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N E U R O S C I E N C E

Microglial dyshomeostasis drives perineuronal net 
and synaptic loss in a CSF1R+/− mouse model of ALSP, 
which can be rescued via CSF1R inhibitors
Miguel A. Arreola1, Neelakshi Soni1, Joshua D. Crapser1, Lindsay A. Hohsfield1,  
Monica R. P. Elmore1, Dina P. Matheos1, Marcelo A. Wood1, Vivek Swarup1,  
Ali Mortazavi2, Kim N. Green1*

Adult-onset leukoencephalopathy with axonal spheroids and pigmented glia is an autosomal dominant neuro-
degenerative disease caused by mutations in colony-stimulating factor 1 receptor (CSF1R). We sought to identify the 
role of microglial CSF1R haploinsufficiency in mediating pathogenesis. Using an inducible Cx3cr1CreERT2/+-Csf1r+/fl 
system, we found that postdevelopmental, microglia-specific Csf1r haploinsufficiency resulted in reduced expression 
of homeostatic microglial markers. This was associated with loss of presynaptic surrogates and the extracellular 
matrix (ECM) structure perineuronal nets. Similar phenotypes were observed in constitutive global Csf1r haplo-
insufficient mice and could be reversed/prevented by microglia elimination in adulthood. As microglial elimination 
is unlikely to be clinically feasible for extended durations, we treated adult CSF1R+/− mice at different disease 
stages with a microglia-modulating dose of the CSF1R inhibitor PLX5622, which prevented microglial dyshomeostasis 
along with synaptic- and ECM-related deficits. These data highlight microglial dyshomeostasis as a driver of 
pathogenesis and show that CSF1R inhibition can mitigate these phenotypes.

INTRODUCTION
Adult-onset leukoencephalopathy with axonal spheroids and pigmented 
glia (ALSP), also reported as hereditary diffuse leukoencephalopathy 
with spheroids, is a rare autosomal dominant neurodegenerative 
white matter disease. Pathologically, this disease is characterized by 
the presence of patchy cerebral white matter lesions, predominantly 
in frontal and parietal white matter areas, which induce early thin-
ning of the corpus callosum (cc) followed by subsequent cortical 
atrophy in the affected regions (1–4). Genome-wide linkage analyses 
(GWLAs) have provided a genetic origin of the disease by identifying 
mutations that affect the tyrosine kinase domain of colony-stimulating 
factor 1 receptor (CSF1R) in families with ALSP. In the adult brain, 
CSF1R is primarily expressed by microglia, and mutations found in 
the GWLAs have been shown to effectively eliminate the kinase ac-
tivity of this receptor (5–7). In vitro models demonstrate that auto-
phosphorylation of the tyrosine residues in the kinase domain is 
impaired in cells with mutated Csf1r (2, 7). However, the cellular 
biology underlying detrimental ALSP phenotypes induced by mu-
tations in Csf1r [e.g., cellular source(s) of pathology] remains un-
clear. Whereas some studies argue for a dominant-negative effect in 
which expression of the mutant CSF1R suppresses autophosphorylation 
of the wild-type (WT) CSF1R (7, 8), others argue for a predominantly 
functional haploinsufficiency genetic mechanism (9, 10). However, 
the discovery that Csf1r haploinsufficiency alone could cause ALSP 
in the clinical population without requiring the expression of mu-
tated protein (2, 11) leads to the subsequent development of CSF1R+/− 
mice as a model of disease. This mouse model develops behavioral 
and histopathological deficits similar to those found in patients with 
ALSP including depression, seizures, cognitive deficits, abnormal 

myelination, and neurodegeneration (12), highlighting the validity 
of using these mice to investigate disease-related mechanisms. In 
addition to Csf1r, mutations in other genes highly expressed in mi-
croglia (Trem2 and Tyrobp) are known to cause progressive leuko-
dystrophies and neurodegenerative disorders aside from ALSP, broadly 
termed microgliopathies (13, 14).

As central nervous system (CNS)–resident macrophages, microglia 
modulate CNS homeostasis by orchestrating inflammatory responses 
(15), clearing cellular debris (16, 17), restructuring synapses (18, 19), 
and regulating perineuronal nets (PNNs) (19–21). Understanding 
how changes in microglial function that result from Csf1r haplo-
insufficiency, or other factors, can affect these various modalities may 
inform us about how microglia cause neurodegeneration in related 
microgliopathies. This information can be extended to understand 
how altered microglial functions can affect CNS stability and con-
tribute to neurodegeneration in other disorders such as Alzheimer’s 
disease (AD), Parkinson’s disease, tauopathies, stroke, and injury, 
as well as aging itself. Whether microglial gain of function or loss of 
function results in ALSP phenotypes, however, is still up for debate. 
In addition, expression of CSF1R in neurons during development 
has been noted in mice (22, 23), and thus, it is critical to delineate 
microglial versus nonmicroglial as well as the developmental versus 
nondevelopmental contributions to disease. Selective knockout of 
Csf1r from neurons using a nestin-cre system in mice resulted in 
increased cellular apoptosis in the forebrain, as well as an increased 
pool of neural progenitor cells, despite normal cortical microglial 
number, suggesting that CSF1R signaling is important for neuronal 
development and survival (23). Of relevance, microglia are depen-
dent on CSF1R signaling for their survival, and sustained pharma-
cological inhibition of CSF1R, or absence of Csf1r expression (24), 
results in microglial death (25). Hence, it has been postulated that 
ALSP could result from loss of homeostatic microglial numbers due 
to a decreased amount of CSF1R expression during the aging pro-
cess, as has been shown in a Csf1r genetic knockout zebrafish model 
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(26). However, long-term CSF1R inhibitor–dependent microglial 
elimination in mice (up to 6 months of treatment) does not cause 
any overt impairments as related to ALSP and improves cognition 
in some cases, as assessed by contextual fear conditioning, Morris 
water maze, Barnes maze, and elevated plus maze (EPM) (25, 27). 
Nonetheless, given the primary role of CSF1R in both microglial 
survival and ALSP and of the frequent microglial gene–specific eti-
ology of leukodystrophies in general, it is likely that pathological 
alterations in microglial function contribute to ALSP onset and/or 
progression.

In the present study, we aimed to investigate how loss of one 
Csf1r allele would affect microglial and parenchymal homeostasis. 
Here, we found that myeloid-specific ablation of one copy of the 
Csf1r gene in adult mice resulted in a general loss of microglial 
homeostasis as evident by loss of P2RY12 (Purinergic Receptor P2Y12) 
expression. Accompanying this microglial dyshomeostasis, we ob-
served a decrease in synaptic surrogates, as well as dysregulation of 
extracellular matrix (ECM) components, in particular, a loss of PNNs, 
confirming an adult microglial origin for these downstream pheno-
types. Using a constitutive CSF1R+/− mouse model of ALSP, we noted 
an increase in microglia densities, due to developmental defects in 
the establishment of the adult microglial population, and a similar 
loss of P2RY12 expression and microglial hyper-ramification in 
CSF1R+/− mice. Accompanying this loss in microglial homeostasis, 
we observed impaired behavioral output assessed by novel object 
recognition (NOR) and novel place recognition (NPR) tasks, along 
with similar decreases in synaptic surrogates and PNNs. Accordingly, 
complete elimination of microglia from adult CSF1R+/− mice re-
verses PNN and synaptic deficits. We further compared the genetic 
monoallelic loss of Csf1r with low-grade chronic CSF1R inhibition 
and found substantial overlap in gene expression changes, suggest-
ing that partial disruptions to CSF1R signaling, whether pharmaco-
logical or genetic in nature, lead to similar downstream signaling 
abnormalities. Unexpectedly, low-grade CSF1R inhibition in CSF1R+/− 
mice was able to reverse microglial dyshomeostasis and restore cog-
nition, as well as prevent the loss of synaptic surrogates and PNNs 
in affected mice, rather than exacerbate these alterations. Further, 
analysis of aged CSF1R+/− mice revealed marked loss of myelin 
basic protein (MBP) staining in the cc and ECM structures in the 
somatosensory cortex (SS Ctx), of which PNNs were rescued when 
treated with low-grade CSF1R inhibition. These data indicate that 
CSF1R signaling is key to maintaining microglial homeostasis, spe-
cifically regulating the effects of microglia on both synapses and the 
ECM in which synaptic connections are embedded, and may be tar-
geted to both perturb and rescue microglial phenotype.

