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ARTICLE

Microglial pattern recognition via IL-33 promotes
synaptic refinement in developing corticothalamic
circuits in mice
Rafael T. Han1*, Ilia D. Vainchtein1*, Johannes C.M. Schlachetzki7, Frances S. Cho2,3,6, Leah C. Dorman1,2, Eunji Ahn1, Dong Kyu Kim1,
Jerika J. Barron1, Hiromi Nakao-Inoue1, Ari B. Molofsky4, Christopher K. Glass7,8, Jeanne T. Paz2,3,5,6, and Anna V. Molofsky1,2,5

Microglia are critical regulators of brain development that engulf synaptic proteins during postnatal synapse remodeling.
However, the mechanisms through which microglia sense the brain environment are not well defined. Here, we characterized
the regulatory program downstream of interleukin-33 (IL-33), a cytokine that promotes microglial synapse remodeling.
Exposing the developing brain to a supraphysiological dose of IL-33 altered the microglial enhancer landscape and increased
binding of stimulus-dependent transcription factors including AP-1/FOS. This induced a gene expression program enriched for
the expression of pattern recognition receptors, including the scavenger receptor MARCO. CNS-specific deletion of IL-33 led
to increased excitatory/inhibitory synaptic balance, spontaneous absence-like epileptiform activity in juvenile mice, and
increased seizure susceptibility in response to chemoconvulsants. We found that MARCO promoted synapse engulfment, and
Marco-deficient animals had excess thalamic excitatory synapses and increased seizure susceptibility. Taken together, these
data define coordinated epigenetic and functional changes in microglia and uncover pattern recognition receptors as potential
regulators of postnatal synaptic refinement.

Introduction
Innate immune signaling shapes tissue development and ho-
meostasis, including the remodeling of neuronal synapses in the
central nervous system (CNS). Immune dysfunction is also im-
plicated in the pathogenesis of neurodevelopmental disorders,
including epilepsy and schizophrenia (Bennett and Molofsky,
2019; Vezzani et al., 2015). Microglia, the dominant immune
cells in the brain parenchyma, are exquisitely sensitive to en-
vironmental cues (Lavin et al., 2014; Hrvatin et al., 2018;
Gosselin et al., 2014; Gosselin et al., 2017; Butovsky et al., 2014).
This context sensitivity is thought to shape one of their domi-
nant functions, which is to promote synapse remodeling in the
developing brain (Mosser et al., 2017; Frost and Schafer, 2016).
Mechanisms of microglial-mediated synaptic engulfment vary
markedly by developmental stage and brain region (Faust et al.,
2021) and are particularly sensitive to extracellular cues in
later stages of synaptic refinement (∼P10–P30 in the mouse).

However, the molecular mechanisms through which microglia
sense synaptic cues to promote remodeling are not well defined.

To investigate this question, we focused on the downstream
signaling pathways orchestrated by the IL-1 family member
interleukin-33 (IL-33), a recently described regulator of post-
natal synapse refinement that acts via its obligate receptor
(IL1RL1, a.k.a. ST2) expressed on microglia (Nguyen et al., 2020;
Vainchtein et al., 2018; He et al., 2022). While these studies
demonstrated IL-33–dependent engulfment of synaptic proteins
in development and extracellular matrix proteins in the adult
hippocampus, the molecular mechanisms involved and their
impact on circuit maturation remain unknown. The somato-
sensory thalamus is one of the first brain regions to express IL-
33, predominantly in astrocytes (Vainchtein et al., 2018), and its
expression increases, coincident with synapse maturation in
this region (Fig. 1 A; Golshani et al., 1998; Takeuchi et al., 2014;
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Figure 1. IL-33 induces a phagocytic program in microglia that upregulates extracellular sensing and scavenging pathways. (A) Schematic of de-
velopmental induction of IL-33 during corticothalamic synapse refinement (adapted from data in Vainchtein et al., 2018). (B) Circuit diagram of the
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Yoshida et al., 2009). Reciprocal connections between the so-
matosensory thalamus and cortex mature postnatally along a
similar time course (Fig. 1 B; Midorikawa and Miyata, 2021).
Hyperexcitability in these connections can drive absence seiz-
ures, a subtype associated with childhood absence epilepsy, the
most common form of pediatric epilepsy (Crunelli et al., 2020).
The robust expression of a microglial instructive cue during
development raises the question of whether and how it shapes
circuit maturation and function.

Here, we identify a coordinated set of epigenetic, tran-
scriptomic, and functional changes in microglia that drive syn-
apse engulfment in response to exogenous IL-33. We show that
IL-33 induces the expression of pattern recognition and scav-
enger receptors by exposing enhancers that bind stimulus-
dependent transcription factors, including FOS/AP-1. While
not all of the targets identified may be relevant to IL-33’s
physiological roles in development, we identified the scaven-
ger receptor MARCO as one downstream target of IL-33
signaling and demonstrated a role for MARCO in driving IL-
33–dependent synaptic engulfment. We show that IL-33 con-
trols excitatory/inhibitory synaptic balance in the developing
thalamus and IL-33 deficiency leads to spontaneous absence
seizures, a type of epilepsy associated with the corticothalamic
circuit. Finally, we show that MARCO deficiency leads to im-
paired synaptic protein engulfment by microglia, excess excit-
atory synapses, and increased seizure susceptibility in juvenile
animals. These data suggest a novel role for pattern recognition
receptors in microglial synaptic remodeling.

Results
IL-33 induces a phagocytic program in microglia that
upregulates pattern recognition and scavenging pathways
To define the IL-33–dependent phagocytic program, we per-
formed single-cell sequencing of flow-sorted thalamic CD45+

cells (predominantly microglia) 4 h after intracerebroventricu-
lar (i.c.v.) administration of recombinant IL-33 (40 ng, Fig. 1 C
and Fig. S1 A). This dose and time period were chosen to capture
the acute microglial response in a sufficient number of cells to

detect transcriptomic shifts, and did not result in detectable
infiltration of myeloid or lymphoid cells into the CNS (Fig. S1 B).
However, this dose is likely much higher than what might be
experienced in a physiological setting. To isolate direct effects on
microglia, we conditionally deleted the IL-33 receptor Il1rl1 on
microglia (Cx3cr1CreERT2+/−:Il1rl1fl/fl [Yona et al., 2013], tamoxifen:
P1, P3, and P5) and compared it to the vehicle or IL-33–treated
controls (Cx3cr1CreERT2+/−). Unsupervised clustering revealed
several distinct microglial clusters. (Fig. 1 D and Fig. S1 F, quality
control in Fig. S1, C–E), including homeostatic (clusters 0 and 2,
high P2ry12, Mef2a), proliferating (cluster 4, Mki67), interferon-
responsive (cluster 5, Ifitm3, Ifit3), and a lysosomally/transla-
tionally active cluster (cluster 3, Lyz2, Apoe).

Most notable was a robust transcriptomic shift in 84% of
microglia in response to IL-33 that was almost completely ab-
rogated after microglial-specific deletion of the IL-33 receptor
(Fig. 1 D). This “IL-33 responsive” cluster (1) expressed genes
associated with “classical”macrophage activation, including Tnf,
Il1b, and others (Fig. 1, E and F), many of which were concordant
with genes we had identified as downregulated in microglia
from IL-33–deficient animals (Vainchtein et al., 2018). These
data demonstrate a direct effect of IL-33 on microglia and sug-
gest that most microglia are competent to respond to IL-33.

To further explore IL-33 target genes that might have func-
tional roles in phagocytosis, we overlaid our data with an an-
notated phagocytosis dataset (GO: 0006909). This revealed
downregulation of some previously defined phagocytic genes,
including Trem2 (Shirotani et al., 2019; Filipello et al., 2018), and
TAM receptor tyrosine kinase,Mertk (Fig. 1, E and G; Fourgeaud
et al., 2016). In contrast, we observed robust induction of pattern
recognition receptors (PRRs). This included the scavenger re-
ceptor Marco (Bowdish and Gordon, 2009), which has been
implicated in debris clearance by dendritic cells and macro-
phages, as well as β-amyloid engulfment by microglia (Wilkinson
and El Khoury, 2012; Xu et al., 2017). Another was Tlr2 (Medzhitov
and Janeway, 2000; Schaefer et al., 2005), which senses a variety
of extracellular pathogens and damage-associated molecular pat-
terns in complex with TLR1/6, both of which were also induced
(Fig. 1, E and H).

corticothalamic circuit, including excitatory thalamocortical (blue), corticothalamic (green), and inhibitory connections (violet). (C) Experimental paradigm for
scRNA-seq from P15 thalamus (vehicle = PBS). (D) Unsupervised clustering of single-cell sequencing data from all three conditions (upper left). Same plot
showing only Cx3cr1CreERT2+/− sample 4 h after vehicle injection (upper right), Cx3cr1CreERT2+/− sample 4 h after 40 ng IL-33 injection (lower left), and
Cx3cr1CreERT2+/− Il1rl1fl/fl sample 4 h after 40 ng of IL-33 injection (lower right) plotted in UMAP space. Each dot represents a cell from one independent ex-
periment. (E) Volcano plot of differentially expressed genes between the IL-33 responsive cluster 1 vs. aggregated cells from all other clusters. Red dots are
upregulated in cluster 1 with log2 fold change >0.25, pAdj < 10−10, using the MAST test in Seurat. Blue dots are upregulated in all other aggregated clusters vs.
cluster 1 with log2 fold change <0.25, pAdj < 10−10. (F) Top five GO terms upregulated in cluster 1 (upper) and upregulated in all other aggregated clusters
(lower). (G) Heatmap showing expression of phagocytosis-related genes (GO: 0006909) across clusters, highlighting top five upregulated genes (top, yellow)
and downregulated genes (bottom, purple) in cluster1 (ordered based on expression in cluster 1, centered normalized expression values). (H) Feature plots
showingMarco (upper) and Tlr2 (lower) expression with cluster 1 highlighted (dotted line). (I) Representative images of MARCO and TLR2 protein expression in
thalamic microglia 18 h after vehicle or IL-33 injection in Cx3cr1CreERT2+/− or Cx3cr1CreERT2+/−:Il1rl1fl/flmice. Scale bar = 100 µm. (J) Quantification of MARCOmean
fluorescence intensity (MFI) in thalamic microglia 18 h after vehicle or IL-33 injection in Cx3cr1CreERT2+/− or Cx3cr1CreERT2+/−:Il1rl1fl/fl mice. Each dot represents a
mouse. Two-way ANOVA followed by Tukey’s post hoc comparison (genotype and treatment). (K) Quantification of TLR2 MFI in thalamic microglia 18 h after
vehicle or IL-33 injection in Cx3cr1CreERT2+/− or Cx3cr1CreERT2+/−:Il1rl1fl/fl mice. Each dot represents a mouse. Two-way ANOVA followed by Tukey’s post hoc
comparison (genotype and treatment). Data points represent the average of three technical repeats. (L and M) Quantification of MARCO (L) and TLR2 (M)
expression in thalamic microglia 18 h after vehicle or IL-33 injection in Il1rl1fl/fl or P2ry12creERT2+:Il1rl1fl/fl mice. Each dot represents a mouse. Two-way ANOVA
followed by Tukey’s post hoc comparison (genotype and treatment). Data points represent the average of two technical repeats. Data represented as mean ±
SEM for bar graphs. Mice aged P15–P17 were used for I–M. dLGN: dorsal lateral geniculate nucleus of thalamus. *P < 0.05, **P < 0.01, ***P < 0.001.
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We validated induction of both MARCO and TLR2 proteins
after IL-33 exposure in vivo in the thalamus (Fig. 1, I–K and Fig.
S1, I–L) and cortex (Fig. S1, G and H). This induction was abro-
gated after deletion of Il1rl1 in microglia using Cx3cr1creER. As
Cx3CR1CreER also targets border-associated macrophages and
other myeloid cells, we phenocopied these results using
P2ry12creER (Fig. 1, L and M; Il1rl1fl/fl vs. P2ry12creERT2+/−Il1rl1fl/fl;
tamoxifen at P2, P4, and P6), which is more specific to microglia
(McKinsey et al., 2020) when compared to Cx3cr1creER. In
P2ry12creER, Il1rl1 deletion was more specific to microglia (Fig. S1,
M–P), but somewhat less sensitive (∼87–92% reduction in Il1rl1
transcript, Fig. S1 Q). While it is possible that P2ry12creER could
target platelets, they are not thought to express Il1rl1 (Rowley
et al., 2011). Taken together, these data reveal that IL-33 signals
microglia directly to induce a gene expression program that
enhances microglial sensitivity to extracellular cues.

