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ARTICLE INFO ABSTRACT

Keywords: Microglia depletion, followed by repopulation, improves cognitive functions in the aged mouse brain. However,
Aging even temporal ablation of microglia puts the brain at a high risk of infection. Hence, in the present work, we
Glia studied if the partial reduction of microglia with PLX3397 (pexidartinib), an inhibitor of the colony-stimulating

Extracellular matrix factor 1 receptor (CSF1R), could bring similar benefits as reported for microglia ablation. Aged (two-years-old)

PZI::;slfjmin mice were treated with PLX3397 for a total of 6 weeks, which reduced microglia numbers in the hippocampus
Brevican and retrosplenial cortex (RSC) to the levels seen in young mice and resulted in layer-specific ablation in the

expression of microglial complement protein C1q mediating synaptic remodeling. This treatment boosted long-
term potentiation in the CA1l region and improved performance in the hippocampus-dependent novel object
location recognition task. Although PLX3397 treatment did not alter the number or total intensity of Wisteria
floribunda agglutinin-positive perineuronal nets (PNNs) in the CA1 region of the hippocampus, it changed the
fine structure of PNNs. It also elevated the expression of perisynaptic proteoglycan brevican, presynaptic vGluT1
at excitatory synapses, and vGAT in inhibitory ones in the CA1 stratum radiatum. Thus, targeting the CSF1R may
provide a safe and efficient strategy to boost synaptic and cognitive functions in the aged brain.

Perineuronal nets
Perisynaptic ECM

1. Introduction

Brain aging and its underlying molecular and cellular processes have
gained continuous attention over the last few decades. In various brain
regions, aging is accompanied by a decline in neural resources, resulting
in impairment of learning and memory. In the hippocampus, aging is
associated with a loss of neurons (Fu et al., 2015), impaired neuro-
genesis in the dentate gyrus (Gil-Mohapel et al., 2013; Ben Abdallah
et al.,, 2010), and alterations in dendrites and synaptic transmission
(Rosenzweig and Barnes, 2003; Ianov et al., 2017; Bohlen und Halbach
O von, Zacher C, Gass P, Unsicker K., 2006) (Bettio et al., 2017).
Functionally, it is connected to cognitive decline (Shors et al., 2001;

Deng et al., 2010), as exemplified by a recent study of 20-month-old
mice showing difficulties in different behavioral paradigms, including
object recognition and spatial navigation tasks linked to the hippo-
campal function (Yang et al., 2021).

An essential characteristic of brain aging is the increasing low-grade
neuroinflammation, the so-called “inflammaging” (von Bernhardi et al.,
2015). Activation of the cGAS-STING signaling by cytosolic DNA
released from perturbed mitochondria in old microglia is a critical driver
of microglia activation during aging (Gulen et al., 2023). It manifests in
a shift in cytokine balance towards higher levels of pro- and reduction in
anti-inflammatory cytokines and impaired cognitive flexibility and
stress responses in humans and animals (Sparkman and Johnson, 2008).

Abbreviations: CSF1R, Colony-stimulating factor 1 receptor; CSPG, Chondroitin sulfate proteoglycan; DG, Dentate gyrus; ECM, Extracellular matrix; fEPSP,
Excitatory postsynaptic potential; NOLT, Novel object location task; NORT, Novel object recognition task; PB, Phosphate buffer; PBS, Phosphate-buffered saline; PFA,
Paraformaldehyde; PNN, Perineuronal net; PPF, Paired-pulse faciliation; PPR, Paired-pulse ratio; PV, Parvalbumin; OLG, Oligodendrocyte; RSC, Retrosplenial cortex;
RT, Room temperature; SEM, Standard error of mean; TBS, Theta-burst stimulation; WFA, Wisteria floribunda agglutinin.
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Aging also changes the morphology of microglia, the brain’s innate
immune cells, towards a more amoeboid phenotype associated with
activation upon injury or inflammation. The cell body increases in size
while the normally lengthy and versatile processes shorten and thicken
(Damani et al., 2011). Secondly, the motility and the ability to react to
injury and phagocytize cellular debris are decreased. Finally, microglia
lose their ability to proliferate. This cellular senescence is typical for
various aging brain cells (Sikora et al., 2021) and leads to increased iron
storage, ferritin overexpression, and elevated release of neurotoxic
molecules (Angelova and Brown, 2019).

Pharmacological depletion of microglia by CSF1R inhibitors has
gained attention, as this approach allows one to rather specifically study
the effects of microglia reduction at any time point within the lifespan of
mice (Elmore et al., 2014). It has been shown that microglia repopula-
tion after withdrawal of the CSF1R inhibitor resulted in improved spatial
memory function in the Morris water maze in aged animals and rescue of
age-related deficits in the long-term potentiation (LTP) following theta-
burst stimulation to Schaffer collateral-commissural projections (Elmore
et al., 2018).

Microglia secrete extracellular matrix (ECM) molecules as well as
extracellular proteases, and these mechanisms are altered with age and
in age-associated pathologies. Functionally, attenuation of ECM can
either promote or inhibit synaptic plasticity (Dityatev et al., 2010). For
example, mice deficient in the ECM glycoprotein tenascin-R, chon-
droitin sulfate proteoglycans (CSPGs) brevican or versican, or treated
with chondroitinase ABC to digest chondroitin sulfates display impaired
LTP in the CA1 (Brakebusch et al., 2002; Chelini et al., 2024). On the
other hand, a study by Vegh and colleagues has shown that perisynaptic
ECM proteins, including brevican, are progressively upregulated with
aging, both on genetic and proteomic levels, coinciding with an
impairment of hippocampus-dependent spatial memory (Végh et al.,
2014). Furthermore, attenuation of ECM with chondroitinase ABC
reversed the age-dependent cognitive deficits in motor learning
(Richard et al., 2018). These data indicate that the optimal levels of ECM
support the synaptic plasticity, but excessive loss or accumulation of
ECM results in impaired LTP and learning.

Several studies have shown an interaction between microglia and the
brain ECM in young and aged mice (Crapser et al., 2020; Nguyen et al.,
2020). For example, a gene expression analysis showed that long-term
depletion of microglia enhances the mRNA levels of brevican in the
hippocampus of wild-type mice (Spangenberg et al., 2019), and we
recently confirmed this increase at a protein level using immunohisto-
chemistry in young adult mice (Strackeljan et al., 2021). Microglia
remodeling of ECM enhances synaptic plasticity by engulfing and
remodeling ECM, especially at synapses, which is essential for long-term
memory consolidation (Nguyen et al., 2020). However, this concept of
microglia and ECM interaction has not been fully explored regarding
age-dependency, although both microglia senescence and hippocampal
perisynaptic ECM were reported to increase with age (Végh et al., 2014;
Tremblay et al., 2012).

Here, we aimed to study whether modest inhibition of CSF1R could
reverse age-related deficits in the mouse brain and what mechanisms
might be underlying the rescue. Using the CSF1R-inhibitor PLX3397, we
reduced microglia numbers to the level seen in young mice and found
increased LTP in the CA1 region and cognitive improvement in the novel
object location recognition task. These changes were associated with
reduced phagocytic cues produced and secreted by microglia.