RESULTS
Microglia-specific monoallelic Csf1r knockout in adult mice 
induces loss of presynaptic markers, disruption to the ECM 
compartment, and microglial dyshomeostasis
While CSF1R is exclusively expressed in microglia in the adult brain 
(28), expression of this receptor has also been reported in specific 
neuronal populations during brain development (23, 29). As CSF1R+/− 
mice lack one Csf1r allele in all cells throughout their life span, we 
sought to fully establish the microglial and adult origin of any dis-
ruptions induced by Csf1r haploinsufficiency that may be relevant 
to ALSP pathogenesis. To this end, we crossed Cx3cr1-CreERT2/+ 
mice with floxed Csf1r+/fl mice to generate mice in which we could 

inducibly and specifically ablate a Csf1r allele from adult microglia. 
Progeny from this pairing resulted in two groups: CX3CR1Cre- 
CSF1R+/+ (Con) and CX3CR1Cre-CSF1R+/fl (iCSF1R+/−) mice. At 
2 months of age (i.e., in adult mice), we administered tamoxifen to 
selectively excise a single CSF1R allele from microglia/myeloid cells, 
and animals were subsequently sacrificed at 8 months old (Fig. 1A). 
Because events leading up to overt CNS pathology in ALSP are still 
poorly understood, we chose to focus our study on a time point at 
which cognitive deficits are detectable, but white matter and axonal 
damage is not yet apparent, based on published data from global 
Csf1r haploinsufficient mice (12). To confirm the efficient recom-
bination and knockdown of Csf1r expression, we quantified Csf1r 
mRNA via RNAscope in situ hybridization and found 40 to 50% 
reduced levels of Csf1r RNA in iCSF1R+/− mice compared to Con 
mice (Fig. 1, B and C). Notably, Csf1r mRNA was absent in neurons 
at this time point. Because Csf1r is a primarily microglia-expressed 
gene in the adult brain and studies of postmortem ALSP brains re-
port microglial dysregulation preceding axonal pathology (3) fur-
ther suggesting microglial involvement during early disease onset, 
we first analyzed cortical microglial densities. Despite apparent Csf1r 
down-regulation, cortical microglial numbers were unaffected in 
iCSF1R+/− animals (Fig. 1, D and E), in contrast to the reported ~25% 
elevation in microglial densities reported in global Csf1r haplo-
insufficient mice (12, 30), and no overt morphological signs of mi-
croglial reactivity were seen (i.e., deramified enlarged cell bodies and 
retracted and condensed processes). Because Csf1r can be expressed 
by perivascular macrophages (PVMs), we immunostained for these 
with antibodies against CD206 and found no changes to the num-
ber of PVMs between Con and iCSF1R+/− groups (fig. S1, A and B).

Under homeostatic conditions, the microglial transcriptome is 
characterized by the expression of genes such as Sall1, Hexb, Cx3cr1, 
Tmem119, Trem2, P2ry12, Mertk, and SiglecH (30, 31). While these 
genes are uniquely and highly expressed by microglia during ho-
meostasis, under states of duress or neurodegeneration, this subset 
of genes is down-regulated (31–33). This down-regulation, howev-
er, is transient in some cases—during periods of recovery, microglia 
have been observed to up-regulate these same genes (32). A recent 
study noted reduced expression of P2RY12 in patients with ALSP 
(34); hence, we stained for P2RY12 to examine the homeostatic sta-
tus of microglia and observed reduced microglial expression of this 
marker in iCSF1R+/− mice (Fig. 1, F and G). Similarly, we observed 
reduced expression of the homeostatic marker (Transmembrane 
Protein 119) in iCSF1R+/− mice (fig. S2, A and B).

Previous studies have shown that dysfunctional microglia are active 
participants in the structural and functional alteration of synapses 
that culminates in synaptic impairment and degradation (35, 36). 
Therefore, we investigated cortical synaptic integrity by quantifying 
known pre- and postsynaptic markers (37–39). iCSF1R+/− mice showed 
significant reductions in presynaptic markers (Synaptophysin, SV2A, 
and Bassoon; Fig. 1, H to M; Fig. 1H′, example Imaris-quantified 
puncta) but no changes in the postsynaptic marker PSD95 (Post-
synaptic density protein 95) (Fig. 1, N and O).Within the framework 
of the tetrapartite synapse model (40), the ECM has emerged as a 
vital component involved in the modulation of synaptic plasticity 
(41, 42), stabilization of synaptic contacts (42, 43), and overall learn-
ing and memory (41, 42). Recently, we demonstrated that microglia 
in mouse models of Huntington’s disease (HD) and AD induced pro-
found changes in the ECM, including notable reductions in specialized 
interneuron-associated structures known as PNNs that occurred 
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opment. Mice were sacrificed at 8 months. (B and C) Representative image of 20× in situ hybridization of CSF1R RNA reveals a 40 to 50% reduction in CSF1R expression 
throughout. (D and E) Representative 20× image of IBA1+ immunofluorescence in the SS Cortex revealed no significant changes to IBA1+ cell number. (F and G) Repre-
sentative 20× image of SS Cortex revealed significant decrease in P2RY12 expression by microglia. Insets display Iba1 P2ry12 immunostaining. Myeloid-specific CSF1R 
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concomitant with the accumulation of chondroitin sulfate proteo-
glycans (CSPGs) in the general ECM (20, 44). iCSF1R+/− mice show 
robust reductions in SS Ctx PNNs, via stains for both W. floribunda 
agglutinin (WFA), a plant lectin commonly used to label PNNs, and 
aggrecan, a CSPG selectively expressed by PNNs necessary for their 
construction and maintenance (46) (Fig. 1, P to T), indicating that 
loss of a single Csf1r allele in adult microglia is sufficient to induce 
PNN degradation and/or loss.

We next explored the presence of CSPGs with chondroitin-6 
sulfate patterns via the CS-56 antibody (46). While aggrecan is pri-
marily found in PNNs, CS-56+ staining presents as “dandelion clock-
like structures” (DACS) distinct from PNNs (47). In ketamine models 
of schizophrenia, the prefrontal cortex exhibits reduced levels of 
PNNs and increased intensity of DACS staining (48), similar in pat-
tern to what we reported in HD, wherein elimination of microglia 
rescued the increased accumulation of DACS (20). Here, we find that 
iCSF1R+/− mice show markedly increased CS-56+ staining through-
out the brain (Fig. 1, U and W). While these CSPG structures are 
primarily produced by astrocytes (49), and we often observed astro-
cytes at the center of these deposits (Fig. 1V, arrows), it should be 
noted that we did not detect any changes to astrocyte density as as-
sessed by S100+ cell number across groups (Fig. 1X). It has been 
reported that CS-56+ up-regulation occurs around reactive astrocytes 
in physical proximity to activated microglia/macrophages (50). 
Crucially, these results show that loss of one Csf1r allele from adult 
Cx3cr1-expressing resident myeloid cells (i.e., microglia) is sufficient 
to induce disturbances in microglial homeostasis as reflected in the 
loss of P2RY12 immunofluorescence, presynaptic dysfunction, and 
dysregulation of the ECM.

Microglial depletion reverses presynaptic and ECM 
alterations induced by Csf1r haploinsufficiency
Our results show that microglial loss of a Csf1r allele in adult mice 
leads to cellular dyshomeostasis, concomitant with a loss of presynaptic 
puncta and remodeling of the ECM. To further confirm the microg-
lial origin of these CSF1R-associated phenotypes, to complement 
with a more clinically relevant model of ALSP, and to determine the 
extent to which pathology can be rescued, we next sought to elimi-
nate virtually all microglia from adult CSF1R+/− mice (i.e., global 
CSF1R haploinsufficiency), which can be achieved by administra-
tion of the CSF1R inhibitor PLX5622 [1200 parts per million (ppm) 
in chow] (27). WT and CSF1R+/− mice were treated for 2 months 
beginning at 6 months (Fig. 2A) to align with the 8-month-old iCSF1R+/− 
mice. This paradigm generated four groups: WT and CSF1R+/− groups 
as well as their microglia-depleted (MD) counterparts MD-WT and 
MD-CSF1R+/−. Quantification of IBA1+ (ionized calcium binding 
adaptor molecule 1) cells confirmed depletion of >90% of microglia 
in MD-WT and MD-CSF1R+/− mice [interaction: F(1,15) = 21.88, 
P = 0.0003; post hoc significance between groups displayed on 
graph; Fig. 2, B and C], with CSF1R+/− mice showing elevated den-
sities of microglia compared to WT mice, in accordance with prior 
studies (12, 51). This is in contrast to what we observed in adult 
microglia-specific Csf1r haploinsufficient mice (iCSF1R+/− mice; 
Fig. 1D), suggesting that elevated microglial densities may be estab-
lished during development (e.g., before tamoxifen-induced Csf1r 
excision), further explored in our developmental time course exper-
iment (Fig. 4). Despite this, and in accordance with iCSF1R+/− mice, 
Synaptophysin+, SV2a+, and Bassoon+ puncta were all significantly 
reduced in CSF1R+/− mice (Fig. 2, D to I). Elimination of microglia 

in CSF1R+/− mice increased synaptic puncta density for all markers 
[interaction: F(1,18) = 3.924 P = 0.06; F(1,19) = 9.058 P = 0.0072; 
and F(1,18) = 8.738 P = 0.0085 for Synaptophysin, SV2a, and Bassoon, 
respectively, significance between groups displayed on graph]. In 
addition, CSF1R+/− mice displayed a marked reduction in PNNs as 
assessed by WFA and aggrecan immunostaining, which are also re-
stored upon microglial elimination [interaction: F(1,19) = 3.380 
P = 0.08 and F(1,19) = 3.727 P = 0.06 for WFA and aggrecan, re-
spectively, significance between groups displayed on graph; Fig. 2, J 
to M]. Last, similar disease-associated CS-56+ CSPG up-regulation 
was evident in the CSF1R+/− brain as in iCSF1R+/− and was reduced 
with microglial depletion [interaction: F(1,20) = 57.751 P = 0.02 
significance between groups displayed on graph; Fig. 2, N and O]. 
These data further suggest a disease phenotype primarily driven by 
malfunctioning microglia and the downstream detrimental effects 
that they exert on neuronal populations, which, importantly, may 
be mitigated by pharmacological targeting of the former, at least in 
early stages of disease.

