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Abstract

Increased pro-inflammatory cytokine levels and proliferation of activated microglia have been 

found in Parkinson’s disease (PD) patients and animal models of PD, suggesting that targeting of 

the microglial inflammatory response may result in neuro-protection in PD. Microglial 

proliferation is regulated by many factors, but colony stimulating factor-1 receptor (CSF1R) has 

emerged as a primary factor. Using data mining techniques on existing microarray data, we found 

that mRNA expression of the CSF1R ligand, CSF-1, is increased in the brain of PD patients 

compared to controls. In two different neurotoxic mouse models of PD, acute MPTP and sub-

chronic LPS treatment, mRNA and protein levels of CSF1R and CSF-1 were significantly 

increased. Treatment with the CSF1R inhibitor GW2580 significantly attenuated MPTP-induced 

CSF1R activation and Iba1-positive cell proliferation, without a reduction of the basal Iba1-

positive population in the substantia nigra. GW2580 treatment also significantly decreased mRNA 

levels of pro-inflammatory factors, without alteration of anti-inflammatory mediators, and 

significantly attenuated the MPTP-induced loss of dopamine neurons and motor behavioral 

deficits. Importantly, these effects were observed in the absence of overt microglial depletion, 
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suggesting that targeting CSF1R signaling may be a viable neuroprotective strategy in PD that 

disrupts pro-inflammatory signaling, but maintains the beneficial effects of microglia.
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1 | INTRODUCTION

Microglia play a critical role in both the healthy and diseased brain,1,2 including pruning 

synapses, phagocytosing cell debris, and performing immune surveillance.3 Because 

microglia are the resident macrophages and primary immune cell in the brain, they rapidly 

respond to neuronal injury by proliferation and production of pro-inflammatory factors. 

Increased numbers of activated microglia are found in the nigrostriatal region in both PD 

patients and animal models of PD, along with increased inflammatory cytokines.4-7 This 

increased neuroinflammation is thought to play a critical role in the pathogenesis of PD.8,9 

Therefore, dampening the inflammatory response through attenuation of microglial 

proliferation could potentially halt or slow PD disease progression.

Signaling of colony stimulating factor-1 (CSF-1 or M-CSF) or interleukin-34 (IL-34) 

through the colony stimulating factor-1 receptor (CSF1R), also known as CD115 or the 

cFMS receptor, induces the receptor to homodimerize and auto-phosphorylate at multiples 

sites. This results in down-stream signaling to promote the survival, differentiation, and 

proliferation of mononuclear phagocytes such as microglia.10 Deficiency of Csf1r, or either 

of its cognate ligands Csf1 or IL-34, leads to a significant reduction in microglial density in 

mice.11–13 Additionally, CSF1R signaling increases production of pro-inflammatory 

cytokines in cultured human microglia14 and the overexpression of CSF1R in cultured 

mouse microglia was shown to increase pro-inflammatory cytokine production.15 Together, 

these data demonstrate that CSF1R is a pivotal regulator of both microglial proliferation and 

production of pro-inflammatory cytokines.

Various diseases including rheumatoid arthritis,16 Alzheimer’s disease (AD),17 amyotrophic 

lateral sclerosis (ALS),18 and prion disease19 show an increase in either CSF1R or its 

ligands CSF-1 and IL-34. Although CSF-1 expression is increased in various 

neurodegenerative diseases, glial fibrillary acidic protein (GFAP)-driven overexpression of 

CSF-1 in astrocytes in vivo was shown to increase microglial cell number without induction 

of a basal pro-inflammatory phenotype.20 CSF1R inhibition, using the selective 

pharmacological ATP competitive inhibitor GW2580, led to significant reduction in 

microglial proliferation, neuroinflammation, and disease pathology in AD, ALS, and prion 

disease models.17–19 However, recent data demonstrate that ablation of microglia using the 

pharmacological receptor tyrosine kinase inhibitor of CSF1R and related kinases, PLX- 

3397, led to increased neurotoxicity and behavioral deficits in an mouse model of PD using 

acute treatment with the select dopaminergic neurotoxicant (MPTP),21 indicating that 

complete removal of microglia leads to exacerbation of disease phenotype. Together, these 

studies demonstrate the complexity of the roles of CSF-1 and CSF1R in neurodegeneration 
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and raise significant questions as to the targeting of CSF1R as a potential therapeutic target 

in neurodegeneration.

To address these questions, we examined CSF1 and CSF1R expression in the substantia 

nigra (SN) and striatum in mined microarray data from control and PD subjects along with 

samples from two animal models of PD, acute MPTP and a sub-chronic lipopolysaccharide 

(LPS) administration. Our results demonstrate that CSF-1 mRNA is increased in PD patients 

and CSF1R signaling is increased in the acute MPTP and LPS models of PD. Inhibition of 

CSF1R signaling with the specific ATP-competitive CSF1R inhibitor GW2580 did not 

deplete microglia, but attenuated MPTP-induced microglial proliferation, overall 

inflammatory response, dopaminergic neurotoxicity, and behavioral effects. These results 

suggest that selective targeting of CSF1R signaling efficiently reduces microglial 

proliferation and pro-inflammatory signaling, leading to protection of dopamine neurons.

2 | MATERIALS AND METHODS

2.1 | Reagents and antibodies

HRP secondary antibodies were purchased from Bio-Rad (Hercules, CA, USA). The 

primary mouse monoclonal antibody for iNOS (Cat #: sc-7271) was obtained from Santa 

Cruz Biotechnology Inc (Santa Cruz, CA, USA). The chicken polyclonal GFAP antibody 

(Cat. #: ab4674) and the rabbit monoclonal anti-CSF1R antibody (Cat#: AB221684) were 

acquired from Abcam (Cambridge, MA, USA). The rabbit polyclonal Iba1 antibody (Cat. #: 

019–19741) was obtained from Wako (Richmond, VA). The rabbit anti-TH polyclonal 

antibody was bought from Millipore (Cat#: AB152). The Pierce BCA protein assay kit 

(Cat#: P123225) and the mouse anti-Ki-67 antibody (Cat#: 550 609) were purchased from 

Fisher Scientific. MPTP (Cat #: M0896–100MG) and all other reagents were obtained from 

Sigma-Aldrich (St. Louis, MO, USA), unless otherwise indicated.