2. Materials and methods
2.1. Animals

Twenty male C57BL6J mice aged between 24 and 26 months were
used in this study. During the experimentation period, four animals (3

controls and 1 PLX-treated) died and were not part of further experi-
ments. Animals were housed individually under standard conditions,
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including ad libitum access to food and water and a 12-h light/12-h dark
cycle. All animal experiments were conducted in accordance with the
ethical animal research standards defined by German law and the rec-
ommendations of the Ethical Committee on Animal Health and Care of
the State of Saxony-Anhalt, Germany (license number: 42502-2-1346).

2.2. PLX3397 treatment

The animals were treated with the CSF1R inhibitor PLX3397 (pex-
idartinib; MedChemExpress). The drug was mixed into the animal chow
at a nominal concentration of 290 mg/kg (ssniff Spezialdidten GmbH;
Elmore et al., 2014). The mice received fresh control (product number
1534-70) or PLX-chow daily, and their food intake was recorded. On
average, mice consumed 5 g of chow daily with no significant difference
between groups. The treatment started 28 days before the first behav-
ioral testing. Mice were fed with PLX3397 for 6 weeks before being
sacrificed and studied electrophysiologically and immunohistochemi-
cally (see timeline, Fig. 1).

2.3. Behavior

2.3.1. Behavioral analysis

To study different forms of memory, we performed behavioral tests,
including the novel object location task (NOLT), the novel object
recognition task (NORT), and the labyrinth task (dry maze). All
behavioral tests were video-recorded and the animal’s performance was
analyzed using Anymaze 4.99 (Stoelting Co., Wood Dale, IL, USA).

2.3.2. Open field

To study locomotor activity and anxiety-associated behavior, the
mice were put into an open field arena (50 x 50 x 30 cm) (Holter et al.,
2015; Kaushik et al., 2018) and studied using an overhead camera for 10
min. The arena was virtually divided into a central area (30 x 30 cm)
and a peripheral region (the 10 cm area adjacent to the wall of the
recording chamber). The overall physical and emotional state of mice
was determined using the total distance moved and time spent in both
the central and peripheral areas.

2.3.3. Novel object location test

The novel object location test was carried out as previously described
(Baidoe-Ansah et al., 2022), including the encoding and retrieval phases
(Vogel and Marcotte, 2012). The encoding phase lasted 10 min, during
which mice were allowed to explore two indistinguishable objects.
During the 10-min retrieval phase, which was carried out 24 h later, one
of the objects was repositioned to a novel position. To analyze the ani-
mal’s behavior, the exploration times for an object located at familiar (F)
and novel (N) positions, as well as the discrimination ratio [(N—F)/(N +
F)] x 100 % were used.

2.3.4. Novel object discrimination test

The novel object recognition test was also conducted in the open-
field arena, including the encoding and retrieval phases described pre-
viously (Baidoe-Ansah et al., 2022; Antunes and Biala, 2012). Briefly,
the animals were allowed to explore the arena with two identical objects
for 10 min. After 24 h, one of the objects was replaced by a novel one,
and the exploration time was measured again. Exploration time for
familiar (F) and novel (N) objects, as well as the discrimination ratio
[(N—F)/(N + F)] x 100 %, were used to evaluate animals’ recognition
memory.

2.3.5. Labyrinth task (dry maze)

A quadrant-based labyrinth task was designed to measure
hippocampus-dependent spatial learning and memory in aged mice.
This task was designed and implemented as an alternative to the Morris
water maze (MWM) task that uses imaginary quadrants (software)
compared to actual quadrants. Comparatively, this task is less stressful
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Fig. 1. PLX treatment reduces microglia density and affects oligodendrocyte maturation and astrocytic actvation in a region-specific manner. (A) Timeline of the
experiment. (B) 20x representative images of glial cells in the hippocampal CA1l, (D) dentate gyrus (DG) and (F) retrosplenial cortex (RSC). Microglia (Ibal, left
panel, magenta), astrocytes (GFAP, left panel, green), oligodendrocytes (Olig2, right panel, magenta) and APC+/0Olig2+ cells (APC, right panel, green). (C) PLX
treatment reduces microglia density in the CAl. The density of oligodendrocytes and the proportion of APC+/0lig2+ cells are not changed. (E) In the DG, the
findings are similar to those in the CAl. (G) In the RSC, Ibal+ cell density is decreased while the density of GFAP+ cells is increased. There is no change in oli-
godendrocytes. Scale bar, 50 pm. Bar graphs show mean + SEM values. *p < 0.05, ** p < 0.01, ****p < 0.0001; t-test, n = 6-9 mice per group. (For interpretation of
Ehe references to colour in this figure legend, the reader is referred to the web version of this article.)

and capable of distinguishing between navigational strategies used by
mice, namely egocentric (route) and allocentric (place) (Rich and Sha-
piro, 2007; Harrison and Feldman, 2009).

The labyrinth was designed with four entry points in four quadrants
of equal size but with different intra-quadrant configurations. In each
quadrant configuration, zones were defined to quantify errors (with pink
highlights). As outlined above, the asymmetrical-quadrant-based laby-
rinth was carried out with distal cues placed on curtains to enclose the
maze and reward (water) placed in the 4th quadrant. Two entry paths
(startl and 2) were used for all daily training sessions from day 1 (D1) to
day 3 (D3), and a different path was used for probe tests (Probe Trial).
On D1, mice were allowed to explore the maze for 10 min with reward.
Subsequent training sessions, two trials per day for 2 days (D2 & D3),
were ended upon entry into the reward zone. An inter-trial delay of 1 h
was implemented for each daily training session. With the probe test,
mice entered the maze through the probe entry path, and the session was
manually ended upon entry into the reward zone. Using an overhead
camera with animal tracking software (Anymaze 4.99: Stoelting Co.,
Wood Dale, IL, USA), parameters such as the distance traveled, errors
made and latency to the reward were recorded and quantified.

2.4. Electrophysiology

Four randomly chosen animals from each group were used for
electrophysiological analysis. Animals were deeply anesthetized with
isoflurane and perfused transcardially with ice-cold sucrose-based cut-
ting solution containing (in mM): 230 sucrose, 2 KCl, 1 MgCly, 2 MgSOy4,
1.25 NaH5POy4, 26 NaHCOs3, 1 CaCl; and 10 p-Glucose, then decapitated.
Hippocampi were isolated and placed on an agar block to cut transverse
slices (350 pm thick) using a vibrating microtome (VT12008S, Leica).
Slices were transferred and incubated in a submerged chamber with a
solution containing (in mM): 113 NaCl, 2.38 KCl, 1.24 MgSO4, 0.95
NaH,POy4, 24.9 NaHCO3, 1 CaCly, 1.6 MgCly, 27.8 p-glucose for at least
2 h at room temperature. Next, the slices were transferred to the
recording chamber and were continuously perfused with the solution
containing (in mM) 120 NaCl, 2.5 KCl, 1.5 MgCl,, 1.25 NaH3PO4, 24
NaHCOs, 2 CaCl, and 25 p-Glucose. All solutions were saturated with 95
% Oz and 5 % CO- and the osmolality was adjusted to 300 + 5 mOsm.
Thin glass electrodes filled with ACSF were used for stimulation and
recording of fEPSPs. The CA3-CA1 pathway was stimulated two times by
the theta-burst stimulation (TBS) trains to induce LTP. The stimulation
intensity was determined based on the input-output curve. It was set to
give fEPSPs with a slope of ~30 % and ~ 50 % of the supramaximal
fEPSP for the paired-pulse facilitation (PPF) and LTP induction,
respectively. Single stimuli were repeated every 20 s for at least 10 min
for baseline recording before and for 60 min after LTP induction. The
paired-pulse ratio (PPR) was evaluated at different time intervals under
the same conditions. All recordings were obtained at room temperature
using an EPC-10 amplifier (HEKA Elektronik). The recordings were
digitized at 10-20 kHz and filtered at 1-3 kHz.

