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Abstract

Reactive microglia are observed with aging and in Lewy body disorders, including within the 

olfactory bulb of men with Parkinson’s disease. However, the functional impact of microglia 

in these disorders is still debated. Resetting these reactive cells by a brief dietary pulse of the 

colony-stimulating factor 1 receptor (CSF1R) inhibitor PLX5622 may hold therapeutic potential 

against Lewy-related pathologies. To our knowledge, withdrawal of PLX5622 after short-term 

exposure has not been tested in the preformed α-synuclein fibril (PFF) model, including in aged 

mice of both sexes. Compared to aged female mice, we report that aged males on the control diet 

showed higher numbers of phosphorylated α-synuclein+ inclusions in the limbic rhinencephalon 

after PFFs were injected in the posterior olfactory bulb. However, aged females displayed larger 

inclusion sizes compared to males. Short-term (14-day) dietary exposure to PLX5622 followed 

by control chow reduced inclusion numbers and levels of insoluble α-synuclein in aged males

—but not females—and unexpectedly raised inclusion sizes in both sexes. Transient delivery 

of PLX5622 also improved spatial reference memory in PFF-infused aged mice, as evidenced 

by an increase in novel arm entries in a Y-maze. Superior memory was positively correlated 
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with inclusion sizes but negatively correlated with inclusion numbers. Although we caution that 

PLX5622 delivery must be tested further in models of α-synucleinopathy, our data suggest that 

larger-sized—but fewer—α-synucleinopathic structures are associated with better neurological 

outcomes in PFF-infused aged mice.
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1. Introduction

Microglia are believed to switch from neuroprotective to toxic phenotypes as neurological 

diseases advance from early to late stages (Halliday and Stevens, 2011; Harms et al., 

2021; Weiss et al., 2022). In Lewy body disorders, microglia become reactive prior 

to the emergence of α-synucleinopathic inclusions and remain in a reactive state until 

autopsy (McGeer et al., 1987; McGeer et al., 1988; Olanow et al., 2019). However, human 

postmortem data cannot readily establish if microglia mitigate, worsen, or exert no effects 

on Lewy-related pathologies. Thus, the goal of the present report was to test if ablation of 

microglia followed by repopulation of the microglial niche would moderate the histological, 

biochemical, and neurological sequelae of experimental Lewy body disease.

According to experimental work, microglial reactivity is enhanced with parkinsonism-

inducing toxicants (Dai et al., 2012; Klusa et al., 2010; Swarnkar et al., 2013; Zhang et 

al., 2021b) and with preformed fibrils (PFFs) synthesized from recombinant α-synuclein 

(Duffy et al., 2018b; Harms et al., 2017; Stoll and Sortwell, 2022; Thakur et al., 2017; 

Verma et al., 2021). PFF-induced microgliosis has also been shown to precede neuronal 

loss in animal models (Duffy et al., 2018b). In addition, microglia may harbor α-synuclein 

when surrounding inclusion-bearing neurons (Barth et al., 2021; Tanriover et al., 2020), 

and may thus be carriers, and not only “cleaners” of α-synuclein, possibly spreading 

aggregates via exosomes (Guo et al., 2020; Xia et al., 2019). An excess of (or aggregated) α-

synuclein can also impede microglial phagocytosis (Bido et al., 2021; Haenseler et al., 2017; 

Park et al., 2008). In contrast, recent work suggests that α-synuclein-burdened microglia 

form connections with healthier microglia, perhaps to share the handling and autophagic 

clearance of α-synuclein (Choi et al., 2020; Scheiblich et al., 2021). Furthermore, ~80% 

loss of microglia exacerbates the cell-to-cell transfer of α-synuclein in vivo (George et al., 

2019). It is therefore likely that microglia assume polymorphic phenotypes in response to 

proteostatic challenges and are not unidimensional in impact.

The olfactory bulb (OB) and anterior olfactory nuclei (AON) develop Lewy pathology 

in early stages of Lewy body disorders (Attems et al., 2014; Attems et al., 2021; Beach 

et al., 2009a; Beach et al., 2009b; Braak et al., 2003; Pearce et al., 1995). In the AON 

of PD subjects, almost as many microglia as neurons harbor α-synuclein+ inclusions 

(Stevenson et al., 2020). The human OB also displays more microgliosis in males than 

females with Parkinson’s disease (Flores-Cuadrado et al., 2021), and yet, the functional 

impact of biological sex has not been systematically tested in most of the preclinical work 
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on Lewy body disorders. In contrast, sex differences in microglial anatomy and physiology 

are well established (Han et al., 2021; Hanamsagar and Bilbo, 2016; Kodama and Gan, 

2019; Lenz and McCarthy, 2015; Osborne et al., 2018; Villa et al., 2019; Yanguas-Casás, 

2020). For example, male mice display greater numbers of microglia at early developmental 

stages, and male microglia may have better phagocytic and antigen presentation capacities 

(Guneykaya et al., 2018; VanRyzin et al., 2019). Microglial sex differences in rodents may 

be critical for male sex behaviors, masculinization, and brain sexual differentiation, and may 

be driven by the prenatal surge in testosterone (Han et al., 2021; Hanamsagar et al., 2017; 

Lenz et al., 2013; Nelson et al., 2019). Sex differences in microglia are maintained even 

after harvest and in vitro culturing, in the absence of hormonal cues (Villa et al., 2018), 

and microglia maintain their sex phenotype, gene expression profiles, and functional effects 

when transplanted into the brains of the opposite sex (Villa et al., 2018). As microglia 

are long-lived cells (Fuger et al., 2017; Reu et al., 2017), it is conceivable that sexual 

dimorphisms in these cells induced by perinatal exposure to sex steroids contribute to 

sex-biased emergence of neurological diseases later in life. However, the functional impact 

of male vs. female microglia on Lewy-related pathologies is unclear.

During their long lifespans, aged microglia become inflamed, less motile, produce more free 

radicals, and show impaired phagocytosis (Angelova and Brown, 2019). In dementia with 

Lewy bodies (DLB), microglia show dystrophic changes, including process fragmentation, 

deramification, and beading (Bachstetter et al., 2015), perhaps reflecting cellular senescence 

(Streit et al., 2004; Streit and Xue, 2016). Experimental attempts to mitigate this aging 

(or diseased) microglial phenotype include inhibition of the colony stimulating factor 1 

receptor (CSF1R), which regulates myeloid lineage cells and is vital for microglial survival 

(Elmore et al., 2014). However, recent work shows that the long-term loss of microglia (for 

two or six months) with the CSF1R inhibitor PLX3397 did not affect inclusion formation 

or dopaminergic neuron loss after PFFs were infused into the striata of young male rats 

(Stoll et al., 2023). In contrast, a short-duration pharmacologic treatment with the orally 

bioavailable CSF1R antagonist, PLX5622, was shown to elicit microglial repopulation, 

reset microglial morphologies, improve cognition and long-term potentiation, and restore 

expression of genes involved in cytoskeletal remodeling, axon growth, synaptic function, 

microtubule transport, and neurotransmitter release in aging mice (Elmore et al., 2018). 

Apart from aging, this pulsatile CSF1R inhibition strategy to repopulate the microglial 

niche has also exerted beneficial effects in models of intracerebral hemorrhage (Li et al., 

2022), inflammation (Coleman Jr. et al., 2020; Rice et al., 2017), stroke (Barca et al., 

2022), traumatic brain injury (Henry et al., 2020; Willis et al., 2020), toxicant-induced 

parkinsonism (Li et al., 2021), and Alzheimer’s disease (Johnson et al., 2023). At least to 

our knowledge, short-term CSF1R inhibition with a pulse of dietary PLX5622 followed by 

withdrawal has not yet been tested in the PFF model—particularly in aged mice or as a 

function of biological sex.

To fill the aforementioned gaps, we used a mouse model of Lewy body disease, in which 

the OB is infused with PFFs (Mason et al., 2016; Mason et al., 2019; Rey et al., 2016; 

Rey et al., 2018). Previously, we found that PFF infusions targeted to the rear of the OB 

(i.e., centered in the bulbar AON) lead to limbic inclusions that are immunoreactive for 

phosphorylated α-synuclein (pSer129) and ubiquitin, and are stained with the Proteostat dye 
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for amyloid protein aggregations (Bhatia et al., 2021; Mason et al., 2016; Mason et al., 2019; 

Miner et al., 2022). Thus, we leveraged our mouse model to test the hypothesis that transient 

dietary exposure to PLX5622 would mitigate limbic α-synucleinopathy in aged mice of 

both sexes. We chose a short delivery paradigm (14-day) of the CSF1R inhibitor, PLX5622, 

based on brain penetrability (~20% for PLX5622 vs. ~5% for PLX3397) and on-target 

selectivity (10-fold more than PLX3397) (Elmore et al., 2014; Liu et al., 2019; Spangenberg 

et al., 2019). PLX5622 has a lower molecular weight, higher lipophilicity and better cell 

permeability than PLX3397 (Spangenberg et al., 2019). We report that a two-week pulse 

of dietary PLX5622 followed by seven weeks of withdrawal improved histological and 

biochemical measures of limbic α-synucleinopathy, and also improved spatial reference 

memory.

2. Methods

For details on behavior assays, sequential extraction, flow cytometric analyses, in vitro 
primary hippocampal neuron/microglia cocultures, immunostaining, and image analyses 

techniques, please see the supplemental files.