2.2 | Animal care and treatment paradigms

Ten to twelve-week-old C57BL/6J male mice were obtained from Jackson Laboratories. For 

the acute MPTP treatment, mice were randomly assigned and injected intraperitoneally (i.p.) 

every 2 hours for a total of 4 doses of 12 mg/kg MPTP in 100 μL PBS. Mice were sacrificed 

2 or 7 days after the last treatment. For the repeated dose LPS model, 100 μL of LPS (from 

Salmonella abortus equi S-form, Enzo Life Sciences, Farmingdale, NY, USA; cat #: 

ALX-581–009-L001) at a dose of 1 mg/kg in 100 μL PBS was administered i.p. once a day 

for 4 consecutive days.22 Animals were sacrificed at 1 day or weeks after the last dose of 

LPS. Animal handling and experiments were performed in accordance with the NIH Guide 

for the Care and Use of Laboratory Animals and approved by the animal care committee of 

Rutgers Robert Wood Johnson Medical School and Northeast Ohio Medical University.

2.3 | Data mining of CSF1R, CSF-1, and IL- 34 gene expression in human tissue

Human gene expression data for CSF1R, CSF-1, and IL-34 were obtained from the NCBI 

gene expression omnibus (GEO), which is a public repository of gene expression profiles 

from high-throughput microarray experiments that has the option to data mine for specific 

genes of interest.23 Data were mined from two studies that collected the SN of PD patients 

Neal et al. Page 3

FASEB J. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(total n = 22 males and 9 females) along with age-matched controls (total n = 10 males and 7 

females), using the Affymetrix gene chip microarray.24–26 The GEO accession numbers for 

the referenced studies are GDS2821 and GDS3128. The gene expression results in GEO are 

expressed as arbitrary units in the GEO due to different preparations of samples and 

different analyses but correlate to levels of gene expression. To allow examination of relative 

expression for these genes between the two different datasets, the expression values were 

normalized to controls and analyzed by Welch’s t-test to account for the different sample 

numbers and variances.

2.4 | Quantitative PCR

RT-PCR was performed using an all-in-one cDNA synthesis kit (Bimake, Houston, TX, 

USA; cat #: B24408) to convert RNA into cDNA. Expression levels were determined using 

real-time PCR with Bimake RT2 SYBR Green master mix (Cat #: B21203) and previously 

published primer sets that were checked with NCBI BLAST17,27 (Supplemental Table 1). 

For normalization of each sample, the mouse genes Gapdh or Rpl13a were used as 

housekeeping genes. Empirically derived amounts of template were used to achieve 

maximum efficiency of the PCR reaction without enzyme inhibition. Dissociation curves 

and melting curves were run according to manufacturer’s guidelines to ensure that single 

amplicon peaks were obtained without any non-specific amplification. The ΔΔCt method was 

used to report the results as fold change using the threshold cycle (Ct) value for the 

housekeeping gene and for the respective gene of interest in each sample.

2.5 | Western blotting

Striatal tissue was homogenized, lysed by sonication, and run for western blotting as 

previously described.22 Briefly, mouse striatum samples were homogenized using a 

handheld tissue grinder then sonicated using a microtip for 4–6 seconds. Cell debris was 

pelleted and removed, then samples were centrifuged for 45 minutes at 14 000 rpm to obtain 

the protein pellet. The supernatant was removed and retained, and protein was measured 

using a BCA kit. Equal amounts of protein were loaded for each sample onto precast 

gradient gels (Bio-Rad). Proteins were transferred to PVDF membranes using the iBlot2 

semi-wet transfer instrument. Blots were blocked with 5% non-fat milk for 1 hour, then 

incubated in primary antibody overnight at 4°C. After washing the blot with Tris-buffered 

saline with Tween-20 (TBST), blots were incubated with HRP-conjugated secondary 

antibody for 1 hour in 5% milk. After washing with TBST, followed by deionized pure 

water, SuperSignal West Dura extended duration substrate (Thermo Fisher cat#: 34076) was 

added to the blot for 2 minutes, then imaged using the Protein Simple FluoChem E imaging 

system (Protein Simple; San Jose, CA, USA). Quantification of the protein bands was 

performed in ImageJ software and represented as percent control.

2.6 | Immunohistochemistry and unbiased stereology

Immunohistochemistry was performed as previously described.27 Briefly, MPTP and LPS 

posttreatment brains were drop-fixed in 4% paraformaldehyde for 7 days. After 7 days, 

brains were washed with PBS, and placed into a 30% sucrose solution for at least 24 hours. 

The brains were then flash frozen with crushed dry ice and were sectioned at 40μm on a 

Thermo scientific Microm HM 450 sliding microtome with dry ice, and the sections were 
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placed into Cryosolution (30% sucrose, ethylene glycol, and PBS). Sections were washed 

with PBS and permeabilized with blocking buffer (2% bovine serum albumin (BSA), 0.1% 

Triton X-100, and Tween) for 1 hour at room temperature. Antibodies directed to the protein 

of interest were incubated with the sections overnight at 4°C in 2% BSA. The sections were 

probed with Alexa Fluor dye-conjugated goat secondary antibodies (1:1500) for 1 hour at 

room temperature. After washing with PBS, sections were mounted on slides using the 

Molecular Probes ProLong GOLD anti-fade mounting medium containing DAPI stain 

according to the manufacturer’s instructions. Sections were imaged using the Leica TCS 

SPE confocal microscope.