CSF1R+/− mice display cognitive deficits that are rescued by 
sustained low-grade CSF1R inhibition
The elimination of the microglial compartment for extended periods 
of time via CSF1R inhibitors is unlikely to be clinically feasible in 
patients with ALSP; therefore, we sought to identify potential treat-
ments that could mitigate disease by modulating, rather than re-
moving, the microglial phenotype. Notably, lower doses of CSF1R 
inhibitors that do not eliminate the microglial compartment have 
been shown to nonetheless alter disease-related microglial pheno-
types and provide protection in animal models of AD (52, 53), Prion 
disease (54), and tauopathies (55). To that end, we developed a CSF1Ri 
regimen that led to reduced effects of CSF1R inhibition such that there 
was modest microglial death compared to higher dosages, which elim-
inate more than 95% of microglia (fig. S3A). WT and CSF1R+/− mice 
were treated with the specific CSF1R inhibitor PLX5622 (150 ppm 
in chow) for 2 months starting at 6 months to induce CSF1Ri. Thus, 
four groups were generated: WT, CSF1Ri, CSF1R+/−, and CSF1Ri- 
CSF1R+/− (Fig. 3A). This dosage of PLX5622 was determined in a 
separate subset of mice to provide microglial CSF1R inhibition that 
eliminates <25% of microglia under either homeostatic or inflam-
matory conditions (fig. S3, B and C). Quantitative polymerase chain 
reaction (PCR) confirmed half the level of Csf1r transcripts in 
CSF1R+/− mice compared to WT mice (Fig. 3B).

ALSP is characterized by executive dysfunction, memory de-
cline, motor impairments, and a lack of social inhibitions. In studies 
characterizing phenotypes of Csf1r haploinsufficient mice, cogni-
tive deficits are reported to begin at 7 months (12) that resemble the 
clinical presentation of ALSP (4, 7), but overt white matter damage 
is not observed until 14 months. To characterize behavioral pheno-
types in our cohort of mice (n = 8 to 10), we performed a battery of 
tasks consisting of EPM, open field (OF), NOR, and NPR. Given the 
motor impairments, including gait dysfunction, and social with-
drawal noted in patients with ALSP, we also included a rotarod and 
social interaction task. Behavioral assessments began 6 weeks after 
mice were placed on diet and continued for 2 weeks, at which point 
mice were euthanized. While we found no significant changes in 
mobility or anxiety measures in any group as determined by perfor-
mance in EPM, OF, and social interaction and rotarod tasks (fig. S4, 
A to F), we observed impairments in cognitive domains as mea-
sured by NOR and NPR tasks in CSF1R+/− mice (Fig. 3, C and D). 
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Fig. 2. Elimination of microglia with 1200 ppm of PLX5622 restored synaptic and ECM alterations induced by CSF1R haploinsufficiency. (A) WT and CSF1R+/− mice 
were placed on a high-dose PLX5622 diet (1200 ppm) for 2 months beginning at 6 months to completely eliminate microglia from the brain parenchyma. (B) Immuno-
fluorescent image of IBA1+ cells in the SS Cortex, (C) quantification of which showed significant decrease (~90 to 95% elimination) of microglia in WT and CSF1R+/−-treated 
mice. (D, F, and H) Representative 63× immunofluorescent images of presynaptic elements Synaptophysin, SV2A, and Bassoon, respectively. (E, G, and I) Quantification 
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Elimination of microglia restored ECM composition in CSF1R+/− mice. (N and O) Immunostaining and quantification of CSPG revealed increased immunostaining of 
CS-56 in CSF1R+/− parenchyma that was restored by elimination of microglia. Statistical analysis used a two-way ANOVA with Sidak multiple comparisons correction. 
Significance is indicated as *P < 0.05; **P < 0.01; ***P < 0.001; #0.05 < P < 0.1.
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Fig. 3. CSF1R+/− mice display behavioral and morphological deviations from WT counterparts that are restored by CSF1Ri. (A) WT and CSF1R+/− mice were treated 
with 150 ppm of PLX5622 for 2 months beginning at 6 months. Mice were sacrificed at 8 months (n = 8 to 10 per group). (B) Relative expression levels of CSF1R normalized 
to glyceraldehyde-3-phosphate dehydrogenase via quantitative PCR. Expression levels of CSF1R in CSF1R+/− were reduced ~50% compared to WT (P < 0.0001) using two-
tailed t test. (C) CSF1R+/− mice spent significantly less time exploring the novel object compared to WT mice. CSF1Ri rescued performance comparable to WT counterparts. 
(D) CSF1R+/− mice spent significantly less time exploring objects moved to a novel place compared to WT mice. (E) Representative half-brain stitches; each white dot 
represents a microglial cell. Representative 63× image of SS Cortex IBA1 immunofluorescence. (F) Quantification of IBA1+ cells in cortex, hippocampus, and thalamus 
shows 25 to 30% increase in IBA1+ cells. CSF1Ri treatment reduced IBA1+ cells by 25% in both WT and CSF1R+/− mice. (G) Average soma size of IBA1+ cells reveals significantly 
increased soma size in CSF1Ri microglia. WT IBA1+ cells had comparable soma size to CSF1R+/− and CSF1Ri-CSF1R+/−. (H) No changes to average process diameter or 
(I) average total process length were found between groups; a trending increase in CSF1Ri microglia was found between WT and CSF1Ri. (J) Analysis of branch patterns 
revealed decreased number of primary and secondary branches in CSF1Ri microglia compared to WT. CSF1R+/− microglia had increased numbers of primary, secondary, 
and tertiary branching that were reduced to WT levels by CSF1Ri. (K and L) Representative 20× image of the SS Cortex reveals decreased P2RY12 immunopositivity in 
CSF1Ri and CSF1R+/− mice. CSF1Ri-CSF1R+/− mice revealed increased expression in P2RY12 expression. Insets display Iba1+ P2RY12+ immunostaining. Statistical analysis 
used a two-way ANOVA with Sidak multiple comparisons correction. Significance: *P < 0.05; **P < 0.01; ***P < 0.001; #0.05 < P < 0.1.
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However, no impairments were evident in CSF1Ri mice by any 
of these measures [interaction: F(1,42) = 4.126 P = 0.06 and 
F(1,42) = 1.688 P = 0.2 for NOR and NPR tasks, respectively, signif-
icance between groups displayed on graph]. These results show that 
life-long loss of a Csf1r allele induces cognitive deficits detectable by 
8 months in mice and that such deficits are not similarly evident 
following sustained (at least 2 months) low-grade CSF1Ri in the 
healthy adult. Unexpectedly, however, CSF1Ri did rescue cognitive 
deficits in CSF1R+/− mice in the NOR task (Fig. 3C), revealing that 
altered CSF1R signaling can induce, and be targeted to rescue, cog-
nitive impairments.

CSF1Ri restores CSF1R+/− microglia number, morphology, 
and homeostatic marker expression
To better understand the role of CSF1R signaling in cognition, we 
performed immunohistochemical analyses of myeloid cell attributes 
in the brain. Here, we found robust increases (~25%) in cortical and 
hippocampal microglia in CSF1R+/− mice, as shown via immuno-
staining with antibodies against IBA1 (Fig. 3, E and F), consistent 
with previous data (12). Notably, CSF1Ri treatment of CSF1R+/− mice 
normalized microglial densities to WT numbers (Fig. 3, E and F). In 
addition, IBA1+ cell quantification showed a consistent ~25% re-
duction in microglia following CSF1Ri in both CSF1R+/− and WT 
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Fig. 4. Increased microglial population is established during development; microglial-specific excision of one CSF1R reveals decreases in microglial molecular 
markers and dysfunction of a presynaptic marker. (A) Representative 20× image of the SS Cortex immunostaining for Ki67 and IBA1+ cells revealed (B) no changes to 
proliferation in any group when compared to WT mice, suggesting that proliferation in the adult cannot account for increased number of IBA1+ cells found in 8-month-old 
CSF1R+/− mice. (C) Representative 20× image of SS Cortex immunostaining for TUNEL and IBA1 revealed that (D) CSF1Ri induced an increase in TUNEL IBA1 double-positive 
cells. (C1 to C4) Arrowheads indicate the presence of TUNEL+/IBA1+ cells. (E) Representative 20× images of the SS Cortex of WT and CSF1R+/− mice at P7, P14, and P26 
arrows indicate the location of Ki67 IBA1 double positive cells. Immunostaining for IBA1 and Ki67 showed (F) no changes in microglial number between WT and CSF1R+/− 
mice at P7 or P14 but a significant increase in CSF1R+/− at P26 and P60. (G) No changes in Ki67 IBA1 double-positive cells were found throughout the time course. Statis-
tical analysis used a two-way ANOVA with Sidak multiple comparisons correction or two-tailed t test for developmental study. Significance is indicated as *P < 0.05; 
**P < 0.01; #0.05 < P < 0.1.
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mice, as CSF1Ri-treated CSF1R+/− mice exhibit the same ~25% de-
crease in IBA1+ cell number as CSF1Ri-treated WT animals relative 
to their respective controls (Fig. 3F), revealing that despite partial 
loss of CSF1R signaling in CSF1R+/− mice, microglia remain depen-
dent on this signaling pathway for survival. Again, given the expres-
sion of Csf1r by PVMs, we explored PVM cell populations in our 
cohorts of mice. Immunostaining of CD206 revealed similar num-
ber of PVMs between WT and CSF1R+/− mice and an expected re-
duction in CSF1Ri-treated groups [interaction: F(1,17) = 0.0019 P = 0.9 
significance between groups displayed on graph; fig. S1, C and D].