2.1. Use of outbred mice and rats for in vivo and in vitro work

We raised outbred CD-1 mice and Sprague-Dawley rats, and regularly refreshed the 

colony with breeders from external vendors (Charles River, Wilmington, MA and Hilltop 

Lab Animals, Scottdale, PA). CD-1 mice are an outbred strain and different from CD1 

receptor-deficient mice with knockout of Cd1d1/Cd1d2 loci (Hong et al., 1999). CD-1 

mice offer the advantage of greater genetic variability than inbred mouse strains such 

as C57 and are therefore useful for translating findings to the diverse human population 

(Aldinger et al., 2009; Hsieh et al., 2017). All animal work was performed with prior 

approval by the Duquesne University IACUC. Animals lived in a 12/12 light cycle in the 

Duquesne University Animal Care Facility and were provided with free access to food and 

UV-disinfected water.

2.2. Delivery of the CSF1R inhibitor, PLX5622, and stereotaxic brain surgeries

The CSF1R inhibitor, PLX5622 (Chemgood, Glen Allen, VA), was prepared at 1200 mg/kg 

in the AIN-76A Rodent Diet (Research Diets, Inc., New Brunswick, NJ) (Dagher et al., 

2015; Spangenberg et al., 2019; Zhang et al., 2019). Male and female aged CD-1 mice 

(18 months old; n = 20 per sex) were randomized into two equal groups; half were fed 

the PLX5622-containing diet and the other half received the control AIN-76A diet for two 

weeks. Bilateral stereotaxic infusions of PFFs were centered in the dorsal subdivision of the 

AON after seven days of initiation of the PLX5622-containing diet, as described below. Two 

weeks after initiating the diet (or one week after PFF infusions), standard rodent chow was 

delivered for an additional seven weeks (timeline in Fig. 1a).

To confirm microglia depletion by flow cytometry, 3–4 month-old male and female CD-1 

mice (n = 22 per sex) were randomized and administered the PLX5622-containing diet (n 
= 8 per sex) or control AIN-76A diet (n = 8 per sex) for two weeks. To assess microglia 

repopulation by flow cytometry, the diet was reverted to standard rodent chow for an 
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additional seven weeks (n = 6 per sex). The latter work was completed in young mice 

because we were unable to acquire additional sex-matched 18 month-old CD-1 mice.

Stereotaxic coordinates were tested by performing practice injections with blue food dye in 

spare mice of the same age and sex, as CD-1 mice are larger than C57 mice used for brain 

atlases. Thus, bilateral injections of one microliter of PBS or 5 μg of PFFs (in 1 μL of PBS) 

were performed in the bulbar AON of 18-month-old male and female mice at AP + 4.0 mm, 

ML+/− 1.0 mm, and DV - 3.0 mm from Bregma (from top of skull rather than dura mater). 

PBS infusions were performed on 18 month-old mice to evaluate PFF-induced impairments 

in reference memory (Fig. 2; n = 9 mice) and to evaluate the nonionic detergent-insolubility 

of α-synuclein (Fig. 3; n = 18 mice).

PFFs were obtained from the Luk lab at the University of Pennsylvania and prepared as 

before (Luk et al., 2009; Luk et al., 2012; Volpicelli-Daley et al., 2011; Volpicelli-Daley 

et al., 2014). The PFF preparation contained 0.11 picograms LPS per microgram protein 

(communication from Dr. Luk). PFFs were sonicated in a waterbath (Bransonic series model 

M1800, Branson Ultrasonics Corporation, Danbury, CT) for 60 mins immediately prior to 

use, as described in our prior work (Bhatia et al., 2021; Mason et al., 2016; Mason et 

al., 2019; Miner et al., 2022; Nouraei et al., 2018). Our sonication protocol results in a 

mean fibril length of 39.8 nm and a median length of 35.2 nm by transmission electron 

microscopy [quantified from images shown in (Mason et al., 2016)].

Mice were anesthetized with 2 to 2.5% isoflurane, placed on a microwave-heated pad, 

stabilized in a stereotaxic frame (Kopf Instruments, Tujunga, CA). Scalps were shaved prior 

to incision, disinfected with betadine and 70% isopropyl alcohol, and the infusions were 

performed using a Hamilton syringe (80,085, Hamilton Company, Reno, NV), attached to 

a motorized injection pump (Stoelting, Wood Dale, IL) at a rate of 0.25 μL/min. Following 

a rest period of ~3–4 min, the needle was gradually withdrawn from the burr hole. Mice 

were injected subcutaneously with 0.05 mg/kg buprenorphine for pain relief and placed 

on an electric heating pad until complete recovery of ambulation and righting reflexes. 

Immediately after the surgery and for the next 3 days, topical 2% lidocaine ointment was 

applied at the incision site.

One PLX5622-fed aged male mouse and one PLX5622-fed aged female mouse were 

euthanized early due to age-related dermatitis and an abdominal abscess, respectively. One 

PBS-injected aged male and one PBS-injected aged female mouse from the PLX5622 cohort 

were euthanized early due to severe weight loss and a tumor, respectively. All test-specific 

exclusion criteria are described in the figure legends as well as supplemental files.

2.3. Detection of pSer129 and optimization of tyramide-based signal amplification

For studies examining pSer129, we optimized the Tyramide Signal Amplification (TSA) 

technique (Biotium, Fremont, CA) to improve the signal-to-noise ratio of pSer129 

immunolabel in the aged mouse brains, partly based on prior work (Delic et al., 2018; 

Killinger et al., 2023). Note that the EP1536Y anti-pSer129 antibody that we have used in 

all our in vivo work is the best commercially available option to detect α-synucleinopathic 

aggregates (Delic et al., 2018; Lashuel et al., 2022). Thus, we performed a series of 
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experiments to confirm that TSA improves the detection of pSer129 with EP1536Y in 

PFF-infused mice (Fig. S1–3).

First, we applied various dilutions of the pSer129 antibody with TSA on sections from 

the contralateral hemisphere of 17-month-old mice injected unilaterally in the OB/AON 

with PFFs three months earlier [tissue was stored at −20 °C in cryoprotectant from prior 

work (Mason et al., 2016)]. Contralateral tissues were chosen to avoid a high density of 

immunolabel and plateauing of the signal (Fig. S1). Notably, diluting the primary antibody 

further than 1:1000 led to far fewer neuritic pSer129+ inclusions in the piriform cortex, 

amygdala, and hippocampus (arrows in Fig. S1b versus c) and, therefore, we proceeded with 

the 1:1000 dilution.

Second, we tested if antigen retrieval with sodium citrate or sodium borohydride (NaBH4) 

would further improve the TSA staining, and we compared normal goat serum (NGS), 

bovine serum albumin (BSA), and the LI-COR Intercept Blocking Buffer, all run in parallel 

(Fig. S2). TSA led to higher immunolabeling, as expected (compare sections labeled “TSA” 

with sections labeled “Control AF555” in Fig. S2e). Indeed, the Control AF555 group did 

not show any immunolabeling at the same exposure settings and was therefore artificially 

brightened (with cell-Sens fixed-scaling settings) in an additional panel for illustration 

purposes (see staggered sections of Fig. S2e).

Finally, we repeated the TSA experiments to confirm if antigen retrieval with sodium 

citrate reproducibly improved TSA immunostaining (Fig. S3), but the antigen retrieval 

increased background noise throughout the brain section (Fig. S3c–l). Thus, to quantify 

pSer129+ inclusions, we proceeded with only the TSA technique. As always, the no-primary 

antibody group and PBS-infused mice did not show any of the characteristic threadlike and 

perinuclear inclusions, including in the infusion epicenter in the bulbar AON, but diffuse 

pSer129 immunoreactivity was observed within the rostral segments of the OB after PBS 

infusions (purposefully brightened for Fig. S3b), as reported (Killinger et al., 2023). We 

previously reported diffuse pSer129 label in the rostral OB as “background” (Mason et al., 

2016), but it may be α-synuclein based on the Killinger et al. report. It is important to note 

that the latter type of immunolabel is not observed within the boundaries of the AON in 

PBS-infused mice—the region of our image analyses—even at long exposure settings [see 

Fig. 1C(a) of (Mason et al., 2016)]. Note that the OB, accumbens, cerebellum, and ventral 

mesencephalon were not included in our image analyses (see Supplemental Methods) in the 

present study, specifically to avoid diffuse pSer129 in these regions (Killinger et al., 2023).