DAB immunostaining was performed as previously described.28 Briefly, endogenous 

peroxidases were quenched in 40 μm sections by 75% methanol and 2.5% H2O2 and 

sections were blocked (4% normal serum, 0.6% Triton X-100, and 5% BSA in 1×-PBS) and 

incubated with either rabbit anti-TH polyclonal antibody at 1:1000, rabbit anti-Iba1 antibody 

at 1:800, or chicken anti-GFAP antibody at 1:1000 for 24 hours at 4°C. The sections were 

then incubated with the biotinylated secondary antibody of goat anti-rabbit, or goat anti-

chicken (Vector laboratory, Burlingame, CA, USA) for 1 hour at a 1:500 dilution followed 

by avidin-peroxidase complex. DAB substrate was used as the chromogen. Nissl staining 

was performed on neighboring sections with 0.5% cresyl violet according to our previous 

studies.28

Unbiased stereological counting was performed on a series of sections throughout the 

substantia nigra pars compacta (SNpc), choosing every 4th section throughout the nigra for a 

total of 8 sections. Cell counting was performed on the Leica DM 2500 LED microscope 

and Microbrightfield Stereo Investigator software (MBF Bioscience, Williston, VT, USA). 

TH-positive and Nissl-positive cell counts were performed on both hemispheres for each 

section. Borders of the SNpc were determined using a 5× objective and then cells were 

counted at 40× magnification. The SRS grid of 100 μm × 100 μm and a counting frame of 70 

μm × 70 μm with a dissector height of 10 μm and 2 μm guard zones on either side were 

chosen. The coefficient error for all the animals counted was below 0.1 and a minimum of 

300 markers were counted within 25–50 framing sites for each animal.

Quantification of CSF1R and iNOS immunofluorescence, along with Iba1-positive, GFAP-

positive, and Ki-67-positive cell counts was performed using ImageJ analysis software. Cell 

counts were obtained from at least three fields for each section and three different sections 

for each treatment. At least three animals were analyzed for each treatment. Image 

quantifications were conducted without altering brightness or contrast. Representative 

images were treated equally for brightness and contrast alterations in ImageJ to increase 

immunoreactivity visualization.

2.7 | Motor behavioral analyses

Motor performance and coordination were determined by the challenging beam traversal 

task and performed as previously described.29–31 Briefly, the beam consists of four sections 

(25 cm each, 1 m total length) with each section having a different width. The beam width 

begins at 3.5 cm and gradually narrows to 0.5 cm by 1 cm increments. Animals were trained 

to traverse the length of the beam starting at its widest section and ending at the narrowest 
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section. Mice received 2 days of training prior to testing; on the day of the test, a mesh grid 

(1 cm squares) of corresponding width was placed over the beam surface leaving an 

approximate 1 cm space between the grid and the beam surface. Animals were then recorded 

while traversing the grid-surfaced beam for five trials. Videos were viewed and rated on slow 

motion by an experimenter blind to treatment. Beam measurements included time to 

traverse, number of steps made by each animal, and stepping errors. Each mouse was scored 

using the mean of the five separate trials.

A small transparent cylinder (height, 15.5 cm, diameter, 12.7 cm) was used to measure 

spontaneous movement.29–31 The cylinder was placed on a piece of glass with a mirror 

positioned at an angle beneath the glass to allow a clear view of movements along the 

ground and walls of the cylinder. Animals were recorded for three minutes and videos were 

viewed and rated in slow motion by an experimenter blind to treatment. The number of 

rears, forelimb, and hindlimb steps was measured.

2.8 | Data analysis

Data analyses were performed using the Prism 5.0 software package (GraphPad Software, 

San Diego, CA, USA). The data were first analyzed using a one-way ANOVA and then 

Tukey’s posthoc test was performed to compare all treatment groups. Student’s t-test was 

used when two groups were being compared, with the exception of the human gene 

expression data that were analyzed by Welch’s t-test. All assays and tests were performed 

with 2–3 independent experimental repeats.

3 | RESULTS

3.1 | Levels of CSF1R and its cognate ligands CSF-1 and IL-34 in postmortem PD patients

Recently, increased CSF1R and CSF-1 mRNA levels were found in the brain of AD 

patients14,17 We hypothesized that CSF1R and its cognate ligands would similarly be 

increased in the brain of PD patients compared to age-matched controls. Using data from the 

gene expression omnibus at NCBI consisting of two different microarray studies of PD (n = 

22 males and 9 females) and control brains (n = 10 males and 7 females),25,26,32 we 

examined gene expression data of CSF1R and its cognate ligands, CSF1 and IL-34. CSF1R 
expression was increased by 15% in PD patients compared to control, but this increase was 

not statistically significant (P = .18; Figure 1A). However, gene expression of CSF-1 was 

significantly increased by 26% in PD patients compared to control (P = .033, Figure 1B). 

The gene expression of the other cognate ligand for CSF1R, IL-34, was not different 

between the PD patients and control samples (P = .997, Figure 1C). These results indicate 

that CSF1R signaling, via increased levels of the CSF-1 ligand, may be present in PD 

patients, even in later stages of the disease, similar to that found in Alzheimer’s disease 

postmortem patients.14,17

3.2 | Gene expression of CSF1R and its cognate ligands are induced in the striatum 
following LPS or MPTP treatment

We next examined CSF1R, CSF-1, and IL-34 levels in neurotoxic animal models of PD. 

