MACS buffer, col-

umnswere removed from themagnet and cells retained (microglia) were flushed in 5mLMACSbuffer.Microglia were resuspended in

DMEM/F-12 (ThermoFisher Scientific) supplemented with 1% PenStrep, 10% FBS, 50 ng/mL rhTGFb-1 (Miltenyi), 10 ng/mL mCSF1

(R&D Systems). Microglia were counted using a haemocytometer and plated out at 40,000 cells/well onto a black-walled, optical bot-

tom 96-well plate (ThermoFisher Scientific) coated with poly-L-lysine. Cells were cultured for 7 days with a half media change on

day 3. Phagocytosis assay was performed and analyzed as described below in methods details with 9 fields of view per well.

Primary human (GBM) microglia isolation
Humanmicroglial isolations were performed as described previously.50 Use of human brain tumor and peri-tumoral tissue resected at

surgery for research was approved by National Health Service Lothian under protocol number LREC 15/ES/0094 issued to P.M.B.

with full informed consent. For isolation of human microglia, the same protocol was used as the mice (CD11b beads) with a few ad-

justments detailed as follows. For all steps until the Percoll gradient, RPMI (ThermoFisher, 11875093) with 3%FBS +2mMEDTAwas

used instead of HBSS. Additionally, as the tissue was not perfused, an additional treatment with red blood cell lysis buffer (Biolegend,

420301) was carried out following the Percoll gradient step. Microglia were counted using a haemocytometer and plated out at

40,000 cells/well onto a black-walled, optical bottom 96-well plate (ThermoFisher Scientific) coated with poly-L-lysine. Cells were

cultured in DMEM/F-12 (ThermoFisher Scientific) supplemented with 1% PenStrep, 10% FBS, 50 ng/mL rhTGFb-1 (Miltenyi),

10 ng/mL mCSF1 (R&D Systems) for 7 days with a half media change on day 3. Phagocytosis assay was performed and analyzed

as described above with 9 fields of view per well. Exclusion criteria for a case/donor was poor viability of the cells at the end of

the experiment.

Primary human (epilepsy case) microglia isolation
Use of human temporal lobe resections for research was approved by National Health Service Lothian under protocol number 2017/

0125/SR/720 issued to V.E.M. with full informed consent. The protocol for isolating primary human microglia was adapted from a

previously established one.50 Fresh brain tissue was donated from a 23-year-old male undergoing epilepsy surgery. Resected brain

specimen came from healthy tissue of the temporal lobe. Briefly, blood was removed by multiple washes of PBS followed by treat-

ment with 0.25% trypsin and 100ug/mL DNAse in PBS for 30 min at 37�C, with gentle rotation. Trypsin was then deactivated with

10% FCS. Samples were centrifuged at 1,200 RPM for 10 min (high brakes) at 4�C and the supernatant was discarded followed

by addition of PBS and Percoll (GE Healthcare) with further ultra-centrifugation at 15,000 RPM for 30 min at 4�C (no brakes). The

myelin layer was aspirated off and cell layer was transferred in a clean tube, leaving behind a layer of red blood cells. The transferred

cells were topped-up with PBS and centrifuged again at 1,200 RPM for 10 min (high brakes) at 4�C and resuspended in warm media

containing 5% FCS and 0.1% glucose. Subsequently, isolated mixed cells were cultured in T12.5 flasks for 3 days. Three days later,

microglia were trypsinized and collected from the flasks, following centrifugation to yield the microglia cell pellet. After the isolation,

microglia were counted using a haemocytometer and plated out at 40,000 cells/well onto a black-walled, optical bottom 96-well plate

(ThermoFisher Scientific) coated with poly-L-lysine, and were allowed to rest for 5 days prior to phagocytosis assays. Phagocytosis

assay was performed and analyzed as described above with 9 fields of view per well.
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Human pluripotent stem cell derived microglia cultures
Human pluripotent stem cells were routinely maintained in mTESR media in GELTREX coated dishes. Pluripotent stem cells were

differentiated to primitive macrophages using a modified protocol from Takata et al. (2017) [54]. Briefly, on day 0, PSC clumps

were seeded on GELTREX coated dishes in mTESR media at 100,000 cells per 10cm2. Stempro-34 media (ThermoFisher Scientific,