AP-1/FOS activation drives pattern recognition receptor
expression in microglia
To determine potential transcriptional regulators responsible
for this IL-33–dependent gene expression program, we next
characterized the epigenetic changes in IL-33–exposedmicroglia
using high-dose exogenous exposure and sorted cells 4 h after
IL-33 injection (Fig. 2 A; gating in Fig. S1 A). We assessed
chromatin accessibility using an assay for transposase-accessible
chromatin sequencing (ATAC-seq; Buenrostro et al., 2013). We
also performed chromatin immunoprecipitation sequencing for
acetylation of histone H3 lysine 27 (H3K27ac ChIP-seq) to de-
termine active regulatory regions (Creyghton et al., 2010). These
data were cross-correlated with bulk RNA sequencing (bulk
RNA-seq) performed in parallel, which was highly consistent
with findings from single-cell RNA sequencing (scRNA-seq; Fig.
S2, A and B; and Table S2).

Gene promoters are essential for initiation of transcription,
but additional cell-type specific responses depend heavily on
transcription factor (TF) binding to distal enhancer regions
(Troutman et al., 2021). These enhancers are primed by lineage-
determining TFs, such as PU.1, in macrophages. They are further
regulated by stimulus-dependent TFs that respond to upstream
receptor-mediated signaling, thus conferring sensitivity to en-
vironmental cues. Genome-wide comparisons of active chro-
matin regions with both ATAC-seq and H3K27ac peaks revealed
that the injection of IL-33 robustly induced de novo enhancer
peaks (≥3 kb upstream of the promoter; Fig. 2 B; quality control
in Fig. S2, C and D). Most notable was the significant enrichment
for binding sites of stimulus-dependent TFs, including AP-1 and
NF-κB-p65 (Fig. 2 C and Table S3; Ruland, 2011; Thompson et al.,
2009). There was a concomitant suppression of MEF2-binding
sites associated with a microglial physiology/surveillance phe-
notype (Gosselin et al., 2014; Holtman et al., 2017). In contrast,
the myeloid lineage–determining transcription factor PU.1
(Zaret, 2020) both gained and lost accessibility sites in response
to IL-33, as found in other studies (Lau et al., 2020), which is
consistent with the fact that pioneer factors such as PU.1 prime
the binding of other transcription factors. Thus IL-33 increased
accessibility to stimulus-dependent transcription factors, in-
cluding the AP-1 transcription factor complex.

AP-1 is a heterodimeric complex that includes members of
four families: Fos, Jun, ATF/CREB, and Maf (Gazon et al., 2018).
Fos was the top TF induced after IL-33, and there was a signif-
icant induction of AP-1 family genes including Batf, Junb, and
Atf3 (Fig. 2 D). Fos is an immediate early gene typically associated
with neuronal activation, but not commonly linked to microglia.
To directly assess FOS occupancy at the de novo enhancers re-
cruited by IL-33, we performed FOS ChIP-seq of microglia
(gating strategy in Fig. S1 A). Representative examples of ATAC-
seq (open), H3K27ac (active), and FOS ChIP-seq peaks from IL-
33 vs. vehicle-exposed microglia are shown in the vicinity of
Marco and Tlr2 alongside mRNA levels in each condition (Fig. 2,
E and F). Overall, we found that FOS occupied almost half
(47.2%) of the IL-33 recruited enhancers, which putatively reg-
ulate 867 genes (Fig. 2 G). These data suggest that FOS/AP-1 is a
major TF complex mediating IL-33 signaling in microglia.

To further validate whether microglial Fos induction occurs
in vivo, we used Fos-TRAP2 to permanently label cells via Fos-
dependent expression of tamoxifen-inducible Cre recombinase
(Fig. 2 H; DeNardo et al., 2019). We found that IL-33 significantly
increased the number (Fig. 2, I and J) and the percentage (Fig. S2,
E and F) of FosTRAP+ microglia. In contrast, the number of Fo-
sTRAP+ neurons was unchanged, suggesting no effect of IL-33 on
neuronal activation (Fig. 2 K). FosTRAP+ microglia expressed
significantly more TLR2 and MARCO protein relative to
FosTRAP− microglia in the same sections (Fig. 2, L and M).
Taken together, our data show that IL-33 enhances microglial
sensitivity to stimulus-dependent transcription factors like
FOS, and FOS induction correlates with target gene expression.

The scavenger receptor MARCO partly mediates microglial
synapse engulfment and synapse elimination in response to
exogenous IL-33
We previously demonstrated that local exogenous IL-33 drives
increased microglial engulfment of synaptic proteins and a
concomitant synapse depletion within 24 h (Vainchtein et al.,
2018). We next investigated whether IL-33 downstream targets,
including MARCO and TLR2, were causally implicated in these
phenotypes. We quantified the engulfment of the presynaptic
marker VGLUT1 using high-resolution confocal imaging and 3D
reconstruction with the microglial reporter Cx3cr1GFP (Jung et al.,
2000). Injection of IL-33 increased VGLUT1 within CD68+ mi-
croglial phagolysosomes, and this effect was significantly in-
hibited by coinjection of a MARCO function–blocking antibody
(Fig. 3, A–C and Fig. S3 A; van der Laan et al., 1999; Pinheiro da
Silva et al., 2007). To determine whether these effects on en-
gulfment impacted overall synapse numbers, we quantified ex-
citatory synapses after IL-33 exposure. We found a twofold
reduction in excitatory synapses after IL-33 injection, as as-
sessed by pseudocolocalization of pre- and postsynaptic pro-
teins, VGLUT1 and HOMER1 (Ippolito and Eroglu, 2010), as well
as examination of both pre- and postsynaptic puncta in isolation.
This depletion was significantly attenuated with acute loss of
function using α-MARCO antibodies in the thalamus (Fig. 3, D
and E; and Fig. S3, B and C).

To validate these results with an independent approach, we
quantified synapses in Marco−/− mice (model validation in Fig.
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Figure 2. AP-1/FOS activation drives pattern recognition receptor expression in microglia. (A) Schematic of bulk RNA-seq, ATAC-seq, and H3K27ac/FOS
ChIP-seq paradigm. Cells were collected 4 h after injection for analysis from one independent experiment. Vehicle = PBS. (B) Scatter plot of normalized
H3K27ac ChIP-seq in regions with ATAC-seq signal, in microglia after vehicle or IL-33 exposure. Data focuses on putative enhancers (chromatin regions >3 kb
from transcriptional start site). Colors indicate significant changes (FDR < 0.05 and FC > 2) in H3K27ac ChIP-seq signal (IL-33 enriched = red, vehicle enriched =
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S3 D). We observed that supraphysiological local administration
of IL-33 induced a twofold synapse depletion in the thalamus of
wild-type animals (Fig. 3, F–H), whereas on a Marco deficient
background the magnitude of this effect was diminished and
was no longer statistically significant (Fig. 3, I–K). However,
although a full comparison was not possible with this experi-
mental design, we also noted that synapse numbers appeared to
be increased in Marco−/− animals, suggesting that it might play
physiological roles in brain development.

We also investigated whether TLR2, another potential
downstream target of IL-33, impacted IL-33–dependent mi-
croglia synapse elimination. Acute blockade of TLR2 with
a functional blocking antibody significantly impaired IL-
33–dependent synapse engulfment by microglia (Fig. S3, E and
F), but IL-33–mediated synapse depletion was not significantly
attenuated on a Tlr2-deficient background (model validation in
Fig. S3 D; and Fig. S3, G and H). Furthermore, a direct com-
parison of Tlr2-deficient animals and controls suggested a
modest but nonsignificant trend toward excess excitatory syn-
apses in Tlr2−/− mice (Fig. S3 I). Taken together, these data
suggest that both TLR2 and MARCO can act downstream of
exogenous IL-33 to promote excitatory synapse depletion but
raise the possibility that MARCO might have physiological roles
in the developing brain.

Loss of IL-33 signaling leads to excess corticothalamic
excitatory synapses and spontaneous absence seizures
We next defined the functional impact of IL-33 on synaptic
balance and excitability in the somatosensory circuit. During
postnatal development, most IL-33–expressing cells in the cortex
and thalamus are astrocytes, with a smaller contribution from
oligodendrocytes (Fig. S4, A–C). We used hGFAPcre (Molofsky
et al., 2014; Zhuo et al., 2001) to efficiently delete IL-33
throughout the brain (“IL-33 cKO,” hGFAPcre:Il33fl/fl vs. Il33fl/fl;
Fig. S4 D). To quantify synapses, we focused on the reciprocal
connections between the somatosensory cortex and thalamus,
which include excitatory VGLUT2+ sensory (lemniscal) afferents
projecting from the brainstem, excitatory VGLUT1+ cortical af-
ferents, and VGAT+ inhibitory synapses (Fig. 1 B). All of these
synaptic connections mature during a period of rapid IL-33 in-
crease in thalamic astrocytes, accelerating after the second

postnatal week (Zolnik and Connors, 2016; Golshani et al., 1998;
Yoshida et al., 2009).

We found a significant increase in the number of cortico-
thalamic excitatory synapses (VGLUT1:Homer1) in IL-33 cKO
animals vs. littermate controls (Fig. 4, A and B). The same effect
was observed when examining pre- and postsynaptic proteins
separately (Fig. S4, E and F). This was phenocopied with the loss
of microglial IL-33R (Cx3cr1CreERT2+/−:Il1rl1fl/fl vs. Cx3cr1CreERT2+/−:
Il1rl1wt/wt; Fig. 4 C; and Fig. S4, G and H). We also observed an
increase in brain stem afferent synapses in both genotypes
(VGLUT2:Homer1; Fig. 4, D–F and Fig. S4, I–L). In contrast, the
number of inhibitory synapses (VGAT:Gephyrin) in the soma-
tosensory thalamus was significantly decreased in both geno-
types (Fig. 4, G–I and Fig. S4, M–P). There were similar but more
modest changes in synapse numbers in the somatosensory cor-
tex of IL-33 cKO animals (Fig. S4, Q–S). We further validated
these findings using whole-cell patch clamp electrophysiology of
thalamic relay neurons (Fig. 4 J). We observed an increase in
miniature excitatory postsynaptic currents (mEPSC; Fig. 4, K
and L) and a reduction in miniature inhibitory postsynaptic
currents (mIPSCs; Fig. 4, M and N). No changes in mEPSC/IPSC
amplitude or kinetics were observed (Table S4). Taken together,
these data support a model whereby local IL-33 acting directly
on microglia promotes excitatory synapse elimination.

Hyperexcitability in the cortico-thalamo-cortical circuit can
lead to seizures in rodent models (Huguenard and McCormick,
2007; Paz et al., 2013) and is associated with childhood absence
epilepsy, one of the most common forms of pediatric epilepsy
(Crunelli et al., 2020; Lüttjohann and van Luijtelaar, 2015). To
investigate whether the increased excitation of corticothalamic
excitatory circuits after the loss of CNS-derived IL-33 resulted in
spontaneous seizures, we performed simultaneous video and
electrocorticography (EcoG) recordings. Leads were placed in
primary somatosensory (S1) and prefrontal (PFC) cortices and
recording was performed in freely behaving juvenile mice (P35-
P45; Fig. 4 O). 1 h of baseline recording in the home-cage envi-
ronment revealed the presence of brief (1–3 s) spontaneous
spike-wave discharges (SWDs) in 6/10 IL-33 cKOmice but in 0/8
littermate controls (Fig. 4, P and Q). These SWDs were fre-
quently associated with behavioral arrest and observed simul-
taneously in both cortical regions (S1 and PFC), indicating that

black). (C) Enriched de novo motifs in enhancers that gained or lost H3K27ac ChIP-seq signal after treatment with IL-33 or vehicle, showing best-matched TFs
binding to those motifs. (D) Log2 fold-change of gene expression of all transcription factors that bind DNA elements identified in C. All transcription factors
shown have adj. P value < 0.001 by RNA-seq. (E) Browser tracks of ATAC-seq and H3K27ac or FOS ChIP-seq peaks in the vicinity of Marco and Tlr2. Yellow
shading = promoter regions, pink shading = distal gene regulatory elements (enhancers). (F) Bar graphs illustrate mRNA expression (transcripts per million,
TPM) from bulk RNA-seq for Marco and Tlr2. Error bars = standard deviation. Each dot represents a mouse (two-tailed unpaired t test). (G) Venn diagram
depicting percentage of induced active open enhancer peaks occupied by FOS after IL-33. FOS-occupied enhancers putatively regulate 867 genes including
Marco and Tlr2. (H) Experimental paradigm using the Fos-Trap2 allele crossed to the Ai14 TdTomato reporter to label, or “trap” Fos + cells. Tamoxifen was
administered 1 and 4 h after IL-33 or vehicle i.c.v. injection to capture Fos+ cells, and animals were sacrificed 20 h after the last tamoxifen injection.
(I) Representative images of staining for Fos-TRAP (TdT+), MARCO, and TLR2 after vehicle or IL-33 injection. Scale bar = 10 µm. (J) Quantification of Fos+

