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Computational Systems Biology, 75005 Paris, France
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Receptors and Excitatory Synapses, 75005 Paris, France
6Gustave Roussy Cancer Campus, INSERM, Team Myeloid Cell Development, 94800 Villejuif, France
7UK Dementia Research Institute at the University of Edinburgh, Centre for Clinical Brain Sciences, University of Edinburgh, Edinburgh, UK
8INMED, INSERM, Aix-Marseille University, Turing Centre for Living Systems, Marseille, France
9NeuroSpin, CEA, Paris-Saclay University, Gif-sur-Yvette, Saclay, France
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SUMMARY
Microglia (MG), the brain-resident macrophages, play major roles in health and disease via a diversity of
cellular states. While embryonic MG display a large heterogeneity of cellular distribution and transcriptomic
states, their functions remain poorly characterized. Here, we uncovered a role for MG in the maintenance of
structural integrity at two fetal cortical boundaries. At these boundaries between structures that grow in
distinct directions, embryonic MG accumulate, display a state resembling post-natal axon-tract-associated
microglia (ATM) and prevent the progression of microcavities into large cavitary lesions, in part via a mech-
anism involving the ATM-factor Spp1. MG and Spp1 furthermore contribute to the rapid repair of lesions,
collectively highlighting protective functions that preserve the fetal brain from physiological morphogenetic
stress and injury. Our study thus highlights key major roles for embryonic MG and Spp1 in maintaining struc-
tural integrity during morphogenesis, with major implications for our understanding of MG functions and
brain development.
962 Cell 187, 962–980, February 15, 2024 ª 2024 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION

Microglia (MG), the brain-resident macrophages, play key roles

in the development andmaintenance of brain circuits throughout

life.1–8 These immune sentinels are involved in key steps of neu-

ral network assembly, for instance, by regulating neuronal

numbers, synaptic development and refinement, maturation of

myelin, synaptic transmission or neuronal excitability.1–15 In

agreement with the diverse roles of MG, their dysfunction has

been linked to almost all brain pathologies, ranging from devel-

opmental disorders to neurodegenerative diseases.1–7 Anatom-

ical and recent single-cell (sc) transcriptomic studies have

shown that MG exist in distinct cellular and transcriptomic

states, particularly during development, aging, and neur-

odegeneration.16–34 This transcriptomic diversity, as shown in

the white matter and cerebral cortex29,32 and in induced plurip-

otent cells,35 can be driven by the local environment, revealing

a symbiotic relationship between MG and their local cerebral

niches.33 Yet, how such heterogeneity relates to specific loca-

tions and functions of these multifaceted cells, especially during

the dynamic period of prenatal development, remains poorly

understood.