Microglial reactivity is a highly dynamic process encompassing a 
spectrum of phenotypic changes, and under conditions of activation, 
these changes include an increase in cell size and a loss of process 
ramification (e.g., amoeboid microglia) (56). We found no changes 
in cell soma size between microglia in WT and CSF1R+/− mice, 
whereas CSF1Ri in WT, but not CSF1R+/−, mice induced significant 
increases in this measure [interaction: F(1,13)  =  6.095 P  =  0.02; 
F(1,14) = 0.9976 P = 0.33; F(1,14) = 5.573 P = 0.03 for cortex, hippo-
campus, and thalamus, respectively, significance between groups 
displayed on graph; Fig. 3G]. Analysis of microglial process diameter 
and average process length revealed no differences between groups 
[interaction: F(1,30) = 2.232 P = 0.14 and F(1,29) = 2.645 P = 0.11 
for diameter and process length, respectively, significance between 
groups displayed on graph; Fig. 3, H and I]. On the other hand, mea-
sures of microglial ramification (i.e., primary, secondary, and tertiary 
branching of microglia processes) showed that CSF1R+/− microglia 
adopt a hyper-ramified state compared to WT microglia, while CSF1Ri 
reduced ramification in both WT and CSF1R+/− groups [interaction: 
F(1,30) = 0.8740 P = 0.35; F(1,29) = 0.8646 P = 0.36; and F(1,30) = 
3.117 P = 0.08 for primary, secondary, and tertiary branching, re-
spectively, significance between groups displayed on graph; Fig. 3J]. 
Examination of microglial P2RY12 revealed decreases in both CSF1Ri 
and CSF1R+/− microglia (Fig. 3, K and L), as in iCSF1R+/− microglia 
(Fig. 1, F and G). Rather than further reducing expression, CSF1Ri 
increased microglial P2RY12 in CSF1R+/− mice [interaction: F(1,17) = 
55.87 P = 0.0001 significance between groups displayed on graph]. 
This same pattern was observed with TMEM119 expression [inter-
action: F(1,18) = 54.59 P = 0.0001 significance between groups dis-
played on graph; fig. S2, C and D]. Together, these data illustrate the 
deviation of CSF1R+/− microglia from homeostasis, although more 
subtle than activation, and suggest that certain biophysical proper-
ties of microglia in ALSP (e.g., process ramification and elevated 
population densities) may be amenable to CSF1Ri treatment, in 
turn potentially contributing to the rescue of cognitive deficits in 
CSF1Ri-CSF1R+/− mice.

Increased microglial density is established during early 
postnatal development
Given the discrepancy between global Csf1r haploinsufficiency and 
adult microglia-specific Csf1r haploinsufficiency, whereby only the 
former results in increases in adult microglial densities, we next ex-
plored steady-state turnover of microglia in both adult and developing 
CSF1R+/− mice. Analysis of adult CSF1R+/− mice revealed no changes 
in either proliferation (via Ki67 staining; Fig. 4, A and B) or apoptosis 
[via TUNEL (terminal deoxynucleotidyl transferase–mediated de-
oxyuridine triphosphate nick end labeling); Fig. 4, C and D] of mi-
croglia compared to WT, suggesting that steady-state microglial 
turnover in the adult CSF1R+/− mouse brain parallels that of adult 
WT microglia. As expected, CSF1Ri treatment in both WT and 

CSF1R+/− mice increased the number of TUNEL+ microglia (Fig. 4, C 
and D), confirming that CSF1Ri acts by inducing microglia death (25). 
As one copy of Csf1r is absent throughout development in CSF1R+/− 
mice and as adult microglial turnover remained similar between 
WT and CSF1R+/− mice, we next explored the establishment of CSF1R+/− 
microglial densities during brain development. Early microglia pro-
liferate extensively during the first two postnatal weeks, reaching 
maximal numbers at postnatal day 14 (P14) (57), whereafter this rapid 
proliferation is followed by a period of selective microglial die-off to 
establish the final densities of adult microglia by ~P28 (57). Quanti-
fication of microglia in developing CSF1R+/− mice revealed similar 
increases in microglial densities due to proliferation between P7 
and 14 as seen in WT mice, but this proliferation was followed by 
decreased reductions in the CSF1R+/− microglial population by P26 
(Fig. 4, E to G). This occurred despite equivalent Ki67+ proliferation 
at all developmental time points measured, suggesting that elevated 
microglial densities in adult CSF1R+/− mice could be due to devel-
opmental defects in the establishment of the adult microglial com-
partment (e.g., impaired microglial die-off). These data are in line 
with recent evidence wherein constitutive microglial Csf1r haploin-
sufficiency resulted in increased microglial density (58), consistent 
with the lack of differences that we observed in iCSF1R+/− mice, in 
which monoallelic knockdown of microglial Csf1r was induced only 
after development.

CSF1Ri restores CSF1R+/− synaptic and ECM deficits without 
changes to neuronal populations
Confirming the synaptic deficits in the prior cohort of CSF1R+/− and 
iCSF1R+/− mice, we found that CSF1R+/− mice again displayed sig-
nificant reductions in presynaptic markers (i.e., Synaptophysin, SV2A, 
and Bassoon) but not the postsynaptic marker PSD95 (Fig. 5, A to H). 
Treatment of WT mice with CSF1R inhibition had similar effects to 
the loss of one Csf1r allele, with reductions seen in both SV2A and 
Bassoon, but not Synaptophysin, puncta (Fig. 5, A to H). Treatment 
with the higher, microglia-depleting dose of PLX5622 (Fig. 2, F to I) 
did not induce these same reductions in cortical SV2a+ or Bassoon+ 
puncta number, illustrating the difference between altering microglial 
function with partial CSF1R inhibition via low-dose CSF1Ri (150 ppm 
of PLX5622) and completely eliminating the microglial compartment 
with more extensive CSF1R inhibition (1200 ppm of PLX5622). As 
with the restorative effects on behavior and microglial phenotype, 
CSF1Ri increased presynaptic puncta in CSF1R+/− mice [interaction: 
F(1,16) = 3.582 P = 0.07; F(1,20) = 110.5 P = 0.0001; and F(1,20) = 
24.76 P = 0.0001 for Synaptophysin, SV2a, and Bassoon, respectively, 
significance between groups displayed on graph]. Similarly, CSF1R+/− 
mice showed robust reductions in SS Ctx PNNs, which were reversed 
back to WT levels by CSF1Ri in CSF1R+/− mice [interaction: F(1,25) 
P = 0.48 and F(1,18) P = 0.0003 for WFA and aggrecan, respectively, 
significance between groups displayed on graph; Fig. 5, I to L], while 
CSF1R+/− mice showed markedly increased CS-56 immunofluorescence 
CSPGs throughout the brain that were also normalized to WT levels 
with CSF1Ri [interaction: F(1,31) = 11.17 P = 0.0022 significance be-
tween groups displayed on graph; Fig. 5, M and N]. Again, we noted 
no changes to astrocyte density or glial fibrillary protein (GFAP) 
immunofluorescence throughout the groups (fig. S5, M and N).

Given the changes in synaptic densities with CSF1R manipula-
tion, and as cerebral atrophy is a feature of ALSP, we next explored 
neuronal densities in CSF1R+/− mice. While unexplored in ALSP, 
CSF1R has been shown to be necessary for the differentiation of 
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Fig. 5. Microglial dyshomeostasis results in deficits in presynaptic elements, PNN loss, and CSPG accumulation in CSF1R+/− SS Cortex that are restored by CSF1Ri. 
(A and B) Representative 63× images of SS Cortex reveal decreases in Synaptophysin puncta in CSF1R+/− and CSF1Ri-CSF1R+/− mice (C and D), decreases in SV2A in CSF1Ri 
and CSF1R+/− mice and recovery in CSF1Ri-CSF1R+/− mice (E and F), decreases in Bassoon in CSF1Ri and CSF1R+/− mice and recovery in CSF1Ri-CSF1R+/− mice (G and 
H), and no changes to PSD95 puncta. (I) Representative 20× images of SS Cortex from WT, CSF1Ri, CSF1R+/−, and CSF1Ri-CSF1R+/− mice immunostained for WFA. (J) Quan-
tification of WFA area coverage revealed a significant decrease in WFA coverage in CSF1R+/− SS Cortex and a trending recovery in the CSF1Ri-CSF1R+/− group. (K) Representative 
20× confocal images of aggrecan immunostaining, another component ECM PNN quantification of which (L) revealed similar significant decreases in area coverage in the 
CSF1R+/− group and significant recovery in CSF1Ri-CSF1R+/− group. (M) Immunofluorescence of CSPG in the SS Cortex and quantification by integrated density (N) revealed 
accumulation of CSPG deposits in CSF1R+/− groups that was restored upon CSF1Ri. Statistical analysis used a two-way ANOVA with Sidak multiple comparisons correction. 
Significance is indicated as *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; #0.05 < P < 0.1.
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Cux1+ and Ctip2+ neurons as CSF1R-null humans (24), mice (23), 
and zebrafish (24) displayed reductions in these neuronal subtypes. 
Analysis of neuronal subtype numbers (via NeuN+, Cux1+, and Ctip2+ 
neurons) revealed no changes between groups (fig. S5, A to F), sug-
gesting that neuronal loss is not present in 8-month-old CSF1R+/− mice. 
Investigation of white matter via immunolabeling for oligodendrocytes, 
oligodendrocyte precursor cells, and MBP revealed no changes in cell 
number or integrated signal density between groups (fig. S5, G to L).

