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Microglia, traditionally regarded as innate immune cells in the brain, drive neuroinflammation and synaptic dysfunctions in the
early phases of Alzheimer disease (AD), acting upstream to Aβ accumulation. Colony stimulating factor 1-receptor (CSF-1R) is
predominantly expressed on microglia and its levels are significantly increased in neurodegenerative diseases, possibly
contributing to the chronic inflammatory microglial response. On the other hand, CSF-1R inhibitors confer neuroprotection in
preclinical models of neurodegenerative diseases. Here, we determined the effects of the CSF-1R inhibitor PLX3397 on the
Aβ-mediated synaptic alterations in ex vivo hippocampal slices. Electrophysiological findings show that PLX3397 rescues LTP
impairment and neurotransmission changes induced by Aβ. In addition, using confocal imaging experiments, we demonstrate that
PLX3397 stimulates a microglial transition toward a phagocytic phenotype, which in turn promotes the clearance of Aβ from
glutamatergic terminals. We believe that the selective pruning of Aβ-loaded synaptic terminals might contribute to the restoration
of LTP and excitatory transmission alterations observed upon acute PLX3397 treatment. This result is in accordance with the
mechanism proposed for CSF1R inhibitors, that is to eliminate responsive microglia and replace it with newly generated,
homeostatic microglia, capable of promoting brain repair. Overall, our findings identify a connection between the rapid microglia
adjustments and the early synaptic alterations observed in AD, possibly highlighting a novel disease-modifying target.

Translational Psychiatry          (2024) 14:338 ; https://doi.org/10.1038/s41398-024-03019-2

INTRODUCTION
Microglia exert a crucial role in synaptic plasticity [1, 2] and
pruning functions during development and adulthood [3, 4], when
they promote local neuronal network synchronization [5], and
reorganization during brain repair [6]. Microglia are the brain
resident immune cells and dynamically perform different key
functions, including innate immune functions, surveillance of local
microenvironment, coordination with astrocytes, and regulation of
myelin homeostasis [7–14]. Surveillant microglia are highly
dynamic and context-dependent heterogenous cells [15] and
react to their milieu through specific patterns of concurring
morphological, metabolic and spatial adaptations [16, 17] to
maintain the brain homeostasis in physiological conditions as well
as in neurodegenerative disorders, such as Alzheimer’s disease
(AD).
Microglia may exert both beneficial and harmful effects in AD

[18]. During early phase AD, protection against toxic aggregated
proteins occurs by surveillant microglia that switch to a
phagocytic profile [18–20]. On the other hand, late phase of AD
is characterized by pathological microgliopathy, with overreactive
microglia proliferating and releasing cytokines that amplify the

neuroinflammatory process caused by cytotoxic oligomerization
of β- amyloid (Aβ) and tau, finally leading to synaptic damage and
cognitive deficits [21–24]. In particular, the soluble oligomeric
form of Aβ (oAβ) has the main impact on early synaptic
dysfunction [25], being a better correlate of impaired synaptic
plasticity and cognitive decline than the insoluble amyloid pool
[26]. Moreover, soluble oAβ may provide a mechanism for early
AD memory loss [27] also in the absence of plaque pathology in
AD [28].
AD is a major neurodegenerative disorder characterized by a

progressive deterioration of memory performance, cognitive
decline, and behavioral alterations but its etiopathology is still
under debate [25]. Genome-wide association studies (GWASs) of
late-onset sporadic AD showed that aggregated instead of single
gene mutations have causal effects on disease susceptibility,
hence validating the hypothesis of a multifactorial nature of the
disease [29]. Interestingly, the majority of the over 50 AD-linked
loci identified by GWAS were associated with genes highly or
exclusively expressed by microglia [30]. In particular, an associa-
tion between the variants of Colony stimulating factor 1 receptor
(CSF1R) and the AD risk was found [31–33]. CSF1R and its ligand
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CSF1 are main players of microglial development, survival, and
metabolism [34] as well as crucial orchestrators of the inflamma-
tory response in AD and other neurodegenerative disorders [35].
Noteworthy, the reduction of intraneuronal amyloid and plaque
deposition, and amelioration of cognitive function upon treatment
of 5XFAD mice with the CSF1R inhibitor PLX3397 suggests a
crucial role of CSF1R in AD pathology [36] and supports the use of
CSF1R inhibitors in AD therapy [30]. Notably, depending on the
dose and timing and administration route, CSF1R inhibitors can
either deplete microglia or modify their metabolism, morphology
and function [37, 38]. However, caution should be taken when
affecting CSF1R signaling in microglia by systemic CSF1R
inhibitors. In fact, CSF1R expression is not restricted to brain
resident microglia and its precursors [39], but it is present in
several tissues and cell types, like neurons [40–42], neural
progenitor cells [41], and capillary endothelial cells in the CNS
[43]. As expected, the effect on microglia and synaptic plasticity
patterns are quite dramatic, with microglia depletion and
repopulation from peripheral macrophages in constitutive global
csf1r-/-mice and mice subjected to long-term systemic CSF1R
inhibitors [44, 45]. Also, they are far different from the microglia
modulation in absence of cell death described in the more
physiological paradigms of CSF1R haploinsufficient, CSF1R hypo-
morphic and microglial conditional CSF1R KO mice [45–47], thus
claiming for off-target effects of systemic CSF1R inhibition.
To avoid these limitations, while studying microglia behavior

in an intact hippocampal network, here we resorted to CSF1R
inhibition by PLX3397 administration to acute hippocampal
slices exposed to soluble oligomeric Aβ1–42 (Aβ1–42) [48]. We
performed electrophysiological and confocal imaging analysis
of microglial morphology by means of key functional markers
and found that PLX3397 boosts phagocytic microglia and
promotes the clearance of Aβ1–42 from glutamatergic terminals
in the hippocampus, finally resulting in normalization of
glutamatergic transmission and recovery of Aβ-mediated LTP
impairments.
Considering this evidence, low grade CSF1R inhibition by

PLX3397 in hippocampal slices represents a valid experimental
tool to investigate the rapid microglia behavior in the hippocam-
pal network and possibly identify new therapeutic strategies of
relevance for AD neurodegeneration.

MATERIALS AND METHODS
Animals
All animals were handled in compliance with the national (D.Lgs 26/2014)
and international guidelines for animal welfare (European Communities
Council Directive 2010/63/EU). All efforts were approved by appropriate
institutional and state authorities of EBRI Rita Levi-Montalcini Foundation
(F8BDD.N.IAY). In compliance to the Italian law and EU directives, all efforts
were made to minimize the number of animals used and suffering
according to the principle of 3Rs. Animal studies are reported in
compliance with the ARRIVE guidelines [49]. C57/Bl6J mice were housed
at the EBRI Rita Levi-Montalcini Foundation (Rome, Italy).

Slice preparation
Parasagittal hippocampal slices (250–400 µm) from C57Bl6/J were obtained
as described in detail previously [48, 49].
The slices for field extracellular recordings were incubated for 30min

before recording with Aβ1–42 (200 nM), in whole cell patch clamp
recordings Aβ1–42 (500 nM) was perfused for 10min [50]. As control,
Aβscrambled was applied at the same time and concentration of Aβ1–42. In
minocycline group, the slices were incubated with minocycline (500 nM)
for 30min alone or in co-incubation with Aβ1–42, then minocycline was
perfused for 1 h during the recording. PLX3397 (10 µM, PLX) was applied
for 30min alone or with Aβ1–42 and perfused during baseline recording.
Electrophysiological recordings on treated slices were started within

30min after the end of treatment.
Immunofluorescence was performed on hippocampal slices fixed with

4% PFA immediately after the pharmacological treatment.