10639011) was supplemented with 5 mMascorbic acid (Sigma-Aldrich, A5960), Glutamax (ThermoFisher Scientific, 35050038), peni-

cillin and streptomycin (ThermoFisher Scientific, 15140122), apo transferrin (Sigma-Aldrich, T1147), monothioglycerol (MTG) (Sigma-

Aldrich, M6145-25mL) and mixed fresh with growth factor combinations for every timepoint of the protocol. Floating cells were

collected from day 8 and reseeded in fresh media after centrifugation. On day 16, media was switched to serum-free defined media

consisting of IMDM (ThermoFisher Scientific, 31980030) and F12 (3:1 ratio) (ThermoFisher Scientific, 11765054) supplemented with

0.5%N2 (W-MRCCSCI in house) and 1%B27 supplement (ThermoFisher Scientific, 17504044) and BSA fraction V (0.1% g/100mL),

penicillin and streptomycin and 50 ng/mL M-CSF (Miltenyi biotech, 130-096-493). Floating primitive macrophages were collected

between day 28 and 35 and analyzed for CD11b (CD11b-A594, Biolegend, 301340), CD45 (CD45-APC, Biolegend, 304011),

CX3CR1 (CX3CR1-PECy7, Biolegend, 341611) expression by flow cytometry. Primitive macrophages were seeded on isogenic hu-

man cortical neuron cultures at 1:5 macrophage to neuron ratio in N2B27 co-culture media supplemented with 50 ng/mL IL34 (Pe-

protech, 20034205), 10 ng/mL M-CSF and 10 ng/mL BDNF (Peprotech, 45002100). Half the media was replaced with fresh media

every 2–3 days. Microglia cells were collected from co-cultures after at least 2 weeks of coculture by magnetic immunolabelled sort-

ing for CD11b+ cells (CD11b microbeads, Miltenyi biotech, 130-093-634). Purified microglia were replated on PDL coated Ibidi 8u

slides in neuron conditioned co-culture medium supplemented with fresh cytokines with 5 3 104 cells per well (1cm2). Cells were

maintained for less than a week before imaging. Cellmask deep red (Life technologies, C10046) was used as contrast membrane

labeling for 30 min before imaging. Imaging was done on Zeiss 710 with Ibidi incubator unit taking images from 10 regions of interest

per condition. Image-series were analyzed on Volocity software to measure pHrodo red intensity changes in cellmask deep red pos-

itive cells. Cell numbers measured for each cell line per condition.

Primary mouse astrocyte isolation
Astrocyte isolation and culturing has been previously described.51 Glia cultures were achieved by passaging a mixed neuron/glia

culture with trypsin consequently removing neurons. All reagents were purchased from Merk unless otherwise stated. Briefly,

E17.5 mouse CD1 embryos were decapitated in accordance with schedule 1 of UK home office guidelines for humane killing of an-

imals. The cortices were removed in a dissociation medium (81.8 mM Na2SO4, 30 mM K2SO4, 5.84 mM MgCl2, 0.252 mM CaCl2,

1 mM HEPES, 20 mM D-glucose, 1 mM kynurenic acid, 0.001% Phenol Red) and then enzymatically digested with papain at

36,000 USP units/mL for 40min. The cortices were then washed twice with dissociationmedium followed by twice with platingmedia

(DMEM+10% FBS+1X antibiotic-antimycotic agent (all Thermofisher)). Cortices were homogenized using a 5mL pipette by sequen-

tial suction/expulsion and plated a density of 2 cortices/T75 flask in plating medium. After 6–7 days in vitro, the mixed neuron/glia

culture was trypsinized, centrifuged at 150 x g for 5min and the pellet re-suspended in platingmedium. 1/3 of the total cell suspension

was plated into a new T75 which reached maximum confluency 4–5 days later. This cell population now predominately contains as-

trocytes with a smaller proportion of microglia which can be detached by shaking. Plating of astrocytes was done similar tomicroglia,

as described above.