Because CSF1R signaling is involved in microglial proliferation and inflammatory response, 
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we chose a common animal model of inflammation, using treatment with the potent 

inflammogen lipopolysaccharide (LPS; Salmonella abortus equi S-form), which induces 

neuroinflammation and dopaminergic neurodegeneration.33,34 Our laboratory has previously 

characterized the microglial inflammatory response time course using this paradigm, and 

found the highest levels of pro-inflammatory factors 1 day after the last LPS injection, and 

by two weeks after the last LPS injection, the inflammatory response has returned to normal 

levels.22 Here, striatal Csf1r mRNA was significantly increased by fourfold over saline-

treated animals (Figure 1D) 1 day after the last LPS injection. Similarly, mRNA levels of 

both Csf-1 and Il-34 were significantly increased over saline-treated animals following the 

last LPS injection, with a three-fold and two-fold higher expression levels, respectively 

(Figure 1D). Two weeks following the last injection of LPS, which is a time point that has 

demonstrated significant neurodegeneration and reduced inflammatory status,22 the mRNA 

levels for Csf1r, Csf-1, and Il-34 returned to near control levels.

In the acute MPTP model (four injections of 12 mg/kg once every 2 hours), Csf1r mRNA 

levels were increased by almost threefold over the saline 2 days following treatment (Figure 

1E). Csf-1 gene expression was also increased over twofold higher than saline-treated 

animals at this time point (Figure 1E). However, Il-34 mRNA levels did not change 

following MPTP treatment (Figure 1E). Expression of Csf1r, Csf-1, and Il-34 returned to 

control levels 7 days following MPTP treatment, which corresponds to the time point of 

significant neurotoxicity and reduced inflammatory status.22,35 Taken together, these data 

indicate that mRNA levels of Csf1r and its cognate ligands are induced at early time points 

during peak inflammatory response in both LPS and MPTP animal models of PD.

3.3 | CSF1R and CSF-1 protein levels are increased in the nigrostriatal regions following 
neurotoxicant treatment

To verify the gene expression results post LPS treatment, we examined the protein level of 

CSF1R in both the striatum and SN, one day after the last LPS injection. Western blot 

analysis of striatal CSF1R protein levels followed the same trend as the mRNA results, with 

CSF1R levels significantly increased by over 250% in the striatum following LPS treatment 

compared to saline-treated animals (Figure 2A). Similarly, immunofluorescence of CSF1R 

in the SN was visibly increased after injection of LPS (Figure 2B).

Next, we examined the protein level of CSF1R 2 days following acute MPTP treatment 

using western blotting in the striatum and using immunofluorescence in the SN to verify the 

gene expression results. Similar to the mRNA results found by qPCR, CSF1R protein levels 

in the striatum were significantly higher, with an average of 200% increase compared to 

saline-treated animals (Figure 2C). Acute MPTP treatment visibly induced CSF1R 

immunofluorescence over saline-treated animals in the SN 2 days after MPTP injection 

(Figure 2D). Because neurons can also express CSF1R,36 immunofluorescent microscopy 

was used to examine the cell-type-specific increase in CSF1R. Following either LPS or 

MPTP treatment, CSF1R protein levels were increased in Iba1-positive cells of the SN 

(Figure 2B,D), with very little expression and upregulation of CSF1R in TH-positive 

neurons (Supplemental Figure 1).
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Because we found that CSF-1 gene expression is increased in PD patients compared to age-

matched controls and in both the MPTP and LPS neurotoxicant animal models of PD, we 

wanted to investigate whether the CSF-1 protein was also increased in the SN following 

MPTP treatment. CSF-1 protein levels were significantly increased in the striatum 2 days 

after MPTP treatment (Figure 2E), and visibly increased in the SN (Figure 2F). However, the 

majority of CSF-1 immunofluorescence did not colocalize with Iba1-positive cells (Figure 

2F).

3.4 | Pharmacological inhibition of CSF1R attenuates MPTP-induced microglial 
proliferation

Targeting of CSF1R by pharmacological agents has led to mixed results, with PLX-3397 

leading to ablation of microglia and enhancement of MPTP-induced neurotoxicity,21 while 

the selective pharmacological ATP competitive inhibitor GW2580 was shown to not ablate 

microglia and decrease neurotoxicity in animal models of AD, ALS, and prion disease.17–19 

Here, we administered GW2580 by oral gavage (80 mg/kg) 2 hours after the final MPTP 

injection and every 12 hours thereafter until the animals were sacrificed 2 days later (Figure 

3A). GW2580 was given 2 hours after the last MPTP injection to avoid any interactions 

between the two drugs, because peak levels of MPP+ levels from metabolized MPTP occur 

within 2 hours.37

To determine whether GW2580 would inhibit MPTP-induced activation of CSF1R and 

subsequent microglial proliferation, we assessed phosphorylated CSF1R (pCSF1R) in Iba1-

positive cells in the SN. After ligand binding, CSF1R auto-phosphorylates itself at multiple 

sites, one of which is tyrosine 271 (Y271) in mice, leading to downstream signaling 

pathways such as PI3K and AKT.38 MPTP treatment increased pCSF1R levels, and 

GW2580 treatment abolished this increase. Immunofluorescent images demonstrate that 

GW2580 treatment alone visibly decreased the levels of Y271 compared to saline (Figure 

3B) and led to a 12% reduction in basal Iba1-positive cell (Figure 3E), but this was not a 

statistically significant decrease. A reduction of the basal number of microglia from 

GW2580 alone is expected due to the inhibition of basal microglial proliferation, but this 

dose and treatment paradigm of GW2580 does not appear to ablate microglia.

To further assess the effects of MPTP and GW2580 on the resident microglial population, 

we determined gene expression of the macrophage and microglial marker Iba1 (gene name 

Aif1), along with counting the number of Iba1-positive cells in the SN. Acute MPTP 

treatment significantly induced Aif1 mRNA levels in the striatum compared to saline-treated 

animals (Figure 3C). Similarly, DAB immunostaining in the SN for Iba1 revealed that the 

acute MPTP treatment induced a significant ~ twofold increase in total number of Iba1-

positive cells compared to saline-treated animals. The increase in Iba1-positive cell numbers 

was almost completely abolished with GW2580 (Figure 3D). GW2580 treatment did not 

result in ablation of the existing microglial population, with Iba1 gene expression and Iba1-

positive counts at the same level as that of saline-treated animals. Further, the Iba1-positive 

cells in animals treated with MPTP and GW2580 exhibited hypertrophy and thickened 

processes, which are indicative of an activated state, and demonstrate that these microglia 

can respond to a stimulus. To confirm that GW2580 prevented microglial proliferation, we 
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probed sections with an antibody to the proliferation marker Ki-67 and co-labeled with Iba1. 