Based on our finalized protocol for detecting pSer129, cryoprotected sections were washed 

with freshly filtered 10 mM PBS and incubated in permeabilization buffer (0.5% Triton 

X-100 in PBS) for 10 mins. Next, sections were incubated in peroxidase quenching buffer 

(0.3% hydrogen peroxide in PBS) for 15 mins, washed with PBS, and then incubated in 

blocking buffer (10% normal goat serum and 0.5% Triton X-100 in PBS) for 1 h at room 

temperature. Primary antibodies (Table S1) were prepared in a PBS solution containing 

1.5% normal goat serum (005-000-121, Jackson ImmunoResearch, West Grove, PA) and 

0.5% Triton X-100. Sections were incubated with primary antibodies overnight on a shaker 

at 4 °C. Unbound primary antibodies were washed off with PBS and sections were then 
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incubated in PBS containing 1.5% normal goat serum, 0.5% Triton X-100, and 5 μg/mL goat 

horseradish peroxidase-tagged secondary antibodies (Biotium) (Table S2) for 1 h at room 

temperature. Sections were washed with PBS and working solutions containing the CF-dye 

(92,172, Biotium) were prepared in Tyramide Amplification Buffer (Biotium), supplemented 

with fresh 0.0015% hydrogen peroxide immediately prior to use. Sections were incubated 

with the dye solution for 15 mins at room temperature and protected from light. Next, 

unbound dye molecules were washed off with three exchanges of PBS and sections were 

counterstained with Hoechst 33258 (bisBenzimide, 5 μg/mL; B1155, Sigma-Aldrich) for 

20 min at room temperature, before mounting tissue sections on glass slides. Slides were 

then scanned on the Odyssey M Imager (LI-COR) at 5-μm resolution, as well as an 

Olympus VS200 slide scanner using a 20× objective. Representative images were captured 

on an Olympus microscope (Olympus IX73, B&B Microscopes) using a 4×, 20×, 40×, or 

100× (oil) objective. Omission of primary antibodies led to the expected degree of loss of 

immunopositive signal. Control and experimental groups were always processed in parallel 

in the same solutions.

2.4. Statistical analyses

We did not conduct power analyses to determine group sizes in the present study. Mice 

were randomized for group allocation, with an n of 10 fibril-infused mice per group for 

behavior analyses, an n of 6–8 mice per group for flow cytometric analyses, and an n of 5 

mice per group (randomized out of 10 PFF-infused mice) for the True AI/Deep Learning. 

All exclusion criteria are described in Methods and Figure Legends. Each statistical unit or 

n is illustrated as a colored dot in the bar graphs with means + SDs or in box plots with 

interquartile ranges. In vitro data from technical replicates (i.e., cell culture plate wells) 

were averaged to obtain a single data point for each litter of rat pups (i.e., each statistical 

unit is a different litter and, therefore, an independent biological replicate). Note that some 

in vitro data are shown as fold-change data to mitigate the impact of culture-to-culture 

variation, which reflects technical rather than biological variance, such as in plating densities 

and immunofluorescence staining intensities (i.e., the ‘batch’ effect). In vivo data points are 

defined as individual animals in all graphs, except for sequentially extracted experiments, 

where three mouse samples were combined into one tube. Thus, the latter graphs show three 

dots or statistical units per group, but samples had been originally generated from nine mice 

per group.

For experiments with two groups, a two-tailed, unpaired t-test was performed if data 

displayed Gaussian distributions (per the Shapiro-Wilk test). For heteroscedastic data, 

Welch’s t-test was performed. For normally distributed data with >2 groups, we performed 

a one, two, or three-way ANOVA followed by the Bonferroni post hoc test. Intervariable 

statistical interactions with biological sex are shown above respective graphs, as per 

guidelines on reporting sex differences (Garcia-Sifuentes and Maney, 2021). For non-

normally distributed data, the Mann-Whitney U (2 groups) or Kruskal-Wallis (>2 groups) 

test was used. Other data that did not fit Gaussian distributions are presented as log-

transformed or square-root values (always shown before and after transformation) to not 

violate the assumptions of parametric ANOVA testing.
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For correlation testing, the two-tailed Pearson or Spearman analyses were employed, 

based on whether data were normally distributed or not, respectively. Statistical tests were 

performed using GraphPad Prism (Version 9) or IBM SPSS Statistics (Versions 23–26). 

Two-tailed alpha was set at 5%. As far as possible, data were gathered as well as analyzed 

by blinded observers (apart from immunoblotting data, where samples were loaded in an a 
priori, non-randomized order).

3. Results

3.1. Transient dietary PLX5622 induces sustained hyperactivity in fibril-injected aged 
mice

A large body of prior work suggests that dietary PLX5622 elicits microglia depletion and 

that withdrawal of PLX5622 elicits repopulation, including in aged mice (Barca et al., 2022; 

Casali et al., 2020; Dagher et al., 2015; Elmore et al., 2018; Henry et al., 2020; Rice et al., 

2017; Spangenberg et al., 2019; Willis et al., 2020; Zhang et al., 2019), as we also confirmed 

here (Fig. S4). We performed flow cytometry (gating strategy in Fig. S4a–e) on the brains 

of 1) young male and female CD-1 mice fed PLX5622/control diet for two weeks, and 2) 

young male and female mice CD-1 fed control chow for an additional seven weeks (Fig. 

S4f; same timeline as in Fig. 1a). Due to resource constraints, we were unable to acquire 

additional aged, 18 month-old, sex-matched mice for these confirmatory experiments. First, 

we observed that >94% of CD45+CD11b+F4/80+ monocytes in the brain were positive 

for microglia marker TMEM119 (Bennett et al., 2018; Bennett et al., 2016) (Fig. S4g). 

Biological sex or PLX5622 did not change the proportion of brain monocytes that were 

microglial (Fig. S4g). PLX5622 induced equivalent (~60%) microglial depletion in young 

male and female CD-1 mice (Fig. S4h–j), consistent with prior work in C57 mice (Johnson 

et al., 2023) and young male rats (Stoll et al., 2023).

Reversal to the control chow elicited the expected rebound in microglia numbers in both 

sexes, but to a slightly higher degree in females than males (Fig. S4h–j). Changes in 

numbers of TMEM119+ cells (Fig. S4j) were not paralleled by robust changes in TMEM119 

fluorescence intensity (Fig. S4k), suggesting that Fig. S4j does indeed reflect sex-biased 

changes in microglial cell numbers and not lability of the TMEM119 marker. The spleen 

had fewer TMEM119+ cells compared to the brain, as expected (Fig. S4l). As PLX5622 

withdrawal may also impact macrophages (i.e., cells that are CD45+CD11b+F4/80+, but 

TMEM119−; Fig. S4m) we use the term microglia/macrophages where appropriate (also 

see Fig. S5h in (Zhang et al., 2019)). As a fraction of monocytes, microglia were the 

vast majority of the macrophage population (compare Y-axes of Fig. S4i and Fig. S4m). 

Thus, PLX5622 elicits microglia/macrophage depletion in CD-1 mice, and withdrawal of 

PLX5622 elicits microglia/macrophage repopulation, as expected.

We tested if transient PLX5622 exposure moderates the behavioral, biochemical, and 

histological consequences of α-synucleinopathy in our model of limbic Lewy body disease 

(Bhatia et al., 2021; Mason et al., 2016; Mason et al., 2019; Miner et al., 2022). In the 

PFF model, the density of Lewy-like pathology typically peaks ~8 weeks later in first-order 

afferents (Duffy et al., 2018b; Patterson et al., 2019; Paumier et al., 2015; Stoll and Sortwell, 

2022). Hence, in our 18 month-old CD-1 mice that were being fed control/PLX5622 
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diets, we infused PFFs 8 weeks prior to sacrifice, or one week after initiating the pulse 

of PLX5622 (timeline in Fig. 1a). Within 7 days of PLX5622 delivery, a small loss in 

bodyweight was observed in aged male, but not aged females (Fig. S5). Loss of bodyweight 

in females exposed to PLX5622 was delayed and statistically significant only 14 days after 

initiation of the PLX5622 diet. In contrast, after PLX5622 withdrawal on day 14, mice of 

either sex did not lose additional bodyweight.

We originally intended to perform behavior testing after PLX5622 withdrawal. However, 

during the PLX5622 dosing regimen, some mice were quite skittish. Thus, the open field test 

was performed on all remaining mice still being administered PLX5622 (i.e., immediately 

prior to withdrawing PLX5622; Fig. S6a–m) to quantify potential hyperactivity. No sex 

differences in the PFF-infused mice on the control diet (light gray bars in Fig. S6) were 

noted. However, females made more entries and spent more time in central squares of the 

open arena if fed PLX5622 (Fig. S6a–c). PLX5622-fed males made more entries into corner 

squares than control diet-fed males, and they spent more time in corner squares compared 

to PLX5622-fed females (Fig. S6d–e). If the amount of time spent in and number of entries 

made into the corner squares reflect anxiety, PFF-infused aged CD-1 males show greater 

anxiety-like behaviors when fed PLX5622 vs. control diet.

Both male and female mice had been more active on the PLX5622 diet in terms of 

distance traveled and speeds in the open field (Fig. S6f–g). Other measures of activity, 

such as maximum speed (Fig. S6h), time spent active (Fig. S6i), time spent mobile (Fig. 

S6j), time spent rearing (Fig. S6k), and number of rears (Fig. S6l) showed an increase 

with PLX5622 delivery in PFF-injected male but not female mice. A positive correlation 

(Fig. S6m) between the number of corner square entries and number of rears suggested 

that the increase in rearing episodes may be linked with anxiety-like phenotypes. Thus, 

biological sex modifies the impact of PLX5622 upon hyperactive/anxiety-like behaviors 

in PFF-injected mice, as noted with statistical interactions between the two independent 

variables in Fig. S6.

To determine if removal of PLX5622 from the diet reverses these deficits, we repeated the 

open field test on all mice after PLX5622 withdrawal (Fig. 1a,b). No statistically significant 

differences in number of entries into or time spent in central squares were noted (Fig. 1c–d). 