Electrophysiology
Extracellular field recordings were performed for the LTP experiments
using a stimulating electrode placed in stratum radiatum to stimulate
Schaffer Collateral pathway and LTP was induced using Theta Burst
Stimulation protocol (TBS consisting of 4 short bursts at a frequency of
100 Hz with an interbust interval of 200ms). Whole cell patch-clamp
recordings on CA1 pyramidal neurons were performed to detect
spontaneous excitatory postsynaptic currents (sEPSCs) events, AMPA/
NMDA ratio and paired-pulse ratio (PPR), as previous published [49].

Drugs
Amyloid β1–42 and its scrambled form were purchased from GenScript
(USA); Picrotoxin was purchased from Sigma-Aldrich (Italy); Minocycline
hydrochloride was purchased from Abcam; Pexidartinib (PLX3397) was
purchased from MedChemExpress (MCE; USA); 4′,6-diamidino-2-phenylin-
dole (DAPI) was purchased from Life Technologies, (Carlsbad, CA, USA),
goat anti-Iba1 (AB5076) from Abcam, rat anti-CD68 (BRDMCA1957T) from
Bio-Rad Laboratories S.r.l. (Italy); rabbit anti-vGLUT1 (135303) from Synaptic
System (Gmbh, Goettingen, Germany); mouse anti-vGLUT1 (MAB5502;
clone 3C10.2, Merck-Millipore, Darmstadt, Germany) from Merck Millipore;
mouse anti-beta Amyloid (mabn254; MOAB-2, clone 6c3) from Merck
(Darmstadt, Germany).

Immunofluorescence staining. After recovery from cutting procedure for
1 h at room temperature (24 ± 2 °C) and pharmacological treatments,
parasagittal hippocampal slices (250 µm thick) were fixed by immersion in
10mL of 4% PFA (paraformaldehyde) overnight (ON) at 4 °C and washed
with 0,1 M phosphate buffer saline (PBS). Thick brain slices for all
immunohistochemistry were collected in separate wells of a 24 wells
plate (Nunc) and processed as free-floating sections.
Slices were washed with PBS and the appropriate Alexa-conjugated

secondary antibody was incubated in PBS+ 0.1%Triton for 3 h at RT in
the dark.
For single labeling we used the anti-Iba1 (1:1000) primary antibody and

the secondary anti-goat Alexa-555 antibody (1:200); the anti-CD68 (1:100)
primary antibody and the secondary anti-rabbit Alexa-488 (1:600) anti-
body; the anti-soluble amyloid MOAB-2 (1:100) primary antibody and the
secondary anti-mouse Alexa-546 (1:1000) antibody.
For the double immunofluorescent staining, a mixture of primary

antibodies against MOAB-2 (1:100)/anti-vGlut1 (1:100) followed by a
combination of secondary anti-mouse Alexa-546 (1:1000)/anti-rabbit
Alexa-488 (1:1000) antibodies.
For triple labeling, a mixture of primary antibodies against MOAB-

2(1:100)/anti-Iba1(1:1000)/anti-CD68 (1:100) followed by a combination of
secondary anti-mouse Alexa-546 (1:1000)/anti-Goat Alexa 647 (1:600)/anti-
rat Alexa-488 (1:1000)/ antibodies; or a mixture of primary antibodies anti-
vGlut1(1:100)/anti-Iba1(1:1000)/anti-CD68 (1:100)/followed by a combina-
tion of secondary anti-mouse Alexa-546(1:600)/ anti-goat Alexa-647
(1:1000)/anti-rat Alexa-488 (1:1000) antibodies.
Slices were stretched in anatomical order onto SuperFrost Plus glass

slides and then cover-slipped using #1thickness (0.13–0.16mm) thickness
glass coverslips (Fisher) and ProLong Diamond mounting medium with
antifading (P36931; Life Technologies, Carlsbad, CA, USA.). An UV diode
laser operating at 405 nm, an Argon laser at 488 nm, and a HeNe lasers at
543 and 633 nm were used as excitation sources.

Microglia morphological analysis
Image acquisition. Slice imaging was performed with a laser-scanning
confocal microscope (Olympus FV1200) using 20× air, 40× (NA= 1.25) and
60× oil immersion lenses at 1024 × 1024 pixels per frame, 12 frames per
stack at 0,29mm interval (pinhole 1.0). Four non overlapping field of view
(FOV) of the CA1 (including the SO, SP, SR) from each section were
acquired.
Images were acquired with FV10-ASW software (Version 4.2, Olympus)

and the Fiji build of ImageJ (RRID:SCR_002285) software analysis was used
to generate maximum intensity projections of each image for further
analysis

Image processing for quantification: Iba1 analysis. The number of
Iba1 positive microglial cells was counted by semi-automated analysis.
Images acquired by 40x oil Immersion objective were converted into 8 bit
Images (gray levels), thresholded to include all microglial ramifications, and
binarized.
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CD68 analysis. The number of CD68 positive phagosomes was counted
in images acquired by 60× immersion oil objective (1024×1024 pixels per
frame).
Colocalization analysis. The triple immunofluorescence stainings of

Iba1/CD68/amyloid and Iba1/CD68/vGlut1 were performed to study
amyloid load and glutamatergic synapses pruning by microglial cells in
the different experimental conditions and subsequently used for the
colocalization analysis of the following combinations of markers: amyloid/
Iba1, amyloid/CD68, vGlut1/Iba1 and vGlut1/CD68.

Statistics
Electrophysiology. Data were expressed as mean ± SEM. Statistical
comparisons of data obtained from electrophysiological experiments were
performed using the Student’s t-test (paired or unpaired data) or with one-
way ANOVA followed by Bonferroni’s post-hoc test. Statistical significance
was set at p < 0.05.
In LTP experiments significance was evaluated between 50–60min

following delivery of conditioning trains. Changes in amplitude or inter-
event interval of the spontaneous events were compared according to
their median values, using the Student’s t-test.
For all statistical comparisons, the n used was the number of slices or

neurons.

Imaging analysis. All measurements values were averaged for each
section for a total number of brain slices n= 5 per experimental group and
expressed as percentage of control (vehicle). The statistical analyses and
the graphs were generated using Statview (Statview-SAS, Cary, NC, USA)
and the data were reported in the graphs as mean ± SEM. ANOVA followed
by the Tukey–Kramer post hoc or Student’s t-test for group comparisons,
depending on the number of variables and groups, were used to analyze
the data. A p ≤ 0.05 was considered statistically significant.