microglia in the cortex after vehicle or IL-33 injection. Dots = mice. (K) Quantification of Fos+ neurons in the cortex after vehicle or IL-33 injection. Dots = mice.
(L) Quantification of percent microglia that are MARCO+ after IL-33 injection. Lines (left) connect paired measurements of Fos+ and Fos− microglia in the same
mouse; estimation plot (right) shows the difference between the twomeans per mouse, error bars indicate 95% confidence interval. (M)Quantification of TLR2
mean fluorescent intensity after IL-33 injection. Lines (left) connect paired measurements of Fos+ and Fos− microglia in the same mouse. The estimation plot
(right) shows the difference between the two means per mouse, error bars indicate 95% confidence interval. Data represented as mean ± SEM for J and K. Data
points represent the average of two technical repeats for K–M. (J and K) Two-tailed unpaired t test. (L and M) Two tailed paired t = tests. Mice at P30 were
used for A–G. *P < 0.05, **P < 0.01, ****P < 0.0001.
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Figure 3. The scavenger receptor MARCO partly mediates microglial synapse engulfment and synapse elimination in response to exogenous IL-33.
(A) Schematic of i.c.v. injection of IL-33 andMARCO-blocking antibody in Cx3cr1GFP reporter animals. (B) Representative images of Z-stack maximum projection
from Cx3cr1GFP microglia in the somatosensory thalamus for the indicated conditions. Arrowheads and orthogonal projections highlight engulfed VGLUT1 within
CD68+ phagolysosomes. Vehicle = PBS. Scale bars = 5 µm (main panel) and 0.5 µm (inset). (C) Quantification of VGLUT1 within CD68+ phagolysosomes within
microglia 18 h after vehicle or IL-33 injection after co-injection of a MARCO-blocking antibody or isotype control (values normalized to vehicle + isotype control
condition; n = 4mice for vehicle + isotype control, n = 5 mice for IL-33 + isotype control and IL33 +MARCO blocking antibody). (D and E) Representative images
and quantification of corticothalamic synapses in somatosensory thalamus 18 h after vehicle or IL-33 injection in the presence of MARCO blocking antibody or
isotype control (n = 4 mice for vehicle + isotype control, n = 5 mice for IL-33 + isotype control and IL-33 + α-MARCO). Scale bar = 2 µm. (F) Schematic of i.c.v.
injection of IL-33 in wild-type animals. (G and H) Representative images (G) and quantification (H) of corticothalamic excitatory synapses in somatosensory
thalamus after vehicle or IL-33 injection into wild-type animals (n = 3 mice/condition). Scale bar = 2 µm. Two-tailed unpaired t test was used. Arrow indicates
the magnitude of the difference between the two conditions. (I) Schematic of i.c.v. injection of IL-33 in Marco−/− animals. (J and K) Representative images (J)
and quantification (K) of corticothalamic excitatory synapses in somatosensory thalamus after vehicle or IL-33 injection into Marco−/− animals (n = 4 mice for
vehicle and 3 mice for IL-33). Scale bar = 2 µm. Two-tailed unpaired t test was used. Arrow indicates the magnitude of the difference between two conditions.
Dots = individual mice. Data points represent the average of three technical repeats for all experiments. Mice aged P15–P17 used for all experiments. One-way
ANOVA with Tukey’s comparison was used for C and E. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4. Loss of IL-33 signaling leads to excess corticothalamic excitatory synapses and spontaneous absence seizures. (A) Representative images of
corticothalamic excitatory synapses within the ventrobasal thalamus as defined by colocalized presynaptic (VGLUT1) and postsynaptic (HOMER1) puncta in
hGFAPCre+;Il33fl/fl vs. Il33fl/fl control. Circles indicate colocalization, defining a functional synapse. Scale bar = 2 µm. (B) Quantification of corticothalamic ex-
citatory synapses in ventrobasal thalamus of hGFAPCre+;Il33fl/fl vs. Il33fl/fl control. n = 5 mice/genotype. (C) Quantification of corticothalamic excitatory synapses
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they were bona fide events. SWD had a characteristic internal
frequency of 4–6 Hz, with a harmonic peak at 8–12 Hz, clearly
distinguishing them from sleep spindles (Fig. 4 R). These events
were nonconvulsive and were not associated with an overall
change in the baseline spectral density, which is consistent with
the fact that spike-and-wave discharges are brief (Fig. S4, T and
U). Taken together, we found that loss of IL-33 signaling led to
absence-type seizures linked to alterations in cortico-thalamo-
cortical circuit excitability.

Increased seizure susceptibility after the loss of CNS IL-33 or
microglial IL-33 receptor
We next sought to determine whether susceptibility to convul-
sive seizures was also dependent on microglial IL-33 signaling.
We performed EcoG recordings on control or IL-33 cKO animals
after the injection of a chemoconvulsant, pentylenetetrazol
(PTZ; 50 mg/kg), a GABAA receptor blocker (Fig. 5 A). We ob-
served an increase in the frequency and amplitude of spikes in
response to PTZ in IL-33 cKO vs. littermate controls in both
somatosensory and PFC (Fig. 5, B–D; and Fig. S5, A and B).
Consistent with this, after PTZ administration, EcoG recordings
from IL-33 cKOmice showed higher power in the low frequency
(delta frequency, 0.5–4 Hz) in both cortical regions over the 1-h
recording period (Fig. S5, C and D).

We also quantified behavioral generalized tonic-clonic (GTC)
seizures in independent cohorts of mice that had not undergone
EcoG placement by video recording for 1 h after the injection of
PTZ. Consistent with our EcoG findings, we observed an in-
creased incidence of GTC seizures in IL-33 cKO animals in re-
sponse to PTZ: 11/16 IL-33 cKO mice had at least one seizure
compared with 3/15 littermate controls (Fig. 5, E and F). In-
creased c-Fos staining of IL-33 cKO animals after PTZ was
consistent with these findings (Fig. S5, E and G). IL-33 cKO mice
were also more susceptible to another chemoconvulsant—the
glutamate receptor agonist kainic acid (Fig. S5, H and I).

The effect of IL-33 deficiency was phenocopied by deletion of
the IL-33 receptor on microglia using two independent condi-
tional deletion strategies. Mice with conditional deletion of IL-

33R using Cx3cr1creER had more seizures after PTZ injection than
control littermates (Fig. 5 G; at least one seizure in 6/
7 Cx3cr1CreERT2+/−:Il1rl1fl/fl vs. 2/9 Cx3cr1CreERT2+/− littermate con-
trols). We also observed a statistically significant effect after
microglial-specific deletion of IL-33R using the P2ry12 CreERT2

mouse line (Fig. 5 H; >1 seizure in 11/12 P2ry12CreERT2+/−:Il1rl1fl/fl

vs. 10/22 littermate Il1rl1fl/fl). Taken together, these data show
that brain-derived IL-33 signals directly through its receptor on
microglia and restricts seizure susceptibility.

MARCO deficiency leads to impaired synaptic protein
engulfment, excess excitatory synapses, and increased
seizure susceptibility
To assess the functional relevance of MARCO as a physiological
downstream target of IL-33 signaling, we directly investigated
the effect of MARCO in the absence of exogenous IL-33 admin-
istration. To determine the impact of MARCO on microglial
engulfment of synaptic proteins, we injected a MARCO
function–blocking antibody into Cx3cr1GFP reporter mice and
quantified synaptic proteins within microglial lysosomes 18 h
later. We observed significantly less VGLUT1 protein within
microglial lysosomes after MARCO blockade compared with
isotype controls (Fig. 6, A and B). We next quantified synapse
numbers and found that as suggested by our data in Fig. 3,
Marco−/− mice had significantly increased corticothalamic ex-
citatory synapse numbers compared with controls (Fig. 6, C and
D). Finally, we quantified seizure susceptibility in response to
PTZ administration. We found that Marco−/− mice had an in-
creased seizure susceptibility (Fig. 6, E and F; 9/16 Marco−/− vs.
3/21 littermate wild-type mice had more than one seizure after
PTZ injection). In contrast, Tlr2 deficiency, which had more
modest impacts on synapses and synapse engulfment (Fig. S3),
did not alter the seizure threshold (Fig. 6 G). Of note, given that
these studies relied on measurements of seizure threshold, we
cannot determine whether the seizure susceptibility in Marco-
deficient animals is thalamocortical in origin. Taken together,
these results indicate that the IL-33 target gene Marco restricts
excitatory synapse numbers and limits seizure susceptibility.

in ventrobasal thalamus with myeloid-specific deletion of IL-33 receptor (Cx3cr1CreERT2+/−;Il1rl1fl/fl) vs. control (Cx3cr1CreERT2 +/−). n = 3 mice in Cx3cr1CreERT2+/−;
Il1rl1fl/fl and n = 5 mice in Cx3cr1CreERT2+/−. (D) Representative images of brainstem afferent (lemniscal) synapses as defined by colocalized pre- (VGLUT2) and
post- (HOMER1) synaptic puncta in hGFAPCre+;Il33fl/fl vs. Il33fl/fl. Circles indicate colocalization, defining a functional synapse. Scale bar = 2 µm. (E) Quantifi-
cation of brainstem afferent synapses in hGFAPCre+;Il33fl/fl vs. Il33fl/fl control mice. 5 mice/genotype. (F) Quantification of brainstem afferent synapses after
myeloid-specific deletion of IL-33 receptor (Cx3cr1CreERT2+/−;Il1rl1fl/fl) vs. control (Cx3cr1CreERT2 +/−). Cx3cr1CreERT2+/−;Il1rl1fl/fl: n = 3 mice. Cx3cr1CreERT2+/−: n = 5
mice. (G) Representative images of inhibitory synapses in ventrobasal thalamus as defined by colocalized presynaptic (VGAT) and postsynaptic (Gephyrin)
puncta in hGFAPCre+;Il33fl/fl vs. Il33fl/fl control. Circles indicate co-localization, defining a functional synapse. Scale bar = 2 µm. (H) Quantification of thalamic
inhibitory synapses in hGFAPCre+;Il33fl/fl vs. Il33fl/fl control. n = 5 mice/genotype. (I) Quantification of inhibitory synapses in ventrobasal thalamus in myeloid-
specific deletion of IL-33 receptor (Cx3cr1CreERT2+/−;Il1rl1fl/fl) vs. control (Cx3cr1CreERT2+/−). Cx3cr1CreERT2+/−;Il1rl1fl/fl: n = 3 mice. Cx3cr1CreERT2+/−: n = 5 mice.
(J) Experimental paradigm for whole cell patch-clamp electrophysiology of ventrobasal thalamic neurons. (K) Representative traces of mEPSC. (L) Quanti-
fication of mEPSC frequency in ventrobasal thalamic neurons (Il33fl/fl control: n = 17 neurons from three mice, hGFAPCre+;Il33fl/fl: n = 18 neurons from four mice,
two independent cohorts). (M) Representative traces of mIPSC. (N) Quantification of mIPSC frequency in ventrobasal thalamic neurons (n = 16 neurons from
three mice in Il33fl/fl, n = 17 neurons from three mice in hGFAPCre+;Il33fl/fl, two independent cohorts). (O) Schematic of lead placement and setup for ECoG in
35–45-d-old mice. (P) Representative traces of recordings from somatosensory and prefrontal cortices of freely behavingmice. Diagonal lines indicate detected
SWDs that were detected simultaneously in both cortical locations. Boxed area is enlarged to highlight a representative SWD lasting about 3 s, occurring in
hGFAPCre+;Il33fl/fl. Arrowheads indicate the beginning and end of the SWD event. (Q) Quantification of percent of cohort with SWDs. n = 10 hGFAPCre+;Il33fl/fl

mice and 8 = Il33fl/flmice from three independent experiments (Fisher’s exact test). (R) Representative fast Fourier transform of an SWD observed in hGFAPCre+;
Il33fl/flmice. Note the peak at 4–6 Hz and a harmonic at 8–12 Hz. In all experiments, dots represent independent mice. Data points represent the average of two
technical repeats for B, E, and H. Data points represent the average of three technical repeats for C, F, and I. Data in B–N are represented as mean ± SEM for
bar graphs. Two-tailed unpaired t test used for A–N. P28–P35 mice were used for A–N. *P < 0.05, **P < 0.01.
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Discussion
Tissue-resident macrophages such as microglia are essential
mediators of tissue remodeling and are optimized for tissue-
specific functions by an exquisite sensitivity to local cues
(Butovsky et al., 2014; Lavin et al., 2014; Gosselin et al., 2017;
Ayata et al., 2018). Synapse remodeling is a brain-specific form
of tissue remodeling and a dominant function of microglia in the
developing brain. Here, we demonstrate that the tissue-resident
cytokine IL-33 reprograms the microglial epigenome to expose
enhancers that bind to stimulus-dependent TFs, including the
AP-1/Fos complex.