MPTP significantly increased the number of Iba1-positive cells labeled with Ki-67 and 

GW2580 treatment almost completely abolished this increase (Figure 3E,F). The Iba1 

immunofluorescence confirmed our prior result that GW2580 did not ablate the basal 

microglial population, although there was around 12% reduction in the number of Ki-67-

positive cells also positive for Iba1 following GW2580 treatment (Figure 3F,G). These 

results show that GW2580 attenuates the MPTP-induced microglial proliferation, while not 

ablating the basal microglial population.

3.5 | Pharmacological inhibition of CSF1R attenuates MPTP-induced neuroinflammation 
without altering astrocyte reactivity

Olmos-Alonso et al found that GW280 reduced expression of both CSF1R and CSF-1 in the 

brains of transgenic mouse models of Alzheimer’s disease.17 To assess whether GW2580 

treatment alters the levels of CSF1R, CSF-1, or IL-34, we utilized qPCR to examine mRNA 

expression levels of Csf1r, Csf1, and Il-34 in the mouse striatum following GW2580 

treatment with or without MPTP exposure. Similar to results from Figure 2, we found that 

MPTP treatment significantly increased CSF1R mRNA levels and increased CSF-1, with no 

change in IL-34 levels (Figure 4A). GW2580 significantly reduced the levels of Csf1r 

mRNA following MPTP treatment, indicating that inhibiting CSF1R signaling either reduces 

CSF1R gene expression or results from a reduced population of microglia. There were no 

statistically significant differences with GW2580 for Csf1 or Il34, however, there was a 

trend for reduced expression for both factors.

To determine whether the attenuation of microglial proliferation leads to significant 

reduction in the MPTP-induced neuroinflammation, we assessed several markers of pro-

inflammatory and anti-inflammatory microglia. MPTP treatment significantly increased the 

gene expression of the pro-inflammatory factors Nos2, Gp91phox, Il-6, and Il-1b in the 

mouse striatum 2 days following the MPTP treatment (Figure 4A). GW2580 treatment in the 

MPTP mice resulted in decreased Il-1b (Figure 4A) and a significant decrease in the gene 

expression of Nos2, Gp91phox, and Il-6 (Figure 4A). In contrast, MPTP treatment did not 

increase any of the measured anti-inflammatory genes Arginase-1, Ym1, Nrf2, and Mrc1, 

but reduced gene expression of several of these, but only Mrc1 was significant expression 

(Figure 4B). GW2580 treatment alone or following MPTP injections did not reduce 

expression of the M2 genes, and significantly attenuated MPTP-reduced Mrc1 expression.

A recent study demonstrated that ablation of microglia using the CSF1R and related kinase 

inhibitor PLX3397 led to increased astrocyte reactivity and inflammatory response, but did 

not increase the total number of astrocytes.21 Therefore, we investigated whether GFAP-

positive astrocytes were altered following GW2580 treatment with or without MPTP. 

GW2580 did not alter the basal number of GFAP-positive cells following MPTP and 

GW2580 treatment (Figure 5A,B). To further confirm that GW2580 treatment does not 

increase astrocyte reactivity or the astrocyte inflammatory response, we utilized 

immunohistochemistry to visualize iNOS protein levels in GFAP-positive cells of the SN 

(Figure 5C). MPTP treatment visibly increased the iNOS protein level in GFAP-positive 

cells compared to saline-treated animals, but GW2580 did not lead to a visible change in 

Neal et al. Page 9

FASEB J. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



iNOS protein level with or without MPTP treatment. These data indicate that inhibition of 

microglial proliferation by GW2580 did not have a significant effect on the basal astrocyte 

population or exacerbate the astrocyte inflammatory response following MPTP treatment.

3.6 | Pharmacological inhibition of CSF1R attenuates MPTP-induced dopaminergic 
neurodegeneration and behavioral deficits

The major pathological characteristic of PD is the loss of dopaminergic neurons in the SN 

region of the brain, and the acute MPTP model has been well characterized to induce 

dopaminergic neurotoxicity.39 The same MPTP and GW2580 paradigm was used and mice 

were sacrificed 7 days following the MPTP injections (Figure 6A). To measure 

dopaminergic neurotoxicity, we used TH DAB immunostaining (Figure 6B) and Nissl 

staining followed by unbiased stereology to count the total TH-positive and Nissl-positive 

neurons in the SN. Acute MPTP treatment significantly reduced the number of TH-positive 

neurons to 60% of control (Figure 6C) and Nissl-positive neurons to 61% (Figure 6D). 

GW2580 treatment significantly attenuated the loss of both TH+ and Nissl+ neurons, with 

18% and 17% loss compared to control, respectively (Figure 6C,D).

Several behavioral tests were used to determine whether the attenuation of MPTP-induced 

neurotoxicity by GW2580 treatment led to protection from behavioral deficits. First, mice 

were tested on the challenging beam, a raised beam that reduces in width as it gets closer to 

the platform.29–31 On the challenging beam, mice are tested for the time it takes to cross the 

beam and how many errors were committed while crossing. MPTP treatment did not change 

the number of errors made by the mice as they crossed (data not shown), but it did 

significantly increase the amount of time it took for the mice to traverse the beam and the 

average time per step (Figure 6E,F). In MPTP-treated mice, GW2580 treatment significantly 

attenuated the increase in time taken to traverse the beam and average time per step (Figure 

6E,F). Next, we measured the number of animal rears, along with the number of forelimb 

and hindlimb steps by imaging the mice from under a glass cylinder. MPTP treatment did 

not affect the number of forelimb steps (Figure 6G, left panel); however, there was a 

significant reduction in the number of rears and hindlimb steps in the MPTP-treated animals 

compared to the controls (Figure 6G, right panel). Treatment with GW2580 significantly 

attenuated the MPTP-induced reduction in hindlimb steps (Figure 6G) and number of rears 

(Figure 6H). Taken together, these data demonstrate that GW2580 inhibition of microglial 

proliferation, while not inducing ablation, can protect against MPTP-induced neurotoxicity 

and motor deficits.