Primary human astrocyte line
Human astrocytes were purchased by CaltagMedsystems (SC-1800) and cultured in poly-D-lysine coated 96-well plates with Astro-

cyte medium (Caltag Medsystems, SC-1801), as described previously.52 In previous work, the characterization was confirmed by

comparing genome-wide transcriptomic data and comparing it to published data relating to acutely purified human astrocytes, neu-

rons, microglia and oligodendrocytes.52,53 The expression of genes in primary human astrocytes (co-cultured with mouse neurons

and rat microglia) significantly correlated with the expression in acutely isolated human astrocytes (*p > 0.0001). Furthermore, genes

predominantly expressed in acutely sorted human astrocytes compared to neurons, microglia or oligodendrocytes, were also signif-

icantly enriched in primary human astrocytes when compared to the other cell-types (*p > 0.002).

METHOD DETAILS

Immunohistochemistry for paraffin embedded human tissue
Paraffin-embedded sections were provided by the Sudden Death MRC Edinburgh Brain Bank and. Tissue was resected from post-

mortembrains and dehydratedwith ethanol, prior to paraffin-embedding. Sectionswere cut using amicrotome at 4 mm thickness and

provided upon a justified tissue request. Slides with embedded tissue were dewaxed in xylene for 6 min, followed by rehydration

using descending ethanol-to-water solutions: 100% ethanol, 90% ethanol, 70% ethanol, 50% ethanol, 100% water, of 3 min

each. For antigen retrieval, samples were pressure cooked for 3 min at the steam setting in citrate buffer, pH 6 (Vector labs,

H3300). Specifically, citric acid concentrate was diluted from 100x stock in de-ionised water for use, and made fresh each time.

Slides were allowed to cool down under running water, and then immersed in 70% ethanol for 5 min. Slides were incubated with

an autofluorescence eliminator reagent (Merck, 2160) for 5 min and washed with 70% ethanol, followed by two 5-min washes using

PBS-0.3% Triton X-100 (Sigma-Aldrich, T8787-100ML), and one wash with 1x PBS (Thermo Fisher, 70011036). Noise from red blood
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cells was eliminated using the Vector TrueVIEW Autofluorescence Quenching Kit (SP-8400-15). Using a wax pen (Vector labs,

H4000), the tissue was outlined and incubated with blocking solution for 1 h. Blocking solutions consisted of 0.3% Triton X-100

and either 10% normal donkey serum (Sigma-Aldrich, D96663) or 5% normal donkey serum and 5% normal goat serum (Sigma-

Aldrich, S26-100ML). Primary antibodies were diluted appropriately (key resources table) at a final volume of 500mL per slide, and

were allowed to incubate overnight (14–16 h) in the cold room, at 4-6�C, in a humid chamber using wet paper towel in the staining

box. On the second day of staining, slides were washed once in PBS-0.3% Triton X-100, followed by two 5-min washes in PBS. Sec-

ondary antibodies were then applied at a volume of 500mL per slide (key resources table). All cross-adsorbed secondary antibodies

weremade-up to a final concentration of 1:500 (4 mg/mL) in PBS, and applied for 1 h at room temperature. Nuclei were counterstained

with DAPI (1 mg/mL) (D9542-10MG, Sigma-Aldrich). For Thioflavin S (Sigma-Aldrich, T1892), slides were dipped in 0.001% Thioflavin

S, made in 50% ethanol, for 8 min and differentiated in 80% ethanol for 1 min. In the end, one drop of Immumount (Thermo Fisher,

9990402) was added per slide to allow for coverslip adherence. Coverslips size wasNo 1.5, corresponding to 223 40mm (VWR, 631-

0136). Coverslips were pressed gently to remove excessmountingmedia and remove bubbles, andwere allowed to dry at room tem-

perature for at least 1 h. Slides were kept in the fridge for long-term storage and were allowed to reach room temperature prior to

imaging.