In this study, we identified a microglial phagocytic program
highly enriched for transmembrane pattern recognition re-
ceptors (PRRs), including TLR2 and the scavenger receptor
MARCO (Bowdish and Gordon, 2009). We also found that
MARCO had physiological roles in restricting excitatory synapse
numbers and seizure susceptibility, whereas TLR2 did not. It is
possible that these and many of the pathways identified in re-
sponse to exogenous IL-33 may be relevant in the setting of
injury, where IL-33 is known to function as an “alarmin” re-
leased in high doses after toxic cell death. However, in a phys-
iological setting, our data also suggest that pattern recognition,
such as by the scavenger receptor MARCO, can promote mi-
croglial phagocytosis. It raises the question of whether later
stages of synapse refinement could be molecularly distinct from

opsonin-mediated engulfment mechanisms, such as comple-
ment, that operate in earlier stages of development. Scavenger
and pattern-recognition receptors have largely been studied
in the context of host–pathogen interactions; thus the en-
dogenous ligands for these receptors are not well understood.
Future studies to identify the physiological ligands for mi-
croglial PRRs in the brain could provide an entry point to
mechanistically define how microglia sense can remodel the
synaptic space.

Finally, we demonstrate that both IL-33 andMARCO promote
engulfment of excitatory synapses by microglia, restrict excit-
atory synapse numbers, and prevent hyperexcitability. More
work needs to be done to fully define the mechanistic under-
pinnings of this hyperexcitability. For example, in this study and
in previous work (Vainchtein et al., 2018), we consistently ob-
served that IL-33 deficiency also led to a decrease in inhibitory
synapses. The mechanisms for this effect remain to be deter-
mined, but it could result from homeostatic compensation at the
neural circuit level, as can occur in mouse models of autism
with altered excitatory/inhibitory (E/I) balance (Antoine
et al., 2019). Future work will be needed to clarify this ef-
fect. Secondly, there are a variety of characteristic circuit
changes associated with absence seizures that were not di-
rectly examined in this study, such as alterations in T-type
calcium channels. Further, mechanistic dissection of how

Figure 5. Increased seizure susceptibility after the loss of CNS IL-33 or microglial IL-33 receptor. (A) Schematic of ECoG recordings after injection of the
GABA-A receptor antagonist PTZ. (B) Representative ECoG traces from the somatosensory cortex of PTZ-injected mice. Boxed area is enlarged to highlight
epileptiform spikes (right). (C and D) Quantification of total spike frequency (C) and average amplitude (D) of detected ECoG spikes. n = 10 hGFAPCre+;Il33fl/fl

mice and 8 Il33fl/fl mice from three independent experiments (35–45-d-old, two-tailed unpaired t test, mean ± SEM). (E) Schematic for seizure quantification
after PTZ injection in non-implanted mice. (F) Percent of mice that experienced generalized tonic-clonic seizures during the 1-h recording. n = 16 hGFAPCre+;
Il33fl/fl mice and 15 Il33fl/fl, four independent experiments. Age P29–P35. Fisher’s exact test. (G) Percent of mice that experienced generalized tonic-clonic
seizures during the 1 h recording. n = 7 Cx3cr1CreERT2+/−;Il1rl1fl/fl mice and n = 9 Cx3cr1CreERT2+/− mice, three independent experiments. Age P29–P35. Fisher’s
exact test. (H) Percent of mice that experienced generalized tonic-clonic seizures during the 1 h recording from n = 12 P2ry12CreERT2+/−;Il1rl1fl/fl mice and n =
22 Il1rl1fl/fl mice, five independent experiments. Age P29–P35. Fisher’s exact test. Dots represent individual mice. Data represented as mean ± SEM for bar
graphs. ECoG, electrocorticography; S1, somatosensory cortex. *P < 0.05, **P < 0.01.
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IL-33 and its downstream target MARCO promote a decrease
in E/I balance will be necessary to determine if these path-
ways could have therapeutic relevance.

Neural circuit hyperexcitability is a phenotype thought to
underly neurodevelopmental disorders including epilepsy, au-
tism, and schizophrenia (Sohal and Rubenstein, 2019). Immune
dysfunction has also been linked to these conditions through
genetic, epidemiologic, and functional studies (Bennet and
Molofsky, 2019). With the emergence of immunotherapies, mi-
croglia are increasingly attractive therapeutic targets. Our study
defines a core pathway that restricts circuit hyperexcitability by
regulating microglial phagocytic function, suggesting potential
avenues toward immune-mediated therapies for neuro-
developmental disorders, such as childhood absence epilepsy.

Materials and methods
Resource table
Reagents and resources are listed in Table S5.

Contact for reagent and resource sharing
Anna Molofsky, anna.molofsky@ucsf.edu.

Experimental models and subject details
Mice
All mouse strains were maintained in the specific pathogen–free
animal facility in University of California, San Francisco, and all
animal protocols were approved by and in accordance with the
guidelines established by the Institutional Animal Care and Use
Committee and Laboratory Animal Resource Center. Littermate
controls were used for all experiments when feasible, and all
mice were backcrossed >10 generations on a C57BL/6 back-
ground unless otherwise indicated. The following mouse strains
used are described in the table above and are as referenced in the
text. For experiments using conditional alleles, Tamoxifen
(T5648; Sigma-Aldrich) was diluted in corn oil (C8267; Sigma-
Aldrich) at 37°C overnight and administered intragastrically
at a concentration of 50 mg/kg three times every other day
beginning at P1–P2 for Cx3cr1-creER and P2ry12-creER. 4-
Hydroxytamoxifen (4-OHT; Hello Bio, HB6040) was dissolved
at 20 mg/ml in ethanol by shaking at 37°C for 15 min and was
then aliquoted and stored at −20°C for up to several weeks.
Before use, 4-OHT was redissolved in ethanol by shaking at 37°C
for 15 min, and corn oil (C8267; Sigma-Aldrich) was added to
give a final concentration of 2.5 mg/ml 4-OHT. The final 2.5 mg/

Figure 6. MARCO deficiency leads to impaired
synaptic protein engulfment, excess excita-
tory synapses, and increased seizure suscep-
tibility. (A and B) Representative image (A) and
quantification (B) of VGLUT1 within CD68+

phagolysosomes within microglia 18 h after a
MARCO-blocking antibody or isotype control at
age P15–P16 (n = 5 mice for isotype control, n = 4
mice for MARCO-blocking antibody). Two-tailed
unpaired t test. Scale bars = 5 µm (main panel)
and 1 µm (inset). (C and D) Representative image
(C) and quantification (D) of excitatory synapses
in ventrobasal thalamus of Marco+/+ and Marco−/−

mice. Marco+/+: n = 4 mice. Marco−/−: n = 5 mice.
Scale bar = 1 μm. Age P28–P30. Two-tailed un-
paired t test. (E) Schematic for seizure quantifi-
cation after PTZ injection. (F) Percent of mice
that experienced generalized tonic-clonic seizures
in 1 h after PTZ injection from n = 21 wild-type
and 16 Marco−/− mice from four independent
experiments. Age P29–P35. Fisher’s exact test.
(G) Percent of mice that experienced generalized
tonic-clonic seizures in 1 h after PTZ injection
from. n = 13 wild-type and 11 Tlr2−/− animals from
two independent experiments. Age P28–P30.
Fisher’s exact test. In all bar graphs, dots repre-
sent independent mice. Data represented as
mean ± SEM for bar graphs. *P < 0.05.

Han et al. Journal of Experimental Medicine 11 of 19

IL-33–MARCO axis regulates synapse refinement https://doi.org/10.1084/jem.20220605

mailto:anna.molofsky@ucsf.edu
https://doi.org/10.1084/jem.20220605


ml 4-OHT solutions were always used on the day they were
prepared and administered intraperitoneally at a concentration
of 50 mg/kg.

Method details
Stereotaxic injections
All injections were performed with a Kopf stereotaxic apparatus
(David Kopf Instruments) with a microdispensing pump (World
Precision Instruments) holding a beveled glass needle with ∼50
μm outer diameter. For perinatal experiments, mice were
anesthetized by hypothermia. For all postnatal (>P8) and adult
injections, mice were anesthetized with 1.5% isoflurane at an
oxygen flow rate of 1 liter/min, head-fixed with a stereotaxic
frame, and treated with ophthalmic eye ointment. Fur was
shaved and the incision site was sterilized with 70% ethanol and
Betadine prior to surgical procedures. A hole was drilled in the
skull. After injection, the glass pipette was left in place for
several minutes to allow diffusion. The pipette was slowly re-
moved and the scalp was reapposed with tissue glue. Body
temperature was maintained throughout surgery using a heat-
ing pad. After surgery, Buprenorphine (Henry Schein Animal
Health) was administered as needed by intraperitoneal injection
at a concentration of 0.1 mg/kg. Further details for each ex-
periment are given below.

Fos-TRAP2 labeling of Fos-expressing microglia
Homozygous Fos-TRAP2 mice (Fos2A-CreER) were crossed to
R26R-lsl-TdTomato (Ai14) reporter mice. The heterozygous
progenies for both alleles were administered 40 ng of recom-
binant IL-33 or vehicle (PBS) intracerebroventricularly as de-
scribed separately. At 1 and 4 h after i.c.v. injection, mice were
injected intraperitoneally with freshly prepared 4-OHT, a more
rapidly bioavailable form of tamoxifen, at a concentration of
50 mg/kg. Mice were sacrificed 24 h after IL-33 i.c.v. injection.
In a field of view, individual microglia IBA1 immunostaining was
used to mask individual microglia, and Fos-CreER-Tdt positive
and negative microglia were examined for TLR2 mean fluores-
cence intensity (as described separately) and the presence or
absence of MARCO staining.

IL-33 and blocking antibody delivery
For bulk RNA-, ATAC-, and H3K27ac ChIP-seq, and quantitative
RT-PCR, 500 ng of IL-33 or vehicle (PBS; 1 μl) was slowly in-
jected (3–5 nl/s) into the right lateral ventricle (ML = 1.25 mm,
AP = −0.6 mm, Z = −1.85 mm) of P30 mice. For all other ex-
periments, including single-cell RNA-seq, in vivo microglia
engulfment assay, in vivo microglia protein expression quanti-
fication, synapse counting, and FosTRAP2, either 40 ng of IL-33
or vehicle (PBS; 1 μl), was slowly injected (3–5 nl/s) into the right
lateral ventricle (ML = 1.1 mm, AP = 3.5 mm from lambda, Z =
−1.8 mm) of P14-P16mice. ForMARCO antibody blockade, 0.8 µg
of MARCO antibody (Bio-Rad) or the same amount of IgG neg-
ative control antibody (MCA6004GA; Bio-Rad) was adminis-
tered in the same needle with IL-33. For TLR2 antibody
blockade, 1.6 µg of TLR2 antibody (InvivogGen) or the same
amount of IgG negative control antibody (bgal-mab10-1; In-
vivogGen) was administered in the same needle with IL-33.

Quantification of mean fluorescence intensity of MARCO and TLR2
For in vivo microglia protein expression assay, mice were sac-
rificed 16–18 h after IL-33 i.c.v. injection. For quantification of
MARCO and TLR2 intensity, a 4-μm-thick Z-stack image was
obtained using an LSM 800 confocal microscope (Zeiss), and the
maximum intensity projection image was created. Mean fluo-
rescent intensity was quantified in ImageJ by first thresholding
the Iba1 channel to make a mask for microglia soma and process,
then measuring the intensity of MARCO and TLR2 channel in
the masked area in a grey scale and averaging those values in a
field of view. Default thresholding was used for Iba1 masking.