Despite PLX5622 withdrawal, males still made slightly more entries into corner squares 

than when fed the control diet (Fig. 1e). However, PLX5622-fed mice did not spend more 

time exploring corner squares than the control diet group (Fig. 1f), perhaps because they 

remained hyperactive, as evidenced by increases in locomotor measures (Fig. 1g–m). Thus, 

the hyperactivity observed in PFF-injected aged males in response to PLX5622 was not 

amended after PLX5622 withdrawal.

3.2. Transient dietary PLX5622 improves spatial reference memory in fibril-injected aged 
mice

Next, we tested if PFF infusions in the OB/AON elicit impairments on the forced alternation 

test for spatial reference memory, by comparing PFF-infused mice to PBS-infused mice 

in a Y-maze (Fig. 2a–g). PFF-infused mice made fewer entries into the novel arm, when 

this measure was expressed as a fraction of total arm entries—to control for hyperactivity 
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(Fig. 2a–c). PFF-infused mice also spent less time exploring the novel arm and made more 

entries into the familiar arms, compared to PBS-infused controls (Fig. 2d–f), indicative of 

impairments in reference memory in aged CD-1 mice infused with PFFs in the bulbar AON.

In comparison to mice on the control diet, transient PLX5622 increased novel arm entries 

in PFF-injected mice of both sexes (Fig. 2h). However, when the data were expressed 

as a fraction of total arm entries, the increase in novel arm entries was only statistically 

significant for female mice exposed to transient PLX5622 (Fig. 2i–j). The data in Fig. 2i 

confirm the open field findings, in that transient PLX5622 elicits a hyperactive phenotype 

in PFF-infused aged male mice. In contrast, female mice exposed transiently to PLX5622 

made greater entries into the novel arm, fewer entries into familiar arms, spent greater time 

exploring the novel arm, and entered the novel arm earlier, compared to control diet-fed 

females (Fig. 2h–n).

Notably, the female-specific changes with PLX5622 may reflect worse reference memory 

in the control diet-fed aged females than males, as females on the control diet made more 

entries into and spent greater time exploring familiar arms (Fig. 2k, m), and they also made 

fewer entries into the novel arm and entered the novel arm later than control diet-fed males 

(Fig. 2j, n). Considered together with intervariable statistical interactions above respective 

graphs, these data suggest that reference memory deficits in PFF-injected aged females are 

surmountable with a dietary pulse of PLX5622.

No differences on the inverted grid test or on the spontaneous alternation test for spatial 

working memory were noted (not shown). PFF-injected aged mice on the control diet did 

not show statistically significant changes in marble burying behaviors (Fig. S7a–b). No 

differences in the latencies to contact exposed or buried food were noted (Fig. S7c–d). 

However, PFF-injected aged females on the control diet took longer than males to eat the 

pellet, which may reflect worse olfaction, lesser hunger, or lesser motivation/locomotion in 

aged females than males (Fig. S7e–f). Thus, transient PLX5622 improves spatial reference 

memory, particularly in PFF-injected aged female mice, but exerts little to no effect on the 

other behavior measures.

3.3. Transient dietary PLX5622 mitigates limbic α-synucleinopathy in fibril-injected aged 
mice

We evaluated the phosphorylation status of α-synuclein and its solubility in the nonionic 

detergent Triton X-100 after PFF infusions (Fig. 3, S8). Monomeric α-synuclein migrates at 

~16–17 kDa through denaturing gels (Anderson et al., 2006; Sharon et al., 2001), as we also 

noted (Fig. 3a, S8a). PFF infusions raised insoluble α-synuclein levels in the OB/AON of 

aged mice, compared to PBS-infused mice, as expected (Fig. 3a–b, the same blots are shown 

in Fig. S8a). No differences were noted in the soluble fraction (data not shown). Bands 

of higher molecular mass were also visible and higher in PFF than PBS mice, with both 

pSer129 and pan α-synuclein antibodies (S8a and S8d–f), suggesting these are pathological 

forms of aggregated α-synuclein.

Both the pathological monomeric (~16–17 kDa) and higher molecular mass (>17 kDa) 

bands showed a reduction after transient PLX5622 delivery in male mice (Fig. 3b, S8d). 
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PLX5622 even elicited a slight reduction in the proportion of insoluble, monomeric α-

synuclein that was phosphorylated at serine 129 (Fig. 3e), but similar changes were not 

observed for the higher-mass α-synuclein aggregates (Fig. 3h). The PLX5622-induced 

reductions in pSer129 and pan α-synuclein were largely attributed to aged males (Fig. 3b, 

Fig. S8d), although we caution that we were low on statistical power, because three murine 

OB/AON samples were collapsed into one for the ultracentrifugation step (see Supplemental 

Methods).

Next, we quantified the pSer129 fluorescent signal per unit area (Fig. 4a) in traces of 

the olfactory peduncle (defined by (Brunjes et al., 2011)) after performing a systematic 

evaluation of the tyramide signal amplification (TSA) technique (see Methods and Fig. S1–

3). We did not observe a significant reduction in pSer129 signal after transient PLX5622 

delivery (Fig. 4b). However, when data were sex-stratified, a reduction in pSer129 signal 

was noted in aged male mice fed PLX5622 transiently (Fig. 4c–d; heatmaps in Fig. 4e). 

The area data in Fig. 4d also reveal that olfactory peduncular regions were not undergoing 

shrinkage or atrophy after the PLX5622 pulse. The pSer129 signal in the olfactory peduncle 

was weakly inversely correlated with novel arm entries in the Y-maze—an effect largely 

attributable to males when linear regressions were stratified by sex (Fig. 4f–h).

To achieve higher resolution in calculations of α-synucleinopathic load, a blinded observer 

calculated the pSer129+ load along the lateral limbic rhinencephalon (does not include the 

AON, OB, cerebellum, or other medial brain areas; see Methods) using Deep Learning 

(representative stitched images in Fig. 5k, Fig. S8g (high-magnification images of pSer129+ 

inclusions), and S9 (high resolution image of Fig. 5k)). There was a sizable reduction in the 

numbers of pSer129+ inclusions with transient PLX5622 (Fig. 5a), an effect again attributed 

to aged males (Fig. 5b). Aged PFF-infused females on the control diet harbored fewer 

inclusions compared to males (Fig. 5b), consistent with our prior work in younger CD-1 

mice (Mason et al., 2019). There was no statistically significant reduction in the % total 

area occupied by the inclusions in the lateral rhinencephalon in PFF-injected aged mice after 

transient PLX5622 (Fig. 5c), until data were sex-stratified (Fig. 5d). Grayscale intensities of 

pSer129+ structures were lower after transient PLX5622, and this effect was also attributable 

to males (Fig. 5e–f).

Thus, the impact of PLX5622 on α-synuclein+ pathology in the bulbar AON was lower than 

on caudolateral regions of the rhinencephalon (compare data and effect sizes in Fig. 5 versus 
Figs. 3–4), and the effects were more prominent in aged males than females.

3.4 . Impact of transient PLX5622 on microglia/macrophages of the anterior olfactory 
nucleus

The Deep Learning tool was used to dissect morphologies of Iba1+ microglia/macrophages 

at the infusion epicenter in the bulbar AON, including Iba1+ cellular hydraulic indices, 

defined as indicators of microglial activation (George et al., 2019). No differences in Iba1+ 

cell densities, Hoechst+ cell densities, Hoechst+ nuclear areas, or in total area occupied by 

Iba1+ structures were noted, suggestive of successful repopulation of myeloid cells—at least 

in the AON—and no cell loss (Fig. S10a–e). However, the sizes (i.e., areas) and perimeters 

of individual Iba1+ cells, and their hydraulic radii (area / perimeter) were all lowered after 
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transient PLX5622 (Fig. S10f–h). Lowering of hydraulic indices indicates that the sizes 

of repopulated Iba1+ cells in PLX5622-pulsed mice shrunk proportionately more than the 

perimeters, compared to control diet-fed mice. We also retrieved the shape factor (Fig. 

S10i–j), defined as a measure of roundedness (a value of 1.0 identifies a perfectly circular 

object). The shape factor was increased by 8.67% after transient PLX5622, suggesting 

that repopulated Iba1+ cells were slightly more spherical (Fig. S10i–j). Thus, repopulated 

Iba1+ cells may not have fully extended their processes or incorporated themselves into the 

surrounding matrices (also evident in low-power figures of Fig. S10a; see Discussion).

3.5. Transient PLX5622 exposure unexpectedly raised pSer129+ inclusion sizes

The average sizes of the pSer129+ inclusions were greater in PFF-infused aged mice after 

transient PLX5622 exposure, compared to aged mice fed the control diet (Fig. 5g–h). There 

was also a main statistical effect (two-tailed p = 0.008) of biological sex in the two-way 

ANOVA for Fig. 5h. In the pairwise comparisons with the Bonferroni post hoc, PFF-injected 

aged female mice on the control diet had larger inclusions compared to control diet-fed 

males (Fig. 5h). According to the Nearest Neighbor Distance function of the Deep Learning 

output, PLX5622 increased the linear distances between inclusions, but only in male mice 

(Fig. 5i–j).