MG originate from yolk sac-derived macrophages that migrate

and seed the brain primordium during early embryogenesis.36

This process starts from embryonic day 9 (E9) in mice, and gesta-

tional week 4 (GW4) in humans.2,37,38 MG subsequently colonize

the parenchyma during the dynamic phases of cerebral develop-

ment, characterized by a prolonged phase of neuronal generation,

migration and wiring, as the brain grows, folds and changes of

shape.39 In both human and mice, MG colonize the brain in a pro-

gressive, highly stereotyped manner2,4,38,40 characterized by an

uneven distribution: MG accumulate at hotspots, avoid selective

regions such as the developing cortical plate,41 and exhibit a

diverse range of morphologies, cellular behaviors, and transcrip-

tomic states.5,7,21,22,27,31,32 Although microglial heterogeneity is

progressively lost as development proceeds, it can reemerge in

the context of aginganddisease.17–20,22–24,29–31,33 Inphysiological

conditions, microglial heterogeneity spans both the prenatal and

post-natal periods.2,4,21,22,40,42,43 In particular, specific popula-

tions of amoeboid MG present in the post-natal cortical white

matter, including thecorpuscallosum(CC),21,22,42,43displayaspe-

cific transcriptomic state and have been variously termed axon-

tract-associated microglia (ATM),22 proliferative-region associ-

ated microglia (PAM),2 youth-associated microglia (YAM),31

or CD11c-positive (+) MG.42,43 Post-natal ATM/PAM/YAM/

CD11c+ MG, or ATM, are characterized by the expression of

Spp1 (encoding osteopontin or OPN), Lgals3, Gpnmb, Clec7a,

Itgax (encoding CD11c), Csf1, and Igf1, sharing transcriptomic

features with disease-associated microglia (DAM), initially identi-

fied in mouse models of Alzheimer’s disease and observed in

various neurodegenerative contexts.17–19,24,29,31 Functionally,

post-natal ATM are involved in the engulfment of nascent glial

cells, regulationofmyelination, andpromotionofneuronal survival,

in part through Igf1 expression.21,22,42–45While these studies high-

light a link between post-natal microglial hotspots, specific tran-

scriptomic states and functions, the roles of prenatal accumula-

tions and their potential cellular heterogeneity remain largely to

be deciphered.
Here, by combining transcriptomic analyses, imaging and

genetically modified mouse models, we reveal that MGmaintain

the structural integrity at the fetal cortico-striato-amygdalar

boundary (CSA) and cortico-septal boundary (CSB), where em-

bryonic MG accumulate and display a specific state resembling

post-natal ATM.21,22,42,43 These boundaries, which are vulner-

able to developmental tensions linked to brain growth and

morphogenesis, rely on MG to prevent the formation of large

cavitary lesions, in part via a mechanism involving the pleiotropic

ATM-factor Spp1/OPN. MG and Spp1 furthermore contribute to

the rapid repair of large lesions, which highlights their protective

functions in preserving the fetal brain from physiological

morphogenetic tensions and injuries. Our study thus reveals

that embryonic MG and the ATM-factor Spp1 play critical roles

in maintaining the structural integrity of the developing brain dur-

ing normal morphogenesis, with major implications for our un-

derstanding of MG functions and cerebral development.

RESULTS

ATM-like MG accumulate at two embryonic cortical
boundaries
While the developmental heterogeneity of MG has been es-

tablished by anatomical2,4,38,40 and sc transcriptomic stu-

dies,21,22,27,32 whether microglial transient accumulations in the

embryonic brain are composed of cells in specific states is yet to

be determined.

As a first step toward exploring the heterogeneity ofMGduring

embryogenesis, we took advantage of a longitudinal brain sc

transcriptomic dataset generated by La Manno et al. between

E9 and E18.30 By extracting and analyzing MG from this dataset,

we identified 3 distinct clusters: cyclingMG, non-cyclingMGand

embryonic MG that resemble post-natal ATM/PAM/YAM/

CD11c+ MG30 (Figure 1A). Embryonic ATM-like cells are particu-

larly present from E14 onward (Figures 1A–1C and S1A;

Table S1) and share a core genetic signature with previously

described post-natal white-matter ATM (Figures 1B and 1D)22

or PAM (Figures S1B–S1D)21: they notably express Spp1, which

codes for OPN, Csf1, Igf1, Lgals3, which codes for Galectin3/

Mac2 and Gpnmb (Figure S1A; Table S1).21,22 Consistently, em-

bryonic ATM-like30 and PAM21 gene signatures are present

mainly in the ATM cluster described by Hammond and col-

leagues22 (Figures S1D–S1F), highlighting similarities between

these prenatal and post-natal transcriptomic signatures.

To assesswhether embryonic ATM-like cellsmay locate in spe-

cific regions, we first focused onmid-neurogenesis (E14.5), when

microglial distribution starts to be noticeably uneven across the

developing forebrain.40,41Using theCx3cr1gfp/+mouse line,which

labels all macrophages, we observed a significant accumulation

of GFP+ MG at the boundary between the cerebral cortex, stria-

tum , and amygdala ,40,41 which we called the CSA (Figures 1E

and S1G–S1I). The bona fide microglial identity of GFP+ cells

was confirmed by their location in the parenchyma (Figure 1E)

and expression of the microglial marker P2Y12 receptor but not

theperivascularmacrophagemarker LYVE1 (Figure1E).2,23These

cellsweremost abundant at E15 and co-expressedATM-specific

markersat this timepoint (Figures1EandS1G–S1I).UsingCD11c-

eYFP mice and immunostainings we found that approximately
Cell 187, 962–980, February 15, 2024 963
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60%of CSAMG co-expressed proteins encoded by ATM ‘‘core’’

signature genes: CD11c, Mac2, Clec7A, Spp1, and GPNMB

(Figures 1E and S1G–S1I). This contrasted with adjacent regions,

where only few sparse cells expressed thesemarkers (Figures 1E,

S1G, andS1I), highlighting a local and denseCSAATM-like accu-

mulation between E14.5 and E16.5, with cells restricted to the

ventrocaudal CSA at E18.5 (Figure S1G). In addition to their

distinct transcriptomic signature, ATM-like cells exhibited an

amoeboid morphology, phagocytic activity as assessed in

ex vivo slices, and higher expression levels of the lysosomal

marker CD68 than the neighboring MG (Figures S1J and S1K).