Fluorescence-activated cell sorting (FACS) of microglia
4 h after i.c.v. injection of IL-33 or vehicle (PBS), P30 mice were
anesthetized with isoflurane and perfused with PBS. As de-
scribed (Galatro et al., 2017), in brief, the brain was isolated and
placed in ice-cold HBSS-Ca/Mg free supplemented with Hepes
and glucose. The cortex was dissected and homogenized into a
single-cell suspension using a tissue homogenizer (5 cm3, VWR)
and filtered through a 70-μm strainer (Falcon). Cells were pel-
leted at 300 × g for 10 min at 4°C and the supernatant was
discarded. A 22% Percoll gradient was run on the pellet to de-
plete myelin at 900 × g, no brake at 4°C, and the pellet was af-
terward incubated with CD16/CD32 (eBioscience), CD11b-PE
(eBioscience) or CD11b-APC (BioLegend), CD45-FITC (eBio-
science) or CD45-APC (BioLegend), and Ly-6C-APC or Ly-6C
APC/Cy7 (Biolegend) antibodies in HBSS-Ca/Mg free supple-
mented with Hepes, glucose, and EDTA (iMed-) on ice for
30 min. Cells were pelleted at 300 × g for 10 min at 4°C, re-
suspended in iMed- and incubated with DAPI just before FACS.
A purified microglia population, defined as CD11bhighCD45lowLy-
6Cneg, was collected by FACS on a BD Aria3 (BD Biosciences). For
scRNA-seq, a CD45+ population was collected as shown in Fig. S1
A and processed further as described in 10× Genomics manual.
For bulk RNA-seq and qPCR, microglia were lysed with RLT+

(Qiagen) and stored at −80°C. For ATAC and H3K27ac ChIP-seq,
microglia were processed as described below.

scRNA-seq of CD45+ cells
After FACS, ∼10,000 CD45+ cells were loaded into each well of a
10× Genomics Chromium Chip G (v3.1) and dual-index libraries
were prepared as described in the 10× Genomics manual. Li-
brary quality was assessed by an Agilent High Sensitivity DNA
kit on a Bioanalyzer (Agilent), and libraries were pooled and
sequenced on Illumina NovaSeq SP100.

scRNA-seq analysis
Sequenced libraries were processed using the Cell Ranger 5.0
pipeline and aligned to the GRCm38 (mm10) mouse reference
genome. Clustering and differential expression analysis were
performed using Seurat version 4.0.1 (Satija et al., 2015; Hao
et al., 2020 Preprint). Cells expressing <1,300 unique genes and
2,000 unique transcripts were excluded as likely debris, while
cells expressing >5,000 genes or 20,000 transcripts were ex-
cluded to remove cell doublets. Cells with >5% mitochondrial
transcripts were excluded to remove cells with membrane
damage. Over 70% of the cells in each sample passed quality
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control thresholding for a total of >2,000 cells per sample
(Cx3cr1creERT2+/− + IL33 [Control + IL-33]: 2,205; Cx3cr1creERT2+/− +
PBS [Control + Vehicle]: 2,730; and Cx3cr1creERT2+/−:Il1rl1fl/fl + IL-33
[Il1rl1 cKO + IL33]: 2,707 healthy cells). An additional sample
(Cx3cr1creERT2+/−:Il1rl1fl/fl + Vehicle) was excluded because less
than half of the 1,800 initially identified cells passed the quality
control thresholds. Cells were identified as “female” or “male”
based on their expression of the gene Xist; any cell expressing at
least one count of Xist was labeled female, while all others were
labeled male. The top seven transcripts correlated with sex (Xist,
Tsix, Ddx3y, Eif2s3y, Fkbp5, Ddit4, and Uty) were identified using
the VariancePartition (Hoffman and Schadt, 2016) package in R
(1.20.0) and excluded from the PC, UMAP, and clustering cal-
culations described below.

The top 6,000 most variable genes, excluding the seven sex-
correlated genes above, were identified and their transcript
counts normalized and scaled using the sctransform
(Hafemeister and Satija, 2019) function in Seurat, regressing out
percent mitochondrial RNA and total counts per cell. 50 princi-
pal components were calculated from the scaled genes. The
Harmony package (1.0; Korsunsky et al., 2019) was used to adjust
the top 50 PCs to reduce technical variability between samples.
These adjusted PCs were used for the nearest neighbor, UMAP,
and cluster identification. Cells were initially clustered with a
resolution of 1, and two clusters (57 cells) with low expression of
a canonical microglial gene (Cx3cr1) and nonzero expression of
the myelin gene Mbp were excluded from downstream analysis
due to likely nonmicroglial contamination. The remaining cells
were then passed through all of the normalization and clustering
steps described in this paragraph again. A clustering resolution
of 0.4 was used to generate six clusters.

Differential expression (DE) analysis was done in Seurat
using the MAST test (Finak et al., 2015) on the 6,000 most
variable genes including only those genes expressed in at least
10% of the cells in a cluster. A P value was calculated only for
genes with a fold change of 5% or more.

Heatmaps were created with the DoHeatmap function in
Seurat including the top three genes by log2 fold change per
cluster, including only genes with an adjusted P value < 10−9. 100
randomly selected cells are shown per cluster. Feature and Di-
mensional UMAP plots show 2,000 cells per sample. For the
phagocytosis gene-specific heatmap, phagocytosis genes were
identified using the gene ontology (GO) term “Phagocytosis”
(GO: 0006909), subset to include genes upregulated in cluster
1 by at least 7% (LFC > 0.1), and then ordered by descending log
fold change in cluster 1. Only 100 cells are shown per cluster. GO
analysis was performed using the Metascape webpage (Zhou
et al., 2019; https://www.metascape.org), and only GO terms
were used for Fig. 1 D.

Bulk RNA-seq of cortical microglia
RNA was isolated from 30,000 to 60,000 FACS-microglia per
sample with the RNeasy Plus Micro kit (Qiagen). Quality and
concentration were determined with the Agilent RNA 6000 Pico
kit on a Bioanalyzer (Agilent). All samples had an RNA Integrity
Number (RIN) >7. cDNA and libraries were made using the
Ovation RNA-Seq System V2 kit (NuGen), and quality was

assessed by Agilent High Sensitivity DNA kit on a Bioanalyzer
(Agilent) and quantified by qPCR. Pooled libraries were RNA-
sequenced on an Illumina HiSeq 4000 paired-end for 125 cycles
(PE125) yielding 50–70 million reads per sample.

Bulk RNA-seq analysis
Read quality was assessed with FastQC (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc) and aligned to
the Mus Musculus genome (Ensembl GRCm38) using STAR
aligner (version 2.6.0; Dobin et al., 2013), with the additional
command --outFilterMultimapNmax 1, to only keep reads that
map one time to the reference genome. Aligned reads were
counted using HTSeq (version 0.9.0; Anders et al., 2015), and the
counts were loaded into R (The R Foundation). DESeq2 package
(version 1.24.0; Love et al., 2014) was used to normalize the raw
counts and perform differential gene expression analysis.

qPCR
RLT+ (Qiagen) lysed microglia were vortexed and frozen at
−80°C for storage. Samples were thawed andmRNAwas isolated
using RNeasy Plus Micro kit (Qiagen). Purified mRNA was
converted to cDNA using the High Capacity cDNA Reverse
Transcription kit (Life Technologies). Primers for Hmbs, Rps17,
Il1rl1, and Fos were made using NCBI Primer Blast and ordered
from IDT. A qPCR was run using Fast SYBR Green Master Mix
(Thermo Fisher Scientific) on a 7900HT Fast Real-Time PCR
System (Applied Biosystems). Data were analyzed using SDS
software v2.4 (Applied Biosystems).

ATAC-seq of cortical microglia
Around 40,000–70,000 microglia were FACS-isolated and col-
lected into iMed-. Cells were pelleted at 300 × g, 4°C. Afterward,
a previously published protocol (Buenrostro et al., 2013) with
modifications was used to perform ATAC-seq. In brief, the pellet
was gently resuspended in ice-cold 50 μl lysis buffer (10 mM
Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, and 0.1% IGEPAL
CA-630) and spun down at 500 × g for 10 min and 4°C. The
supernatant was discarded, and the cell pellet was gently re-
suspended in 20 μl of transposition reaction mix (10 μl tagment
DNA buffer [Nextera, Illumina], 1 μl tagment DNA enzyme
[Nextera, Illumina], and 9 μl nuclease free water) and incubated
at 37°C for 30min. Samples were stored at −20°C afterward. The
next day, tagmented DNA was purified using MinElute PCR
purification kit (Qiagen) and size-selected for 70—500 bp using
AmpureXP beads (Beckman Coulter). Libraries were con-
structed and amplified using 1.25 μMNextera index primers and
NEBNext High-Fidelity 2× PCR Master Mix (New England Bio-
Labs). A quantitative PCR was run to determine the optimal
number of cycles. Libraries were afterward double-side selected
with AmpureXP beads (Beckman Coulter) for 150–400 bp
fragments and paired-end sequenced for 150 cycles (PE150) on
an Illumina HiSeq 4000 yielding 40–60 million reads per
sample.

ATAC-seq analysis
FASTQ files were mapped to the mouse mm10 genome (UCSC).
Bowtie2 with default parameters was used to map ATAC-seq
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experiments (Langmead and Salzberg, 2012). HOMER was used
to convert aligned reads into “tag directories” for further
analysis (Heinz et al., 2010). Peaks were called with HOMER for
each tag directory with parameters -L 0 -C 0 -fdr 0.9 -minDist
200 -size 200. IDR was used to test for reproducibility between
replicates, and only peaks with IDR < 0.05 were used for
downstream analysis. The pooled tag directory from four rep-
licates was used to track visualization using the UCSC genome
browser (Kent et al., 2002). To quantify chromatin accessibility,
peak files were merged with HOMER’s mergePeaks and anno-
tated with raw tag counts with HOMER’s annotatePeaks using
parameters -noadj, -size given. DESeq2 (Love et al., 2014) was
used to identify chromatin accessibility with greater than two-
fold change and adj. P value < 0.05. Motif enrichment was
performed using HOMER’s motif analysis (findMotifsGeno-
me.pl), and de novo motifs were used. The background se-
quences were from the comparing condition as indicated in the
figure legends.

H3K27ac chromatin immunoprecipitation-sequencing (H3K27ac
ChIP-seq)
ChIP for H3K27ac was performed essentially as described pre-
viously (Nott et al., 2019). In brief, FACS-purified cells were
fixed with 1% formaldehyde for 10 min at room temperature.
Next, formaldehyde was quenched with 2.625 M glycine for
5 min at room temperature. Cells were collected by centrifuga-
tion at 1,500 × g for 10 min at 4°C. Cell pellets were then snap-
frozen and stored at −80°C. For ChIP reactions, cell pellets were
thawed on ice and lysed in 130 μl LB3 (10 mM Tris/HCl, pH 7.5,
100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% deoxcycholate,
0.5% sarkosyl, 1× protease inhibitor cocktail, and 1 mM sodium
butyrate). Samples were sonicated in a 96-Place microTUBE
Rack (cat# 500282; Covaris) using a Covaris E220 for 12 cycles
with the following setting: time 60 s; duty 5.0; PIP, 140; cycles,
200; and amplitude/velocity/dwell 0.0. Samples were collected
and 10% Triton X-100 was added to 1% final concentration.
Sonicated samples were spun down at max speed, 4°C for
10 min. 1% of the sonicated lysate was saved as a ChIP input. The
sonicated lysate was added to 20 μl Dynabeads Protein Awith 1.5
ug anti-H3K27ac (Active Motif, #39685 Mouse Monoclonal) and
incubated with slow rotation at 4°C overnight. The following
day, beads were collected using a magnet and washed three
times each with ice-cold wash buffer I (20 mM Tris/HCl, pH 7.5,
150 mM NaCl, 1% Triton X-100, 0.1% SDS, 2 mM EDTA, and 1×
protease inhibitor cocktail) and ice cold wash buffer III (10 mM
Tris/HCl, pH 7.5, 250 mM LiCl, 1% Triton X-100, 0.7% deoxy-
cholate, 1 mM EDTA, and 1× protease inhibitor cocktail). Beads
were then washed twice with ice-cold 10 mM Tris/HCl, pH 7.5,
1 mM EDTA, and 0.2% Tween-20. Sequencing libraries were
prepared for ChIP products while bound to the Dynabeads
Protein A initially suspended in 25 μl 10 mM Tris/HCl, pH 8.0,
and 0.05% Tween-20.