2.5. Tissue preparation

For tissue preparation, animals were anesthetized with isoflurane
and then transcardially perfused with PBS, followed by 4 % para-
formaldehyde (PFA). Brains were dissected and fixed in 4 % PFA in
phosphate-buffered saline (PBS) overnight at 4 °C. Afterwards, the tissue
was transferred to 30 % sucrose in PBS for two nights before being

frozen in methylbutane at —80 °C. Using a cryostat at —20 °C coronal
brain sections of 40-um thickness were prepared and stored in a cryo-
protectant solution (ethylene glycol based; 30 % ethylene glycol, 30 %
glycerol, 10 % 0.2 M sodium phosphate buffer pH 7.4, in dH20) at 4 °C.

2.6. Immunohistochemistry

Immunohistochemistry (IHC) was performed based on our previous
protocol (Strackeljan et al., 2021). In short, all sections were washed 3
times with 120 mM phosphate buffer (PB), pH = 7.2 for 10 min at room
temperature (RT), followed by permeabilization with 0.5 % Triton X-
100 (Sigma T9284) in phosphate buffer for 10 min and blocking in PB
supplemented with 0.1 % Triton X-100 and 5 % normal goat serum
(Gibco 16,210-064) for 1 h at RT. For primary antibody delivery, the
sections were incubated for 20 h at 37 °C (see Table 1). After washing in
PB, sections were incubated with conjugated secondary antibodies for
90 min at RT. Labeled sections were rewashed, mounted, and cover-
slipped on glass slides using Fluoromount medium (Sigma; Cat no.
F4680).

2.7. Confocal microscopy and image processing

Images were acquired using a Zeiss confocal microscope (LSM 700).

Table 1
Primary and secondary antibodies used for IHC.

Primary reagents Supplier, product number Dilution

Chicken anti-PV Synaptic Systems, 195 006 1:500

Rabbit anti-Brevican (Seidenbecher et al., 1995; John 1:1000

et al., 2006)

Guinea pig anti-Ibal Synaptic Systems, 234 004 1:500

Guinea pig anti-vGluT1 Synaptic Systems, 235 304 1:1500

Chicken anti-GFAP Sigma Aldrich, AB5541 1:400

Rabbit anti-Olig2 Sigma Aldrich, AB9610 1:200

Mouse anti-APC Merck Millipore, OP80-100UG 1:500

Rabbit anti-Clq Abcam, AB182451 1:500

Rat anti-CD68 AbD Serotec, MCA1957 1:500

Biotinylated WFA Vector Laboratories, B-1355 1:1000

Rabbit anti-vGAT Synaptic Systems, 131 002 1:500

Mouse anti-PSD95 Abcam, ab2723 1:500

Sheep anti-Neurocan R&D Systems, AF5800 1:20

Rabbit anti-Aggrecan Millipore, AB1031 1:200

Secondary reagents Supplier Dilution

Alexa Fluor 405 goat Anti- Abcam, ab175675 1:500
Chicken IgG

Alexa Fluor 647 goat Anti- Invitrogen, A21449 1:1000
Chicken IgG

Alexa Fluor 647 goat Anti-Rabbit Invitrogen, S32351 1:1000
1gG

Alexa Fluor 405 donkey Anti- Sigma Aldrich, SAB4600230 1:500
Guinea pig IgG

Alexa Fluor 647 goat Anti-Mouse  Invitrogen, A21236 1:1000
1gG

Alexa Fluor 488 goat Anti-Guinea  Invitrogen, A21044 1:1000
pig IgG

Alexa Fluor 546 goat Anti-Rabbit  Invitrogen, A11035 1:500
1gG

Alexa Fluor 546 donkey Anti- Invitrogen, A21098 1:500
Sheep IgG

Streptavidin Alexa Fluor 405 Invitrogen, $32351 1:1000
conjugated
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Brain regions were determined following the Allen mouse brain atlas. All
images were further processed and analyzed using the open software
ImageJ (Fiji) version 1.54 f.

2.8. Glial cell counting and microglia analysis

Counting of microglia, astrocytes, and oligodendrocytes. Images
were acquired at 20x objective for hippocampal CAl, CA2, and CA3
areas, the dentate gyrus (DG) and the retrosplenial cortex (RSC). Glial
cells were then counted using the Cell Counter plug-in in Fiji. Two
markers were used to analyze the oligodendrocytes (OLGs): Olig2,
which labels all OLGs, and APC, expressed in astrocytes and OLGs. In the
latter, APC is known to label myelinating mature OLGs specifically. We
then calculated the percentage of APC+/0lig2+ cells in one ROL.

Morphological analysis of microglia cells. For the morphological
analysis of microglia cells, images were acquired using a 40x objective
for hippocampal CAl. A similar protocol was used to one published
elsewhere (Green et al., 2022). For each mouse, three images were used
for further analysis. In total, n = 71 microglia from 6 control mice and
100 microglia from 9 PLX-treated mice were analyzed.

Image pre-processing. In brief, the brightness/contrast was auto-
matically adjusted in Fiji to visualize best the branches of the microglia
(Fig. S2A). The unsharp mask (radius = 3, mask = 0.60) was then
applied to increase the contrast of the image further, and the “remove
outliers” function (radius = 2, threshold = 50) was applied to remove
noisy pixels. Two microglia cells with entire soma visible through Z-
stack were selected for maximum intensity projection from each image
(Fig. S2B). The threshold was then automatically adjusted using the
Otsu’s method. The paintbrush tool was used to connect any branches
that became fragmented due to image processing, using the original
photomicrograph as a reference. After binarization, the “close” function
in the binary image processing kit was applied; then any fragments that
were not attached to the cell and noise pixels were detected with
“analyze particles” function (size: 0-100 pm?) and excluded from
further analysis (Fig. S2C).

Skeletal analysis. The binarized single-cell images were skeleton-
ized (Fig. S2D) for the skeletal analysis. Branches per microglia, junc-
tions per microglia, endpoints per microglia, averaged branch length
and maximum branch length were calculated per cell using the “Analyze
skeleton” Fiji function.

Fractal analysis. The same binary images were converted into
outlines (Fig. S2E). The FracLac plug-in was used to analyze the cells,
with ‘box-counting’ applied and the ‘grid design Num G’set to 4. The
convex hull and bounding circle of the cell were measured. The fractal
dimension (Db, a statistical measure of pattern complexity), lacunarity
(a geometric measure of how a pattern fills space), circularity (how
circular the microglial cell is), span ratio (longest length/longest width),
and density (number of pixels/area) were measured.