3.7 | Discussion

Microglial proliferation, activation, and inflammatory response are thought to play a crucial 

role in the pathogenesis of PD.4–7 Several studies show that activation of the CSF1R 

receptor is responsible for the increased microglial proliferation in AD, prion disease, and 

ALS.17–19 Here, we provide novel evidence that CSF1R signaling may likewise contribute 

to microglial proliferation and neuroinflammation in PD, as evidenced by increased levels of 

the ligand CSF-1 in postmortem PD patients, along with increased mRNA and protein levels 

of CSF1R, CSF-1, and IL-34 in animal models of PD. Treatment with GW2580, an orally 

bioavailable selective CSF1R inhibitor, inhibited increased microglial proliferation without 

Neal et al. Page 10

FASEB J. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ablation of microglia, and attenuated the MPTP-induced neuroinflammatory response, 

dopaminergic neurotoxicity, and behavioral deficits. These results support the notion that the 

inflammatory response and microglial proliferation are key mediators of dopaminergic 

neurotoxicity in PD.

Although an increased number of activated microglia has been observed in PD patients and 

animal models of PD,40–43 this is the first study to investigate the levels of CSF1R and its 

cognate ligands, which are key mediators of microglial proliferation, in the brain of PD 

patients and two neurotoxic animal models of PD. We started our investigation of CSF1R, 

CSF-1, and IL-34 by data mining the NCBI GEO, which is a free repository of curated gene 

expression results. We found that samples from PD patients had higher gene expression of 

CSF1R and significantly higher CSF-1 gene expression compared to age-matched controls, 

whereas IL-34 was not different between the groups (Figure 1). The lack of a significant 

increase of CSF1R in the postmortem PD patients could be due to the role of CSF1R in the 

early inflammatory response of microglia with the mRNA levels potentially peaking earlier 

in the disease. We tested this hypothesis by utilizing an LPS inflammation model and an 

acute MPTP neurotoxicity model. The increased mRNA and protein levels of CSF1R and 

CSF-1 in both PD animal models corresponded to the time points of peak inflammatory 

response,22,35 and returned to control levels at later timepoints. In general, our data 

correspond to those found in the brain of postmortem AD patients, with CSF1R and CSF-1 

levels increased.14 IL-34 gene expression was significantly increased with LPS treatment, 

but not with MPTP treatment, indicating a differential regulation of the two ligands. CSF-1 

and IL-34 both bind to CSF1R and are both expressed in the brain, but the cell signaling 

events differ between the two ligands.44,45 We observed increased CSF-1 mRNA levels in 

the brains of PD patients compared to age-matched controls (Figure 1B), whereas we found 

no difference in IL-34 mRNA levels (Figure 1C). Further, CSF-1 gene expression and 

protein levels were increased in the SN in animal models of PD, suggesting that CSF-1 is the 

pre-dominant factor in PD. However, the cells producing the increased CSF-1 are still 

unknown in these models of PD and could be from microglia, astrocytes, and neurons.46–48 

Similar to results found by Olmos-Alonso et al,17 GW2580 treatment in this study caused a 

significant reduction in CSF1R. Therefore, future studies using GW2580 could examine the 

cell-type-specific expression of CSF-1 in PD models.

Regulation of microglial proliferation and the potential of microglial ablation to slow or stop 

the progression of neurodegeneration has recently become an active area of study, utilizing 

various CSF1R inhibitors to study the role of either microglial proliferation or complete 

microglial ablation in models of neurodegenerative diseases. PLX-3397 is a commonly used 

pharmacological inhibitor that completely ablates microglia or macrophage populations, 

which is accomplished by inhibiting CSF1R along with other kinases in the same family, 

including c-kit, PDGFRβ, and FTL3.49 Class III receptor tyrosine kinases, which includes 

CSF1R, c-kit, PDGFRβ, and FLT3, all regulate cell survival through downstream pathways 

such as PI3K and Akt. Inhibition of CSF1R individually would still allow the other class III 

receptors to promote survival, but inhibition of multiple or all of these receptor kinases using 

a pharmaceutical inhibitor such as PLX-3397 leads to ablation of macrophages and 

microglia.21,50,51 Recent research found that complete ablation of microglia in the brain 

using PLX-3397 exacerbated MPTP-induced neuroinflammation, neurotoxicity, and 
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behavioral effects.21 These results demonstrate that complete removal of the basal microglial 

population could lead to detrimental effects. Here, we utilized GW2580, which has a much 

higher affinity for CSF1R and prevents its activation without inhibition of related kinases or 

result in ablation of the macrophage or microglial population.17–19 GW2580 completely 

blocked the MPTP-induced gene expression of Iba1 in the mouse striatum, along with 

significant reduction of Iba1+ and Ki-67+/ Iba1+ cells in the SN (Figure 4). This was 

accompanied by reduced levels of phosphorylated CSF1R, without a significant reduction of 

the basal microglial population, indicating that GW2580 primarily blocks the activation of 

CSF1R. The discrepancies among the different inhibitors are likely related to the dose and 

treatment duration. For instance, BLZ945 is highly specific for CSF1R with an IC50 about 

1nM, but can also inhibit c-kit (3.2μM) and PDGFR-β (4.8μM) at higher concentrations.52 

Similarly, GW2580 has an IC50 for CSF1R around 10 nM,53 but can also inhibit TRKA 

around 88 nM.54 Therefore, activity for related kinases along with dose of CSF1R inhibitors 

appears to be an important factor in determining significant off-target or enhanced target-

mediated effects and could explain variation in experimental results between studies. Future 

studies could investigate the comparison between GW2580 and PLX-3397 in various animal 

models of PD and other neurodegenerative diseases to investigate the impact of microglial 

ablation vs CSF1R inhibition without microglial ablation.