ChIP libraries were prepared while bound to Dynabeads us-
ing NEBNext Ultra II Library preparation kit with reaction
volumes reduced by half, essentially, as previously described
(Heinz et al., 2010). Libraries were eluted and crosslinked-
reversed by adding to the 46.5 μl NEB reaction a mastermix

containing 20 μl water, 4 μl 10% SDS, 4.5 μl of 5 M NaCl, 3 μl of
0.5 M EDTA, and 1 μl of 20 mg/ml proteinase K, followed by
incubation at 55°C for 1 h and 65°C overnight in a thermal cycler.
Dynabeads were removed from the library using a magnet and
the libraries were cleaned by adding 2 μl SpeedBeads 3 EDAC in
61 μl 20% PEG8000/1.5 M NaCl, mixing well, then incubating at
room temperature for 10 min. SpeedBeads were collected on a
magnet and washed two times with 150 μl 80% ethanol for 30 s.
Beads were collected and ethanol was removed following each
wash. After the second ethanol wash, beads were air-dried and
DNA eluted in 25 μl 10 mM Tris/HCl, pH 8.0, and 0.05% Tween-
20. DNA was amplified by PCR for 14 cycles in a 50 ml reaction
volume using NEBNext Ultra II PCR master mix and 0.5 mM
each Solexa 1GA and Solexa 1GB primers. Libraries were cleaned
up as described above using 2 μl SpeedBeads and 36.5 μl 20%
PEG 8000/1.5 M NaCl and 2 μl SpeedBeads. After ethanol
washing and drying, PCR-amplified libraries were eluted from
the SpeedBeads using 20 μl 10 mM Tris/HCl, pH 8.0, and 0.05%
Tween-20. Next, the libraries were size-selected as 200–500 bp
using gel extraction using 10% TBE acrylamide gels. Libraries
were single-end sequenced for 50 cycles (SE50) using an Illu-
mina HiSeq4000.

FOS ChIP-seq
ChIP for FOS used a previously described protocol for tran-
scription factors (Texari et al., 2021) with slight modifications.
In brief, the cell suspension was fixed in 2 mM disuccinimidyl
glutarate (DSG/PBS; Thermo Fisher Scientific) for 30 min at RT
on a shaker followed by 1% formaldehyde for 10 min at RT. The
fixation was quenched with 1/20th volume 2.625 M glycine and
1/20th volume 10% BSA for 5 min at RT. Cell pellets were col-
lected by centrifugation at 1,000 × g for 10min at 4°C. Cell pellets
were incubated with antibodies in 0.5% BSA/PBS, as described
above for FACS. FACS-collected microglia were spun down at
1,000 × g for 10 min at 4°C and cell pellets were snap-frozen in
dry ice with ethanol and stored at −80°C. For ChIP reactions, cell
pellets were thawed on ice and lysed in 1 ml ice-cold re-
suspension buffer (9 mM Hepes-KOH, pH 7.9, 80 mM KCL,
0.9 mM EDTA, 0.5% IGEPAL CA-630, 1× protease inhibitor
cocktail, and 1× Phenylmethylsulfonyl fluoride). Cells were
pelleted at 1,000 × g for 5 min at 4°C. The pellet was resuspended
in 80 μl ice-cold lysis buffer (20 mM Tris/HCl, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.4% deoxycholate, 0.1% SDS,
1% IGEPAL CA-630, 0.5 mM DTT, 1× protease inhibitor cocktail,
and 1× phenylmethylsulfonyl fluoride) and the lysate trans-
ferred to Covaris sonication tubes on ice. Tubes were sonicated
on a Covaris S2 with the following settings: intensity: 4W, duty
cycle: 5%, cycles/burst: 200, time: 18 min (18 cycles at 60 s). The
sonicated chromatin was transferred to 1.5 ml DNA loBind tubes
and centrifuged at 16,000 × g at 4°C. The supernatant was
transferred to PCR 0.2ml tubes and 3%was set aside as the ChIP-
input. 100 μl of lysis buffer with protein A Dynabeads (20 μl per
sample) bound with FOS (1:50, 9F6; Cell Signaling Technology)
was added and the tubes were rotated overnight (up to 16 h) at
4°C with gentle rotation. Tubes were placed on a magnetic plate,
washed two times with lysis buffer, washed six times with ChIP
wash buffer (10 mM Tris/HCl, pH 7.5, 250 mM LiCl, 0.5%
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IGEPAL CA-630, 1 mM EDTA, 0.7% sodium deoxycholate, and
0.5× PIC), washed three times with TET (10 mM Tris/HCl, pH
8.0, 1 mM EDTA, 0.2% Tween 20, and 0.5× PIC), and washed one
timewith low EDTA TE (10mMTris/HCl, pH 8.0, 0.1 mMEDTA,
and 0.5× PIC) and then collected in TT (10 mM Tris/HCl pH 8.0,
and 0.05% Tween 20). Both ChIP-inputs and ChIP samples were
diluted up to 46.5 μl with UltraPure Water and 29 μl of buffer
(1.4% SDS, 50 mM EDTA, 30 mM EGTA, 20 µg Proteinase K, and
10 µg RNase A in UltraPure water) followed by addition of 4.5 μl
of 5 M NaCl. The samples were gently mixed and incubated at
55°C for 1 h followed by 65°C for 10 h. DNA was purified using a
double-sided selection using AmpureXP beads (Beckman Coul-
ter) for 200–800 bp sizes.

ChIP DNA from ChIP input and ChIP samples was used to
prepare libraries using the NEBNext Ultra II Library preparation
kit (#E7645S) and NEBNext Multiplex Oligos for Illumina (Index
Primers Set 1; #E7335S) according to manufacturer’s protocol.
Libraries were amplified by PCR for 12 cycles. Libraries were
afterward double-side selected with AmpureXP beads (Beckman
Coulter) for 150–400 bp fragments and single-end sequenced for
65 cycles (SE65) on an Illumina HiSeq 4000 yielding 40–50
million reads per sample.

ChIP-seq analysis
For preprocessing, Bowtie2 with default parameters was used to
map ATAC-seq and ChIP-seq experiments (Langmead and
Salzberg, 2012). HOMER was used to convert aligned reads
into tag directories for further analysis (Heinz et al., 2010). To
quantify H3K27ac signal, peak files were merged with HOMER’s
mergePeaks and quantified with raw tag counts with HOMER’s
annotatePeaks using parameters -noadj -size 1,000 -pc 3 on
ATAC-associated peaks. ChIP peak signals were normalized to
the sequencing depth. Peaks that contained at least four tags in
at least one sample were used to identify differentially bounded
peaks (FC > 2 and P adj <0.05) by DESeq2 (Love et al., 2014).
Distal peaks that are ≥3 kb away from known TSS were cate-
gorized as enhancer peaks.

Motif enrichment
To identify de novomotifs enriched in enhancer peak regions

over a random genomic background, HOMER’s motif analysis
(findMotifsGenome.pl) was used. We performed a de novo motif
analysis on H3K27ac signal within 300 bp of ATAC-associated
peaks. In addition, ATAC enhancer peaks anchored onto the
H3K27ac signal were overlayed with FOS-occupied enhancer
peaks to calculate the percentage of overlap. Overlapping peaks
were annotated with HOMER’s annotatePeaks and the number
of associated genes was calculated. Genes with multiple en-
hancers were counted as one gene. The UCSC genome browser
(Kent et al., 2002) was used to visualize ChIP-seq and ATAC-
seq data.

Mouse immunohistochemistry
Mice were perfused transcardially with ∼10 ml of ice-cold 1X
PBS followed by ∼10 ml of 4% paraformaldehyde (PFA) diluted
in PBS. Brains were postfixed in 4% PFA for a minimum of 3 h
and then transferred to a 30% sucrose solution until they
were fully submerged. Brains were then embedded in OCT

compounds, frozen, and sliced into 14-µm thick coronal sections
on a CryoStar NX70 Cryostat (Thermo Fisher Scientific). Brain
sections were incubated in a blocking solution consisting of 5%
normal goat serum (Thermo Fisher Scientific) and 0.4% Triton
X-100 (Sigma-Aldrich) diluted in 1X PBS for 1 h. Primary
staining was done in the same blocking solution overnight at 4°C.
Secondary antibodies were diluted in the same blocking solution,
and tissue was incubated for 45 min at room temperature. Brain
sections were mounted on coverslips with DAPI Fluoromount-G
(0100-20; SouthernBiotech) for all other experiments. Histology
slides were imaged on an LSM780 or LSM800 or LSM880 con-
focal microscope with AiryScan (Zeiss) on Superresolution mode
using a 63× objective for synapse quantification and microglia
engulfment assay, and an LSM 700 or LSM 800 confocal mi-
croscope (Zeiss) using 20× objective was used for all other
imaging. The following goat secondary antibodies and their di-
lutions were used corresponding to the host of primary anti-
bodies: Alexa Fluor 405 (1:500; Abcam), Alexa Fluor 488, Alexa
Fluor 555, and Alexa Fluor 647 (1:500; Thermo Fisher Scientific).

Western blotting
Tissues were flash-frozen on dry ice and then sonicated for 20 s
in lysis buffer (50 mM Tris-HCl, 1 mM EDTA, 1% Tx-100, and
150 mM NaCl). The sample was centrifuged for 10 min at
15,000 rpm at 4°C and the pellet was discarded. Samples were
run on a denaturing gel and transferred to PVDF membrane,
blocked with 5% milk in TBST for 1 h at room temperature, in-
cubated in primary antibody overnight at 4°C and secondary
antibody at room temperature for 1 h, and developed with ECL
plus. The following secondary antibodies and their dilutions
were used: rabbit anti-goat HRP-linked secondary (1:1,000,
1721034; Bio-Rad) and goat anti-rabbit HRP-linked secondary
(1:2,000, 7074S; Cell Signaling Technology).

Slice preparation
Slices were prepared as previously described (Nguyen et al.,
2020). Briefly, we prepared 250-µm-thick horizontal slices in-
cluding thalamus in ice-cold sucrose cutting solution containing
234mM sucrose, 2.5 mMKCl, 1.25 mMNaH2PO4, 10mMMgSO4,
0.5 mMCaCl2, 26 mMNaHCO3, and 10mM glucose, equilibrated
with 95% O2 and 5% CO2, pH 7.4, using a Leica VT1200 vibrating
microtome (Leica Microsystems) from 4-mo-old mice. We in-
cubated the thalamic slices, initially at 32–34°C, for an hour and
then at room temperature in artificial cerebrospinal fluid con-
taining 126 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 1 mM
MgCl2, 2 mM CaCl2, 26 mM NaHCO3, and 10 mM glucose,
equilibrated with 95% O2 and 5% CO2, pH 7.4.

Whole-cell patch-clamp recording
Recordings were performed as described (Nguyen et al., 2020).
Briefly, recording electrodes made of borosilicate glass had a
resistance 3–5 MΩ when filled with intracellular solution con-
taining 115 mM potassium gluconate, 11 mM KCl, 1 mM MgCl2,
1 mM CaCl2, 10 mMHepes, and 11 mM EGTA, 2 mMK2ATP, 0.1%
biocytin, pH adjusted to 7.35 with KOH (286 mOsm) for mEPSCs
recording or 129 mM CsCl, 5 mMQX-314Cl, 2 mMMgCl2, 10 mM
Hepes, and 10 mM EGTA, 4mM MgATP, 0.1% biocytin, pH
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adjusted to 7.38 with CsOH (288 mOsm) for inhibitory post-
synaptic currents (mIPSCs) recording. Series resistance was
monitored in all recordings, and the recordings were excluded
from analysis if the series resistance was >25 MΩ or varied by
>20%. Recordings were obtained using a MultiClamp 700B
(Molecular Devices), digitized (Digidata 1550B; Molecular De-
vices), and acquired at 20 kHz using the pClamp 10 software
(Molecular Devices). Recordings were performed in a voltage-
clamp mode at a holding potential of −70 mV and obtained from
visually identified neurons in the somatosensory thalamus
for 10 min. In the presence of 0.5 µM tetrodotoxin, 50 µM
picrotoxin (P1675; Sigma-Aldrich) or 50 µM D-(−)-2-amino-5-
phosphonopentanoic acid (5AP; HB0225; Hello Bio) and 20 µM
6,7-Dinitroquinoxaline-2,3(1H,4H)-dione (DNQX, D0540; Sigma-
Aldrich) were used to isolate mEPSCs or mIPSCs, respectively.
The recordings were analyzed using ClampFit (Molecular De-
vices) and MiniAnalysis (Synaptosoft).