To test the generalizability of our sex-specific findings to young microglial cells in a 

different species of outbred rodent, we leveraged an in vitro model of rat hippocampal 

microglia/neuron cocultures exposed to PFFs (Fig. 5l–o). We chose the hippocampus for 

region-specific microglia and neuron cocultures because primary hippocampal neurons have 

been used in well-standardized PFF in vitro work (Volpicelli-Daley et al., 2014) and we have 

validated this model in our hands (Bhatia et al., 2021; Miner et al., 2022). First, we show 

that our hippocampal microglia cultures responded to canonical stimuli, in that exposure 

to interleukin-4 (IL4) elicited an increase in anti-inflammatory CD206, whereas exposure 

to a cocktail of lipopolysaccharide and interferon-γ (LPS/IFNγ) elicited an increase in 

proinflammatory iNOS and CD16 (Fig. S11a–g). Acute treatment of primary hippocampal 

microglia with PFFs did not change the expression of these markers (Fig. S11e–g). 

However, primary hippocampal microglia were able to engulf PFFs (Fig. S11h–i). We 

then coadministered PFFs and microspheres (i.e., fluorescent beads; Fig. S11j) and found 

that PFFs also increased the number of internalized microspheres (Fig. S11k–n). However, 

a successful reduction in actin or tubulin-dependent phagocytosis (with cytochalasin D 

or nocodazole, respectively; see Supplemental Methods) did not enhance or suppress the 

ability of PFFs to stimulate microglial engulfment of beads—because there was no statistical 

interaction between the two independent variables (PFF exposure x phagocytosis inhibition).

Next, we examined the sex-specific functional impact of postnatal primary microglia on 

α-synucleinopathy using sex-stratified glia/neuron hippocampal cocultures exposed to PFFs. 

Male, but not female microglia reduced the numbers of inclusions per Hoechst+ cell in 

cocultures from the same sex. Although the effect size was slight (Fig. 5l–n), the male-

specific effect in rat primary cultures was consistent with in vivo data in mice in Fig. 

5b. No statistically significant differences in Hoechst+ cell or NeuN+ neuron viabilities 

were seen (Fig. S12a–c). Male, but not female microglia also slightly reduced inclusion 
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counts expressed as a fraction of NeuN+ neurons, but only when fold-change data were 

analyzed (Fig. S12d–e), perhaps because the NeuN protein marker is labile, unlike the 

nuclear Hoechst stain (Bhatia et al., 2021). The total area occupied by inclusions also tended 

to be slightly lower in male cocultures (Fig. S12f–h), consistent with in vivo data in Fig. 5d.

Average sizes of the inclusions rose slightly when female microglia were cocultured with 

female neurons (Fig. 5o), also partially reproducing in vivo data in Fig. 5h. Thus, young 

or old microglia/macrophages moderate inclusion morphologies in the PFF model in a 

sex-biased manner, although the effect sizes may be higher in adulthood and in vivo.

3.6. A sex-biased association between spatial reference memory and inclusion 
morphologies

Finally, we tested the internal consistency of the pSer129+ structural measurements made by 

the Neural Network with two-tailed correlation analyses in the lateral brain sections (Fig. 

6 and Fig. S13). A tight positive link between inclusion numbers and pSer129 grayscale 

intensity or inclusion area fractions was confirmed (Fig. 6a–b). In contrast, inclusion sizes 

were inversely correlated with mean grayscale intensities and inclusion counts (Fig. 6c–d), 

suggesting that big inclusions housed less phosphorylated α-synuclein. Area fraction of 

inclusions was not associated with inclusion size but was positively correlated with mean 

grayscale intensity (Fig. S13a–b). Finally, the Nearest Neighbor Distance was inversely 

linked with inclusion counts, mean grayscale intensities, and area fractions, but not with 

inclusion sizes (Fig. S13e–h).

Although correlational links do not establish causality, we reasoned that an absence of 

correlations between inclusion measures and reference memory would refute the notion that 

limbic pSer129+ structures influenced neurological outcomes. In our data, novel arm entries 

in the Y-maze were inversely associated with inclusion counts but positively correlated with 

inclusion sizes (Fig. 6e–f). Hence, larger (but fewer) inclusions are linked with superior 

reference memory. The negative links between novel arm entries and pSer129+ inclusion 

counts or area fractions were only robust in males (Fig. 6i–l), whereas the positive link 

between novel arm entries and inclusion sizes was not truly sex-selective (Fig. S13c–d). The 

time spent exploring the novel arm (another measure of reference memory) was positively 

linked with inclusion sizes in females only (Fig. 6m–n). The nearest neighbor distance was 

also positively linked with novel arm entries in males (Fig. S13i–j).

In the Iba1-related data, the most robust correlations with pSer129+ inclusion counts were 

formed by Iba1+ area fraction (Fig. 6g). If the total area occupied by Iba1+ cells can 

be viewed as one indicator of microglia/macrophage reactivity, then 1) higher inclusion 

counts may cause greater Iba1+ cell reactivity, 2) higher Iba1+ cell reactivity may elicit 

more inclusion numbers, or 3) the correlations are spurious. Notably, the bigger the 

pSer129+ inclusions, the less area the Iba1+ cells occupied in PFF-infused mice (Fig. 

6h), revealing that big inclusions are associated with less occupation of brain volume by 

microglia/macrophages. Finally, the hydraulic radii (a measure of reactivity) of Iba1+ cells 

were negatively linked with novel arm entries in males (Fig. 6o–p).
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To summarize, we have used diverse approaches, including multiple behavior assays, True 

AI/Deep Learning to count α-synucleinopathic structures, and detergent-based fractionation 

to assess levels of insoluble α-synuclein in 18 month-old PFF-infused mice of both sexes. 

We also used sex-stratified limbic (hippocampus-specific) microglia/neuron cocultures to 

evaluate if and how young male versus female microglia affect inclusion sizes and counts. 

The evidence reported here suggests that male microglia tend to reduce inclusion counts 

whereas female microglia tend to expand inclusion sizes, and that high inclusion loads 

(counts and area fractions) in males are linked to worse spatial reference memory (Fig. 

6i, k), but also that bigger inclusions in females may be indicative of better neurological 

outcomes (Fig. 6n).

4. Discussion

Dietary PLX5622 administration is recognized to elicit microglia depletion followed by 

repopulation upon withdrawal (Barca et al., 2022; Casali et al., 2020; Dagher et al., 2015; 

Elmore et al., 2018; Henry et al., 2020; Rice et al., 2017; Spangenberg et al., 2019; Willis 

et al., 2020; Zhang et al., 2019). Thus, we hypothesized that a 14-day pulse of PLX5622 

would have therapeutic potential against early stage, limbic α-synucleinopathy. We report 

that PLX5622 withdrawal reduced levels of insoluble and phosphorylated α-synuclein, 

improved spatial reference memory, and mitigated microglia/macrophage reactivity in aged 

(18 month-old), outbred mice. However, behavior measures were not uniformly improved 

and sex-biased effects were noted.

4.1. Transient PLX5622 exposure modifies inclusion morphologies and neurological 
outcomes

A dietary pulse of PLX5622 reduced inclusion counts, pSer129+ grayscale intensities, area 

fractions, and Triton X-insoluble α-synuclein in male mice only and raised the average sizes 

of inclusions in both sexes. Transient PLX5622 exposure also increased novel arm entries 

in PFF-infused aged mice, particularly in females. Higher numbers of pSer129+ inclusions 

tended to 1) cluster together, 2) occupy greater swaths of the limbic rhinencephalon, 3) 

display more pSer129 (mean grayscale intensities), and 4) correlate with greater microglia/

macrophage area fractions. Larger-sized inclusions, on the other hand, were linked to lower 

inclusion counts, pSer129 levels, and Iba1+ area fractions. Although the biochemical effect 

sizes are modest compared to the AI/Deep Learning-driven histological analyses, we note 

that pSer129+ structures are larger after transient PLX5622 exposure in both sexes, which 

may mask some of the biochemical effects.

In our hands, male microglia/macrophages tend to reduce limbic inclusion counts, whereas 

female microglia/macrophages tend to amplify limbic inclusion sizes. We also found that 

better memory was associated with fewer inclusions in males and larger-sized inclusions 

in females, but we add that the biological significance of a small vs. large inclusion is not 

yet understood. In humans, Lewy-related structures may undergo progressive compaction 

over time (Dale et al., 1992; Gomez-Tortosa et al., 2000) and in the PFF model, pSer129+ 

immunoreactivity tends to fill more of the soma at early stages, and then evolves into 

smaller, compact structures (Duffy et al., 2018a; Miller et al., 2021; Osterberg et al., 
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2015). Thus, in our model, larger inclusions upon PLX5622 withdrawal may reflect earlier/

immature pathology and relative slowing of the disease in females, a hypothesis that could 

be tested with multiphoton in vivo imaging and adding more survival timepoints. Additional 

work is thus warranted to test if transient PLX5622 slows inclusion formation, accelerates 

degradation of aggregates, and/or changes dispersal of aggregates across the neuraxis.