Confocal microscopy and image analysis
Slides were imaged on a confocal microscope (Leica TCS8) with a 63x oil immersion objective. Laser and detector settings were kept

constant between samples. During imaging and analysis, the experimenter was blinded to brain area and disease status. Twenty

images from the gray matter were taken per case, sampling randomly through all six cortical layers. The synaptic stain was used

to confidently separate gray matter versus white matter. The resolution of the confocal microscopy was 0.18 mm 3 0.18 mm x

0.3mm (xyz). Image stacks were segmented in 3D in MATLAB under the auto-local threshold function with custom made scripts.

For the CD68 stain, the MATLAB segmentation setting were: window size = 70, Factor C = 0.2, method = mean, no minimum size

selected. For the synapsin I stain the settings were: window size = 10, Factor C = 1, method = mean, no minimum size selected.

For the GFAP stain, the MATLAB segmentation setting were: window size = 70, Factor C = 0.15, method = mean, no minimum

size selected. The same segmentation parameters were used for all images to keep the final outputs similar and not influence the

final burdens between cases. Once the segmentation was completed, the images were processed with a custom Python script in

order to obtain their volumetric measurements (i.e., density of objects/mm3 of tissue). This provided density measurements for

stained markers, like the total objects of CD68-positive staining per image slice in a z stack. This allowed further analysis on Python

for calculating the area of ormalizedion between CD68/GFAP and SynI objects in 3D. To allow colocalization, two objects need to

overlap at least 25% of their whole structure. Images were processed again with FIJI in order to add all segmented slices in their

respective stacks in order to calculate the volume occupied by all of the staining in the stack. Each stack was normalized to the vol-

ume of the entire stack (different stacks have different amounts of slices, so the final volume differs). Segmentation scripts can be

found in the following link: https://github.com/lewiswilkins/Array-Tomography-Tool.

Airyscan confocal microscopy
Images were acquired using a Zeiss LSM880 with Airyscan (Carl Zeiss Ltd, Cambridge, UK) point scanning confocal, fitted to an Axio

Examiner Z1 microscope stand (Carl Zeiss Ltd, Cambridge, UK), running Zen Black 2.3. A 63 3 1.4 NA oil immersion objective was

used (Carl Zeiss Ltd, Cambridge, UK), with the Airyscan detector set to SR-mode. Images were acquired with optimal pixel size and

z-interval.

Synaptoneurosome preparation
Preparation of synaptoneurosomes was performed as described previously.26 Snap-frozen human tissue of 300-500 mg from BA38

(temporal cortex) was homogenised using a Dounce homogeniser with 1mL of a protease inhibitor buffer, termed here Buffer A.

Buffer A consists of 25 mM HEPES, 120 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, protease inhibitors (Merck,

11836170001) and phosphatase inhibitors (Merck, 524629-1SET) made up in sterile water, and was prepared fresh each day. The

Dounce homogeniser and Buffer A were kept ice-cold throughout the procedure to avoid further degradation. We allowed 10 passes

for full homogenization but minimise cellular disruption that would lead to an impure final fraction. Once homogenised, the homog-

enate was aspirated in a 1mL syringe and passed through an 80-micron filter (Merck, NY8002500) to remove debris and yielded the

total homogenate (TH). The filter was pre-washed with 1mL of Buffer A to maximise yield. A sample of the TH was snap-frozen on dry

ice for Western blot analysis, and the rest was split in half for Western blot analysis and the phagocytosis assays. A subsequent filtra-

tion took place using a 5-micron filter (Merck, SLSV025LS) followed by centrifugation at 1000 x g for 7 min to yield the synaptoneur-

osome (SN) pellet. In this step, extra care was taken to slowly pass the homogenate through the filter in order to prevent the filter

breaking. The filter was pre-washed with 1mL of Buffer A to maximise yield. The pellet was washed with Buffer A and pelleted

down again to ensure purity. Pellets were snap frozen on dry ice and stored at �80�C for long-term storage.