Thus, like post-natal ATM,21,22 embryonic ATM-like MG seem

highly phagocytic, reinforcing similarities between pre- and

post-natal ATM states beyond their conserved transcriptomic

signature. To investigate whether a similar accumulation occurs

in humans, we labeled fetal brains from GW9 to GW14 and de-

tected a conserved pattern of MG expressing ATM-core factors

at the CSA throughout these stages (Figure S1L). These data

show that, in both mice and humans, MG expressing an ATM-

like signature accumulate at the embryonic CSA.

Since the ATM-like transcriptomic signature is detected

throughout fetal life, we conducted a longitudinal study of the em-

bryonic forebrain after E14.5 to investigate whether other accu-

mulations were present at later prenatal stages. In addition to

the CSA, we found only one large and dense accumulation of

ATM-like cells at the midline between E16.5 and E18.5, at the

CSB (Figures 1F and S1G). This hotspot was located below the

CC, consistent with where post-natal ATM reside later in

life21,22,42,43,46 and indicating a continuum of ATM accumulations

that spans the pre- and post-natal periods. Using a conserved

combination of core ATM markers (Spp1, Clec7A, GPNMB, and

Mac2), we found that approximately 70% of MG accumulating

at the CSB co-expressed ATM markers at E18.5 (Figure 1F).

These data show that MG expressing an ATM signature accu-

mulate at the embryonic CSA and CSB, two boundaries between

the neocortex and adjacent brain structures.

MG maintain structural integrity at ATM-dense cortical
boundaries
Accumulation of ATM-like MG at the CSA and CSB occurs much

earlier than the extensive generation of other glial cells or the
Figure 1. ATM-like microglia accumulate at the embryonic CSA and C

(A) Single-cell transcriptomic uniform manifold approximation and projection (UM

dataset,30 showing cycling MG (orange), non-cycling MG (purple), and embryon

(B) Projection of the post-natal ATM signature (top-enriched differentially expres

(C) Proportion of cycling (orange), non-cycling (purple), and embryonic ATM-like

(D) Venn diagram showing the overlap between embryonic and post-natal ATM D

change [FC] > 1.5, Bonferroni-adjusted p < 1e�10).

(E) Immunolabeling of brain sections from E14.5 or E15 Cx3cr1gfp/+ or CD11c-EYF

CSA close ups are delineated by dotted lines. GFP-positive microglia in Cx3cr1gfp

was used to label microglia in CD11c-EYFP brains (performed on brain sections

(F) Immunolabeling of coronal brain sections from E18.5 Cx3cr1gfp/+ or CD11c-

cortico-septal boundary (CSB), below the corpus callosum (CC). CSB close ups a

colocalized with the IBA1 marker, which was used to label all microglia in CD1

different litters).

Graphs show means ± SEM. Scale bars: 500 mm in (E, upper left); 200 mm in (E,

ATM, axon-tract-associated microglia; ATM-like, axon-tract-associated-like mic

cortico-septal boundary; DEGs, differentially expressed genes; MG, microglia; N

See also Figure S1 and Table S1.
development of myelin, both of which have been associated