RESULTS
CSF1R inhibition by PLX3397 or minocycline reverses
Aβ-mediated LTP impairment
As previously reported, application of soluble Aβ1–42 impairs LTP
at CA1 hippocampal synapses [50]. The treatment of slices for
30min with 200 nM of Aβ1–42 was able to inhibit LTP compared to
slices treated with Aβscrambled (Aβscrambled 1.5 ± 0.1 vs. Aβ1–42
1.2 ± 0.1 p < 0.001; Fig. 1A) in which the magnitude of LTP was
comparable to vehicle treated slices (vehicle 1.5 ± 0.1 vs.
Aβscrambled 1.5 ± 0.1 p > 0.05; Fig. S1).
Minocycline is a tetracycline that also shows inhibitory activity

on microglia activation [51]. The treatment of slices with
minocycline prevented the significant reduction of LTP magnitude
induced by Aβ1–42 (Aβ1–42+minocycline 1.4 ± 0.1 vs. Aβ1–42
1.2 ± 01 p < 0.001; Fig. 1B) that was comparable to LTP induced
in slices treated with Aβ scrambled+minocycline
(Aβ1–42+minocycline: 1.4 ± 01 vs. Aβscrambled+minocycline:
1.4 ± 0.1 p > 0.05; Fig. 1B).
Since minocycline is a non-specific modulator of microglia

response, we then used Pexidartinib (PLX), which is an orally
bioavailable selective CSF1R tyrosine kinase inhibitor.
Here we show that hippocampal slices incubated with

Aβ1–42+ PLX showed a restoration of LTP compared to the
Aβ1–42 alone (Aβ1–42 1.2 ± 0.1 vs. Aβ1–42+ PLX 1,5±0,1 p < 0.001;
Fig. 1C) that was comparable to LTP induced in slices treated with
Aβscrambled+ PLX (Aβ1–42+ PLX 1.5 ± 0.1 vs. Aβscrambled+ PLX
1.5 ± 0.1 p > 0.05; Fig. 1C).
Altogether, these data demonstrate the involvement of micro-

glia in the Aβ1–42-mediated alteration of hippocampal LTP.

PLX3397 reverses Aβ-driven excitatory neurotransmission
alteration
As described previously [50], perfusion of Aβ1–42 (500 nM, 10 min)
induces a significant increase in PPR (vehicle 1.9 ± 0.1 vs. +Aβ
2.7 ± 0.3 p < 0.01; Fig. 2A) compared to baseline, which reflects a
transient decrease in the probability of vesicular release. Applica-
tion of PLX (10 µM, 30 min) before and during Aβ1–42 perfusion

(500 nM, 10min) normalized the PPR to the baseline level, while
PLX alone did not affect the PPR (vehicle+ Aβ1–42 2.7 ± 0.3 vs.
PLX+ Aβ1–42 1.6 ± 0.1 p < 0.01; PLX 2.0 ± 0.3 vs. PLX+Aβscrambled

1.9 ± 0.3 p > 0.05; Fig. 2A).
Then we have investigated the excitatory neurotransmission

analyzing the AMPA/NMDA ratio, a measure of postsynaptic
changes in synaptic strength, and the amplitude and frequency of
spontaneous excitatory post synaptic currents (sEPSCs) which
reflect changes in glutamatergic neurotransmission efficacy. It is
known that Aβ1–42 application in brain slices affects the synaptic
distribution of both receptor subtypes [52]. In our model, Aβ1–42
(500 nM, 10 min) induced an increase in the AMPA/NMDA ratio
which was prevented by application of PLX before (10 µM, 30 min)
and during Aβ1–42 perfusion (vehicle 1.4 ± 0.2 vs. vehicle+Aβ1–42
2.0 ± 0.2 p < 0.01; PLX 1.6 ± 0.1 vs. PLX+ Aβ1–42 1.6 ± 0.1 p < 0.01;
Fig. 2B), suggesting that blocking the CSF1 receptor affects
synaptic changes induced by Aβ1–42 (PLX 1.6 ± 0.1 vs. PLX+
Aβscrambled 1.6 ± 0.2 p > 0.05; Fig. 2B; n= 5).
Also, we found that in same experimental conditions applica-

tion of PLX with Aβ1–42 prevented the sEPSC amplitude and
frequency changes induced by Aβ1–42 alone (amplitude: vehicle
100,0 ± 9,4 vs. vehicle+ Aβ1–42 83.2 ± 5.7 p < 0.05; PLX 100.0 ± 6.2
vs. PLX+ Aβ1–42 99.1 ± 5.7, p > 0.05; frequency: vehicle
100.0 ± 14.0 vs. vehicle+ Aβ1–42 54.5 ± 5.8 p > 0.05; PLX
100.0 ± 7.7 vs. PLX+ Aβ 100,1 ± 8 p > 0.05; Fig. 2C), while the
treatment with PLX and Aβscrambled did not induce any change
(amplitude: PLX 100.0 ± 4.6 vs. PLX+ Aβscrambled 91.7 ± 6.5,
p > 0.05; frequency: PLX 100.0 ± 3 vs. PLX + Aβscrambled

91.5 ± 18.9; Fig. 2C).
Altogether, these data demonstrate the involvement of micro-

glia in the Aβ1–42 -mediated excitatory neurotransmission
impairments.

A microglial morphological switch toward the phagocytic
phenotype is promoted by PLX3397 in hippocampal slices
with Aβ1–42
The Fig. 3B shows that the number microglia per field of view
(FOV), as identified by Iba1+ (red) staining, were counted and
found to be comparable in the different experimental conditions
(p= 0.8079; vehicle 100.6 ± 4.9; Aβ1–42 104.2 ± 17.2; Aβ1–42+ PLX
115.1 ± 6.4; Aβscrambled 107.3 ± 10.3). The Iba1 positive area per cell
was evaluated as a measure of the average microglial size (Fig. 3C),
and was found to be significantly increased upon PLX treatment
(Aβ1–42+ PLX) compared to Aβ1–42 (**p < 0.01) and Aβscrambled

(*p < 0.05) groups (p= 0.0016; vehicle 125.0 ± 11.6; Aβ1–42
89.6 ± 7.6; Aβ1–42+ PLX 153.9 ± 12.7; Aβscrambled 102.6 ± 14.4).
Also, the microglial perimeter was investigated (Fig. 3D) and
observed to significantly augment in Aβ1–42+ PLX compared with
vehicle (*p < 0.05), Aβ1–42 (**p < 0.01), and Aβscrambled (**p < 0.01)
groups (n= 10/group; p= 0.0003; vehicle 100.0 ± 8.8; Aβ1–42
76.5 ± 6.5; Aβ1–42+ PLX 130.1 ± 8.6; Aβscrambled 79.1 ± 11.3). In line
with an increased CI (*p < 0.05), the ameboid-like morphology of
microglia upon Aβ1–42 exposure can be easily noted in the
representative binary mask (Fig. 3E).
The enlarged microglial phenotype is the most evident in the