Synaptosome preparation
Synaptosome preparations weremade as described previously.27 Frozen human brains from BA38 and BA41/42 were homogenised

in ice-cold Dounce homogenisers (10 passes) in 1mL of 0.32 M sucrose solution (0.32 M sucrose, 1 mM EDTA, 5 mM Tris-HCl,
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protease inhibitors (Merck, 11836170001) and phosphatase inhibitors (Merck, 524629-1SET), pH 7.4). The homogenate was spun at

900 x g for 4 min at 4�C and the supernatant was collected. The supernatant was spun again at 20,000 x g for 20 min at 4�C and the

pellet was kept as the synaptosome fraction. Synaptosome pellets were snap-frozen in dry ice. A total homogenate aliquot was kept

for Western blot validation of synaptic enrichment.

Electron microscopy
Synaptosome and synaptoneurosome pellets were fixed in 4% Paraformaldehyde, 2.5% Glutaraldehyde, 0.2% Picric acid in 0.1 M

phosphate buffer, pH 7.4 for 2 h at room temperature plus overnight at 4�C, post-fixed in 1%Osmium tetroxide for 30 min, washed in

PB, boiled distilled water, and 50% ethanol, incubated in 1% uranyl acetate in 70% ethanol, dehydrated through 15 min steps in a

graded series of ethanol then propylene oxide, 50% propylene oxide/50% Durcupan resin, then 100%Durcupan resin overnight in a

Leica EM TP processor. Samples were baked in Durcupan resin in agar capsules overnight at 60�C, cut on an Ultracut microtome

(Leica) with a Histo Jumbo diamond knife (Diatome) into 70 nm sections which were mounted on nickel mesh grids. Electron micro-

graphs were captured on a Zeiss Gemini 360 scanning electron microscope with an annular STEM detector.

Protein extraction
For protein extraction, samples we diluted 5-fold with Tris-HCl buffer pH 7.6 (100mMTris-HCl, 4%SDS, and Protease inhibitor cock-

tail EDTA-free [ThermoFisher Scientific, 78447]), followed by centrifuging for 25 min at 13,3000 RPM at 4�C. Then, the supernatant

was collected in fresh tubes and heated at 70�C for 10 min. Samples were kept at �80�C for long-term storage.

Micro BCA
Micro BCA Protein Assay kit (ThermoFisher Scientific, 23235) was used to quantify protein levels, following manufacturer’s instruc-

tions. Briefly, 1 mL of sample was added in 1mL of working solution and heated at 60�C for 1 h.Working solution wasmade fresh right

before required, consisting of 50% Buffer A, 48% Buffer B and 2% Buffer C, all provided in kit. Albumin was provided in the kit for

determining a standard curve of the following concentration: 2 mg/mL, 4 mg/mL, 6 mg/mL, 8 mg/mL, 10 mg/mL, and 20 mg/mL. Absor-

bance values were obtained using spectrophotometry at 562 nm with working solution used as the blank value to calibrate the

machine.

Western blot
After protein extraction, each sample was made-up to 20 mg of protein as calculated by the micro BCA (protein extract diluted in de-

ionised water) and diluted in half with Laemmli buffer (2x stock) (S3401-10VL). In each well, 15 mL of sample were loaded in 4–12%