with post-natal ATM functions. To investigate the potential role

of MG in the development of the CSA and CSB, we examined

various established and novel models of macrophage and MG

depletions by mainly targeting the colony-stimulating factor 1

receptor (CSF1R) signaling pathway, which is required for micro-

glial survival.47,48 We first administered a CSF1R-blocking anti-

body (AFS98) to dams at E6.5 and E7.5, causing a transient

depletion of microglial progenitors and a severe depletion of

MG until E18.511,40,49 (Figure S2A), followed by a progressive mi-

croglial repopulation during the first post-natal week.11,40,49 We

also achieved similar depletion/repopulation by feeding preg-

nant dams with PLX3397,50,51 a pharmacological inhibitor of

CSF1R, between E6.5 and E15 (Figure S2B) and compared

with Pu.1 mutant embryos that lack all myeloid cells, indepen-

dently of the CSF1R signaling.52 As these models target both

MG and other macrophage populations over a broad embryonic

period, we also performed more transient depletions by treating

pregnant dams with PLX3397 for only 3 days, between E12.5

and E15, overlapping the timing of microglial accumulation at

the CSA (Figure S2C). Finally, and importantly, we examined

Csf1r6FIRE6/FIRE mice that lack MG yet retain most other brain

macrophages53,54 and enable to interrogate MG-specific roles

in brain circuits.10,55 In all the mutants or depleted embryos,

including the 3 days PLX3397 treatment and Csf1r6FIRE6/FIRE

embryos, we found that the lack of MG induced a large ‘‘cavitary

lesion’’ at the CSA starting at E14.5 (Figure 2A) and persisting un-

til E18.5 (Figure 2A). These cavities, which formed where ATM-

like MG normally accumulate (Figure 1E), lacked cell bodies

and showed no contact with the ventricles, prompting us to

examine them using electron microscopy (EM) (Figure S2D). As

observed in PLX3397-treated embryos, the cavitary lesions did

not contain cells or displayed a basal lamina (Figure S2D), but

rather comprised sparse irregular membrane debris, resembling

cysts, or pseudocysts that are reported in several human pathol-

ogies, including leukoencephalopathies.56 In contrast, we did

not observe such cavitary lesions in models perturbing already

known developmental functions of MG, such as Cx3cr1,

Dap12/TyroBP, and complement receptor 3 (CR3) mutants, or

in embryos exposed to a mild prenatal inflammation (maternal

immune activation [MIA]) (Figure S2E). To further assess the
SB

AP) plot of embryonic microglial cells (n = 1,711) extracted from the La Manno

ic ATM-like MG (green).

sed genes [DEGs]) from the Hammond dataset22 onto (A).

MG (green) at different embryonic stages.

EGs, respectively, identified from La Manno30 and Hammond22 datasets (fold

P embryos showing co-expression of microglia and ATM markers at the CSA.
/+ brains fully colocalized with the microglial marker P2Y12 receptor, and IBA1

of at least three mice from two different litters).

EYFP embryos showing co-expression of microglia and ATM markers at the

re delineated by dotted lines. GFP-positive microglia in Cx3cr1gfp/+ brains fully

1c-EYFP brains (performed on brain sections of at least three mice from two

lower); 100 mm in (E, upper right) and (F); and 20 mm (E insets).

roglia; CC, corpus callosum; CSA, cortico-striato-amygdalar boundary; CSB,

cx, neocortex; Se, Septum; Str, striatum.
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impact of microglial depletion on the other cortical boundary

where ATM-like cells accumulate, we examined the CSB in all

the models of MG depletion (Figures 2A and S2A–S2C). Similar

to what we observed at the CSA, the absence of MG at the

CSB induced midline cavitary lesions, where embryonic ATM-

like MG normally accumulate (Figure 2B).

To rule out the possibility that either CSA or CSB cavities were

caused by tissue damage during sectioning, we analyzed whole

brains using iDISCO clearing and magnetic resonance imaging

(MRI).57,58 iDISCO clearing and 3D hemibrain reconstruction per-

formed in both CSF1R depletion models revealed CSA lesions

located in the caudal third of the telencephalic vesicles, at the

border between the caudal insular cortex, claustrum, striatum,

and amygdala (Figure 2C; Videos S1 and S2). Similarly, whole-

head MRI scans of fixed PLX3397-treated and Csf1r6FIRE6/FIRE

embryos, and newborns pups showed bright bilateral hyperinten-

sities after contrast enhancement, unequivocally confirming the

presence of CSA cavitary cystic lesions in the absence of MG

(Figures 2D and 2E). Likewise, midline CSB cavitary lesions was

observed with iDISCO transparization (Videos S3 and S4), and

in MRI scans when the contrast at the midline enabled visualiza-

tion (Figure 2F).

Overall, the embryonic absence of MG leads to a sequential

loss of structural integrity at both the CSA and CSB, two sites

where ATM-like MG normally accumulate, revealing an impor-

tant physiological function of MG during prenatal development.

MG limit the formation of cavitary lesions due to
morphogenetic stress
The involvement of MG in maintaining tissue cohesion at cortical

boundaries raised the question of the specificities of these

boundaries. The CSB, located at the border between the cere-

bral cortex and the septum, is subjected to morphogenetic con-

straints that increase as the cerebral cortex grows, and displays

a normally occurring cavity called the cavum septum that re-

sorbs over development.46,59 The CSA, similarly to the CSB, is

located at the border between the cerebral cortex and structures

growing at different rates and in distinct directions, making it a

region ofmorphogenetic tensions and tissue reorganization.60–62
Figure 2. Microglia are required for tissue integrity at the embryonic C

(A) Hoechst staining of hemibrain coronal sections from E14.5 or E15.5 embryos,

absence of microglia (solid arrowheads) (ncontrols = 27, nPu1KO = 6, nAFS = 4, nPLX3
localization of CSA cavitary lesions, bordering the neocortex (Ncx), striatum (Str), an

11, nCSF1RFire = 6).