CSF1Ri restores microglial homeostasis and ECM structures 
in pathological CSF1R+/− mice
To address whether CSF1Ri treatment could reverse pathology in-
duced by Csf1r haploinsufficiency in more advanced stages of dis-
ease, we treated WT and CSF1R+/− mice with the modulatory low 
dose of CSF1Ri for 2 months starting at 14 months (Fig. 6A). As 
before, CSF1R+/− mice displayed cognitive impairments as assessed 
by NOR and NPR tasks (Fig. 6, B and C). Here, however, CSF1Ri- 
CSF1R+/− mice did not display improvements in performance 
[interaction: F(1,35) = 0.7696 P = 0.38 and F(1,35) = 2.934 P = 0.09 
for NOR and NPR, respectively, significance between groups dis-
played on graph; Fig. 6, B and C] in contrast to the 8-month-old 
cohort wherein CSF1Ri treatment improved NOR performance in 
CSF1R+/− mice (Fig. 3C). Analysis of the brain microglial popula-
tion in this more advanced cohort of mice revealed that, unlike at 
8 months, 16-month-old CSF1R+/− mice did not display an increase 
in cortical microglial density compared to WT mice [interaction: 
F(1,20) = 0.5908 P = 0.45 significance between groups displayed on 
graph; Fig. 6, D and E]; however, marked microgliosis was now evident 
in the cc and was normalized with CSF1Ri treatment [interaction: 
F(1,19) = 24.48 P = 0.0001 significance between groups displayed 
on graph; Fig. 6, H and I]. P2RY12 expression remained diminished 
in CSF1R+/− microglia at 16 months but was again normalized with 
CSF1Ri [interaction: F(1,22) = 38.74 P = 0.0001 significance between 
groups displayed on graph; Fig. 6, F and G].

White matter impairments and loss in the cc are an established 
feature of disease in patients with ALSP (2, 3, 7) and CSF1R+/− mice 
(12,  51). Therefore, we immunostained for MBP in the brains of 
these more advanced CSF1R+/− mice and observed similar decreases 
in MBP signal in both the cc and SS Ctx (Fig. 6, J and K). Statistical 
analyses revealed an interaction between treatment and genotype, 
suggesting an impact on white matter damage [interaction: F(1,19) = 
3.807 P = 0.06 and F(1,34) = 7.455 P = 0.01 for cc and SS Ctx, respectively, 
significance between groups displayed on graph; Fig. 6,  J and K]. 
Given the increasing relevance of neurofilament light chain (Nf-L) 
as a biomarker for axonal injury, we immunostained for Nf-L and 
noted a marked increase in the intensity of Nf-L in CSF1R+/− mice, 
which was reduced by ~30% in CSF1Ri-CSF1R+/− mice [interaction: 
F(1,31) = 3.274 P = 0.08 significance between groups displayed on 
graph; Fig. 6, L and M]. Sixteen-month-old CSF1R+/− mice displayed 
enduring PNN loss that was partially restored with CSF1Ri as as-
sessed by WFA and aggrecan immunolabeling (Fig. 6, N and O). 
Reduced PNNs were also evident in CSF1Ri-treated WT mice at 16 
months despite no such changes following CSF1Ri at 8 months of 
age [interaction: F(1,18)  =  15.53 P  =  0.001 and F(1,19)  =  26.88 
P = 0.0001 for WFA and aggrecan, respectively, significance between 
groups displayed on graph; Fig. 6, N and O]. These data suggest that, 
while sustained early intervention with CSF1Ri may be more efficient 
in preventing the overt CNS damage seen here, treatment during 
pathological phases still induces beneficial effects to CNS health.

Partial disruption of CSF1R signaling induces dysregulation 
of microglial transcripts and downstream changes 
in neuronal gene expression
To elucidate the mechanisms by which CSF1R signaling could both 
perturb and rescue cortical-dependent cognition, we performed 
RNA sequencing (RNA-seq) on microdissected cortices from WT, 
CSF1Ri, CSF1R+/−, and CSF1Ri-CSF1R+/− mice. Fragments per 
kilobase of transcript per million mapped reads for each gene, as 
well as false discovery rate values for the relevant comparisons, can 
be explored at http://rnaseq.mind.uci.edu/green/csf1r_hets/. To ex-
plore the relationships of gene expression changes in a network, we 
used weighted gene coexpression network analysis (WGCNA) and 
identified 16 independent modules. The correlation of each module 
to either genotype (Fig. 7D) or CSF1Ri (Fig. 7F) highlighted several 
modules of interest—in particular, the brown module was highly 
correlated to genotype (i.e., CSF1R+/− mice), the darkgrey module 
was highly correlated to CSF1Ri, and the midnightblue module was 
correlated to both (correlation scores of >0.5). Eigengenes were cal-
culated and plotted for each group for each of the three highlighted 
modules, alongside a heatmap of all of the genes in the module 
(Fig. 7, D, F, and H), and gene ontology analyses (Fig. 7, E, G, and I). 
The CSF1R+/−-associated brown module was enriched for neuronally 
expressed genes, associated with axonogenesis, neuronal morphologies, 
and development, while the midnightblue module (associated with 
CSF1Ri-treated CSF1R+/− mice) is strongly enriched for genes asso-
ciated with translation but not associated with any particular cell type. 
The CSF1Ri treatment–associated darkgrey module is enriched in 
microglial-expressed and immune-related genes as expected (Fig. 7, F and G), 
and hub genes include homeostatic microglial genes such as C1qa, 
C1qb, Cd53, Ctss, Gpr34, P2ry12, Tmem119, and Siglech (Fig. 7J). 
Normalizing these myeloid-expressed genes to microglial densities 
reveals a clear down-regulation of microglial transcripts in CSF1R+/− 
mice (Fig. 7, K to M), consistent with a loss of homeostasis (estab-
lished homeostatic genes bolded; Fig. 7M), as well as a group of genes 
that are up-regulated with CSF1Ri (Fig. 7L).

We next compared differentially expressed genes (DEGs) between 
WT and CSF1Ri mice and WT and CSF1R+/− mice. Notably, 34% 
(412 genes) of DEGs were common between the two comparisons, 
with CSF1R+/− mice having 705 unique DEGs and CSF1Ri only 65 
(Fig. 7N), suggesting similar transcriptional effects between genetic 
Csf1r haploinsufficiency and low-grade pharmacological inhibition 
of CSF1R. Consistent with the darkgrey module from the WGCNA 
analyses, down-regulated DEGs in WT versus CSF1Ri (Fig. 7O) or 
CSF1R+/− mice versus CSF1Ri-CSF1R+/− mice (Fig. 7Q) represented 
myeloid-expressed genes, as expected given the loss of ~20% of mi-
croglia with CSF1Ri. However, few myeloid-expressed DEGs were 
found in comparing WT to CSF1R+/− mice despite CSF1R+/− mice 
exhibiting ~25% higher microglial densities throughout the brain. 
In addition to an overall reduction in myeloid-expressed genes, 
these data also suggest a lack of transcripts canonically expressed by 
reactive or activated microglia (i.e., Cst7, Clec7, Tnf, Ldl, and Ifitm3), 
further emphasizing that disease microglia do not undergo stereo-
typical classical activation. Intriguingly, given the microglial expression 
of CSF1R, these down-regulated DEGs were far fewer in number 
than up-regulated DEGs either with CSF1Ri or in CSF1R+/− mice, as 
shown in volcano plots (Fig. 7, O and P). Top DEGs were similar for 
both comparisons and included the circadian rhythm–associated 
gene NOCT, as well as LAMP1, FAM43b, Prr18, and Wrnip1. Gene 
ontology analyses of DEGs between WT and CSF1R+/− mice highlighted 

http://rnaseq.mind.uci.edu/green/csf1r_hets/
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Fig. 6. Advanced-stage CSF1R+/− displays losses in homeostatic P2RY12 expression, MBP, and ECM immunostaining. (A) Experimental paradigm: WT and CSF1R+/− 
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toward exploring the novel object with less time compared to WT mice. (C) CSF1R+/− mice spent significantly less time exploring an object moved to a novel place compared 
to WT mice. (D and E) Representative 20× images of the SS Cortex show no differences in number of Iba1+ cells between aged WT and CSF1R+/− mice. CSF1Ri reduced 
Iba1+ cells. (F and G) Representative 20× image of the SS Cortex reveals a marked decrease in microglial P2RY12 immunopositivity in CSF1Ri and CSF1R+/− mice. CSF1Ri 
of CSF1R+/− mice revealed a trending increased expression in P2RY12 expression. (H and I) Representative 20× images of the cc reveal marked microgliosis in CSF1R+/− 
mice that is corrected with CSF1Ri treatment. (J and K) Representative 20× images of the cc and SS Cortex (insets) reveal marked decrease in MBP immunostaining in 
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trending increases for both. Statistical analysis used a two-way ANOVA with Sidak multiple comparisons correction. Significance: *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001; #0.05 < P < 0.1.
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axonogenesis (fig. S6B) and similarities to gene changes in spinal 
cord injury and HD (fig. S6C), both of which have been shown to 
involve profound ECM remodeling, resembling what we see in the 
context of Csf1r haploinsufficiency (20,  59,  60). Furthermore, all 
up-regulated DEGs induced by either CSF1Ri in WT mice or com-
paring WT to CSF1R+/− mice appear to be neuronally expressed. 
These data suggest that, despite CSF1R being restricted to microglia 
in the adult brain, altered CSF1R signaling in microglia induces ro-
bust gene expression changes in neurons.