Microglial engulfment assays
For the quantification of in vivo microglial synapse engulfment,
16–18 h after i.c.v. injection of IL-33 or vehicle (PBS) and
MARCO/TLR2 antibody or IgG negative control antibody, the
brains were postfixed in 4% PFA for a minimum of 6 h and
transferred to a 30% sucrose solution until they were fully
submerged. The brains were cut in 30-μm thick horizontal
sections using HM440E freezingmicrotome (GMI Instruments).

Quantification of engulfment was performed as previously
described (Vainchtein et al., 2018). Briefly, Z-stacks encom-
passing entire microglia were collected with a Zeiss LSM880
confocal microscope with AiryScan (Zeiss) on Superresolution
mode (∼150 nm resolution) using a 63× objective with NA 1.4.
Laser power and gain were consistent across all experiments.
Images were analyzed using Imaris software (Bitplane) by cre-
ating a 3D surface rendering of microglia, thresholded in pilot
experiments to ensure that microglial processes were accurately
reconstructed and maintained consistently thereafter. This
rendering of microglia was used to mask the CD68 channel to
create a 3D surface rendering of phagolysosomes. This rendering
was used to mask the VGLUT1 or Homer1 signal, and the Spots
function was subsequently used to quantify the number of
VGLUT1 puncta or Homer1 puncta entirely within the microglial
surface or the surface of phagolysosome in individual microglia.
Analysis was automated and the experimenter was blinded to
genotype and experimental condition throughout. In some cases,
data were normalized to the indicated control conditions to al-
low better comparisons between different experimental batches.

Quantification of c-Fos+ neurons
c-Fos+ neurons were quantified in ImageJ by first thresholding
the NeuN channel to mask for individual neurons, thresholding the
c-Fos channel, and analyzing the c-Fos+ neurons based on the NeuN
mask image. Default thresholding was used for NeuN masking and
MaxEntropy thresholding was used for c-Fos+ identification.

IL-33mCherry quantification
In most cases, cells were scored as positive or negative. For
intensity measurements, a 7.5-μm-thick Z-stack image was

obtained using an LSM 800 confocal microscope (Zeiss), and the
maximum intensity projection image was created. Mean fluo-
rescent intensity was quantified in ImageJ by first thresholding
the IL-33 channel to make a mask for an individual cell, then
measuring the intensity of IL-33 channel of an individual cell in
a grey scale, and averaging those values in a field of view.

Seizure behavior assays
Mice between P30 and P45 were used for seizure behavioral
assays. PTZ (Sigma-Aldrich) and kainic acid (KA; Tocris) were
dissolved in normal saline and freshly prepared. 50 mg/kg of
PTZ or 16 mg/kg of KA was used. Each animal was placed in the
center of a transparent cage immediately after IP injection of PTZ
or KA, and the behavior was video recorded for 1 or 3 h, respec-
tively. Video clipswere analyzed tomeasure the latency to develop
seizures, defined as generalized tonic–clonic seizure (GTC) with
loss of balance or wild jumping (Lüttjohann et al., 2009), the
number, and the duration of seizures.More than 10 s between two
GTCs was considered as two separate events. After KA injection,
2/9 and 1/10 mice from control and IL33 cKO, respectively, which
did not have a seizure, were excluded from the latency to seizure
onset analysis, and 1/9 and 2/10 mice from control and IL33 cKO,
respectively, which had a continuous prolonged seizure and died,
were excluded from duration and the number of seizures analysis.
Mice were sacrificed within 3 h after PTZ injection for the IHC
experiment. All experiments were conducted in the same con-
ditions between 10 AM and 4 PM, and the experimenter was
blinded to genotype throughout data collection and analysis.

Implantation ECoG devices
Procedures were performed as previously described (Ritter-
Makinson et al., 2019). Custom devices containing multiple
screws were used to acquire ECoG signals in vivo (Mill-Max
Manufacturing Corp). Animals were anesthetized with isoflu-
rane (2–5%) and secured with ear bars in a stereotaxic frame
while resting on top of a small heating pad to maintain body
temperature. Small bur holes were drilled using a hand-held
drill (Dremel) and were located above the prefrontal cortex
(AP: +0.5 mm from Bregma) and somatosensory cortex (AP:
−0.5 mm from Bregma, ML: +2.5 mm). The reference screw was
placed above the cerebellum (AP: −1.0 mm from Lambda; ML:
+1.0 mm). To implant ECoG devices, screws were placed into the
bur holes and secured with dental cement. Topical lidocaine and
antiseptic ointment were applied to the skin surrounding the
implant. Animals were monitored for 1 wk as they recovered,
prior to beginning recordings.

In vivo ECoG acquisition
Recordings were performed as previously described (Sorokin
et al., 2017; Ritter-Makinson et al., 2019). ECoG signals were
recorded at 24.41 kHz sampling rate using RZ5 and Synapse
software (Tucker Davis Technologies). A video camera mounted
on a flexible arm was used to continuously monitor the animals.
Each recording trial consists of 60 min of baseline recording
followed by 60 min of recording after a single dose 50 mg/kg
PTZ intraperitoneal injection. ECoG signals from the prefrontal
cortex and somatosensory cortex were referenced to the ECoG
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screw electrode placed over the cerebellum. Analysis was per-
formed using ClampFit (Molecular Devices) for spike and SWD
analysis.

For spectral analysis, ECoG data were filtered with a second-
order zero-phase Butterworth bandpass filter 0.5 and 300 Hz)
and a stopband filter (60 Hz). Two-sided PSD estimates were
obtained using Welch’s method (window size, 10 s; 50% over-
lapping segments). Data are presented as relative PSD estimates,
where PSD is normalized to the average total power of the re-
cording (0.5–300 Hz range), within each subject. For spectral
analyses, the relative PSD estimates are presented in the con-
ventionally described frequency bands: Delta: 0.5–4 Hz; Theta:
4–8 Hz; Alpha: 8–12 Hz; Sigma: 12–15 Hz; Beta: 15–30 Hz; Gam-
ma: 30–90Hz; and High Gamma: 90–150Hz. All recordingswere
performed from 9 AM to 6 PM.

For spike analysis, data were bandpass filtered at 1 and 100
Hz. A spike was defined as a signal that was >0.4 mV based on
visual inspection of all recordings (mean standard deviation
from mean spike amplitude [1 ± 3.6 µV] was 0.068 ± 0.015 mV).

For SWD analysis, data were bandpass-filtered at 1 and 60Hz.
SWDs were defined as at least five connected rhythmic 4–6 Hz
spike-wave complexes (typically spanning at least 0.5 s) with
amplitudes at least twofold higher than the background. All data
were collected and analyzed blinded to genotype and condition.

Synapse quantification
Mice between P14 and P17 were used for synapse quantification
after i.c.v. IL-33 injection.Mice between P28 and P35were used for
synapse quantification of hGFAPCre;Il33floxed and Cx3cr1-creER;
Il1rl1floxed and their control experiments. Quantification was per-
formed as previously described (Ippolito and Eroglu, 2010). Briefly,
synapse colocalization for pre-and postsynaptic markers was
quantified by determining colocalization of Homer1 and VGLUT1
or VGLUT2; Gephyrin and VGAT in optical sections of somato-
sensory thalamus and layer 4 sensory cortex. Imageswere collected
using standardized imaging parameters throughout, and colocali-
zation was analyzed using PunctaAnalyzer, an ImageJ plug-in de-
veloped by the Eroglu lab. Analysis parameters were constant
throughout and blinded to genotype and condition. Image quality
was checked by repeating analyses after 90° rotation of one
channel to verify that colocalizationwas not due to random chance.

Statistical analysis
For statistical analysis, Graphpad Prism 8, 9, and R was used.
Comparisons of two groups were performed with the two-tailed
unpaired t test, the nonparametric Mann–Whitney test, or the
Fisher’s exact test, as needed. The difference between multiple
groups was tested by one-way ANOVA followed by Tukey’s test.
Two-way ANOVA followed by Tukey’s multiple comparison or
Sidak’s multiple comparison was used as needed when more
than two comparisons were made. The level of significance was
set at P < 0.05. RNA-sequencing and ATAC-seq data were ana-
lyzed in R as described in the Materials and methods section.

Online supplemental material
Fig. S1 shows the gating strategy for sequencing experiments,
quality control of scRNA-seq, and other validation of microglial

MARCO and TLR2 expression in response to IL-33 (data related
to Fig. 1). Fig. S2 shows quality control of bulk RNA-, ATAC-, and
ChIP-seq of microglia after IL-33 exposure (data related to
Fig. 2). Fig. S3 shows validation of Marco and Tlr2 deficient an-
imals and the impact of TLR2 on microglial synapse refinement
(data related to Fig. 3). Fig. S4 shows cellular sources of IL-33,
the efficiency of IL-33 deletion using hGFAPcre:Il33fl/fl, and further
analysis of synapse numbers and electrocorticography in IL-33
cKO (data related to Fig. 4). Fig. S5 shows further analysis of
seizure phenotypes after conditional deletion of IL-33 (data re-
lated to Fig. 5). Table S1 includes scRNA-seq data showing dif-
ferentially expressed genes per cluster. Table S2 includes a list of
genes differentially expressed in microglia after IL-33 i.c.v. vs.
vehicle, in bulk RNA-seq. Table S3 includes a list of ATAC-seq
and H3K27ac ChIP-seq peaks differentially expressed in mi-
croglia after IL-33 i.c.v. vs. vehicle. Table S4 includesmEPSC and
mIPSC amplitude and kinetics, and intrinsic electrical mem-
brane properties of neurons in somatosensory thalamus of IL-33
cKO (hGFAPCre+/−;Il33fl/fl) vs. littermate controls (Il33fl/fl). Table
S5 lists the reagents and resources used in this study.

Data availability
Marco KO mice were kindly provided by Dr. James Luyendyk
under MTA AAGR2021-00156. All data needed to evaluate the
conclusions in the paper are present in the paper or the Sup-
plementary materials. Bulk RNA-, ATAC-, H3K27ac ChIP-
seq, and scRNA-seq data of microglia post i.c.v. injection of
IL-33 or vehicle are available from GEO with accession
number GSE218428. ATAC-seq and ChIP-seq peaks can be
visualized in the UCSC data browser (https://genome.ucsc.
edu/s/jschlachetzki/IL33_Microglia_mm10).
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Figure S1. Quality control of single-cell sequencing of microglial response to IL-33. (A) Gating strategy for isolation by FACS of all CD45+ (red) for scRNA-
seq in Fig. 1, or microglia only (CD11b+, CD45low, Ly-6C−, violet) for bulk RNA-/ATAC-/ChIP-seq (Fig. 2). (B) Gating strategy showing microglia (CD45lowCD11b+),
myeloid (CD45highCD11b+), and lymphoid cells (CD45+CD11b−) after vehicle or IL-33, gated on CD11b and CD45. Representative plots from thalamus, quan-
tifications include thalamus and cortex. Dots = mice. (C) Violin plots of scRNA-seq data showing transcripts/cell, unique genes/cell, and percentage mito-
chondrial content/cell for each sample. Cut-off boundaries are marked (upper: red line; bottom: black line). (D) Feature plots for the number of genes and
percentage mitochondrial RNA for all samples combined from scRNA-seq data. Each dot represents a cell. (E) Feature plot showing correlation between two
replicates used for WT + IL-33 scRNA-seq sample. (F) Heatmap for the top three genes in each cluster from scRNA-seq data. (G and H) Mean fluorescence
intensity for MARCO protein in cortex from Cx3cr1creERT2 (G) and P2ry12-creERT2 (H) mice. Dots = individual mice. Two-way ANOVA with Tukey’s post hoc
comparison (genotype and treatment). (I and J) Percentage of microglia expressing MARCO protein in thalamus from Cx3cr1creERT2 (I) and P2ry12-creERT2 (J)
mice. Dots = individual mice. Two-way ANOVAwith Tukey’s post hoc comparison (genotype and treatment). (K and L) Percentage of microglia expressing TLR2
protein in thalamus from Cx3cr1creERT2 (K) and P2ry12-creERT2 (L) mice. Dots = individual mice. Two-way ANOVA with Tukey’s post hoc comparison (genotype
and treatment). (M and N) Representative images for P2ry12creERT2 crossed to a R26R-TdTomato (TdT) reporter (Ai14). (M) Top row shows cortex with
overlying meninges. Arrowheads indicate meningeal macrophages that are CD68+IBA1+TdT−. Bottom row shows L2/3 cortex. Arrowhead indicates perivascular
macrophage that is CD68+IBA1+TdT−. (N) Ventral posteromedial (VPM; top) and ventral posterolateral (VPL; bottom) nuclei of thalamus. Arrowhead indicates
perivascular macrophage that is CD68+IBA1+TdT−. Scale bar = 50 μm. (O and P) Representative flow plots of cortex (O) and thalamus (P) showing P2ry12creERT2