Aβ1–42+ PLX group, with increased frequency of the phagocytic
pocket, a subcellular structure dedicated to the digestion of
phagocytosed materials (indicated by the blue arrow). In the
Aβ1–42 and Aβscrambled group microglia has sometimes a bushy
appearance. To specifically highlight the presence of amoeboid
microglia we measured the circularity index (CI) (Fig. 3F). The CI is
commonly used as a measure of microglial activation/function,
and it falls in a range from 0 to 1, with 0 corresponding to a
polyhedric shape and 1 to a perfectly round object. Of note,
Aβ1–42 induced a statistically higher CI value compared to vehicle
(*, p < 0.05), as reported in the graph of Fig. 3F (n= 30/group;
p < 0.0001; vehicle 0.3 ± 0.04; Aβ1–42 0.5 ± 0.04; Aβ1–42+ PLX
0.597 ± 0.02; Aβscrambled 0.327 ± 0.03). Noteworthy, the PLX
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Fig. 1 Minocycline and PLX3397 reverse Aβ-mediated LTP impairment. A On the left, superimposed pooled data showing LTP in slices
treated with Aβ1–42 (n= 8) or Aβscrambled (n= 8). On top, representative traces for both conditions are shown. On the right, histograms
illustrating the magnitude of LTP (% of baseline) in the two experimental conditions. B On the left, superimposed pooled data showing LTP in
slices treated with Aβ1–42 (n= 8), Aβ1–42 +minocycline (n= 8) or Aβscrambled+ minocycline (n= 6). On top, representative traces for both
conditions are shown. On the right, histograms illustrating the magnitude of LTP (% of baseline) in the different experimental conditions. C On
the left, superimposed pooled data showing LTP in slices treated with Aβ1–42 (n= 8), Aβ1–42+ PLX (n= 7) or Aβscrambled+ PLX (n= 7). On top,
representative traces for different experimental conditions are shown. On the right, histograms illustrating the magnitude of LTP (% of
baseline) in the different experimental conditions. ***p < 0.001.
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Fig. 2 PLX3397 reverses excitatory neurotransmission alterations Aβ-mediated. A On top, representative traces from different
experimental conditions are shown; on the right, histograms show change in PPR in different experimental conditions, vehicle+Aβ1–42
(n= 8), PLX+ Aβ1–42 (n= 7), PLX+ Aβscrambled (n= 7). **p < 0.001 Aβ1–42 vs. vehicle; ##p < 0.001 Aβ1–42 vs. PLX+ Aβ1–42. B On top,
representative traces in different experimental condition are shown. On the right, histograms show AMPA/NMDA ratio in different
experimental conditions, vehicle+Aβ1–42 (n= 8), PLX+ Aβ1–42 (n= 7), PLX + Aβscrambled (n= 7). **p < 0.001 Aβ1–42 vs. vehicle; ##p < 0.001
Aβ1–42 vs. PLX+ Aβ1–42. C On top representative traces from different experimental conditions are shown. The histograms show the effect of
Aβ1–42 on amplitude and frequency of sEPSC (as % of baseline) in different experimental conditions, vehicle + Aβ1–42 (n= 5), PLX+ Aβ1–42
(n= 6), PLX + Aβscrambled (n= 5) *p < 0.05.
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Fig. 3 Morphological characterization of Aβ1–42incubated hippocampal microglia with or without PLX3397 treatment. A Representative
immunofluorescence image of Iba1 positive (red) staining for microglia in the hippocampal CA1 region of vehicle, Aβ1–42, Aβ1–42+ PLX and
Aβscrambled groups (n= 7/group). B Numbers of Iba1+ microglia per field of view (FOV) were counted and no change was found in the
different experimental conditions (p= 0.8079). C The Iba1-positive area per cell was evaluated as a measure of the average microglial size, and
found to be significantly increased upon PLX treatment (Aβ1–42+ PLX) compared to Aβ1–42 (**p < 0.01) and Aβscrambled (*p < 0.05) groups
(n= 10/group). D Perimeter of Iba1-positive microglial cell was found significantly augmented in Aβ1–42+ PLX compared with vehicle
(*p < 0.05), Aβ1–42 (**p < 0.01), and Aβscrambled (**p < 0.01) groups. E The representative binary mask of microglial cells showing the
morphological profile of microglia in the different experimental conditions. F The circularity index (CI) was calculated to verify the state of
microglial activation based on its morphology. Treatment with PLX significantly increased the CI compared with vehicle (**p < 0.01), Aβ1–42
(*p < 0.05) and Aβscrambled (**p < 0.01) groups. Also, Aβ1–42 induced a statistically significant upward trend of CI compared with vehicle
(*p < 0.05) group G Representative immunofluorescent images showing immunofluorescent labeling for CD68 positive phagosomes (green) in
the hippocampal CA1 region. High magnification of CD68 positive phagosome Is shown in the insets. H The numbers of phagosomes are
significantly increased upon PLX treatment (Aβ1–42+ PLX) compared to vehicle (**p < 0.01), Aβ1–42 (*p < 0.05) and Aβscrambled (**p < 0.01)
groups (n= 4/group). I n= 4/group; J, K The perimeter of CD68+ phagosomes was also measured and it was found to increase in
Aβ1–42+ PLX compared with vehicle (**p < 0.01) group. DAPI (blue) was used to counterstain nuclei. CA1 Cornu Ammonis 1, SO stratum oriens,
SP stratum pyramidale, SR stratum radiatum. White arrows: rod-like microglia. Scale bars: A, 50 μm; G, 50 μm; islet in G, 15 μm. Graph bars
indicate mean ± SEM.
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treatment of Aβ1–42 exposed slices (Aβ1–42+ PLX) was able to
increase the microglia CI against the vehicle group also to a higher
extent than Aβ1–42 alone (**p < 0.01), being significantly augmen-
ted also against the Aβ1–42 alone (*p < 0.05). A significant
difference was also observed against the Aβscrambled (**p < 0.01)
group. Also, the effect of PLX treatment alone on all the microglia-
related parameters above reported was assessed (Fig. S5) and
compared both to the vehicle and to the Aβ1–42+ PLX groups: the

number of microglial cells per FOV (n= 30/group; p= 0.769;
vehicle 100.0 ± 2.6; PLX 90.5 ± 1.0; Aβ1–42+ PLX 97.1 ± 4.5); the
mean cell area (n= 30/group; p= 0.9037; vehicle 100.0 ± 9.9; PLX
107.9 ± 55.0; Aβ1–42+ PLX 122.9 ± 29.3); the microglial cell peri-
meter (n= 30/group; p= 0.24; vehicle 100.0 ± 6.5; PLX
210.0 ± 70.7; Aβ1–42+ PLX 121.5 ± 20.9); and the Circulatory Index
(n= 30/group; p < 0.0001; vehicle 0.30 ± 0.01; PLX 0,.36 ± 0.01;
Aβ1–42+ PLX 0.55 ± 0.03). Of note, although a tendency was found
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toward the increase of microglia perimeter and CI in the PLX
group, this was not statistically significant, as compared to the
vehicle or the Aβ1–42+ PLX groups; while a significant increase in
the CI of the Aβ1–42+ PLX group both versus the vehicle and the
PLX groups was confirmed (**p < 0.001).
The characterization of the microglial phenotype included the

count and analysis of microglial phagosomes in the hippocampal
CA1 region through the CD68 molecular marker (Fig. 3G–I, Fig.
S2A). Phagosomes are specialized organelles implicated in
phagocytosis and digestion of extracellular materials, including
developmental and homeostatic neuronal pruning and amyloid
clearance in AD [53, 54].
In line with previous findings, the numbers of phagosomes

(Fig. 3H) are significantly increased upon PLX treatment of Aβ1–42
incubated brain slices (Aβ1–42+ PLX) compared to vehicle
(**p < 0.01), Aβ1–42 (*p < 0.05) and Aβscrambled (**p < 0.01) groups
(p= 0.0033; vehicle 100.0 ± 7.5; Aβ1–42 137.9 ± 6.3; Aβ1–42+ PLX
231.7 ± 40.7; Aβscrambled 78.4 ± 23.1). Also, phagosome size (Fig.
3I) is increased by the PLX treatment as it can be appreciated by
the CD68 positive spots perimeter (**p < 0.01) group (p= 0.1647;
vehicle 100.0 ± 5.4; Aβ1–42 126.7 ± 14.0; Aβ1–42+ PLX 145,3 ± 3,8;
Aβscrambled 126.3 ± 21.1), and in the insets showing high
magnification of CD68 staining (green). As for the PLX treatment
alone Fig. S5, it was observed no significant difference in CD68+
phagosomes number (82.3 ± 16.2), size (96.4 ± 11.2) and peri-
meter (95.9 ± 8.3), as compared to vehicle (respectively:
100.0 ± 14.2; 100.0 ± 8.2; 100.0 ± 4.7), or Aβ1–42+ PLX (respec-
tively: 75.0 ± 25.3; 93.3 ± ), while a significant difference was
found in the number of phagosomes/FOV, as compared to
Aβ1–42+ PLX group, where an increase is observed (*p < 0.05;
218.7 ± 41.6).
Interestingly enough, the appearance of rod-like microglia was