In a mouse model of Alzheimer’s disease, withdrawal of PLX5622 led to more compact 

amyloid plaques, suggesting that microglia protect the brain via β-amyloid plaque 

compaction (Casali et al., 2020). In contrast, we observe that withdrawal of PLX5622 

amplifies the size of pSer129+ structures, suggesting that the type (and perhaps intra vs. 
extracellular nature) of the aggregation complex is critical. We speculate that lowering the 

size of the protein aggregate “sink” in the cytosol may loosen spatial restrictions on the 

cellular pool of α-synuclein, increasing the probability of exit of unfettered α-synuclein 

aggregates out of the cell via exosomes or other means (Danzer et al., 2012; Grey et 

al., 2015; Howitt et al., 2021). An increase in cellular escape would provide dispersed 

aggregates with access to even more α-synuclein—the suspected substrate for prion-like 

seeding of additional inclusions—compared to when aggregates remain trapped within a 

bounded, small container (inclusion) in the original cell. Greater escape of α-synuclein 

from cellular boundaries may be associated with worse memory and smaller-sized inclusions 

for these reasons. Alternatively, there could be a complete uncoupling of Lewy-related 

inclusions from behavioral measures, and the correlations could all be coincidental.

We observed that a relatively brief exposure to dietary PLX5622 induced mild weight loss 

and anxiety-like behaviors in the PFF-infused aged males and hyperactive behaviors in 

mice of both sexes, although more locomotor changes were apparent in males. Hyperactive/

anxiety-like measures were not reversed upon PLX5622 withdrawal. Prior work in an 

Alzheimer’s disease model revealed that depletion of microglia may induce immediate-early 

genes and increase the probability of excitotoxicity (Johnson et al., 2023). Thus, in future 

work, the transcriptomes and cytokine profiles of PFF-infused males and females subjected 

to PLX5622 ought to be tested, particularly as repopulated microglia are derived from 

cells that survive CSF1R inhibition (Huang et al., 2018). In addition, the bioavailability 

of PLX5622 should also be examined in the PFF model, as was recently completed in an 

Alzheimer’s disease model (Johnson et al., 2023).

Under baseline conditions, PFF infusions impaired spatial reference memory, with aged 

females exhibiting worse performance than male counterparts. After transient PLX5622 

exposure, females displayed more dynamic changes in Y-maze cognitive outcomes, perhaps 

due to greater room for cognitive improvement than males. In contrast, transient PLX5622 

did not rescue other behavior deficits, perhaps because some brain areas may be targeted to a 

greater extent by CSF1R inhibitors. For example, the hippocampus shows higher expression 

of Csf1r, compared to other areas such as the striatum, globus pallidus, posterior cortex, 

cerebellum, frontal cortex, nigra, and thalamus (DropViz database by (Saunders et al., 

2018)). Furthermore, recent reports suggest that microglia first reappear in the subventricular 

zone after repopulation and then migrate to other brain regions along white matter tracts 

(Hohsfield et al., 2021). Hence, region-dependent changes in response to PLX5622 are 

worth examining in the PFF model in the future.
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4.2. Hippocampal microglia reduce pSer129+ inclusions in cocultured hippocampal 
neurons

Our in vivo observations were partially recapitulated in vitro when sex-stratified primary 

microglia were added to primary hippocampal neurons of the same sex as the glia. To 

our knowledge, sex differences in the abilities of young, primary microglia to regulate 

α-synuclein pathology have not been reported, although our data are consistent with 

sex-specific phenotypes in cultured microglia (Villa et al., 2018). Furthermore, these sex 

differences were evident within days after birth, reinforcing the idea that they are at 

least partly genetically determined, perhaps by sex-specific chromosomes such as Sry 
(Kashimada and Koopman, 2010; Lee et al., 2019).

4.3. Use of CSF1R inhibitors in models of aging, α-synucleinopathies, and/or 
parkinsonism

Many groups have shown that microglia are long-lived, have slow turnover, and may be 

transporters of α-synuclein, and proposed that phagocytosis is impaired in Lewy body 

disease (Bido et al., 2021; Fuger et al., 2017; Guo et al., 2020; Reu et al., 2017; Salman 

et al., 1999; Xia et al., 2019). Thus, a sizable body of work supported testing whether 

microglia depletion reduces α-synucleinopathy. In this context, prior work showed that 

CSF1R inhibitors are protective in the PFF (Guo et al., 2020), rotenone (Jing et al., 2021; 

Zhang et al., 2021a), and 6-hydroxydopamine (Oh et al., 2020) models. Others, however, 

showed that CSF1R inhibitors increase pathology, worsen disease outcomes, and induce 

neurotoxicity (George et al., 2019; Pereira et al., 2023; Yang et al., 2018), and some suggest 

that CSF1R inhibition exerts no beneficial effects in PFF-infused young male rats (Stoll et 

al., 2023).

On the surface, the aforementioned reports of microglia/macrophage depletion in preclinical 

models of Lewy body-related disease lack consistency. Furthermore, only young animals 

of one sex were tested, or the sex was left unmentioned (George et al., 2019; Guo et al., 

2020; Jing et al., 2021; Oh et al., 2020; Stoll et al., 2023; Yang et al., 2018; Zhang et al., 

2021a). Although studies of microglia/macrophage repopulation after depletion are fewer, 

they have shown more consistently beneficial results in models of aging, acute brain injury, 

Alzheimer’s disease, intracerebral hemorrhage, inflammation, stroke, and parkinsonism 

(Barca et al., 2022; Coleman Jr. et al., 2020; Elmore et al., 2018; Henry et al., 2020; Johnson 

et al., 2023; Li et al., 2021; Li et al., 2022; Rice et al., 2017; Rowe et al., 2022; Willis et al., 

2020).

With aging, microglia show lower phagocytosis, less protrusion of processes, reduced 

motility, greater lipofuscin, more mitochondrial damage, and higher inflammatory cytokine 

expression (Angelova and Brown, 2019; Spittau, 2017). Thus, resetting the aging microglial 

phenotype by the short-term delivery of CSF1R inhibitors has begun to receive attention. 

Transient delivery of CSF1R inhibitors may be more likely to succeed in the clinic, as the 

sustained use of CSF1R inhibitors may be toxic (see below).

In our hands, male and female CD-1 mice showed equivalent (~60%) loss of microglia. This 

is modest, compared to ~90% loss of microglia in seminal studies (Liu et al., 2019; Rosin 
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et al., 2018; Spangenberg et al., 2019). However, our findings are more consistent with 

recent work in sex-stratified mice (Johnson et al., 2023) and male rats (Stoll et al., 2023). 

Sex differences in microglia/macrophage depletion have been reported in rats, with greater 

depletion in females (Sharon et al., 2022). Although we did not find sex differences in 

microglia/macrophage depletion, repopulation of TMEM119+ microglia in the whole brain 

was slightly higher in young female mice compared to males. However, the more reactive 

and labile marker, Iba1, did not reveal sex differences in repopulated microglia/macrophages 

in the AON of PFF-infused aged mice (in our hands, the TMEM119 antibodies we tried did 

not work well outside of flow cytometry). We relied on Iba1 for Fig. S10, as Iba1 provides 

better visualization of microglial morphologies, compared to TMEM119 (Gonzalez Ibanez 

et al., 2019). In sum, some of the sex-specific effects could reflect differences in microglial 

depletion/repopulation, brain region of interest, or depend on the microglial marker used.

Recent work reveals that long-term delivery (without withdrawal) of the CSF1R inhibitor 

PLX3397 for six months after PFF infusions in the striata of young male rats increases 

somal size of remaining microglia/macrophages in the substantia nigra, without robustly 

affecting nigral inclusions or dopaminergic neurodegeneration (Stoll et al., 2023). The True 

AI/Deep Learning did not separate measurements of Iba1+ cell processes versus somata, but 

we note that after a 14-day pulse of PLX5622 in our aging mice, repopulated Iba1+ cells 

in the AON were smaller as well as rounder. This is consistent with prior work showing 

that transient PLX5622 exposure lowers Iba1+ coverage and thins Iba1+ processes in aged 

mice, making the repopulated microglia/macrophages in aged mice closer to young mice 

in morphology (see Fig. 2 of (Elmore et al., 2018)). In the latter report, somal size was 

examined in young mice only (Fig. S1 of (Elmore et al., 2018)) and showed no long-term 

changes after transient PLX5622 exposure.

Newly born microglia after PLX5622 withdrawal may be immature initially and only 

acquire maturity over time (Zhan et al., 2019). We observe a slight increase in sphericity of 

repopulated microglia/macrophages, perhaps because they are less mature and have not yet 

fully extended their processes into the surrounding matrix. The reduction in Iba1+ cellular 

size and subtle increase in sphericity was not associated with evidence of higher microglia/

macrophage reactivity in our model. Some studies in stroke models suggest that sphericity 

may be associated with microglial reactivity (Benakis et al., 2022), whereas others argue 

that spherical microglia are “resting” cells (Nakagawa et al., 2022). The repopulated, slightly 

more spherical microglia in PFF-infused mice could also be more phagocytic, as microglia 

assume a more spherical shape during engulfment (Kettenmann et al., 2011; Lai and Todd, 

2006; Lai and Todd, 2008; Lyu et al., 2021). Furthermore, microglia can use their branches 

to build a spherical enclosure around the site of injury, perhaps to build a barrier and/or 

remove toxic signals and debris (Brawek et al., 2021). Thus, the evidence suggests that 

polymorphisms in microglia structure facilitate a diversity of functional effects based on the 

disease/injury/aging context.