Bis-Tris gels (ThermoFisher Scientific, NP0323BOX). Each gel was run with 5 mL of molecular weight marker (Licor, 928–40000) in the

first well. Gels were washed with de-ionised water and diluted NuPAGE buffer (ThermoFisher Scientific, NP0002) (20x stock) to re-

move bits of broken gel and residual acrylamide. Western blot chambers were filled with diluted NuPAGE buffer (600 mL per cham-

ber), making sure each chamber compartment was locked securely and there was no leaking. Gels were run at 80 V for 5 min, 100 V

for 1.5 h and 120 V for 30min. Then, using a scraper tool, gels were cracked open from their plastic casing and soaked in 20%ethanol

for 10 min prior to transferring using the iBlot 2 Dry Blotting System (IB21001). Pre-packed transfer stacks containing a PVDF mem-

brane (ThermoFisher Scientific, IB24002) were assembled as per manufacturers recommendations, and samples were transferred

for 8.5 min at 25 V. After transferring, the PVDF membranes were stained for 5 min with Ponceau S in 5% acetic acid (P7170-1L),

and washed 3 times with 5% acetic acid to stain for total protein. Ponceau S stained membranes were scanned and analyzed on

FIJI to obtain a measurement of total protein per sample. Ponceau S was washed out with PBS and the PVDF membranes were

blocked using Odyssey blocking buffer (Licor, 927–40000) for 30 min, following overnight incubation with primary antibodies

made up in Odyssey block with 0.1% Tween 20, at 4�C with gentle shaking. The following primary antibodies were used: Synapto-

physin (mouse, Abcam ab8049, 1:1000), PSD-95 (rabbit, Cell signaling D27E11, 1:1000), Histone (rabbit, Abcam ab1791, 1:1000),

and MFG-E8 (sheep, R&D Systems AF2767, 1:500). The next day, membranes were washed 6 times with PBS-0.1% Tween 20,

and incubated with the following LI-COR secondary antibodies for 30 min: IRDye 680RD Donkey anti-Mouse IgG, highly cross-ad-

sorbed (LI-COR, 925–68072, 1:5000) and IRDye 800CW Donkey anti-Rabbit IgG, highly cross-adsorbed (LI-COR, 925–32213,

1:5000). All gels were imaged using the same exposure times and intensities using an LI-COR Scanner. The images were then up-

loaded on ImageStudio for analysis. For each band, the same size box was used to ensure all samples are measured equally. Each

sample was normalized to its corresponding value of total protein.

Dot blots
Equal protein concentrations of protein-extracted synaptoneurosome samples were applied on nitrocellulose membrane using a

vacuum dot blotter (CSL-D48, Cleaver Scientific). Membranes were air-dried and blocked with Odyssey blocking buffer (LI-COR,

927–40000) for 30 min, followed by incubation with an anti-MFG-E8 antibody (sheep, R&D Systems AF2767, 1:500) and rabbit

anti-goat HRP-tagged secondary antibody (Abcam ab6741, 1:5000). Membranes were processed with SuperSignal West Dura

Extended Duration Substrate (ThermoFisher Scientific, 34075) for 5 min and imaged on an LI-COR Scanner under chemilumines-

cence settings. Total protein was measured with Revert 700 (LI-COR, 926–11021). For each blot, the same size box was used to
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ensure all samples are measured equally. Each sample was normalized to its corresponding value of total protein. Mouse hippocam-

pus was used as a negative control and human milk was used as a positive control.

Synaptoneurosome and synaptosome labeling with pHrodo Red-SE
First, pHrodo Red-SE (ThermoFisher Scientific, P36600) was diluted with DMSO according to manufacturer’s instructions to reach a

concentration of 10 mM. Synaptoneurosome and synaptosome pellets were resuspended in 100 mM sodium carbonate buffer pH 9,

adapted from a previously described protocol.28 Synaptoneurosomes were tagged with pHrodo Red-SE based on protein concen-

tration, roughly at 4 mg/mL, as calculated by the micro BCA, and incubated at room temperature under gentle shaking for 1 h,

covered in foil. Samples were centrifuged at 13,000 RPM for 10 min to obtain the labeled synaptoneurosome pellet, followed by 3

rounds of washing with PBS and centrifugation to wash out any unbound dye. The pHrodo-labeled synaptoneurosome pellets

were then resuspended in 5% DMSO-PBS and aliquoted for storage at �80�C. Aliquots of pooled AD and NDC samples were pre-

pared fresh.