To understand how CSF1Ri of CSF1R+/− mice could rescue 
disease-related impairments in synaptic integrity, ECM remodeling, 
and cognition, we performed more comprehensive analyses of DEGs be-
tween CSF1R+/− and CSF1Ri-treated CSF1R+/− mice (Fig. 7, Q and R). 
The most significantly down-regulated gene was MRC1, a myeloid- 
expressed gene associated with phagocytosis (61). Conversely, most 
DEGs are up-regulated in CSF1Ri-treated CSF1R+/− mice, as 
depicted in Fig. 7R. Gene ontology analyses of these DEGs highlight 
their roles in synaptic function and morphology (Fig. 7R), confirm-
ing changes to synapses that could account for the changes in syn-
aptic landscape that we have observed here. Collectively, from 
these analyses, we conclude that there is a loss of microglial homeo-
static signature in CSF1R+/− mice, rather than a reactive or activated 
signature.

DISCUSSION
Accumulating evidence indicates that microglia are critically involved 
in neurodegenerative disease progression. However, it remains unclear 
whether these cells play a causative role in driving disease pathology 
and neurodegeneration, a reactive role by responding harmfully to 
existing pathology, or both. CNS disorders that present genetic 
etiologies linked to microglia-specific genes provide unique oppor-
tunities to investigate and answer these questions (e.g., how microglia 
drive brain disease). While these disorders have been reported, the 
cellular mechanisms by which these underlying genetic disturbances 
lead to overt CNS pathology remain largely unknown. In this study, 
we conditionally induced microglial Csf1r haploinsufficiency in adult 
mice to explore the role of partially disrupted CSF1R signaling on 
microglial homeostasis and CNS function. In addition, we used a 
constitutive mouse model of Csf1r haploinsufficiency and explored 
the consequences of low-grade modulatory and high-grade microglia- 
depleting doses of the pharmacological CSF1R inhibitor PLX5622. 
It is important to stress that CSF1R inhibition is highly dynamic—
sustained, potent inhibition can eliminate the entire microglial com-
partment for the duration of treatment, while low-grade inhibition 
modulates microglial activity/function in a dose-dependent manner, 
with less extensive depletion of the microglial population (62). For 
this reason, and because sustained loss of the adult microglial pool is 
not clinically viable in the long term, a modulatory dose of PLX5622 
for low-grade CSF1R inhibition was used to assess how pharmaco-
logically impairing CSF1R signaling in healthy adult mice (or further 
inhibiting this pathway in Csf1r haploinsufficient mice) influences 
CNS homeostasis in the presence of microglia.

To establish whether postdevelopmental Csf1r haploinsufficiency 
in microglia was sufficient to induce pathology, we used a tamoxi-
fen-inducible Cre recombinase system in which one floxed copy of 
the Csf1r allele was conditionally excised in adult CX3CR1+ microglia 
(iCSF1R+/− mice). As human patients with ALSP are Csf1r haploin-
sufficient from birth, we validated our findings in an additional 

constitutive CSF1R+/− model. We noted a loss of microglial P2RY12 
expression following iCSF1R+/− tamoxifen recombination and in 
CSF1R+/− mice, conventionally reflective of a loss of microglial 
homeostasis in disease (30–32) and similar to the down-regulation 
of P2RY12 expression in human patients with ALSP harboring Csf1r 
mutations (34). Accordingly, our RNA-seq data revealed a general 
down-regulation of canonical microglial gene expression, consistent 
with a departure from homeostasis. We were also unable to detect 
an enrichment of inflammatory gene transcripts associated with 
microglial activation (e.g., Cst7, Axl, or Ldl, as seen in damage-associat-
ed microglia) (30). The phenotypes of CSF1R+/− microglia that we 
describe here resemble those that we recently reported in a mouse 
model of HD (20), as supported by gene ontology analysis of WT 
versus CSF1R+/− gene enrichment (fig. S6C). These results suggest 
that phenotypic states of microglia independent from traditional 
paradigms of immune activation may also contribute negatively to 
disease outcome. It should be noted that CSF1Ri did not rescue 
deficits in NPR tasks (Fig.  3D). NPR memory has been critically 
linked to hippocampal activity (64), as opposed to the cortical 
dependence of tasks like NOR (65, 66). These results informed our 
decision to specifically focus on cortical regions for subsequent 
analyses. However, future studies should explore the divergent ef-
fects of CSF1Ri on myeloid populations among various regions of 
the CNS, especially with regard to their effects on CNS health.

Further, our data emphasize the concept of the tetrapartite syn-
apse as a particularly disease-relevant neurological unit, in which 
synaptic structure and function are regulated by four key elements: 
pre- and postsynaptic compartments, glial cells, and the ECM. With 
regard to this, we observed a consistent down-regulation or elimi-
nation of presynaptic markers (Sv2a, Bassoon, and Synaptophysin) 
in iCSF1R+/− (Fig. 1) and CSF1R+/− mice (Fig. 5), while postsynaptic 
proteins (PSD95) appeared to be spared. This is consistent with mi-
croglial trogocytosis of synaptic elements (e.g., partial engulfment 
by microglia of target substrate rather than complete phagocytosis), 
whereby microglia sculpt presynaptic elements to refine neural cir-
cuits while sparing postsynaptic components (19). In terms of the 
ECM, we observed deficits in PNNs, specialized lattice-like structures 
composed of CSPGs that provide structural and biochemical stability 
to proximal synapses (67). Genetic or enzymatic modifications to 
PNN composition induce changes in synapse number (68, 69), trans-
mission (70), and receptor makeup (71), and hence, these structures 
play a critical role in regulating synaptic connectivity and plasticity 
(41, 42). Furthermore, PNNs augment neuronal excitability/firing 
(72) and protect neurons against neurotoxins (73). We recently re-
ported microglia-facilitated loss of PNNs as a general feature of 
neurodegeneration in HD (20) and AD (44). Here, we highlighted a 
loss of microglial homeostasis following induction of Csf1r haploin-
sufficiency, whether genetic (iCSF1R+/− or CSF1R+/−) or pharmaco-
logical, that was concomitant with reductions in presynaptic puncta 
and disruptions to ECM structures, strongly supporting a microglial 
origin for these deficits.

In support of this microglial basis of pathology, we found that 
elimination of the microglial compartment (with sustained high-dose 
CSF1R inhibition) prevented both loss of presynaptic surrogates and 
PNNs and disease-related CSPG deposition in CSF1R+/− mice. Cru-
cially, these results suggest that specific targeting of microglia can pre-
vent Csf1r haploinsufficiency–associated CNS damage and demonstrate 
how altered microglial phenotypes can exert profound effects on 
neuronal function. A caveat of our experiments is that we focused 
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our analyses on microglial populations in the CNS. As mentioned 
previously, macrophages that also express Csf1r, such as PVMs, 
could theoretically play a role in inducing pathology given their in-
volvement in the maintenance of steady-state tissue (67) and should 
be explored in future studies. That being said, we believe that 
microglia are the most likely culprits for the pathology observed 
here. Our findings also demonstrate that CSF1R signaling deficiency, 
either via genetic haploinsufficiency or CSF1Ri, leads to microglial 
dyshomeostasis, further suggesting that CSF1R is a critical regulator 
of homeostatic function in microglia. We observed overlapping 
phenotypes induced by CSF1Ri in WT mice and genetic haplo-
insufficiency in CSF1R+/− mice, e.g., down-regulation of P2RY12 
expression in microglia, and loss of presynaptic puncta. RNA-seq 
analyses also showed ~34% overlap in DEGs between CSF1Ri and 
Csf1r haploinsufficiency, and notably, most of these genes were of 
neuronal origin. In older WT animals, CSF1Ri treatment led to 
PNN loss that was not present in younger mice, perhaps suggesting 
an increased vulnerability to disruptions in CSF1R signaling with 
age. These data emphasize how changes in microglial phenotype 
can modulate neuronal gene expression, function, and structure 
and link genetic and pharmacological impairments in CSF1R sig-
naling to specific changes in microglial homeostasis, synaptic integ-
rity, and ECM organization.