noticed as sparse in the control group, as expected (vehicle;
Fig. 3A), while it was found to be enhanced in the Aβ1–42 and also
in the PLX+ Aβ1–42 group, although to a minor extent (Fig. 3A,
white arrows). Rod-like microglia is a chain of elongated microglial
cells with narrowing of cells and soma and lacking planar
processes preferentially observed in neuroinflammatory and AD-
like conditions in the brain [55, 56].
The number of rod-like microglia and the higher number of

microglial cells per rod were counted and compared (Fig. 1G, H).
The measurements confirmed the qualitative observation, with an
increase in rods number in the Aβ1–42 group (**p < 0.01; 2,2 ± 0,4)
and in Aβ1–42+ PLX (*p < 0.05; 1.2 ± 0.4) as compared to vehicle
(0.2 ± 0.2) and Aβscrambled (0.25 ± 0.25). Also, the maximum
number of microglial cells observed per rod was significantly
augmented in the Aβ1–42 group (**p < 0.01; 4.2 ± 0.2) and in

Aβ1–42+ PLX (*p < 0.05; 3.8 ± 1.0), as compared to vehicle
(0.6 ± 0.6) and Aβscrambled (0.5 ± 0.5).

PLX3397 alleviates amyloid accumulation by promoting
microglial phagocytosis of amyloid in Aβ1–42 exposed
hippocampal slices
To ask for the effect on amyloid clearance of rapidly acquired
phagocytic-like phenotype of microglia in Aβ1–42+ PLX hippocampal
slices, we immunofluorescently labeled amyloid by using MOAB2.
The MOAB2 antibody specifically recognizes extra and intracellular
amyloid fragments, but not the entire APP molecule, at variance with
the 6E10 clone [57]. The total MOAB2 immunolabelled area and
staining intensity, as well as the number and area of soluble amyloid
immunofluorescent staining, were measured and compared.
As expected, we observed an overall increase in the amyloid

burden in the hippocampal CA1 region of the Aβ1–42 group as
compared to both vehicle and Aβscrambled. This amyloid burden
rise is found downregulated upon the PLX treatment of slices
exposed to Aβ1–42.
In details, the amyloid area (p= 0.0146; vehicle 100.0 ± 38.4;

Aβ1–42 461.5 ± 123.8; Aβ1–42+ PLX 233.6 ± 19.8; Aβscrambled

35.3 ± 10.0; Fig. 4B) was higher in the Aβ1–42 group compared to
vehicle (*p < 0.05) and Aβscrambled (*p < 0.05) groups and also in
the Aβ1–42+ PLX group the amyloid area is higher compared to
vehicle (*p < 0.05). Noteworthy, the CA1 total amyloid area was
comparable to vehicle upon PLX3397 treatment of Aβ1–42
incubated slices (Aβ1–42+ PLX group, p= 0.1066).
The number of amyloid positive spots regardless of their size are

statistically increased in Aβ1–42 (*p < 0.05), and Aβscrambled (*p < 0.05)
groups compared to vehicle (p= 0.0005 vehicle 93.9 ± 17.0; Aβ1–42
299.3 ± 60.7; Aβ1–42+ PLX 187.8 ± 22.0; Aβscrambled= 50.8 ± 13.9).
Interestingly, PLX treatment was also able to reduce the number
of amyloid spots in the CA1 area of hippocampal slices incubated
with Aβ1–42, as compared to Aβ group (Fig. 4C) (*p < 0.05). The size
of amyloid spots, as measured by single spot area was also found to
be elevated in Aβ1–42 group compared with vehicle (*p < 0.05),
Aβ1–42+ PLX (*p < 0.05) and Aβscrambled (*p < 0.05) groups
(p= 0.0189; vehicle 90.5 ± 10,1; Aβ1–42 169.9 ± 24.8; Aβ1–42+ PLX
103.8 ± 7,1; Aβscrambled 100.8 ± 25.9; Fig. 4D).
The MOAB2 staining integrated density (corresponding to

amyloid signal intensity) is upregulated in the Aβ1–42 group
compared with vehicle (*p < 0.05), Aβ1–42+ PLX (*p < 0.05) and
Aβscrambled (*p < 0.05) groups (p= 0.0139; vehicle 83.1 ± 7.5;
Aβ1–42 134.1 ± 19.4; Aβ1–42+ PLX 81.5 ± 5.2; Aβscrambled

53.8 ± 21.6; Fig. 4E).
Then, we tested the prediction that the amelioration of CA1

amyloid burden observed in the Aβ1–42+ PLX group may result

Fig. 4 Acute PLX3397 treatment alleviates Aβ1–42 pathology in hippocampal slices. A Representative amyloid immunofluorescence
staining (red) by the MOAB2 antibody in the hippocampal CA1. High magnifications of amyloid staining are shown in the insets. B The total
amyloid area per FOV was measured and found to be significantly increased in Aβ1–42 group compared to vehicle (*p < 0.05) and Aβscrambled
(*p < 0.05) groups (n > 3/ group). C The number of amyloid positive spots regardless of their size are statistically increased in Aβ1–42 (*p < 0.05),
Aβ1–42+ PLX (*p < 0.05) and Aβscrambled (*p < 0.05) groups compared to vehicle (n= 5/group). D The area of the amyloid positive spots was
found elevated in Aβ1–42 group compared with vehicle (*p < 0.05), PLX+ Aβ1–42 (*p < 0.05) and Aβscrambled (n > 3; *p < 0.05) groups. E Amyloid
staining intensity as measured by integrated density is significantly increased in the Aβ1–42 group compared with vehicle (*p < 0.05),
PLX+ Aβ1–42 (*p < 0.05) and Aβscrambled (*p < 0.05) groups (n > 4/group). F Analysis of amyloid distribution in microglial cells by triple
immunofluorescence staining (upper image) for Iba1 (magenta), CD68 (green) and Aβ (red) in the four experimental groups (vehicle, Aβ1–42,
Aβ1–42+ PLX and Aβscrambled). Composite images of amyloid (red) and Iba1 (green) immunofluorescence channels or of amyloid (red) and CD68
(green) immunofluorescence channels are shown in the high magnification images (images below) for each experimental group. Arrowheads
point to area of markers colocalization. F1 Orthogonal side views along the XZ and XY planes from the confocal z-stack of the amyloid/Iba1
confocal staining (Fiji, ImageJ, NIH, USA). G The numbers of the amyloid/Iba1 colocalized spots is significantly increased by Aβ1–42 compared to
vehicle (*p < 0.05), Aβ1–42+ PLX (*p < 0.05) and Aβscrambled (*p < 0.05) groups (n > 3/group). H The area of the amyloid/Iba1 colocalized spots is
significantly augmented in Aβ1–42 group compared to vehicle (*p < 0.05), PLX+ Aβ1–42 (*p < 0.05) and Aβ scrambled (*p < 0.05) groups (n > 3/
group). I The numbers of the amyloid/CD68 colocalized spots significantly increased by PLX treatment compared to vehicle (*p < 0.05), Aβ1–42
(*p < 0.05) and Aβscrambled (*p < 0.05) groups (n > 3/group). J The area of the amyloid/CD68 colocalized spots is significantly increased by PLX
treatment compared to vehicle (*p < 0.05), Aβ1–42 (**p < 0.01) and Aβscrambled (*p < 0.05) groups (n > 3/group). K Intensity of amyloid/CD68
colocalization is comparable to vehicle in all the experimental groups analyzed (n > 3. DAPI (blue) was used to counterstain nuclei. Graph bars
indicate mean ± SEM. Scale bars: A, 50 μm; islet: 15 μm; F, 25 μm; islet: 15 μm.
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from the observed morphological switch conferring increased
phagocytic ability following PLX treatment. To ask this question,
we studied the intracellular distribution of Aβ1–42 in microglial
cells by using the cytosolic Iba1 marker and the CD68 selective
marker for phagocytic vacuoles in Iba1/CD68/amyloid triple
immunolabelled hippocampal slices from all experimental groups
(Fig. 4A and Fig. S3 for low magnification images). The cytosolic
Internalization and phagosome-dependent amyloid clearance
signals were investigated, respectively by Iba1/amyloid and
CD68/amyloid co-localization quantitative analysis. The Iba1/
amyloid total colocalization area and spot number (Fig. 4G) are
both augmented after Aβ1–42 incubation of slices. In particular, the
numbers of the amyloid/Iba1 colocalized spots is significantly
increased by Aβ1–42 compared to vehicle (*p < 0.05), Aβ1–42+ PLX