driven Ai14 (TdTomato) expression at P15. Two gating strategies shown: Left panel shows that of Ai14+ cells, 99.9% fell within the CD45/CD11b microglial gate.
Right panels pre-gate on microglia, myeloid, and lymphoid cells based on CD11b and CD45 followed by Ly-6C and Ai14, to show the percentage of each
population with detectable TdT. (Q) qRT-PCR of Il1rl1 expression in cortical and thalamic microglia comparing Cx3cr1creERT2 and P2ry12creERT2 mice. Values
normalized to housekeeper (Hmbs) and then control + vehicle (PBS) condition. In Cx3cr1creERT2 the control = Cx3cr1creERT2+/− + vehicle (PBS). In P2ry12creERT2 the
control = Il1rl1fl/fl + vehicle (PBS). Each dot represents a mouse. Two-way ANOVA followed by Tukey’s post hoc comparison (genotype and treatment). Data
points represent the average of three technical repeats for Cx3cr1creERT and two technical repeats for P2ry12creERT. Data represented as mean ± SEM for bar
graphs. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure S2. Quality control for bulk transcriptomic and epigenomic profiling of microglia after IL-33 exposure. (A) Heatmap of differentially expressed
genes (DEG) in cortical microglia 4 h after vehicle (PBS) or 500 ng of IL-33 treatment (Padj < 0.01). Left: Top 10 up- (red) and downregulated (blue) genes
indicated. Right: Top GO categories associated with DEG (Padj < 0.01, fold-change > 2). (B) Heatmap of sample-to-sample Pearson correlation of bulk RNA-seq
replicates. (C) Heatmaps of sample-to-sample correlation for ATAC-seq replicates. Values indicate Pearson correlation. (D) Heatmaps of sample-to-sample
correlation for H2K27ac ChIP-seq replicates. Values indicate Pearson correlation. (E) Low magnification representative images of staining for Fos-TRAP (TdT+)
after vehicle or IL-33 injection. Scale bar = 40 µm. (F) Percentage of Fos+ microglia in the cortex after vehicle or IL-33 injection. Dots = mice. Two-tailed
unpaired t test. Data represented as mean ± SEM for F. *P < 0.05.
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Figure S3. Validation of MARCO and TLR2 deficient animals and impact of TLR2 on synapses. (A) Representative images separated into individual
channels for presynaptic protein (VGLUT1), phagolysosome (CD68), and Cx3cr1GFP microglia (GFP) from a Z-stack maximum projection in the somatosensory
thalamus for the indicated conditions. Vehicle = PBS. Yellow circles indicate representative colocalized VGLUT1 inside lysosomes (not all colocalized puncta are
indicated.) Scale bar = 5 µm. (B and C) Same data as in Fig. 3 E, presented without colocalization, demonstrating changes in pre- (B) and post- (C) synaptic
protein puncta of corticothalamic synapses in somatosensory thalamus 18 h after vehicle or IL-33 injection in the presence of MARCO blocking antibody or
isotype control (n = 4 mice for vehicle + isotype control, n = 4 mice for IL-33 + isotype control, and n = 5 mice for IL-33 + α-MARCO). (D) Representative images
of MARCO and TLR2 immunostaining in wild-type (top), Tlr2-deficient (middle) orMarco-deficient (bottom) animals to illustrate the specificity of antibody and
lack of protein inMarco−/− and Tlr2−/− animals. Experiments were done 18 h after 40 ng of IL-33 i.c.v. injection at P17. Scale bar = 20 µm. (E) Schematic of i.c.v.
injection of IL-33 and TLR2 blocking antibody in Cx3cr1GFP reporter animals. (F) Quantification of VGLUT1 within CD68+ phagolysosomes within individual
microglia 18 h after vehicle or IL-33 injection in the presence of TLR2 blocking antibody or isotype control (values normalized to vehicle + isotype control
condition; n = 4 mice for vehicle + isotype control and IL-33 + isotype control, and n = 5 mice for IL33 + TLR2 blocking antibody). Age P15–P16. Data points
represent the average of three technical repeats. (G) Schematic of i.c.v. injection of IL-33 in Tlr2+/+ or Tlr2−/− animals. (H) Quantification of corticothalamic
synapses in somatosensory thalamus 18 h after vehicle or IL-33 injection into Tlr2+/+ and Tlr2−/− mice (n = 4 mice/condition). Age P15–P16. Data points
represent the average of three technical repeats. (I) Quantification of excitatory synapses in ventrobasal thalamus of Tlr2+/+ and Tlr2−/− mice. n = 4 mice/
condition. Age P28–P30. Data points represent the average of two technical repeats. Dots = independent mice. Data represented as mean ± SEM for bar
graphs. One-way ANOVA followed by post hoc Tukey’s comparison was used for all analysis except I. Two-tailed unpaired t test was used for I. *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.
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Figure S4. Cellular sources of IL-33, efficiency of IL-33 depletion using hGFAPcre:Il33fl/fl, and further analysis of cortical synapse numbers and
electrocorticography in IL-33 cKO. (A) Representative image and quantification of percent IL-33mCherry+ cells in the somatosensory thalamus of Il33mCherry;
Aldh1l1GFP mice stained with CC1 (oligodendrocytes) at P15 and P30. GFP expression marks astrocytes. Scale bars = 50 µm (left) and 20 µm (inset).
(B) Representative image and quantification of percent IL-33mCherry+ cells in the somatosensory cortex of Il33mCherry;Aldh1l1GFP mice stained with CC1 (oli-
godendrocytes) at P15 and P30. Scale bars = 50 µm (left) and 20 µm (inset). (C) Comparison of mean fluorescent intensity (MFI) of IL-33mCherry in the thalamus
and the cortex at P15. (D) Western blot from cortex and thalamus of hGFAPCre+:Il33fl/fl animals and Il33fl/fl controls at P35. ALDH1L1 used as a loading control.
(E and F) The same data as in Fig. 4 B, presented separately for pre- and postsynaptic excitatory synaptic proteins. Quantification of pre- (E) and post- (F)
synaptic terminal of corticothalamic excitatory synapses in ventrobasal thalamus of hGFAPCre+;Il33fl/fl vs. Il33fl/fl control. n = 5 mice/genotype. Two-tailed
unpaired t test. (G and H) The same data as in Fig. 4 C, presented separately for pre- and postsynaptic excitatory synaptic proteins. Quantification of pre- (G)
and post- (H) synaptic terminal of corticothalamic excitatory synapses in ventrobasal thalamus of Cx3cr1CreERT2+/−;Il1rl1fl/fl) vs. Cx3cr1CreERT2+/−. Cx3cr1CreERT2+/−;
Il1rl1fl/fl: n = 3 mice. Cx3cr1CreERT2+/−: n = 5 mice. Two-tailed unpaired t test. (I and J) The same data as in Fig. 4 E, presented separately for pre- and postsynaptic
excitatory synaptic proteins. Quantification of pre- (I) and post- (J) synaptic terminal of brainstem afferent excitatory synapses in ventrobasal thalamus of
hGFAPCre+;Il33fl/fl vs. Il33fl/fl control. n = 5 mice/genotype. Two-tailed unpaired t test. (K and L) The same data as in Fig. 4 F, presented separately for pre- and
postsynaptic excitatory synaptic proteins. Quantification of pre- (K) and post- (L) synaptic terminal of brainstem afferent excitatory synapses in ventrobasal
thalamus of Cx3cr1CreERT2+/−;Il1rl1fl/fl) vs. Cx3cr1CreERT2+/−. Cx3cr1CreERT2+/−;Il1rl1fl/fl: n = 3 mice. Cx3cr1CreERT2+/−: n = 5 mice. Two-tailed unpaired t test. (M and N)
The same data as in Fig. 4 H, presented separately for pre- and postsynaptic excitatory synaptic proteins. Quantification of pre- (M) and post- (N) synaptic
terminal of thalamic inhibitory synapses in hGFAPCre+;Il33fl/fl vs. Il33fl/fl control. n = 5 mice/genotype. Two-tailed unpaired t test. (O and P) The same data as in
Fig. 4 I, presented separately for pre- and postsynaptic excitatory synaptic proteins. Quantification of pre- (O) and post- (P) synaptic terminal of thalamic
inhibitory synapse in Cx3cr1CreERT2+/−;Il1rl1fl/f) vs. Cx3cr1CreERT2+/−. Cx3cr1CreERT2+/−;Il1rl1fl/fl: n = 3 mice. Cx3cr1CreERT2+/−: n = 5 mice. Two-tailed unpaired t test.
(Q–S) Quantification of synapses in somatosensory cortex in Il33fl/lfl and hGFAPCre+:Il33fl/fl animals, including excitatory intracortical (Q), excitatory thala-
mocortical (R), and inhibitory (S) synapses. n = 3 Il33fl/lfl and n = 3 hGFAPCre+:Il33fl/fl mice in Q–S. Two-tailed unpaired t test. (T and U) Relative power of ECoG
frequency bands from baseline recording in somatosensory (S1, T) and PFC (U) corties. (n = 10 hGFAPCre+: IL33fl/fl mice and 8 littermate IL33fl/fl controls; two-
way ANOVA followed by Sidak’s multiple comparison). In all bar graphs, dots represent independent mice. Delta: 0.5–4 Hz; Theta: 4–8 Hz; Alpha: 8–12 Hz;
Sigma: 12–15 Hz; Beta: 15–30 Hz; Gamma: 30–90 Hz; High Gamma: 90–150 Hz. Data are shown as mean ± SEM for bar graphs and as median ± interquartile
range for violin plots. Mice from P28–P35 were used for E–S. *P < 0.05, **P < 0.01. Source data are available for this figure: SourceData FS4.
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Provided online are Table S1, Table S2, Table S3, Table S4, and Table S5. Table S1 shows scRNA-seq data showing differentially
expressed genes per cluster. Table S2 shows genes differentially expressed in microglia after IL-33 i.c.v. vs. vehicle, in bulk RNA-seq
(adjusted P value < 0.01). Table S3 shows ATAC-seq and H3K27ac ChIP-seq peaks differentially expressed in microglia after IL-33
i.c.v. vs. vehicle. Table S4 shows mEPSC and mIPSC amplitude and kinetics, and intrinsic electrical membrane properties of neurons
in somatosensory thalamus of IL-33 cKO (hGFAPCre+/−;Il33fl/fl) vs. littermate controls (Il33fl/fl). Table S5 shows reagents and
resources.

Figure S5. Additional characterization of seizure phenotypes after conditional deletion of IL-33. (A and B) Representative traces and quantification of
total spike frequency (left) and average amplitude (right) of detected spike events from prefrontal cortex during 1-h recording session. n = 10 hGFAPCre+;Il33fl/fl

mice and n = 8 Il33fl/fl mice (two-tailed unpaired t test). Each dot represents a mouse. Mice were P35–P45. (C and D) Relative power of ECoG frequency bands
from somatosensory (C) and prefrontal (D) cortices after PTZ administration (n = 10 IL-33 hGFAPCre+: IL33fl/fl mice and 8 littermate IL33fl/fl controls; two-way
ANOVA followed by Sidak’s multiple comparison). (E–G) Representative images (E) in thalamus and quantification (F) of c-Fos expression in the thalamus and
cortex (G) following PTZ administration (two-tailed unpaired t test). Scale bar = 50 µm. Dots = mice. (H) Schematic of kainic acid administration.
(I) Quantification of latency to first seizure onset (left) and incidence of seizures (right) for 3 h following kainic acid administration from four independent
experiments (two-tailed unpaired t test). All dots represent independent mice. Data represented as mean ± SEM for bar graphs and as median ± interquartile
range for violin plots. Delta: 0.5–4 Hz; Theta: 4–8 Hz; Alpha: 8–12 Hz; Sigma: 12–15 Hz; Beta: 15–30 Hz; Gamma: 30–90 Hz; High Gamma: 90–150 Hz. *P <
0.05, **P < 0.01.
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