Sholl analysis. The same binary images were used for the Sholl
analysis. The center of the cell body was selected with a point-tool. For
concentric circle placement, the radius was set from 4 to 50 pm; the
distance between each circle was 2 pm for all cells. The number of times
that the microglial branches intercepted each of the circles, the total
number of intersections, the critical radius (at the circle with the largest
number of interceptions), and the Sholl decay index (also known as Sholl
regression coefficient, the slope of decay of the intersection-number
with distance from the center of analysis) were calculated.

2.9. Analysis of PNNs around PV+ cells and perisynaptic ECM

Parvalbumin-positive cells (PV+ cells) and their surrounding PNNs
were counted using the Cell Counter in Fiji. Biotinylated Wisteria flori-
bunda agglutinin (WFA) was used to label the ECM of perineuronal nets
(PNN). Furthermore, we used antibodies against various PNN compo-
nents such as aggrecan, brevican, and neurocan and measured the ECM
mean intensity around PV+ cells.
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The single PNN units were analyzed using APNU 2.0 as described
previously (Strackeljan et al., 2021; Kaushik et al., 2021). In short, this
semi-automatic algorithm outlines PNN holes and measures hole-
surrounding ECM in the area limited by local peaks in the ECM
expression. The results table then contains various key characteristics of
PNN units, such as size, density, and circularity in 2D and 3D. To ensure
a seamless analysis of the PNN fine structure, a z-stack of 40 images with
an interval of 0.1 pm was collected per PNN using a 63 x objective. A Fiji
plug-in for PNN unit analysis is available at https://data.mendeley.com/
datasets/cvf924fz3p/1.

For analysis of perisynaptic ECM molecules, we used a customized
Fiji plug-in that specifically measured perisynaptic brevican around
single presynaptic puncta.

2.10. Analysis of inflammatory markers

To study the effect of microglia reduction on neuroinflammation and
phagocytosis, we used IHC to stain for C1q, CD68, and TREM2. For C1q
and TREM2, global mean intensity was measured (Benetatos et al.,
2020). For CD68, we only analyzed particles inside microglia cell bodies
by outlining the cell soma and measuring a signal inside the ROIs.

2.11. Statistical analysis

All bar graphs are expressed as the mean =+ standard error of the
mean (SEM). Statistical analysis was performed using GraphPad Prism
8.0 (GraphPad Software Inc., La Jolla, CA, USA) and XLSTAT software
(Addinsoft Inc., N.Y., USA). Gaussian distribution of the data was veri-
fied using the Kolmogorov-Smirnov, Shapiro-Wilk, or D’ Agostino tests.
Unless otherwise stated, pairwise comparisons of parameters were per-
formed after averaging per animal using a two-tailed Student’s t-test for
Gaussian distributions; the Mann-Whitney test was employed if the data
did not follow the Gaussian law. Comparison of vGlutl expression be-
tween groups was done using the one-tailed t-test for the alternative
hypothesis that the intensity is higher in the PLX-treated than in control
mice because our previous study revealed an increase in the intensity of
vGluT1 puncta (Strackeljan et al., 2021).

For PNN unit analysis and expression of cellular and synaptic
markers, the Kolmogorov-Smirnov test was employed for between-
group comparison of cumulative frequency distribution functions of
individual cellular/synaptic values in addition to the analysis of mean
values per animal. Statistical significance was set at p < 0.05.

3. Results
3.1. PLX treatment reduces microglia density

Oral administration of the CSF1R inhibitor PLX3397 (pexidartineb)
in two-year-old mice for 6 weeks led to a partial reduction in microglia
in the hippocampus and retrosplenial cortex (RSC). Using two-way RM
ANOVA, we observed that PLX treatment accounted for about 30 % of
the total variance observed (p < 0.0001), while the brain region identity
(hippocampal CA1, DG, or RSC) accounted for 44 % (p < 0.0001). We
then performed post hoc tests to evaluate the PLX effects for each region
and revealed a microglia reduction by 14 % in the CA1 (Fig.1B, C; 368.1
+11.2vs. 317.2 & 11.3 cells/mm?, t-test with the Bonferroni correction
for multiple comparisons here and below, p = 0.021), by 27 % in the
dentate gyrus (Fig.1D, E; 361.1 + 13.1 vs. 263.0 + 11.7 cells/mmz, t-
test, p < 0.0003) and by 25 % in the RSC (Fig. 1F, G; 272.6 + 15.08 vs.
206.1 + 4.72 cells/mm?, Wel’s t-test, p = 0.0114). As aging increases
microglia numbers (Vaughan and Peters, 1974), we included a group of
3-month-old mice to compare microglia in young and aged mice. After
the PLX treatment, the density of microglia in the CA1 region of aged
animals was equal to that of young controls (Fig. S1).
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3.2. Effects of PLX treatment on other glial cells

In young animals, PLX administration is specific to microglia and
does not change the number of other glial cells (Elmore et al., 2014). To
explore this aspect in aged animals, we used GFAP as an astrocytic
marker. We could not detect any differences in GFAP+ cell number in
the hippocampal CA1 or DG, but in the RSC, the microglia reduction was
accompanied by increased GFAP+ cell numbers (Fig. 1F, G; 173.0 +
16.5 vs. 271.8 + 19.3 cells/mm?, U test, p = 0.0051). Using antibodies
against the transcription factor Olig2, which is expressed in oligoden-
drocytes (OLGs) and labels OLGs at all developmental stages
(Takebayashi et al., 2000), and APC (adenomatous polyposis coli) that is
crucial for oligodendrocyte differentiation and myelination (Lang et al.,
2013), we explored changes in OLG density. We did not detect differ-
ences in the overall Olig2+ cell number or the proportion of APC+/
Olig2+ oligodendrocytes, suggesting normal myelination after the PLX
treatment in aged mice.

3.3. Morphological changes in microglia and characteristics of cell
senescence

To further characterize the morphology and the state of microglia,
we focused on the CA1 region of the hippocampus as PLX treatment
abrogated aging-associated decline in CA1 LTP and this region is highly
involved in the novel object location task, performance in which was
also improved by PLX treatment, as shown below (sections 3.4 and 3.5).
PLX treatment slightly increased the Ibal intensity in the remaining
microglia (Fig. 2B,C; 1.0 & 0.01 vs. 1.14 + 0.06, U test, p = 0.0076). No
difference, however, was found in the area of microglial soma (Fig. 2C;
240.1 =+ 3.6 pm? vs. 239.7 + 4.4 um?, KS-test, p = 0.62), suggesting no
major microglia activation by PLX treatment.