Reducing the inflammatory response is protective in animal models of PD.55,56 We found 

that treatment with GW2580 significantly attenuated the MPTP-induced striatal tissue 

mRNA levels of the pro-inflammatory factors Nos2, Gp91phox, Il-6, and Il-1b. Although the 

reduced tissue inflammatory response is most likely attributable to attenuation of MPTP-

induced microglial proliferation, which is evident from the reduction in Ki-67+/Iba1+ cells, 

CSF1R inhibition may also directly mitigate pro-inflammatory cell signaling. Some 

evidence indicates that CSF1R inhibition reduces expression of pro-inflammatory factors 

along with inhibiting proliferation.16–18 Walker et al found that cultured human microglia 

stimulated with CSF-1 or IL-34 resulted in increased gene expression of pro-inflammatory 

cytokines such as IL-1b, TNFa, and IL-6 along with pro-inflammatory signaling factors such 

as STAT1.14 Therefore, CSF1R inhibition may reduce microglial inflammatory response 

even after proliferation has occurred through dampening production of inflammatory factors 

such as IL-1β, TNFα, and IL-6. One study found that inhibiting mitotic cell division using 

AraC given by osmotic pump directly into the brain significantly attenuated microglial 

proliferation following prion exposure, but also led to an increased inflammatory profile in 

the microglia.19 These studies provide evidence that CSF1R inhibition could be through 

reducing both the microglial proliferation and the inflammatory response of these cells in 

PD models. Further, in this study, we found that Iba1+ cells in the MPTP + GW2580 group 

exhibited hypertrophy, or enlarged cell bodies, and thickened processes, which indicate 

some degree of microglial activation. Therefore, the microglial population following 

GW2580 treatment still demonstrates the ability to become activated to a neurotoxic 

stimulus, but potentially to a lesser extent.

Complete ablation of microglia using PLX-3397 in an MPTP mouse model led to 

exacerbated astrocyte reactivity,21 which indicates that a basal microglial population is 

necessary to limit astrocyte reactivity. In our study, we found that GW2580 treatment 

significantly attenuated MPTP-induced overall striatal inflammatory factor gene expression 
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and did not alter the astrocyte population with or without MPTP treatment (Figure 4C-E). 

Similarly, we went on to demonstrate that GW2580 did not alter the basal iNOS protein 

level in GFAP-positive cells of the SN or following MPTP treatment. Reactive astrocytes 

can exacerbate neurotoxicity and can propagate the immune response by inducing 

infiltration of peripheral immune cells,57 therefore it is important that CSF1R inhibition with 

GW2580 did not increase astrocyte reactivity with or without MPTP treatment. Further, the 

attenuated Nos2 mRNA levels from Figure 4B would most likely arise from the reduced 

microglial proliferation following MPTP, since astrocyte iNOS levels were not significantly 

different in the MPTP + GW2580 treatment group. Although we cannot rule out the role of 

infiltrating peripheral monocytes or neutrophils in this study, a previous group found that 

peripheral macrophage infiltration does not influence neurotoxicity in the acute MPTP 

model.58

We found significant loss of the TH+ and Nissl+ neurons in the SN of mice treated with 

acute MPTP (Figure 6C,D), demonstrating neuronal cell death and not loss of TH 

expression.28 Further, mice treated with MPTP exhibited significant motor deficits compared 

to saline-treated mice. GW2580 treatment significantly abolished the MPTP-induced loss of 

both the TH+ and Nissl+ cells, along with partially rescuing MPTP-induced deficits in 

traversing a challenging beam and in spontaneous movements (Figure 6E–H). This is 

concurrent with literature demonstrating beneficial results with GW2580 treatment in animal 

models of AD, prion disease, and ALS.17–19 The neuroprotection is most likely through the 

reduction of microglial proliferation and inflammatory response; however, CSF1R has also 

been found in neurons. In fact, one study found that direct CSF-1 or IL-34 signaling through 

CSF1R is neuroprotective in both the hippocampus and cortex.36 Here, we found that 

increased CSF1R levels were almost exclusively found in microglia, similar to findings in 

the spinal cord of an ALS mouse model.18 Together, these data demonstrate that 

neuroprotection by GW2580 inhibition of CSF1R signaling is likely mediated through 

microglia.

Studies investigating CSF1R signaling in neurodegeneration have produced mixed results, 

revealing that this is a complex signaling mechanism in neurodegenerative diseases. More 

studies are needed to determine the potential systemic effect, including overall immune 

system function, of using a CSF1R inhibitor such as GW2580, including chronic animal 

models of PD such as synuclein mutation or overexpression. Especially since two studies 

have found that CSF1R inhibition could specifically limit M2 macrophage numbers in 

systemic tissues.59,60 However, several pharmacological inhibitors to CSF1R or related 

kinases have been tested in clinical trials and overt immune system dysfunction was not 

found.61 Similarly, another study found that giving GW2580 for 14 days did not reduce the 

number of peripheral blood monocytes.53 This study, along with previous studies that 

demonstrate the potential for targeted and mechanism-specific CSF1R inhibition in 

protecting against neurodegenerative diseases, human cancers, and rheumatoid arthritis, 

reveals the need to evaluate GW2580 or other selective CSF1R inhibitors as potential 

disease-modifying treatments in PD.
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FIGURE 1. 
Gene expression of CSF1R and its cognate ligands in the brain of PD patients and animal 

models of PD. Human gene expression of CSF1R (A), and CSF-1 (B) were both increased in 

the SN of PD patients (n = 22 males and 9 females) compared to age-matched controls (n = 