(B) L1-immunolabeling stains the corpus callosum (CC) and fornix (Fx), highlig

arrowheads) in various models disrupting microglial colonization (ncontrols = 21, n

(C) Cavity reconstruction (yellow) after whole hemibrain clearing using iDISCO, hig

in two depletion models (ncontrols = 4, nAFS = 3, nPLX3397 = 4) and enabling 3D qu

(D) Whole-headMRI scans of E15.5 or P0mice, showing low-intensity signals con

solid arrowheads) in contrast to controls (yellow open arrowheads) (ncontrols-E15 =

(E) Whole-head MRI scans of E15.5 or E18.5 mice, showing low-intensity signa

(yellow solid arrowheads) in contrast to controls (yellow open arrowheads; ncontr
(F) Whole-head MRI scans of E18.5 mice, showing low-intensity signals confirmin

arrowheads) in contrast to controls (yellow open arrowheads) (ncontrols-E18 = 4, nC
Graphs show means ± SEM. Mann-Whitney U tests were performed for statistica

1 mm (D)–(F).

Am, amygdala; CC, corpus callosum; CSA, cortico-striato-amygdalar boundary;

Se, Septum; Str, striatum.

See also Figure S2 and Videos S1–S4.
We therefore focused on the CSA to investigate whether such

boundaries exhibit specific features and could be affected by

morphogenetic constraints.

We first characterized the local CSA niche of ATM during

normal physiological development at E14.5. Interestingly, the

CSA was characterized by microcavities that were only sparsely

populated by cells and that were bordered byMG expressing the

ATM markers Mac2 and Spp1 (Figure 3A). EM confirmed the

presence of microcavities surrounded by MG at the CSA (Fig-

ure 3B). These microcavities lacked a basal lamina, contained

cell membrane fragments, and were systematically abutted by

MG displaying an amoeboid morphology, which is a character-

istic of CSA MG (Figure 3B). Our observations raised the possi-

bility that such physiological microcavities might contribute to

the local microglial recruitment and/or the induction of an

ATM-like state. Furthermore, they suggested that in the absence

of MG, microcavities might progress into larger lesions due to

local morphogenetic constraints, with notable effects on fetal

brain integrity.

To experimentally test the hypothesis that CSA cavitary le-

sions form due to unrestrained stress linked to morphogenesis,

we examined the embryonic brains of mice in which genetic

mutations generate increased or decreased developmental con-

straints (Figures 3C–3G). First, we used a genetic model of con-

ditional RhoA inactivation (Emx1cre/+;RhoAfl/fl), in which a large

periventricular nodular heterotopia (PVNH) forms from E15.563

(Figures 3C and 3D), increasing constraints on the developing

cortex and affecting its thickness and organization. At E18.5

and onward, when the heterotopia is large and cortical morpho-

genesis affected, we observed visible lesions at the CSA in 50%

of mutant embryos, progressing into large lesions observed in all

cases at P8 (Figures 3C and 3D). While the distribution of MG

was not drastically altered at early stages, the growth of the het-

erotopia correlated with the recruitment of MG at the CSA at

E18.5, even in embryos that did not show yet marked lesions

at this time point (Figure S3). Our findings hence reveal that dras-

tically increasing morphogenetic tensions can, even in the pres-

ence of MG, ultimately lead to CSA lesions, thereby revealing

that this region is a site of morphogenetic vulnerability.
SA and CSB

showing CSA integrity in controls (open arrowhead) and cavitary lesions in the

397 = 8, nPLX3397-E12 = 11, nCSF1RFire = 7); and from E18.5 embryos, showing the

d amygdala (Am) (ncontrols = 35, nPu1KO = 5, nAFS = 7, nPLX3397 = 13, nPLX3397-E12 =

hting CSB integrity in controls (open arrowheads) and cavitary lesions (solid

Pu1KO = 4, nAFS = 5, nPLX3397 = 9, nPLX3397-E12 = 11, nCSF1RFire = 5).