Further, we performed skeletal analysis, fractal analysis and Sholl
analysis of microglia morphology. Single-cell skeletal analysis was used
to quantify microglial ramification. The only difference detected was in
the maximal branch length, which was reduced in PLX-treated mice
(Fig. S2K, 13.450 £+ 0.723 pm vs. 11.500 + 0.357 pm; t-test, p = 0.023).
There was no statistical difference between control group and PLX-
treated group on other parameters extracted by the skeletal analysis
(Fig. S2G-J), such as the number of branches per microglia (263.7 +
20.0 vs. 265.5 + 15.3); junctions per microglia (125.9 + 9.9 vs. 126.8 +
7.3); endpoints per microglia (129.4 + 8.7 vs. 130.1 &+ 7.0); and average
branch length (2.37 & 0.04 pm vs. 2.39 + 0.05 pm). Fractal analysis was
used to quantify the spatial complexity of the individual microglia. No
significant difference between control group and PLX-treated group was
revealed using this method (Suppl. Fig. S2L—P) in the fractal dimension
(1.517 + 0.013 vs. 1.523 + 0.006); lacunarity (0.362 + 0.007 vs. 0.357
+ 0.005); circularity (0.848 + 0.011 vs. 0.837 + 0.009); span ratio
(1.437 + 0.060 vs. 1.455 + 0.043); and density (0.080 £ 0.004 vs.
0.076 + 0.002). The Sholl analysis was applied to determine the extent
of branching as a function of the distance from the soma. No significant
differences were detected in the distribution of intersections along dis-
tance (Fig. S2Q, Pyreatment = 0.812, two-way RM ANOVA) as well as other
parameters (Fig. S2R-T): total intersections (155.3 + 8.7 vs. 147.2 +
2.4); critical radius (17.63 + 0.45 vs. 17.39 + 0.78 pm); and the Sholl
decay index (0.147 £ 0.007 vs. 0.144 + 0.004). In conclusion, PLX
treatment primarily does not influence the morphology of microglia at
the single-cell level.

It has been reported that the microglia that repopulate the brain after
PLX5622 treatment show similar characteristics to young cells, i.e. there
is a change in the senescent state of microglia (Elmore et al., 2018).
Hence, we performed an immunohistochemical analysis for ferritin
storage and lipofuscin aggregates as biomarkers for cellular senescence.
The mean intensity of ferritin inside Ibal+ cells per animal was not
significantly changed in PLX-treated animals (1 &+ 0.09 vs. 1.2 £+ 0.1; t-
test, p = 0.18), but studying the cumulative frequency distribution of
single Ibal+ cells we observed a shift to the right indicative of higher
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level of Ferritin signal after PLX treatment (KS-test, p = 0.0003). Like-
wise, the intensity of the lipofuscin autofluorescence inside microglia
cell bodies was higher in the remaining microglia in the PLX-treated
group (1 £ 0.01 vs. 1.18 + 0.06; Welsh’s t-test, p = 0.027; KS-test, p =
0.025). This finding suggests that PLX treatment in our conditions did
not reduce the number of senescent microglia and even slightly pro-
moted the senescent state.

3.4. PLX treatment improves performance in novel object location test in
aged animals

It is known that aging leads to hippocampus-dependent learning
deficits in humans and mice (Végh et al., 2014). To test for hippocampal-
dependent learning and memory, we performed behavioral tests during
2 weeks following 4 weeks of the PLX3397 treatment. In the open field
test, we could not detect any difference between groups in the distance
traveled (Fig. 3B; 29.2 + 2.3 m vs. 26.8 + 1.2 m; t-test, p = 0.38),
whereas mice from the control group spent slightly more time in the
periphery (505 + 10 s vs. 480 + 11 s; U test, p = 0.043). In the novel
object location task (NOLT), PLX-treated animals spent significantly
more time exploring the displaced objects compared to age-matched
controls (Fig. 3C; discrimination ratio: 9.46 + 6.5 % vs. 28.87 + 5.9
%; t-test, p = 0.043). In the novel object recognition task (NORT), mice
from both groups spent a significant amount of time exploring the new
objects, i.e. behaved like young mice, and we could not detect any dif-
ferences in the discrimination ratio between both groups (Fig. 3D; 27.79
4+ 10.9 % vs. 25.36 + 9.6 %j; t-test, p = 0.86).

In the more cognitively challenging Labyrinth task (dry maze),
resambling Morris water maze, mice use egocentric and allocentric
spatial navigation strategies to reach a reward (Fig. 3E). Here, in com-
parison to the Morris water maze, one can avoid a stress and quantify the
numbers of errors made which is an ideal metric to estimate memory
performance in mice (Maei et al., 2009). However, mice in both groups
showed good learning, and we found no differences in spatial memory
acquisition and probe tests between groups in the latency to reward
(Fig. 3F), or the number of errors made (Fig. 3G).

These data suggest that the mild microglia reduction after PLX
treatment rescued impaired hippocampus-dependent memory in NOLT
in aged mice but did not affect performance in NORT and dry maze, in
which both control and PLX-treated aged mice performed quite well.

3.5. PLX treatment enhances synaptic plasticity in aged mice

Next, to test whether the microglial changes in PLX-treated mice
impact basal synaptic transmission and synaptic plasticity in the aging
brain, we performed extracellular recordings in CA3-CA1l synapses in
transverse hippocampal slices. Input-output characteristics of fEPSPs in
PLX-treated and control groups were plotted for different stimulus in-
tensities, and no treatment effect was detected (Fig. 4A; two-way RM
ANOVA, p = 0.99). The comparison of the paired-pulse facilitation (PPF)
ratio in different stimulus intervals, likewise, did not yield any differ-
ences (Fig. 4B; two-way RM-ANOVA, p = 0.35), suggesting no effects of
PLX on this form of short-term plasticity in the efficacy of transmitter
release. Lastly, LTP was induced using theta-burst stimulation (TBS) and
was higher in PLX-treated mice in comparison to the control group
(Fig. 4C; % above the baseline level during the last 10 min of 60-min
recordings: 22.81 + 4.71 % vs. 39.16 + 5.67 %; t-test, p = 0.039).
That indicates that targeting microglia in the aging brain may be
instrumental in improving synaptic plasticity.

3.6. PNN numbers and composition

PLX treatment did not change the overall number of either PV+ in-
terneurons (Fig. S5A, B; 64.09 + 4.3 per mm? vs. 63.02 + 4.7 per mm? U
test, p = 0.83) or WFA+ perineuronal nets (58.89 + 3.7 per mm? vs.
52.43 + 2.9 per mm?%; U test, p = 0.16) in the CA1 of aged mice. That
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Fig. 2. PLX treatment elevates the expression of microglia markers. (A) Representative images of single Ibal+ cells used for morphological analysis. (B) Ibal mean
intensity is higher in PLX-treated animals. (C) Cumulative frequency distributions show that the Ibal intensity but not the soma area is changed after PLX treatment.
(D) 40x images of the hippocampal CAl with Ibal+ cells (magenta) and ferritin (green), as well as autofluorescent signal (lipofuscin, grey) as markers of cell
senescence. (E) The remaining microglia express higher levels of ferritin and show greater lipofuscin signal. The scale bar is 10 pm. Bar graphs show mean + SEM
values. *p < 0.05, ** p < 0.01, ****p < 0.0001; t-test, n = 6-9 mice per group. Cumulative probability curves reflect data from all analyzed microglia cells (n = 71
microglia cells from 6 control mice and 100 cells from 9 PLX-treated mice). (For interpretation of the references to colour in this figure legend, the reader is referred
Eo the web version of this article.)
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Fig. 3. PLX treatment improves cognitive performance in aged mice. (A) Hippocampus-dependent memory functions were tested in 25- to 26-month-old mice with
and without PLX treatment. (A) Timeline of experiments, including details of cognitive tests. (B) Both groups of aged mice traveled a similar distance in the open
field. Mice from the control group spent slightly more time in the periphery. (C) In the novel object location test (NOLT), mice explored the familiar (F) and novel (N)
locations of objects. PLX-treated aged mice spent more time exploring the displaced objects than age-matched controls. (D) In the novel object recognition test
(NORT), animals from both groups were able to discriminate between old (F) and novel (N) objects. (E) Timeline and design of dry maze (Labyrinth) experiments. (F
& G) However, analysis of the spatial learning and memory using the dry maze (Labyrinth) did not show any difference in terms of the latency to reward (H), the
number of errors made (I), and the distance traveled to the target (J). Bar graphs show mean + SEM values. *p < 0.05, **p < 0.01, ***p < 0.001 and **** p < 0.0001
represent significant differences between aged vehicle (n = 9) and aged PLX (n = 9) mice.