In this study, we also reported paradoxical observations whereby 
inhibiting CSF1R signaling in a system already deficient in Csf1r leads 
to recovery, rather than exacerbation, of multiple facets of CNS 
homeostasis. This included improved cognitive performance and 
normalization of microglial phenotypes (densities, morphologies, and 
P2RY12 expression), PNNs, CSPGs, and presynaptic puncta. Further-
more, RNA-seq data highlighted marked increases in neuronal- and 
synaptic-associated genes with CSF1Ri in CSF1R+/− cortices, such 
as Syn2, Begain, and Rims3. Prior studies using CSF1R inhibitors in 
mouse models of AD and MS (Multiple Sclerosis) have also shown 
modulatory effects on neurodegenerative pathologies (55, 74, 75). 
In parallel with our findings, restoration of microglial homeostasis 
by genetic knockout of a single Csf2 allele in CSF1R+/− mice, which 
exhibit increased Csf2 mRNA expression, prevented loss of myelin 
and reversed CSF1R+/− behavioral deficits in CSF1R+/− mice by 
reinstating balanced CSF1R/CSF2 signaling (51). While a genetic 
approach to normalizing microglial homeostasis is attractive in its 
specificity, the pharmacological approach of CSF1Ri presents an alter-
native to targeting this pathway with its own unique advantages (e.g., 
CSF1R inhibitors can be used at virtually any time and for any du-
ration, can be titrated as desired, and readily cross the blood-brain 
barrier). It is important to note that while haploinsufficiency is con-
sidered by some to be a valid model of ALSP, given the emergence 
of human patients with ALSP with Csf1r haploinsufficiency (2, 11), 
there is still debate on how haploinsufficiency may account for all 
cases of ALSP (76–78). A vast number of ALSP mutations result in 
kinase dead receptors leading to a dominant-negative phenotype 
(8, 77, 79). While in our study, treatment of Csf1r haploinsufficient 
mice managed to reverse pathology, further studies are necessary to 
explore how CSF1Ri would affect kinase dead mutations.

Constitutive CSF1R haploinsufficiency resulted in elevated 
microglial densities in adult mice, in line with prior reports (12, 51), 
including in microglia-specific CSF1R haploinsufficient mice (58). 
In line with an impaired developmental establishment of the microglial 
population, we find that microglial densities were not increased in 
adult iCSF1R+/− mice; despite this, induction of microglial-specific 

CSF1R haploinsufficiency in the adult was sufficient to cause loss of 
microglial homeostasis and associated loss of presynaptic puncta 
and remodeling of the ECM, indicating that increased microglial 
number does not contribute to the pathology observed here. Ac-
cordingly, discrepancies exist between microglial densities reported 
in constitutive CSF1R haploinsufficient mice and CSF1R haploin-
sufficient rats (76) and zebrafish (26), which do not show these 
increases, while studies in postmortem human ALSP brains suggest 
an initial increase in microglial densities followed by later reduc-
tions (3). Similarly, we find that older Csf1r+/− mice no longer have 
increased cortical microglial densities, suggesting similar age-relat-
ed reductions in microglia number in these mice. These data further 
suggest that changes in microglial densities, at least in mice, are not 
key drivers of pathology but that it is altered microglial phenotypes 
induced by a loss of a Csf1r allele that are important.

It should be highlighted that there is a marked difference in the 
effects of CSF1Ri that modulate microglial phenotypes versus mi-
croglia-depleting doses—none of the neuronal gene changes seen in 
the context of genetic or pharmacological Csf1r haploinsufficiency 
are observed in MD-WT mice [http://rnaseq.mind.uci.edu/green/
ad_plx/; (20, 27)] nor are reductions in synaptic puncta seen 
(Fig.  2,  D  to  G). Similarly, elimination of microglia from healthy 
adult mice in a prior study does not confer ALSP pathology (i.e., 
cognitive deficits, PNN degradation, and synaptic loss), despite 
6 months of microglial depletion (27). Microglial depletion is generally 
associated with improved performance in memory and cognitive 
tasks (25, 27, 80). Moreover, our data, with respect to MD-CSF1R+/− 
pathology recovery, provide further evidence of these cells being 
viable targets for therapeutic intervention especially at early stages 
of disease onset. The recent development of the Csf1rFIRE/FIRE 
mouse line (81) and Csf1r −/− rats (82), which do not develop 
microglia in the brain but are otherwise healthy, further suggests at 
least partial functional redundancy in the maintenance of adult CNS 
homeostasis by microglia. Collectively, our results indicate that im-
properly functioning or “dyshomeostatic” microglia are worse for 
the adult brain under baseline conditions than the lack of microglia 
altogether (31, 63).

MATERIALS AND METHODS
Compounds
PLX5622 was provided by Plexxikon Inc. and formulated in AIN-
76A standard chow at a dose of 150 or 1200 ppm by Research 
Diets Inc.

Mice
All mice were obtained from the Jackson laboratory. Mice were 
mixed-sex C57BL/6 (000664) mice. Animals were housed with 
open access to food and water under 12-hour/12-hour light-dark 
cycles. All mice were aged to 8 months unless otherwise indicated. 
Csf1r+/− mice were provided by K. Cramer (University of California, 
Irvine; Department of Neurobiology and Behavior) and were main-
tained and genotyped as described previously (77). For genotyping 
Csf1r+/− mice, the following primers were used: forward, 5′ ATC-
CAGCATTAGGCAGCCT; reverse, 5′ GCCACCATGTGTCCGT-
GCTT. For inducible CSF1R haploinsufficiency experiments, the 
following mice were obtained from the Jackson laboratory: CSF1Rfl/fl 
(B6.Cg-Csf1rtm1.2Jwp/J; stock no. 021212) and Cx3Cr1cre-ert2/cre-ert2 
[B6.129P2(C)-Cx3cr1tm2.1(cre/ERT2)Jung; stock no. 020940]. Progeny 
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from these mice were bred to produce groups of interest. For geno-
typing Csf1r+/Csf1r fl mice, the following primers were used: forward, 
5′ CTGGACTCATCCACCACCTT; reverse, 5′ CGTTGGCTAC-
CCGTGATATT. For genotyping Cx3cr1cre-ert2 mice, the following 
primers from the Jackson laboratory were used: WT forward, 5′ 
AGCTCACGACTGCCTTCTTC; common, 5′ ACGCCCAGA CTA-
ATGGTGAC; mutant forward, 5′ GTTAATGACCTGCAGCCAAG.

Animal treatments
All rodent experiments were performed in accordance with animal 
protocols approved by the Institutional Animal Care and Use Com-
mittee at the University of California, Irvine. The CSF1R+/− mouse 
model (12, 51) has been previously described in detail. For lipo-
polysaccharide (LPS) experiments, 9-month-old male and female 
WT mice were intraperitoneally injected with LPS (0.5 mg/kg), as 
described before (25), (L4130, Sigma-Aldrich) and BrdU (5-bromo- 
2′-deoxyuridine; 000103, Thermo Fisher Scientific) or saline and 
BrdU every other day for a week followed by euthanasia 24 hours 
after the last dose. BrdU injections were intraperitoneally adminis-
tered to all mice at a dose of 1 ml/100 g of body weight (25) (per the 
manufacturer’s instructions) twice daily. At the end of treatments, 
mice were euthanized via CO2 inhalation and transcardially perfused 
with 1× phosphate-buffered saline (PBS). For all studies, brains 
were removed, and hemispheres separated along the midline. Brain 
halves were either flash-frozen for subsequent biochemical analysis 
or drop-fixed in 4% paraformaldehyde (PFA; Thermo Fisher Scientific, 
Waltham, USA) for subsequent immunohistochemical analysis. 
Half brains were collected into 4% PFA for 48 hours and then trans-
ferred to a 30% sucrose solution with 0.02% sodium azide for another 
48 to 72 hours at 4°C. Fixed half brains were sliced at 40 m using a 
Leica SM2000 R freezing microtome. The flash-frozen hemispheres 
were microdissected into cortical, hippocampal, and thalamic/striatal 
regions and then ground with a mortar and pestle to yield a fine 
powder. For RNA analyses, half of the powder was processed with 
an RNAeasy Plus Universal Mini Kit (Qiagen, Valencia, USA) accord-
ing to the manufacturer’s instructions.

Behavioral assays
The following behavioral paradigms were carried out in the follow-
ing order (25). WT and CSF1R+/− underwent behavioral assessment 
6 weeks after being placed on their respective diet beginning 
at 6 months.
Elevated plus maze
Mice were placed in the center of an EPM for 5 min to assess anxiety. 
Unless otherwise stated, ANY-Maze software was used to video- 
record and track animal behavior. The total number of open and 
closed arm entries and the time spent in each arm were determined.
Open field
In brief, mice were placed in a white box for 5 min to assess anxi-
ety. The amount of time spent in the center versus the perimeter of 
the arena was obtained. Measurements on distance traveled and 
average speed of the mice were also observed. Notably, the same 
arena was used for OF, novel object, novel place, and social inter-
action tasks.
Novel object recognition
Mice were allowed to freely explore two identical objects (either small 
glass beakers or plastic building blocks; counterbalanced for treatment), 
and exploratory behavior was recorded for 5 min. Twenty-four hours 
later, one familiar object is replaced with a novel object (either beaker 

or block), and behavior is recorded for 3 min. The amount of time 
spent investigating the novel object was determined by calculating 
the discrimination index (time investigating novel object − time in-
vestigating old object/total time) and is presented as a percentage, 
where chance level of investigation for each object is 50%.
Novel place recognition
Mice were allowed to freely explore two identical objects (either 
small glass beakers or plastic building blocks; counterbalanced for 
treatment), and exploration behavior is recorded for 5 min. Twenty- 
four hours later, one familiar object is moved to a new location, and 
behavior is recorded for 3 min. The amount of time spent investi-
gating the novel object was determined by calculating the discrimi-
nation index (time investigating novel place—time investigating 
old place/total time) and is presented as a percentage, where chance 
level of investigation for each place is 50%.
Social interaction task
Mice were allowed to freely explore the arena for 5 min. After habit-
uation, a control mouse of the same sex was placed inside a wire 
containment cup that is located to the side of the arena. Subject 
mouse was allowed free access to the arena and control mouse for 
5 min. The number of direct contacts between the subject mouse 
and the containment cup housing a control mouse was quantified 
as active contacts. Duration of active contact points was measured 
and determined by calculating the discrimination index (time of active 
contact points/total time) and is presented as a percentage.
Rotarod
The motor capabilities of the mice were tested using an accelerating 
rotarod (Ugo Basile). Each mouse was placed on the rotarod beam 
for a maximum of 5 min while it accelerated from 8 to 40 rpm. The 
experimenter stopped the timer when either the mouse fell off the 
beam or the mouse held on to the beam and its body completed two 
full rotations. A total of five trials were performed per mouse, each 
with a 15-min intertrial interval.