(*p < 0.05) and Aβscrambled (*p < 0.05) groups (p= 0.0169; vehicle
100.0 ± 74.4; Aβ1–42 1227.3 ± 428.8; Aβ1–42+ PLX 305.5 ± 46.0;
Aβscrambled 81.8 ± 27.3). Further, the area of the amyloid/Iba1
colocalized spots is significantly augmented in Aβ1–42 group
compared to vehicle (*p < 0.05), Aβ1–42+ PLX (*p < 0.05) and
Aβscrambled (*p < 0.05) groups (p= 0.0301; vehicle 100.0 ± 71.9;
Aβ1–42 2973.4 ± 1213.1; Aβ1–42+ PLX 491.4 ± 67.0; Aβscrambled

221.9 ± 99.5; Fig. 4H). Notably, soluble amyloid accumulated in
the brain slices incubated with Aβ1–42 alone is endocytosed but
not simply apposed to the outer surface of the microglial plasma
membrane, as clearly visible in the XY, XZ orthogonal side views
from the confocal z-stack of the Iba1/amyloid double staining,
indicating that soluble amyloid (red) underneath the Iba1+ (green)
microglial membrane (Fig. 5F1).

Fig. 5 Acute PLX3397 treatment facilitates the microglial pruning of glutamatergic synapses. A Analysis of vGlut1 (red) engulfment in
CD68 (green) phagocytic puncta of Iba1 positive (magenta) in the hippocampal CA1 region (upper image). DAPI (in blue) was used to
counterstain nuclei. Composite images showing the vGlut1 (red) and Iba1 (green) or the vGlut1 (red) and CD68 (green) immunofluorescence
channels are shown in the high magnification (images below). Arrowheads point to the colocalization of markers. B The number of vGlut1/Iba1
colocalization spots Is significantly elevated upon PLX treatment compared to vehicle (*p < 0.05) group. C Area of vGlut1/Iba1 colocalization
spots is significantly increased in PLX+ Aβ1–42 group compared to vehicle (*p < 0.05) group. D The number of vGlut1/CD68 colocalization spots
is found increased in the Aβ+ group compared to vehicle (**p < 0.01), Aβ1–42 (**p < 0.01) and Aβscrambled (**p < 0.01) groups (n > 4/group). E Area
of vGlut1/CD68 colocalization spots is significantly increased in Aβ1–42+ PLX group compared to vehicle (**p < 0.01), Aβ (**p < 0.01) and
Aβscrambled (**p < 0.01) groups (n > 4/group). F The orthogonal side views (XZ, XY planes) from the confocal z-stack (Fiji, ImageJ, NIH, USA) of the
vGlut1/CD68 double immunofluorescence staining confirm vGlut1 (red) staining within the CD68 positive phagosomal vesicles (green). Graph
bars indicate mean ± SEM. Scale bars: upper image, 30 μm; images below, 10 μm.
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We then examined amyloid presence in the specialized CD68
positive vacuoles, by means of the following parameters: total
colocalization spots number, spot area and colocalization signal
intensity. Note that the vast majority of CD68+ phagosomes are
within microglial cells in the hippocampal (Fig. 4F and Fig. S2C)
and cortical area (Fig. S2B for low magnification images and islet

in B′ for high magnification images) in our experimental
conditions. We found that the number of CD68/amyloid spots
increased upon PLX treatment compared to vehicle (*p < 0.05),
Aβ1–42 (*p < 0.05) and Aβscrambled (*p < 0.05) groups (p= 0.0065;
vehicle 100.0 ± 79.5; Aβ1–42 240.0 ± 55.2; Aβ1–42+ PLX
1294.3 ± 363.0; Aβscrambled 42.9 ± 24.7; Fig. 4I). Also, the area of
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the amyloid/CD68 colocalized spots is significantly increased by
PLX treatment compared to vehicle (*p < 0.05), Aβ1–42 (**p < 0.01)
and Aβscrambled (*p < 0.05) groups (p= 0.0050; vehicle 100.0 ± 89.4;
Aβ1–42 234.5 ± 62.7; Aβ1–42+ PLX 1601.2 ± 445.3; Aβscrambled

31.9 ± 16.0; Fig. 4J). Last, we found that the intensity of amyloid/
CD68 colocalization is comparable to vehicle in all the experi-
mental groups analyzed (p= 0.3770; vehicle 100,0 ± 99.8; Aβ1–42
145.8 ± 89.6; Aβ1–42+ PLX 357.4 ± 116,4; Aβscrambled 246.8 ± 130.3;
Fig. 4K).

Microglial pruning of glutamatergic synapses is facilitated by
PLX3397 in Aβ1–42 exposed hippocampal slices
Based on the increased phagocytotic activity of microglia under PLX
treatment and the rescue effect of PLX on LTP alterations induced
by amyloid exposure, we then asked whether glutamatergic pruning
by microglia is modulated in our experimental conditions.
For this purpose, we triple immunolabelled hippocampal slices

from all experimental groups with antibodies against Iba1, CD68
and amyloid (Fig. 5A and Fig. S4 for low magnification images) and
studied the intracellular distribution of the glutamatergic marker
vGlut1 in microglial cells by using the cytosolic Iba1 marker and in
phagosomes through the CD68 marker. The cytosolic Internaliza-
tion and phagosome-dependent pruning of presynaptic glutama-
tergic terminals were quantified in Iba1/vGlut1 and CD68/vGlut1
composite images (Fig. 5A–E), in the CA1 region of interest,
including the stratum oriens, pyramidale and radiatum, as reported
in Fig. S3.
We found both the number (*p < 0.05; p= 0.0769; vehicle

85.9 ± 9.5; Aβ1–42 189.7 ± 76.5; Aβ1–42+ PLX 300,0 ± 73.1; Aβscrambled

116.7 ± 43.4; Fig. 5B) and the area (*p < 0.05; p= 0.0417; vehicle
84.5 ± 8.3; Aβ1–42 189.9 ± 74.1; Aβ1–42+ PLX 290.3 ± 53.2; Aβscrambled