finding aligns with previous studies using PLX (Strackeljan et al., 2021;
Barahona et al., 2022). Additionally, there were no changes in the in-
tensities of PV (1 £ 0.03 vs. 1.07 + 0.09; W'’s t-test, p = 0.5; Fig. 5B),
WFA (1 + 0.03 vs. 1.01 + 0.07; Wel’s t-test, p = 0.88; Fig. 5B), aggrecan

(1 £0.13 vs. 1.26 + 0.12; t-test, p = 0.21; Fig. S3) and neurocan (1 +
0.06 vs. 1.08 + 0.10; t-test, p = 0.57; Fig. S3).

The results of the PNN unit analysis of the fine structural organiza-
tion of PNNs were similar to what we previously observed in young
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Fig. 4. PLX treatment enhances synaptic plasticity in aged mice. (A) Input-output curves of fEPSP’s slope versus stimulus intensity at the CA3-CA1 synapses from
control and PLX-treated groups. (B) Comparison of PPF ratio in slices from control and PLX-treated group in different time intervals. Scale bars, 0.5 mV and 20 ms.
(C) Left, the time course of LTP following TBS. The mean slope of fEPSPs recorded 0-10 min before TBS was set to 1. The arrow marks the time of TBS administration.
Right, a significant difference among the groups was detected for the last 10 min of recordings. Scale bars: 0.5 mV and 10 ms. Bar graphs show mean + SEM values.
*p < 0.05, t-test, n = 10 slices from 4 control mice and 8 slices from 4 PLX-treated mice.

animals (Strackeljan et al., 2021). After microglia reduction, the holes of
single PNN units were slightly smaller (2.35 £ 0.03 vs. 2.21 + 0.03; KS-
test, p < 0.0001), and the intensity of ECM signal at the “border” around
the holes was higher (Fig. 5C, D; 95.75 + 1.2 vs. 102.6 + 1.3; KS-test, p
= 0.001), meaning that more ECM may be associated with synapses
located in PNN holes.

3.7. Microglia reduction increases brevican in perisynaptic ECM in CA1
stratum radiatum but not as part of PNNs

Our previous study in young adult animals revealed that complete
microglia depletion leads to an increase in brevican around excitatory
synapses in the stratum radiatum but not in the stratum oriens of the CA1
region (Strackeljan et al., 2021). Similarly, in this current study, we
observed that PLX treatment in aged mice increased the intensity of
brevican around excitatory presynaptic terminals in the stratum radiatum
(Fig. 6A, B, C; 1 + 0.05 vs. 1.25 + 0.04; t-test, p = 0.002), but not in the
stratum oriens (1 + 0.05 vs. 1.15 + 0.06; t-test, p = 0.1; Fig. S4). The
mean intensity of brevican integrated in PNNs in the hippocampal CA1
remains unchanged (1 + 0.03 vs. 1.03 £ 0.06; t-test, p = 0.66; Fig. S3).

3.8. Changes in pre- and postsynaptic markers in CA1 stratum radiatum

Next, we analyzed the effects of PLX treatment on pre- (vGlutl) and
postsynaptic (PSD-95) markers of excitatory synapses and inhibitory
presynaptic marker vGAT in the CA1 area to identify synaptic correlates
of the NOLT memory and LTP enhancement observed in aged mice
treated with PLX. We could not detect any changes in the mean vGluT1
intensity per ROI (stratum oriens: 1 + 0.06 vs. 0.9 £ 0.04; t-test, p = 0.89;

stratum radiatum: 1 + 0.06 vs. 1.04 + 0.03; t-test; p = 0.54), density of
vGluT1 puncta (stratum oriens: 40.6 + 1.7 /100 um2 vs. 41.6 + 1.3 /100
pm?; t-test, p = 0.6; stratum radiatum: 40.7 + 1.8 /100 um? vs. 41.1 +
1.3 /100 pmz; t-test, p = 0.88) or size of puncta (stratum oriens: 0.317 +
0.008 pmz vs. 0.315 + 0.007 pmz; t-test, p = 0.82; stratum radiatum: 0.32
4 0.01 vs. 0.322 + 0.01 pmz; t-test, p = 0.88. However, we detected a
higher single vGluT1 puncta intensity after PLX treatment using the
analysis of cumulative frequency distributions (Fig. 6C; 1 + 0.006 vs.
1.095 + 0.006; KS-test, p < 0.0001).

At the postsynaptic level, we also observed slight changes in the
distribution of PSD-95 intensity in the CA1 stratum radiatum (Fig. 6D, E;
1 + 0.002 vs. 1.018+ 0.002; KS-test, p < 0.0001) after PLX treatment.
However, there was no clear shift of distribution to the right as was seen
for vGluT1 and brevican, but a narrower peak and longer tails in the
distribution of PSD-95 intensity after PLX treatment.

Analysis of GABAergic synapses after PLX treatment revealed an
increase in the intensity of vGAT immunostaining of presynaptic puncta
in stratum radiatum (1.0 £ 0.08 vs. 1.34 & 0.09; t-test; p = 0.024) without
any changes in the area and density of these puncta (Fig. 6F, G; area:
0.43 £ 0.02 pm? vs. 0.44 + 0.01 pm?; t-test, p = 0.45; density: 19.6 +
1.05 /100 pm? vs. 22.3 4+ 1.17 /100 pm?; Welch’s test, p = 0.13).

3.9. Microglia reduction leads to downregulation of C1q in CA1 stratum
radiatum

Microglia are the primary source of the complement factor Clq, a
protein involved in synaptic pruning (Fonseca et al., 2017; Hong et al.,
2016). Here, we revealed that PLX treatment led to a prominent
reduction in C1q immunofluorescence in the CA1 stratum radiatum (1.0
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version of this article.)

abnormalities. Strikingly, we found the enhancement of hippocampus-
dependent cognitive function and synaptic plasticity in the aged mice
treated with PLX. Moreover, this treatment increased the expression of
presynaptic markers of glutamatergic and GABAergic synapses vGluT1
and vGAT, and perisynaptic brevican, previously reported to influence
excitatory synaptic transmission. These changes were specifically
detected in the CAl stratum radiatum but not in str. oriens, correlating
with a layer-specific reduction in the complement protein C1q that tags
synapses for synaptic modifications by microglia. The observed promi-
nent reduction in C1q (70 %) is much higher than the modest reduction
in microglial density in the CA1 region (14 %), arguing that the major
cause of Clq alterations is changes the state of microglia due to PLX

+ 0.15vs. 0.29 £ 0.1; t-test, p = 0.0014) but not in stratum oriens (1.0 +
0.18 vs. 1.0 £ 0.06; U test, p = 0.21) (Fig. 7). However, the expression
levels of CD68, a lysosomal protein enriched in active phagocytic
microglia, and the expression of microglial TREM2, which is known to
have anti-inflammatory properties, were not altered by PLX treatment
(Fig. 7), pointing to rather specific changes in the microglial activity
towards synapses.