Oral gavage of adult mice with tamoxifen
Tamoxifen (Sigma-Aldrich, T5648) was dissolved in corn oil (Sigma- 
Aldrich, C8267) at a concentration of 50 mg/ml. For adult induc-
tion of CSF1R haploinsufficiency, tamoxifen (5 mg/25 g of body 
weight) was orally gavaged daily for 5 days. Tamoxifen administra-
tion began at 2 months, and brains were harvested at 8 months.

Histology and confocal microscopy
For immunostaining of P2RY12, aggrecan, CSPG CS-56, and Ctip2, 
antigen retrieval was performed by heating the sections in citrate 
buffer (10 mM; pH 6.0) for 30 min at 80°C followed by a 10-min 
cooling period and 5-min 1× PBS wash. Fluorescent immunolabeling 
followed using a standard indirect technique as described previously 
(27). Brain sections were stained with primary antibodies against 
the following: IBA1 (1:1000; 019-19741, Wako and ab5076, Abcam), 
WFA (1:1000; B1355, Vector), aggrecan (1:200; ab1031, Millipore), 
CSPG CS-56 (1:200; ab11570, Abcam), S100 (1:200; Abcam), GFAP 
(1:1000; Abcam), Ki67 (1:200; Cell Signaling), BrdU (1:500; Abcam), 
NeuN (1:1000; Millipore), MBP (1:200; Millipore), PDGFR (1:200; 
Thermo Fisher Scientific), Olig2 (1:200; Abcam), Synaptophysin 
(1:1000; Sigma-Aldrich), PSD95 (1:500; Abcam and Cell Signaling), 
Bassoon (1:1000; Synaptic Systems), P2RY12 (1:200; Sigma-Aldrich), 
Ctip2 (1:200; Abcam), SV2A (1:200; Synaptic Systems), Nf-L (1:200; 
Synaptic Systems), CD206 (1:200; Thermo Fisher Scientific), CD163 
(1:200; Abcam), and CUX1 (1:200; Abcam).
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For TUNEL staining, the Promega Dead End TUNEL Assay Kit 
(catalog no. G3250) was used following the manufacturer’s instruc-
tions. Briefly, samples were washed in PBS, incubated in equilibra-
tion buffer for 10 min, and covered with plastic coverslips. Slides 
were then immersed in incubation buffer made of equilibration 
buffer (180 l), nucleotide mix (20 l), and rTdT enzyme (4 l) at 
37°C for 1 hour not exposed to light. Slides were dipped in 2× SSC 
buffer for 10 min at room temperature. Deoxyribonuclease I was 
used to generate strand breaks in DNA to provide a positive TUNEL 
reaction control. Negative control sections were incubated in incu-
bation buffer without rTdT enzyme.

For RNAscope in situ hybridization, we followed the manufac-
turer’s instructions. Briefly, tissue sections were mounted onto 
slides and warmed at 60°C for 30 min. Sections were dehydrated 
with 50, 70, and 100% ethyl alcohol gradients for 5  min each at 
room temperature and followed by hydrogen peroxide (catalog no. 
322335, ACDBio) at room temperature for 10 min each and then 
washed with deionized (DI) water. Tissue sections were placed in 
boiling 1× Target Retrieval reagent (catalog no. 322380, ACDBio) 
for 15 min then immediately transferred to DI water and washed 
in 100% ethyl alcohol and allowed to dry. Slides were covered in 
Protease III (catalog no. 322337, ACDBio) for 30 min at 40°C. Probes 
were then added for 2 hours at 40°C within a humidity control 
chamber. Signal amplification and detection reagents (catalog 
no. 322310, ACDBio) were applied sequentially and incubated in AMP 1, 
AMP 2, and AMP for 30 min each. Before adding each AMP reagent, 
samples were washed twice with washing buffer (catalog no. 310091, 
ACDBio). Respective horseradish peroxidases (HRPs) were placed 
on slides for 15 min at 40°C followed by 30 min of respective Opal 
dye (FP1487001KT, Akoya Biosciences) for 30 min at 40°C and 
HRP blocker for 15 min at 40°C.

High-resolution fluorescent images were obtained using a Leica 
TCS SPE-II confocal microscope and LAS-X software. For confocal 
imaging, one field of view (FOV) per brain region was captured per 
mouse using the Allen Brain Atlas to capture comparable brain re-
gions. For synaptic quantifications, three FOVs per brain region 
were captured, and quantifications for each animal were averaged. 
Total cell counts and morphological analyses were obtained by im-
aging comparable sections of tissue from each animal at a 20× ob-
jective, at multiple z-planes, followed by automated analyses using 
Bitplane Imaris 7.5 spots and filaments, respectively, as described 
previously (84). Colocalization analyses were conducted using Bitplane 
Imaris 7.5 colocalization and surfaces modules. For hemisphere 
stitches, automated slide scanning was performed using a Zeiss 
AxioScan.Z1 equipped with a Colibri camera and Zen AxioScan 2.3 
software. Cell quantities were determined using the spots module in 
Imaris. Integrated density measurements were determined in ImageJ 
(National Institutes of Health).

RNA sequencing
Whole-transcriptome RNA-seq libraries were produced from WT, 
CSF1Ri, CSF1R+/, and CSF1Ri-CSF1R+/− mice treated from 6 to 
8 months, brains that were microdissected to extract cortical tissue 
(n = 6 per group). Briefly, 100 to 600 ng of RNA were depleted of 
ribosomal RNA, fragmented, reverse-transcribed, and ligated to 
indexed sequencing adapters using the KAPA RNA HyperPrep Kit 
with RiboErase. Amplified libraries were combined into four pools 
of 12 libraries and sequenced on four lanes of a HiSeq 4000 producing 
50–base pair single-end reads. Reads were mapped to the reference 

mouse genome (mm10) using the STAR (85) aligner and quantified 
with the featureCounts function of the Rsubread (86) package in R 
(87). After filtering out low-count genes, count distributions were 
scaled using the calcNormFactors function of the edgeR (88) package.
Weighted correlation network analysis
Network analysis was performed using the WGCNA package in 
R (83). First, biweighted mid-correlations were calculated for all gene 
pairs and then used to generate an eigengene network matrix, which 
reflects the similarity between genes according to their expression 
profiles. This matrix was then raised to power  ( = 20). Modules 
were defined using specific module cutting parameters (minimum 
module size, 100 genes; deepSplit, 4; and threshold of correla-
tion, 0.2). Modules with a correlation greater than 0.8 were merged. 
We used the first principal component of the module, called signed 
bicor network, to correlate brain region, irradiation, and treatment. 
Hub genes were defined using the intramodular connectivity (kME) 
parameter of the WGCNA package.
Gene enrichment analysis
Gene set enrichment analysis was done using enrichR (90).

Quantitative PCR
Complementary DNA (cDNA) was prepared using an iScript cDNA 
synthesis kit following the manufacturer’s instructions (Bio-Rad, 
1708890). Quantitative real-time PCR was performed to determine 
the relative expression of Csf1r and Gapdh as a control. The primer 
pairs for each were obtained as part of the PrimePCR-PreAMP 
SYBR Green Assay (Bio-Rad; unique assay IDs: qMmuCID0016567 
and qMmuCED0027497). Real-time PCRs were performed in 20-l 
volume reactions using the SsoAdvanced Universal Supermix SYBR 
Green system (Bio-Rad). Real-time PCR conditions were 95°C for 
2 min for 1 cycle followed by 95°C for 10 s and 60°C for 30 s for 
40 cycles on a Bio-Rad CFX96 Touch thermocycler.

Data analysis and statistics
Statistical analysis was performed with Prism GraphPad (v.8.0.1; La 
Jolla, USA). To compare two groups, the unpaired or paired Student’s 
t test was used. Behavioral, biochemical, and immunohistological data 
were analyzed using two-way analysis of variance (ANOVA) (diet: 
control versus PLX5622 and genotype: WT versus CSF1R+/−) using 
GraphPad Prism version 8. Tukey’s post hoc tests were used to ex-
amine biologically relevant interactions from the two-way ANOVA 
regardless of statistical significance of the interaction. For all analyses, 
statistical significance was accepted at P < 0.05, and significance is ex-
pressed as follows: *P < 0.05, **P < 0.01, and ***P < 0.001. n is given as 
the number of mice within each group. Statistical trends are accepted 
at P < 0.10 (#). Data are presented as raw means and SEM.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/35/eabg1601/DC1

View/request a protocol for this paper from Bio-protocol.
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