121.2 ± 33.2; Fig. 5C) of vGlut1 (green)/Iba1 (red) colocalization spots
significantly elevated upon PLX treatment compared to vehicle
group. Further, we studied vGlut1 localization within phagosomes
and observed that also the number of vGlut1/CD68 colocalization
spots is found increased in the Aβ1–42+ PLX group compared to
vehicle (**p < 0.01), Aβ1–42 (**p < 0.01) and Aβscrambled (**p < 0.01)
groups (n > 4; p= 0.0004; vehicle 100.0 ± 26.5; Aβ1–42 96.6 ± 29.9;
Aβ1–42+ PLX 336.4 ± 54.4; Aβscrambled 86.4 ± 25.3). Also, the vGlut1/
CD68 colocalization area raised in Aβ1–42+ PLX group compared to
vehicle (**p < 0.01), Aβ1–42 (**p < 0.01) and Aβscrambled (**p < 0.01)
groups (n > 4; p= 0.0010; vehicle 100.0 ± 30.8; Aβ1–42 107.1 ± 17.1;
Aβ1–42+ PLX 391.7 ± 83.4; Aβscrambled 92.6 ± 19.6). Of note, an
effective pruning of glutamatergic spines is occurring, with vGlut1+
puncta actively phagocytosed, but not simply apposed or encapsu-
lated by microglial cells, as noticeable in the orthogonal side views
(XZ, XY planes) of the vGlut1/CD68 double immunofluorescence
staining, showing vGlut1 (red) staining within CD68 positive
phagosomal vesicles (green).
These data pinpoint a significant effect on microglial engulf-

ment of glutamatergic terminals upon PLX treatment in the CA1 of
Aβ1–42 exposed hippocampal slice.

Rapid clearance of Aβ-loaded glutamatergic synapses is
observed upon CSF1R inhibition in the CA1-CA2 hippocampal
regions, by preserving glutamatergic terminals
Last, we assessed whether PLX is able to clear engulfed
glutamatergic terminals from intracellular amyloid, which is more
evident in CA1, CA2, DG and hilus of hippocampal slices incubated
with Aβ1–42 (Fig. 6A). A double immunofluorescent staining
against vGlut1 (green) and amyloid (red) was performed (Fig.
6B–D). The main hippocampal areas interested by vGlut1/Amyloid
co-localization were the CA1 (Fig. 6C) and the CA2 (Fig. 6D), while
it was almost undetectable in the DG (Fig. 6B). The images of Fig.
6C, D and respective high magnifications (insets) clearly show
abundant colocalization of vGlut1 positive puncta with amyloid
(yellow spots) in the Aβ1–42 group, and very few co-localization
spots in the Aβ1–42+ PLX group. The extent of colocalization of
soluble amyloid with vGlut1 +puncta in the CA1 was quantified
and reported in the graphs (Fig. 6E, F). The number of amyloid/
vGlut1 colocalization spots was found to be significantly higher in
the brain slices incubated with amyloid (Aβ1–42 group, **p < 0.01;
581.1 ± 88.5) as compared to control (vehicle; 100.0 ± 21,0) but not
when amyloid is co-incubated with PLX3397 (Aβ1–42+ PLX;
149.6 ± 14.2). No difference was found with PLX alone (PLX;
112.6 ± 39.8). The same trend was observed by analyzing the area
of amyloid/vGlut1 colocalization spots, with significant increase in
the amyloid found in glutamatergic terminals of the Aβ1–42 group
(**p < 0.01; 2191.6 ± 378.0), as compared to vehicle (100,0 ± 35,1),
to Aβ1–42+ PLX (**p < 0.01; 278.03 ± 111.1) or to PLX alone (PLX;
334.7 ± 173.4).
To investigate whether pruning of amyloid from glutamatergic

terminals affects the extent of glutamatergic innervation in the
CA1, we analyzed the vGlut1 staining pattern by measuring the
number (p= 0.3427) and area (p= 0.5834) of vGlut1 + spots (Fig.
6G, H), but no significant differences were observed among the
experimental groups.
Overall, we demonstrated that PLX treatment releases pre-

synaptic glutamatergic neurons from the amyloid load without
affecting overall glutamatergic staining, thus pinpointing PLX-
driven clearance of amyloid burden in the CA1 and CA2 areas of
the hippocampal slices incubated with Aβ1–42.

DISCUSSION
In this study we investigated how the pharmacological modula-
tion of microglial function by direct application of the CSF1R
selective inhibitor PLX3397, can reverse synaptic dysfunction in
acute hippocampal slices exposed to Aβ1–42.
CSF1R inhibition by both minocycline and PLX3397 alleviated

amyloid-mediated impairment of synaptic plasticity. Also, selective
inhibitor PLX3397 prevents PPR, AMPA/NMDA ratio and sEPSC
changes induced by Aβ1–42. On the same line, inactivating
microglial CSF1R signaling by minocycline has been previously
found to prevent soluble Aβ-inhibited LTP in AD mice [58].

Fig. 6 Acute PLX3397 treatment promotes clearing of Aβ-loaded glutamatergic synapses in both the CA1 and CA2 hippocampal regions.
A Hippocampal areas where the amyloid staining (red) is more evident are indicated (white arrows) in slices incubated with Ab1–42. B The
vGlut1 (green) and amyloid (red) double immunofluorescent staining shows no clearly detectable amyloid at the vGlut1 glutamatergic
terminals of Aβ1–42 incubated hippocampal slices. C The vGlut1 (green) and amyloid (red) double immunofluorescent staining in the CA1 region
of the hippocampus of the Aβ1–42 and in the Aβ1–42+ PLX groups is shown at low (upper image) and high (islet) magnifications. D The vGlut1
(green) and amyloid (red) double immunofluorescent staining in the CA2 region of the hippocampus of the Aβ1–42 and in the Aβ1–42+ PLX
groups is shown at low and high (islet) magnifications. E The number of amyloid/vGlut1 colocalization spots is significantly augmented
following amyloid incubation (Aβ1–42 group, **p < 0.01), as compared to both vehicle and PLX3397 alone (PLX) but normalizes to control level
when amyloid is co-incubated with PLX3397 (Aβ1–42+ PLX). F The area of amyloid/vGlut1 colocalization spots follows the same trend, with a
significant increase in the Aβ1–42 group, as compared to vehicle (*p < 0.05), Aβ1–42+ PLX (*p < 0.05), and PLX (*p < 0.05) groups. G The number
and H the area of vGlut1-positive spots are comparable in all the experimental groups analyzed (p= 0.5834 and p= 0.3427, respectively; n=3/
group). Arrowheads point to the vGlut1/amyloid colocalization puncta in both the cell body and dendritic layers of the CA1 and CA2. DAPI
(blue) was used to counterstain nuclei. CA1-3 Cornu Ammonis 1-3, DG dentate gyrus. Scale bars: A 200 μm; B 100 μm; C 50 μm; islet, 10 μm;
D 50 μm; islet, 30 μm. SO stratum oriens, PL stratum pyramidale, SR stratum radiatum, CA2 Cornu Ammonis 2.
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Then, we addressed microglial viability upon PLX3397 applica-
tion and found no sign of microglial depletion; also, the number of
Iba1-expressing cells is comparable in all the experimental
conditions analyzed. Notably, depending on the dose, PLX can
either deplete microglia or modify their function [38, 59]. The
majority of CSF1R inhibitor trials showed a neuroprotective effect
in chronic in vivo settings, which was mediated by reactive
microglia repopulating the brain following microglial ablation
[45, 60]. Nevertheless, a microglia-modulating dose of the CSF1R
inhibitor PLX5622 [45] or of PLX3397 have also been shown to
have neuromodulatory effect on hippocampal synaptic plasticity
without affecting microglial survival [61, 62].
These data are in line with findings from haploinsufficient