4. Discussion

In this study, we investigated the effects of pharmacological inhibi-
tion of CSF1R on alleviating various age-associated hippocampal
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Fig. 6. Increased perisynaptic brevican around excitatory presynaptic terminals. (A) Representative 63x images of CAl stratum radiatum in the aged brain. (B)
Zoomed image of presynaptic vGluT1+ puncta (green) with surrounding brevican (magenta). (C) Analysis of vGluT1 and brevican after PLX treatment shows an
increase in the intensity of vGluT1 and perisynaptic brevican in stratum radiatum. (D) 63 x images of PSD-95 puncta in stratum radiatum. (E) Quantifications of PSD-95
in the corresponding area show changes in the distribution, which are indicative of changes in PSD-95 variability. Scale bars: 20 pm (A, D) and 1 pm (B). Bar graphs
show mean + SEM values per mouse. *p < 0.05, ** p < 0.01, ****p < 0.0001; t-test or KS-test. Cumulative probability curves reflect data from all analyzed puncta (n
= 3271 puncta from 7 control mice and 4311 puncta from 9 PLX-treated mice). (F) Representative 63x images of CAl stratum radiatum with vGAT puncta (magenta).
(G) Analysis of vVGAT+ puncta after PLX treatment shows an increase in the intensity of VGAT staining in stratum radiatum (1.0 £ 0.08 vs. 1.34 £ 0.09; t-test; p =
0.024). Scale bars: 15 pm. Bar graphs show mean + SEM values. *p < 0.05, ** p < 0.01, ****p < 0.0001. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Bar graphs show mean + SEM values. *p < 0.05, ** p < 0.01, ****p < 0.0001; t-test, n = 6-9 mice per group. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

treatment. This is in line with a lack of significant correlation between
C1q levels and microglial density in the CA1 region at the individual
animal level (Spearman coefficient of correlation = 0.098, p = 0.729).

Several previous works have studied the effects of alterations in

microglia numbers in the brains of young and aged mice. The inhibition
of CSF1R is known to deplete up to 99 % of CNS microglia, although they
rapidly repopulate after the termination of treatment (Elmore et al.,
2014; Huang et al., 2018; Elmore et al., 2015). The degree of microglia
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reduction depends on the type of CSF1R inhibitor used, the length of the
treatment and the concentration. Considering the risks of infection, one
critical question is whether prominent microglia depletion without
repopulation is clinically friendly to CNS functions in aged humans.
Moreover, the complete inhibition of the CSFI1R may result in the pre-
mature death of mice in adulthood (Ginhoux et al., 2010; Erblich et al.,
2011), indicating the survival of mice beyond adulthood critically de-
pends on the presence of microglia. Therefore, it is reasonable to study
the effects of PLX3397 at concentrations that do not deplete microglia
but rather modestly reduce the number of microglial cells as done in the
present work (i.e., by 14 %, 27 %, and 25 % in the CA1, DG, and RSC,
respectively, after 28 days of treatment), bringing microglia numbers
back to the level of young controls. A study by Bennet and co-workers
showed partial microglia depletion in 15-month-old Tg4510 mice after
PLX3397 (Bennett et al., 2018). There seem to be age-related differences
in the response of microglia to PLX3397 treatment. In a study by Yegla
and colleagues, the number of Ibal+ cells was significantly higher in the
aged compared to young controls (Yegla et al., 2021). Contrary to our
results, they reported that partial microglia depletion led to impaired
synaptic and cognitive function in aged rats. In another study, mice
received either a low (300 mg/kg) or high (1200 mg/kg) dose of
PLX5622 for 7 days. Notably, both doses significantly reduced micro-
glial cells in the motor cortex. Young mice showed 44 % and 84.4 %
reductions for low and high doses, respectively. Similarly, aged mice
experienced reductions of 32 % and 80 % (Stojiljkovic et al., 2022).
However, the effects on synaptic plasticity and cognition were not
elucidated. Another recent study investigating the impact of a 7-day
treatment with PLX5622, which resulted in 89 % microglial depletion
in aged mice, and suggested that microglial depletion followed by
repopulation promotes spatial learning and memory and LTP (Elmore
et al., 2018). Similarly, our study highlights the beneficial effects of PLX
treatment in aged mice. By avoiding microglia depletion, we demon-
strate a more clinically friendly alternative with similar positive effects.
Thus, we show that microglia repopulation is not the unique approach to
obtaining synaptic and cognitive improvements in the aging brain.

One limitation of our study is that we cannot entirely rule out the
possibility of unintended side effects of the treatment regarding the
peripheral immune system. It is known that PLX3397 also targets pe-
ripheral immune cells, even though research has shown that the impact
on macrophages in healthy wild-type mice is moderate (Mok et al.,
2014). Despite this, upon aging, a disruption of the integrity of the
blood-brain-barrier leads to the infiltration of immune cells into the
brain, contributing to the inflammatory state. Keeping this in mind, the
positive effect of CSF1R inhibition on cognition and synaptic plasticity
in aged mice could at least partially be due to the targeting of peripheral
immune cells.

After depleting 14 % of microglia in the CA1 of aged mice, the
resident microglial population had slightly modified structural features.
One such feature is the increase in Ibal expression without any gross
alteration in the degree of activation, as we observed no differences in
the somatic area (Chan et al., 2018; Shaerzadeh et al., 2020) and no
differences in many parameters characterizing microglial arborizations,
except for the maximal branch length that was slightly reduced after PLX
treatment. Further analysis revealed modestly increased ferritin immu-
noreactivity and lipofuscin signal in the remaining microglia after PLX
treatment. Ferritin is a commonly used protein marker for senescent
microglia in mice and human tissues (Lopes et al., 2008; Streit et al.,
2004; Zhang et al., 2014). The level of lipofuscin autofluorescence in-
creases with aging (Burns et al., 2020) and ferritin is known to bind to
iron and regulate the iron content in the brain (Streit et al., 2004; Zhang
et al., 2014). The senescent microglia show deficits in phagocytosis (Ye
et al., 2017), in line with the reduced expression of Clq found in the
present study.