10 males and 7 females), whereas IL-34 gene expression showed no difference (C). GEO 

numbers were normalized to 1 to generate relative expression values and allow comparison 

between datasets. D, Mice received LPS treatment (1 mg/kg) once daily for 4 days and 

sacrificed 1 or 14 days after the last injection. Quantitative PCR measurement of Csf1r, 
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Csf-1, and Il-34 mRNA expression levels in the striatum of LPS-treated mice. E, Mice were 

treated with an acute MPTP paradigm and sacrificed 2 days or 7 days following the MPTP 

injections. Quantitative PCR measurements of Csf1r, Csf-1, and Il-34 mRNA expression 

levels in the striatum of MPTP-treated mice. Data are represented as mean ± SEM, *P < .05, 

**P < .01, ns = not statistically significant P > .05
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FIGURE 2. 
CSF1R and CSF-1 protein levels are increased in the nigrostriatal pathway following 

neurotoxicant treatment. A and B, Increased protein level of CSF1R in the mouse striatum 

was treated with LPS by western blotting (A) and SN by immunofluorescent microscopy (B) 

(20× magnification, scale bar 50 μm). C and D, Increased protein level of CSF1R in the 

mouse striatum was treated with MPTP by western blotting (C) and SN by 

immunofluorescent microscopy (D) (20× magnification, scale bar 50 μm). E and F, 

Increased protein level of CSF-1 in the mouse striatum was treated with MPTP by western 
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blotting (E) and representative immunofluorescent microscopy images (F; 10× 

magnification, scale bar 40 μm) for CSF-1 (green) levels and Iba1-positive (red) cells of the 

SN following either saline or MPTP treatment. All data are presented as means ± SEM; n = 

2–4 mice per group; *P < .05, **P < .01 and ***P < .001
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FIGURE 3. 
Pharmacological inhibition of CSF1R with GW2580 attenuates MPTP-induced microglial 

proliferation without ablation of the basal microglia population. A, To measure 

neuroinflammation, animals were sacrificed 2 days after acute MPTP treatment. B, 

Representative immunofluorescent images of phosphorylated CSF1R (Y721) in green and 

Iba1 in red following MPTP and GW2580 treatment (scale bar, 40 μm). C, Gene expression 

of Aif1 measured in the mouse striatum. D, DAB immunostaining of Iba1-positive cells in 

the SN following MPTP and GW2580 treatments (4.2× images, top panel; scale bar, 40 μm), 
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along with 40× magnification images for cellular morphology (bottom panel, scale bar 10 

μm). E, Quantification of Iba1- positive cell numbers per section in the SN after MPTP and 

GW2580 treatments. F, Immunofluorescent staining of the SN for the cell proliferation 

marker Ki-67 (green) in Iba-1 positive (red) cells (10× magnification, scale bar 40 μm) with 

higher magnification (40× magnification, scale bar 25 μm) images including DAPI nuclear 

stain (blue). G, Total counts of Iba1-positive cells that were also positive for Ki-67 per 

section in the SN. All data are represented as mean ± SEM; n = 3–4 mice per group; *P 
< .05, **P < .01, ***P < .001, ns = not statistically significant P > .05
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FIGURE 4. 
GW2580 attenuates MPTP-induced tissue inflammatory response without reducing anti-

inflammatory mRNA levels. A, Gene expression analysis of Csf1r, Csf1, and Il-34 in the 

striatum 2 days following MPTP and GW2580 treatment. B, Gene expression analysis of the 

pro-inflammatory factors Nos2, gp91phox, Il-6, and Il-1b in the striatum 2 days following 

MPTP and GW2580 treatment. C, Gene expression analysis of the anti-inflammatory factors 

Arginase-1, Ym1, Nrf2, and Mrc1 in the striatum 2 days following MPTP and GW2580 

treatment. All data are represented as mean ± SEM; n = 3–4 animals per group; *P < .05, 

**P < .01, ns = not statistically significant
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FIGURE 5. 
Pharmacological inhibition of CSF1R with GW2580 does not alter astrocyte reactivity. A 

and B, Representative DAB immunostaining images (20× magnification, scale bar 40 μm) 

for GFAP-positive cells (A) and total GFAP-positive cell counts (B) in the SN after MPTP 

and GW2580 treatment. C, Representative immunofluorescent images (40× magnification, 

scale bar 25 μm) for iNOS (green) in GFAP-positive cells (red) with DAPI stained nucleus 

(blue). All data are represented as mean ± SEM; n = 3–4 animals per group; ***P < .001, ns 

= not statistically significant
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FIGURE 6. 
GW2580 treatment improves MPTP-induced dopaminergic neurotoxicity and motor 

dysfunction. A, To measure dopaminergic neurotoxicity and behavioral deficits animals 

were sacrificed 7 days after acute MPTP treatment, with behavioral training occurring on 

day 4–5 and measurements taken on days 6. B, Representative DAB immunostaining images 

for the dopaminergic neuron marker tyrosine hydroxylase (TH) at 4.2×, scale bar 100 μm. C 

and D, Unbiased stereological counting of TH-positive (C) and Nissl-positive (D) neurons in 

the SN following MPTP and GW2580 treatment. E and F, Analysis of motor dysfunction 
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following MPTP and GW2580 treatment by averaging 5 trials measuring total time taken to 

traverse a challenging beam (E), and average time per step (F) on the challenging beam. G 

and H, Spontaneous activity measurements of total rearing events (G), total number of 

forelimb steps (H, left panel), and total number of hindlimb steps (H, right panel) after 

MPTP and GW2580 treatment. All data are represented as mean ± SEM; n = 5–6 animals 

per group; *P < .05, **P < .01, and ***P < .001
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