csf1r+/− mice, microglial-conditional csf1r−/− mice, hypomorphic
csf1rFIRE−/− mice and in mice with rapid and low-grade CSF1R
inhibition, showing microglial survival and a phenotypic switch
toward a phagocytic status, without microglial proliferation and/or
inflammation [44, 45, 47, 61].
Although controversial, a correlation between the morphology

and function has been proposed for the microglial phenotypes
(surveillant, phagocytic, amoeboid, rod-like) described so far [63],
with e.g. phagocytic microglia appearing as less ramified and
hypertrophic [64, 65].
To address this point, we characterized microglia morphology by

confocal imaging analysis using specific markers of microglia (Iba1)
and phagocytic organelles, called phagosomes (CD68). CSF1R
inhibition by PLX3397 induced a rise in Iba1+ area and perimeter,
as well as in the circularity index, characteristic of phagocytic
microglia, including the phagocytic pocket, a preferred site for
clearing of external material [66]. As a confirmation, we quantified
CD68 staining and found an augmentation of the number, perimeter
and CD68 staining intensity in phagosomes. Of note, the majority of
phagosomes were found within Iba1+, ruling out phagocytic
astrocytes’s engagement [67], at least in our experimental conditions.
When exposed to Aβ1–42 in absence of PLX3397, microglial cells
display a less ramified phenotype with a higher circularity index as
compared to control, as reported in neuroinflammatory microglia
from mice i.c.v. injected with soluble Aβ1–42 [68] and in human AD
microglia [69]. Inflammatory microglia in the human AD brain display
increased level of CSF-1R and its ligands [70]. In turn, attenuated
proliferation and inflammatory activation of microglia, resulting in
neuroprotection was reported upon CSF1R pharmacological inhibition
by JNJ-40346527 in P301S AD mice, by GW2580 in APP/PS1 mice and
in MTPT mice, or by sCSF1Rinh in EAE models [71–74]. Several studies
agree that treatment with CSF-1R inhibitors decreases inflammation
in AD, regardless of the extent of microglial depletion, or effects on Aβ
and Tau [75, 76]. As a further confirmation, hippocampal rod-like
microglia [77] were prominent in the CA1 of Aβ1–42 slices and sparely
present in Aβ1–42+PLX3397 (Fig. 1E1–E2). Rod microglia typically
appear as a train of elongated cells typically found in the AD brain
[78], lacking planar processes, and releasing pro-inflammatory
cytokines, like TNFα and IL-1 [77]. It is well characterized that the
accumulation of Aβ during AD progression affects microglia through
interaction with various receptors [19, 79, 80].
As a further step, we measured amyloid expression patterns. We

found an augmented amyloid load in Aβ1–42 slices and a number of
amyloid-related parameters, including total area, spots number, spot
area, and integrated density were significantly augmented in Aβ1–42,
as inherently expected. Of note, the cytosol of microglial cells is
notably engulfed by soluble amyloid in slices exposed to Aβ1–42 (Fig.
4F1), which is reported to be endocytosed via fluid phase
micropinocytosis [81–83]. In line with phagocytic activity of
microglia in Aβ1–42+PLX3397 slices, a general lowering of soluble
amyloid staining, and a significant reduction in the area covered by
the amyloid staining occurred upon PLX3397 acute treatment, as
compared to both Aβ1–42 and vehicle slices. Noteworthy, PLX3397
promoted amyloid clearance by phagosomes in Aβ1–42 incubated
slices, as resulting by amyloid/CD68 colocalization analysis,

suggesting that hippocampal amyloid reduction takes place
through phagosomal-dependent mechanisms in
Aβ1–42+ PLX3397 slices.
AD microglia have a reduced ability to rapidly respond to brain

challenges, such as neuronal clearance of toxic amyloid, interfering
with pruning-dependent synaptic plasticity and accelerating the
neurodegenerative process [20, 84]. To address this issue, we then
investigated the clearance of vGlut1+ glutamatergic terminals by
microglial cells exposed to Aβ1–42 alone or with CSF1R inhibition by
PLX3397. Noteworthy, an improved clearance from intraneuronal
soluble Aβ in excitatory presynaptic terminals was accompanied by
preservation of overall CA1 glutamatergic innervation, possibly
resulting in the LTP recovery seen in Aβ1–42+ PLX3397 slices.
Although in the late phase AD inflammatory microglia affects

neuronal plasticity and cognition by abnormal pruning [3, 75], in
the early AD stage insufficient or ineffective synaptic pruning by
dysfunctional microglia is a key driver of synaptic alterations, LTP
deficits, and inadequate regenerative response [6]. In line with
this, here we show that the Aβ1–42-engulfed microglia pruning of
glutamatergic synapses is comparable to untreated control slices
as seen by Iba1/vGlu1 and CD68/vGlut1 colocalization patterns. As
a result, vGlut1+ terminals are loaded with amyloid (Fig. 6C, D),
thus resulting in the LTP and excitatory neurotransmission
impairments observed in Aβ1–42 slices. Since some cortical and
hippocampal neurons express CSF-1R [85], which has a role in
intraneuronal amyloid accumulation in AD mice [36], a direct and
microglia-independent effect of PLX3397 on intraneuronal amy-
loid cannot be excluded and deserves further explorations.
As a matter of fact, several limitations are present in preclinical

model used to explore AD [86, 87]. Particularly, we have used acute
exposure, of ex vivo preparation, to exogenous Aβ oligomers that
has been largely used to study alterations in neurotransmission and
synaptic plasticity Aβ-mediated underlying cognitive deficits
characterizing this disorder. Similar results are described in several
lines of transgenic mouse models of AD which have shown intrinsic
limitation and experimental bias [86, 87]. In this light, can be
supported that different non-clinical models represent a potential
advantage for investigating disease-related targets and pathways.
Overall, our data support the idea that microglial phenotype/

states are conditions tuneable through precise timing and dosing
of selective CSF1R inhibitors, further pinpointing low-grade and
rapid CSF1R inhibition as a valid experimental tool for a deeper
understanding of microglia behavior in preclinical studies as well
as a promising target for the fine modulation of the microglial
phenotype in clinical settings.
Microglia are implicated in brain homeostasis, neuroinflamma-

tion, and neurodegenerative diseases like AD, where microglial
markers, like TREM2, help identify one of the 5 specific AD
molecular subtypes, as recently reported by Tijms et al [88].
According to a recently growing body of literature, microglial

imaging analysis by integrating microglial phenotype, metabo-
lism, and functions [89–91]. Microglial cells undergo metabolic
and morphological changes during spine pruning and amyloid
clearance in both the normal and diseased brain, including AD
[92–94], and CSF1/CSF1R system is a crucial signaling pathway in
these events [95, 96].
The systemic CSF1R inhibition leading to long-term microglia-

depletion is clinically unfeasible in AD patients for several reasons,
including significant off-target side effects. Given its therapeutic
potential in AD [36, 71], PD [97], MS [73], TBI [98], novel strategies
based on the fine-tuning modulation of microglia metabolism and
behavior are strongly expected as promising disease-modifying
approaches for the treatment of neurodegenerative diseases.
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