A change in the microglial state may also lead to altered interaction
between microglia and other glial cells. The current data regarding the
effect of CSF1R inhibition on the astrocytic marker GFAP is conflicting.
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While some studies state that no differences in astrocytes can be
detected after PLX treatment, others report a reduction in astrogliosis
(Johnson et al., 2023). However, in their original work introducing the
CSF1R inhibitor PLX3397, Elmore and colleagues stated that the PLX
treatment increased whole-brain levels of GFAP mRNA and protein but
not the number or morphology of GFAP+ cells in brain sections,
including the hippocampus and adjacent cortical area (Elmore et al.,
2014). Here, we detected increased GFAP+ cell density in the retro-
splenial cortex of PLX-treated mice but not in the hippocampus. It is
known that astrocytes and microglia interact and pro-inflammatory
cytokines released by reactive microglia may induce an inflammatory
state in astrocytes (Liddelow et al., 2017). Possibly, these interactions
caused an increase in GFAP number in the retrosplenial cortex. How-
ever, as we did not focus on the RSC for further analysis the underlying
cause was not identified but could be addressed in future experiments.

The aged brain is highly populated by microglia in a perpetually
activated state that coincides with age-related cognitive and synaptic
decline (Norden et al., 2015). Additionally, activated aged microglia are
partially senescent, continuously producing inflammatory cytokines and
expressing the phagocytic phenotype (Mosher and Wyss-Coray, 2014;
Greenwood and Brown, 2021). Aging is strongly associated with the
decline in hippocampus-dependent cognitive functions in aged mice and
humans. A study by Vegh and colleagues showed reduced object
recognition as well as spatial learning and memory in aged mice (Yang
et al., 2021; Végh et al.,, 2014). Studies have also shown that the
depletion of microglia with repopulation, besides reducing neuro-
inflammation (Coleman et al., 2020), also enhances cognition and syn-
aptic transmission in aged mice (Elmore et al., 2018). These positive
effects on cognitive function seem to be limited to either repopulation
experiments or to studies on animal models of pathological states,
including Alzheimer’s disease or brain after cranial irradiation (Dagher
et al.,, 2015; Acharya et al., 2016). Complete microglia depletion in
young and healthy animals has no beneficial effects (Elmore et al., 2014;
Elmore et al., 2018; Spangenberg et al., 2019). In the present study, PLX-
treated aged mice displayed enhanced long-term NOLT memory without
improving performance in the NORT. These findings align with experi-
ments conducted in 15-month-old 3xTG-AD mice where microglia
reduction by 30 % improved performance in NOLT but not in NORT
(Dagher et al., 2015). Regarding synaptic plasticity and transmission,
the mechanisms underlying memory acquisition and storage (Martin
et al., 2000), published data indicate that LTP enhancement in aged
mice brains after PLX treatment relies on microglial repopulation
(Elmore et al., 2018). That suggests that microglia functions in the aging
brain impair synaptic plasticity. Contrarily, here we report for the first
time that mild microglial depletion without repopulation can enhance
LTP-dependent synaptic transmission in the hippocampus of aged mice.
To better explain these findings, we investigated the effect of PLX
treatment on both synaptic and synaptic pruning markers in the hip-
pocampal CA1l, aiming to identify correlates for enhancing NOLT per-
formance and LTP. Consistent with these findings, the reduction of
microglia led to the elevated intensity of vGluT1 and vGAT and changes
in variability of PSD95 levels. While vGluT1 usually is reduced in the
hippocampus of aged rodents and contributes to the impairment of
memory formation and synaptic transmission (Canas et al., 2009; Cheng
et al., 2011; Ménard et al., 2015), contradictory data has been reported
about the expression of PSD-95 depending on the observed age point and
brain region (Nyffeler et al., 2007; VanGuilder et al., 2011; Preissmann
et al., 2012). An age-related continuous decrease in the VGAT level in
the rodent hippocampus has been reported (Canas et al., 2009). Inter-
estingly, the effects on vGluT1 were exclusive to the CAl stratum radi-
atum, the region that contains synapses potentiated during LTP
experiments and facilitates memory formation (Riebe and Hanse, 2012;
Montero-Crespo et al., 2021). Alteration in the expression of vesicular
transporters may affect the quantal size and, hence the efficacy of syn-
aptic transmission (Wilson et al., 2005). Finally, we found brevican
upregulated in the CA1 stratum radiatum after PLX treatment, similar to
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what we previously reported in young animals and discussed at length
(Strackeljan et al., 2021). We could confirm that microglia depletion
seems to exclusively affect the brevican as part of perisynaptic neuropile
in contrast to brevican in PNNs. The functional importance of this
finding is underscored by the evidence that brevican plays a role in the
proper function of synapses, as brevican-KO mice display impairments
in LTP (Brakebusch et al., 2002). Furthermore, brevican regulates the
activity of PV+ interneurons by interacting with potassium channels and
glutamate receptors (Cangalaya et al., 2024). PLX-induced changes in
expression of (peri)synaptic markers are in line with multiple studies
demonstrating that microglia influence synaptic expression throughout
the lifespan, impacting development, adulthood, aging, and disease (Li
et al., 2024; Wang et al., 2020; Parkhurst et al., 2013; Stevens et al.,
2007).

In our search for mechanisms underlying (peri)synaptic changes, we
identified a reduced expression of the complement protein C1q after PLX
treatment. Microglia are the primary source of C1q in the brain (Fonseca
et al., 2017). Previous research has shown that high doses of PLX5622
(1200 mg/kg) reduce Clq levels in the hippocampus of adult mice
(Chung et al., 2023). Our study suggests that even lower doses may have
a similar effect. During development, the interaction between microglia
and components of the complement cascade, including Clq and C3, are
known to be involved in the pruning of synapses in an activity-
dependent manner and, therefore, in the maturation of synaptic cir-
cuits (Stevens et al., 2007; Stephan et al., 2012; Schafer et al., 2012;
Weinhard et al., 2018). A recent study shows that these mechanisms also
play a part in Alzheimer’s disease, where inhibiting either Clq, C3, or
microglia prevents the early synapse loss characteristic of the disease
pathology (Hong et al., 2016). Our time-lapse analysis directly demon-
strated the elevated elimination of spines after inoculation of Tau pro-
teins derived from Alzheimer’s disease patients, with the rate of spine
elimination correlating with the expression of complement proteins
(Cangalaya et al., 2023). In the hippocampus of aged mice, Clq is
strongly upregulated in proximity to synapses, which is associated with
cognitive decline. However, aged C1q-deficient mice have similar spine
numbers as wild-type controls, suggesting that C1q-mediated synapse-
microglia interactions may induce synaptic modifications rather than
changes in the balance in spine formation/elimination in these condi-
tions. Microglia is releasing MPP9 and ADAMTS4, which are capable of
proteolytic digestion of PNN components. Microglia may also phago-
cytose PNNs and C1g-C3-C3R interactions are likely to be involved in
this type of ECM remodeling (Cangalaya et al., 2024). Thus, it is plau-
sible to assume that less C1q at synapses after PLX treatment may lead to
more perisynaptic ECM around synapses located in the neuropil and
PNN holes, reducing the area of holes.

In conclusion, we presented novel evidence that microglia targeting
by modest CSF1R inhibition in the aged brain positively influences
cognitive and synaptic functions. As the changes associated with aging
have significant effects on individual lives, such cognition-boosting
treatment without major loss of microglia is of great practical interest.
Further investigation is needed regarding microglial activity after
modest CSF1R inhibition to counteract infection and aggregation of
toxic peptides and proteins.
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