4.4. Strengths and limitations of using CSF1R inhibitors to target microglia/macrophages

Recent reports suggest that high amounts of CSF1R inhibitors exert off-target effects (Lei 

et al., 2020), including on other brain cells and on members of the adaptive immune 
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system (Lei et al., 2021; Liu et al., 2019). This may have contributed to our results, as non-

microglial immune cells also regulate pSer129 pathology (Earls et al., 2020; George et al., 

2021). The non-specificity of PLX5622 and PLX3397 is attributable to CSF1R expression 

on multiple cell types, including macrophages, Langerhans cells (skin), osteoclasts, oocytes, 

decidual cells, trophoblastic cells, Paneth cells (intestine), and myoblasts (Li et al., 2006; 

Mun et al., 2020). Accordingly, CSF1R inhibition at embryogenesis elicits craniofacial and 

dental abnormalities in rodent pups (Rosin et al., 2018), and CSF1R knockouts not only 

show loss of microglia/macrophages, but also ~50% loss of oligodendroglia (Erblich et 

al., 2011). The latter mice show enlarged ventricles, a disintegrated OB, atrophy of brain 

tissue, and impaired olfaction and reproduction (Erblich et al., 2011; Li et al., 2006). On 

the other hand, we did not see a reduction in Hoechst+ nuclei counts or evidence of nuclear 

shrinkage with a 14-day PLX5622 exposure. It has been suggested that PLX5622 exerts 

off-target effects on oligodendroglia only if given for 21 d or longer (Liu et al., 2019). In 

contrast, the less selective CSF1R inhibitor PLX3397 elicits earlier loss of oligodendrocyte 

progenitor cells (Liu et al., 2019). It is worth noting that all microglia depletion methods 

show off-target effects and are associated with caveats (Giuliani et al., 2005; Lund et 

al., 2017). As PLX5622 is being tested in clinical trials as an anti-inflammatory agent 

for rheumatoid arthritis (NCT01329991), it could be repurposed for other conditions, but 

exposure to CSF1R inhibitors may have to be limited to brief periods to be effective.

A key caveat of our work is that we cannot cleanly attribute effects to repopulation 

of microglia/macrophage during the PLX5622 withdrawal period vis-à-vis microglia/

macrophage depletion during oral intake of PLX5622 (at the time of PFF infusions). As 

chronic depletion by itself is not effective in the PFF model (Stoll et al., 2023), we 

speculate that the present findings are more likely to be attributed to repopulation rather 

than depopulation. We also caution that resetting microglia/macrophages as a therapeutic 

intervention against neurological disease may interfere with unexpected homeostatic roles of 

microglia even in late-stage Lewy body disease. Additional limitations of our work include 

the use of young mice for the initial flow cytometric analyses of microglial depopulation 

and repopulation, and our current lack of knowledge on the biological relevance of small 

vs. large-sized inclusions. Further scrutiny of off-target effects of PLX5622, including the 

loss of body mass and increase in hyperactive behaviors, also seem essential prior to use of 

CSF1R inhibitors in the elderly and frail.

5. Conclusions

Stimulating microglia/macrophage turnover with CSF1R blockade is associated with fewer 

memory deficits and lower inclusion pathology, consistent with the view that microglia and 

macrophages sculpt neural circuitry, assist in synaptoplasticity, and impact memory (Chung 

et al., 2015; Cornell et al., 2022; Schafer and Stevens, 2015). It is difficult to explain 

why males benefitted more from transient PLX5622 exposure in terms of histological and 

biochemical outcomes whereas females benefitted more in behavioral changes. Perhaps a 

reduction in inclusion counts and a concomitant increase in inclusion size are crucial, and 

only males showed both changes. Our work also suggests that the conflicting literature on 

toxic vs. beneficial roles of Lewy bodies may be explained by distinct sequelae of larger 

inclusion sizes vs. more inclusion numbers.
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Ultimately, we will need to fully understand the biochemical and biophysical properties of 

smaller vs. larger sized inclusions, and their functional impact on extracellular dispersal, 

seeding, and behavioral neurotoxicity. Further studies on oligomeric versus fibrillar 

properties and the membrane association properties of aggregates of different sizes are 

warranted. We also that hope our findings stimulate further work to test if transient 

PLX5622-fed mice display 1) better engulfment of protein aggregates from the extracellular 

space, 2) higher release of trophic factors and lower release of inflammatory cytokines 

into the interstitial and cerebrospinal fluid compartments, and 3) more efferocytosis 

of dysfunctional neurons. In our limbic-centered model, we do not observe extensive 

neurodegeneration (Mason et al., 2019), but future work could also examine the impact 

of targeting microglia with CSF1R inhibition in aggregation vs. degenerative phases of the 

disease (Stoll and Sortwell, 2022).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors are grateful to Yashika Kamte for technical support, Sherri Nichol and Christie Manspeaker for 
administrative support, and to Rachel Barr and Ashley Yuhouse for animal care.

Funding

National Institutes for Health grants R15NS130532-01 (RKL), 1R03NS088395-01A1 (RKL), 1R15NS093539-01 
(RKL), 1R21NS107960-01 (RKL), and R35GM131732 (JLB). TNB’s 2019–2020 stipend was generously funded 
by the University of Pittsburgh’s Center for Protein Conformational Diseases. The authors are also grateful to 
the Graduate School of Pharmaceutical Sciences for their support of Duquesne graduate students. Jun Chen is a 
recipient of the VA Senior Research Career Scientist Award.

Data availability

Supporting data can be accessed by contacting Rehana Leak at leakr@duq.edu

Abbreviations:

AON Anterior olfactory nucleus
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IL4 Interleukin 4

LPS/IFNγ Lipopolysaccharide/interferon-gamma
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PBS Phosphate buffered saline

pSer129 Phosphorylated alpha-synuclein at Ser129

PFFs Preformed fibrils

TSA Tyramide Signal Amplification
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Fig. 1. Impact of transient exposure to the CSF1R antagonist PLX5622 (2-weeks “ON” and 
7-weeks “OFF”) on open-field behaviors in preformed fibril-injected aged mice.
Aged, outbred CD-1 mice of both sexes were fed special chow with or without the CSF1R 

inhibitor, PLX5622, for two weeks, and then fed standard rodent chow for an additional 

7 weeks. Preformed fibrils (PFFs; 5 μg in 1 μL) were injected into the bulbar anterior 

olfactory nucleus seven days after initiation of the PLX5622 diet (a). For evidence of 

PLX5622-driven depletion and repopulation of microglia/macrophages, see Figs. S4 and 

S10a. Mice were tested in an open-field arena after PLX5622 withdrawal (timeline in a; 

data for the open-field test during PLX5622 delivery are in Fig. S6). (b) Representative 

trackplots from ANY-maze. Numbers of central square entries (c) and the time spent in 

central squares (d) are shown. Numbers of corner square entries (e), time spent in corner 

squares (f), distance traveled (g), mean speeds (h), maximum speeds (i), time spent active 

(such as grooming) (j), time spent mobile (moving) (k), time spent rearing (l), and numbers 

of rears (m) are shown. Out of n = 40 PFF-infused mice, two mice were sacrificed early 

due to dermatitis and an abdominal abscess and thus excluded from the open field test (see 
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Methods). Each mouse is illustrated as a colored dot on bar graphs with group means + SDs. 

*p ≤ 0.0500, **p ≤ 0.0100 for control diet vs. transient dietary PLX5622; +p ≤ 0.0500 for 

male vs. female two-way ANOVA/Bonferroni. All testing was two-tailed.
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Fig. 2. Transient exposure to PLX5622 (2-weeks “ON” and 7-weeks “OFF”) improves spatial 
reference memory in preformed fibril-injected aged female mice.
Aged, outbred CD-1 mice of both sexes were fed special chow with or without the CSF1R 

inhibitor, PLX5622, for two weeks, and then fed standard rodent chow for an additional 

7 weeks (timeline in Fig. 1a). Preformed fibrils (PFFs; 5 μg in 1 μL) were injected into 

the bulbar anterior olfactory nucleus seven days after initiation of the PLX5622 diet. PFF-

injected mice were tested on a Y-maze for spatial reference memory after PLX5622 was 

withdrawn from the diet (timeline in Fig. 1a). PBS-injected aged mice from each sex (total 

n = 7 across both sexes; remaining n = 2 PBS-infused aged mice had to be euthanized early 

due to sickness, see Methods) were included as controls to determine if PFF-infusions per 
se elicit loss of spatial reference memory (a-f). Numbers of novel arm entries are shown, 

expressed alone or as a fraction of total number of entries in all arms (a-c), to control 

for differences in activity. Time spent exploring the novel and familiar arms (d-e) and 

numbers of familiar arm entries (f) are shown, for the PBS versus PFF-infused aged mice. 

For control or transient PLX5622-diet fed, PFF-injected aged mice, numbers of novel arm 

entries (expressed alone in h or as a fraction of total number of entries in all arms in i-j), 
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numbers of familiar arm entries (k), time spent exploring the novel arm (l), time spent 

exploring the familiar arms (m), and latencies to first entry in the novel arm (n) are shown. 