IncuCyte phagocytosis assay on astrocytes
Due to the long image-acquisition times acquired for astrocyte phagocytosis assays, these experiments were performed in an

IncuCyte S3 live-imaging system that is housed in a tissue-cultured incubator. Phase images were taken prior to synaptoneurosome

addition to normalize ingestion for the confluency of astrocytes per well. Astrocytes were imaged every 2 h with the 20X objective for

up to 48 h on phase contrast and red channel to pick up the pHrodo-Red signal. To determine the amount of phagocytosis, the

amount of pHrodo-Red was normalized to the respective phase contrast of the well at time = 0.

MFG-E8 and integrin (a5b5) antibody blocking in vitro

A recombinant mouse anti-human MFG-E8 blocking antibody (Mc3) (low endotoxin) was purchased by Creative Biolabs (FAMAB-

0225CQ-LowE), along with an isotype control mouse IgG1 (MOB-065CQ). Both antibodies were used at a concentration of

10 mg/mL (as suggested by the supplier). Integrin a5b5 was blocked at a concentration of 2.5 mg/mL (R&D Systems, MAB2528). Syn-

aptoneurosomes were incubated with the anti-MFG-E8 and IgG1 antibodies and cells were incubated with the anti-a5b5 and anti-

IgG1 antibodies for 4 h at 37�Cprior to challenging in vitro. Glial cells were blockedwith Fc block (human: Biolegend, 422302) (mouse:

Biolegend: 101302) at a dilution of 1:1000 for 30 min prior to synaptoneurosome challenging.

Degradation assay
Primary mouse and human microglia were incubated with 2.5 mL of pHrodo-tagged synaptoneurosome preparations from control

and AD brains and were imaged for 2 h in IncuCyte S3 every 15 min. The media was then aspirated and cells were washed with

warm fresh media twice, before returning them to IncuCyte to resume imaging for another 2 days, imaging every 2 h. Astrocytes

were assessed similar by were imaged every 2 h for 48 h prior to washing. K777 (Adipogen, AG-CR1-0158) was added at a concen-

tration of 1 mM to block cathepsins and prevent degradation as control.

Immunofluorescence of cultured cells
Plated cells were fixed for 10 min with 4% PFA. Subsequently cells were washed with PBS (pH 7.4) and incubated with 0.1% Triton

X-100 for 30min. After washing, blocking solution was applied for 1 h (10%NDS, 3%Bovine serum albumin [A8806-5G], 0.1% Triton

X-100, 0.1% Tween 20 in PBS). Primary antibodies were diluted in blocking solution and used in the same concentrations as in the

human paraffin tissue, and left overnight at 4�C. Cells were washed 3 times with PBS and secondary antibodies were applied for

30 min with DAPI (1 mg/mL). Secondaries and DAPI were washed, and cells were topped with PBS and kept in the fridge. Images

were taken with 10x and 20x objectives using a Zeiss Axio Observer Z1 microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed in R Studio54 using R version 4.1.2. The code for statistical analysis can be found on the Edin-

burgh Datashare repository https://datashare.ed.ac.uk/handle/10283/3076. For human postmortem studies, differences in demo-

graphics between groups were tested with analysis of variance for continuous variables (age, PMI|) and with Fisher’s tests for factor

data (APOE genotype, gender). To investigate differences between groups, linear mixed effects models were used with case or cul-

ture replicate as a random effect to account for multiple measurements from each case in order to avoid pseudoreplication of data

while maximising statistical power.55 Fixed effects in the models were disease status (AD or control), Brain region, APOE4 status,

gender, age and plaque proximity as relevant. Human postmortem glial colocalization with synapse data were normalized by dividing

the volume of colocalized stains by the total volume of glial stain in each stack in the ‘‘normalized’’ data in Figure S1. Full statistical

details including data spreadsheets, statistical models, and results can be found on the Edinburgh Datashare repository https://

datashare.ed.ac.uk/handle/10283/3076.
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