In g are representative ANY-maze trackplots. Out of the n = 40 PFF-infused mice, two 

mice were sacrificed early due to dermatitis and an abdominal abscess and were excluded 

from the Y-maze test (see Methods). Mice that made less than three arm entries during the 

first minute of the second Y-maze trial were also excluded (see SI Methods and (Wolf et 

al., 2016)). Data in n were non-Gaussian per the Shapiro-Wilk test and log-transformed 

(arrow) to assess statistical interactions between the two independent variables. Intervariable 

statistical interactions are shown above respective graphs. Each mouse is illustrated as a 

colored dot on bar graphs with group means + SDs or on box plots with interquartile 

ranges. *p ≤ 0.0500, ***p ≤ 0.0010 for PBS vs. PFFs; Mann-Whitney U (boxplot in f) or 

the unpaired t-test (a-e). *p ≤ 0.0500, **p ≤ 0.0100, ***p ≤ 0.0010 for control diet vs. 
transient dietary PLX5622; +p ≤ 0.0500, ++p ≤ 0.0100, +++p ≤ 0.0010 for male vs. female; 

Kruskal-Wallis (left panel of n) or two-way ANOVA/Bonferroni for h-m and right panel of 

n. All testing was two-tailed.
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Fig. 3. Transient exposure to PLX5622 (2-weeks “ON” and 7-weeks “OFF”) lowers nonionic 
detergent-insoluble phosphorylated and pan-α-synuclein in the OB/AON of preformed fibril-
injected aged mice.
Aged, outbred CD-1 mice of both sexes were fed special chow with or without the CSF1R 

inhibitor, PLX5622, for two weeks, and then fed standard rodent chow for an additional 

7 weeks (timeline in Fig. 1a). Preformed fibrils (PFFs; 5 μg in 1 μL) were injected into 

the bulbar anterior olfactory nucleus (OB/AON) seven days after initiation of the PLX5622 

diet. OB/AON tissues from PFF-injected aged mice fed control chow or transiently exposed 

to the PLX5622 diet were sequentially extracted to obtain nonionic, detergent-insoluble 

fractions, and subjected to immunoblotting to probe for pSer129 and pan-α-synuclein 

(Volpicelli-Daley et al., 2014). OB/AON tissues from PBS-injected aged mice were included 

as controls and wild-type mouse α-synuclein monomers were loaded in the last lane to 

evaluate antibody specificities (a; higher-resolution image of the blot is in Fig. S8a). Note 

that monomeric α-synuclein migrates at ~16–17 kDa through denaturing gels, based on 

immunoblot in a and (Anderson et al., 2006; Sharon et al., 2001). Insoluble pSer129 and 

pan-α-synuclein bands at 17 kDa were quantified (b-e) separately from bands of higher 
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molecular mass (> 17 kDa; f-h) and expressed as a fraction of the Total Protein Stain 

as a loading control. Levels of insoluble pSer129 were also expressed as a fraction of 

pan-α-synuclein in e and h. Additional data from these experiments are shown in Fig. S8. 

For studies in Figs. 3 and S8, three murine OB/AON samples had to be collapsed into one. 

Each group has three dots/statistical units, but data were generated from nine mice per group 

(see Methods). Shown are group means + SDs or box plots with interquartile ranges. *p ≤ 

0.0500, **p ≤ 0.0100, ***p ≤ 0.0010; Mann-Whitney U (boxplots in e, h), unpaired t-test 

(c-d and f-g), or two-way ANOVA/Bonferroni (b). All testing was two-tailed.
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Fig. 4. Transient exposure to PLX5622 (2-weeks “ON” and 7-weeks “OFF”) reduces 
phosphorylated α-synuclein in the olfactory peduncle of preformed fibril-injected aged male 
but not female mice.
Aged, outbred CD-1 mice of both sexes were fed special chow with or without the CSF1R 

inhibitor, PLX5622, for two weeks, and then fed standard rodent chow for an additional 

7 weeks (timeline in Fig. 1a). Preformed fibrils (PFFs; 5 μg in 1 μL) were injected into 

the bulbar anterior olfactory nucleus seven days after initiation of the PLX5622 diet. Brain 

sections were subjected to Tyramide Signal Amplification to improve the signal-to-noise 

ratio of the pSer129 immunolabel, scanned on an Odyssey Imager M at a resolution of 5 

μm, and the olfactory peduncle (Brunjes et al., 2011) was outlined to obtain the pSer129 

signal. pSer129 signal was then divided by the area of each trace (b-d). Representative 

photomicrographs of Hoechst-stained and pSer129-immunolabeled anterior olfactory nuclei 
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are shown in a. Heatmap depicting the pSer129 signal per unit area of the olfactory peduncle 

from all mice is in e. Correlation analyses of the numbers of novel arm entries (from the 

Y-maze forced alternation test shown in Fig. 2) with the pSer129 signal in the olfactory 

peduncle of all PFF-infused mice (f) or of PFF-infused males vs. females (g-h). Note 

that two mice were excluded from the Y-maze and inclusion assays due to dermatitis and 

abdominal abscesses (see Methods). In addition, mice that made less than three arm entries 

during the first minute of the second Y-maze trial were also excluded from the behavior 

correlations (see SI Methods and (Wolf et al., 2016)). Each mouse is illustrated as a colored 

dot on bar graphs with group means + SDs, on box plots with interquartile ranges, or 

in scatterplots for correlations. *p ≤ 0.0500; Mann-Whitney U (boxplot in b) or two-way 

ANOVA/Bonferroni (c-d). Pearson correlation analyses are shown in f-h. All testing was 

two-tailed.
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Fig. 5. Sex-specific regulation of pSer129+inclusion numbers and sizes in PFF-injected aged mice 
after transient PLX5622 exposure (2-weeks “ON” and 7-weeks “OFF”).
Aged, outbred CD-1 mice of both sexes were fed special chow with or without the CSF1R 

inhibitor, PLX5622, for two weeks, and then fed standard rodent chow for an additional 

7 weeks (timeline in Fig. 1a). Preformed fibrils (PFFs; 5 μg in 1 μL) were injected into 

the bulbar anterior olfactory nucleus seven days after initiation of the PLX5622 diet. Brain 

sections from PFF-injected aged mice (n = 5 randomized mice per group) were subjected 

to Tyramide Signal Amplification of the pSer129 signal and scanned on a VS200 Olympus 

imager (a-k). pSer129+ inclusions in the entire lateral limbic rhinencephalon were quantified 

via True AI/Deep Learning (Olympus) to identify the numbers of pSer129+ inclusions (a-b), 

% total area (area fraction) occupied by pSer129+ inclusions (c-d), mean grayscale intensity 

of pSer129+ inclusions (e-f), average sizes of the individual pSer129+ inclusions (g-h), and 

the distance to the nearest pSer129+ neighbor (i-j). Representative photomontage of the 

pSer129 staining (k; for higher resolution image and Hoechst labeling, please download 

Fig. S9). Young primary hippocampal neurons from male or female rat pups were cultured 

with or without sex-matched primary hippocampal microglia (l-o). Neurons and neuron/glia 
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cocultures were exposed to vehicle or PFFs for 10 d. pSer129+ inclusions were expressed 

as a fraction of Hoechst+ cells (n). Average sizes of pSer129+ inclusions (o). Intervariable 

statistical interactions are shown above respective graphs. Each mouse (or each in vitro 
culture from one litter of pups) is illustrated as a colored dot on bar graphs with group 

means + SDs or on box plots with interquartile ranges. *p ≤ 0.0500, **p ≤ 0.0100, ***p ≤ 

0.0010 for indicated comparisons; two or three-way ANOVA/Bonferroni (b, d, f, h, j, n-o), 

Mann-Whitney U (c, i), unpaired t-test (a, e, g). All testing was two-tailed.
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Fig. 6. Correlations between spatial reference memory, Iba1+cells, and pSer129+inclusions.
pSer129+ inclusion morphology data from Fig. 5 were tested for correlations to assess the 

consistency of the AI/Deep Learning, or with data from the Y-maze forced alternation test 

in Fig. 2. In addition, Iba1+ cell morphology data from Fig. S10 were tested for correlations 

with pSer129+ inclusion morphology data from Fig. 5 or with data from the Y-maze forced 

alternation test in Fig. 2. Inclusion counts were positively correlated with mean grayscale 

intensity of the pSer129 label (a) and with the total area occupied by the inclusions (i.e., 
area fraction; b). Average sizes of pSer129+ inclusions were negatively correlated with mean 

grayscale intensity of the pSer129 label (c) and with inclusion counts (d). Number of novel 

arm entries were negatively correlated with inclusion counts (e), but positively correlated 

with average inclusion sizes (f). The total area occupied by Iba1+ cells (i.e., area fraction) 

was positively correlated with pSer129+ inclusion counts (g), but negatively correlated with 

the average sizes of individual pSer129+ inclusions (h). The negative correlation between 

novel arm entries and inclusion numbers was mainly attributed to male (i) and not female 

(j) mice. The area fraction of the inclusions was also negatively correlated with novel arm 

entries in male (k), but not female (l) mice. Time spent in the novel arm was correlated 

with average sizes of pSer129+ inclusions in females but not males (m-n). Hydraulic radii of 
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Iba1+ cells were negatively correlated with novel arm entries of PFF-infused male mice only 

(o-p). Note that additional correlation data are shown in Fig. S13. Each mouse is illustrated 

as a colored dot on the scatterplots. *p ≤ 0.0500, **p ≤ 0.0100, ***p ≤ 0.0010, ****p ≤ 

0.0001; Pearson correlation analyses in d-p, and Spearman correlation analyses in a-c (i.e., 
failed the Shapiro-Wilk test for normality). All testing was two-tailed.
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