hlighting the absence of cavities in controls and stereotypically located cavities

antification of lesion volumes (Imaris Software).

firming the formation of lesions at the CSA of PLX3397-treated embryos (yellow

4, nPLX3397-E15 = 3, ncontrols-P0 = 3, nPLX3397-P0 = 3).

ls confirming the formation of lesions at the CSA of Csf1rDFIRE/DFIRE embryos

ols-E15 = 3, nCSF1RFire-E15 = 4, ncontrols-E18 = 4, nCSF1RFire-E18 = 4).

g the formation of lesions at the CSB of Csf1rDFIRE/DFIRE embryos (yellow solid

SF1RFire-E18 = 4).

l comparison, **p < 0.01. Scale bars: 200 mm in (A) and (B); 800 mm in (C); and

CSB, cortico-septal boundary; Fx, fornix; Ncx, neocortex; OB, olfactory bulb;
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Figure 3. Microglia limit the progression of CSA microcavities into large lesions in response to morphogenetic constraints

(A) IBA1, Spp1, and Mac2 immunostaining findings indicate that ATM line microcavities (solid arrowheads), visible by Hoechst counterstaining at E14.5 (n = 6,

from at least two distinct litters).

(B) Transmitted electronmicroscopy (EM) also reveals the presence of microcavities (solid arrowheads), lined with amoeboid microglia (green pseudo-color), and

containing membrane fragments (open arrowheads) (n = 3, from at least two distinct litters).

(C and D) Coronal hemisections (C) from control and Emx1cre/+;RhoAfl/flmice, the latter displaying a periventricular nodular heterotopia (PVNH) visible from E18.5

onward (dotted lines). Hoechst counterstaining shows the absence of CSA lesions in controls andmutants at E15.5 (open arrowheads), a striking CSA lesion (solid

arrowheads) in 50%of the E18.5 mutants and in 100% of themutants at P8 (ncontrols-E15 = 6, nheterotopia-E15 = 5, ncontrols-E18 = 8, nheterotopia-E18 = 10, ncontrols-P8 = 10,

nheterotopia-P8 = 15). Quantification in (D) uses values that represent the scoring of lesion severity, scored from 0 to 2, as detailed in Table S2.

(E) Coronal hemisections of E15.5 brains from Brn4cre/+; Wnt3adta/+ embryos show an ablation of the thalamus (white asterisk) and a global change in brain shape

but no marked impact on the CSA (ncontrols = 4, nthalamusdeleted = 5).

(F and G) Coronal hemisections (F) of E15. 5 brains from control and Brn4cre/+; Wnt3adta/+ mice exposed to PLX3397 between E12.5 and E15.5. While PLX3397-

exposed controls consistently displayed lesions (open arrowheads), PLX3397-treated mutants exhibited smaller lesions or no lesions (solid arrowheads) despite

effective local depletion as assessed by IBA1 staining (ncontrols = 4, nthalamusdeleted = 5, nPLX3397 = 8, nthalamusdeleted-PLX3397 = 5, from at least two distinct litters).

Quantification in (G) uses values that represent the scoring of lesion severity, scored from 0 to 2, as detailed in Table S2.

Graphs show means ± SEM. Mann-Whitney U tests were performed for statistical comparison, *p < 0.05; ***p < 0.001; ns, non significant (p > 0.05). Scale bars:

200 mm (A, left); 100 mm (A and F, high magnifications); 2.5 mm (B); and 500 mm (C, E, and F, low magnification).

Am, amygdala; CSA, cortico-striato-amygdalar boundary; PVNH, periventricular nodular heterotopia; Ncx, neocortex; Str, striatum; Th, thalamus.

See also Figure S3.
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Although MG were not able to compensate for such drastic

developmental changes, they could nonetheless limit the pro-

gression of cavitary lesions at the CSA in the context of milder

morphogenetic stress, as occurring in physiological conditions.

To directly investigate this possibility, we tested whether allevi-

ating morphogenetic constraints would limit lesion formation in

the context of microglial absence. We took advantage of

Brn4cre/+;Wnt3Adta/+ embryos, which lack a large brain structure,

the thalamus (Th),64 and therefore experience reduced morpho-

genetic stress in the developing forebrain (Figures 3E–3G). As ex-

pected, the CSA was preserved in E15.5 mutants (Figure 3E).

Remarkably, the treatment of Brn4cre/+; Wnt3Adta/+ dams with

PLX3397 during a short time window between E12.5 and E15.5

revealed that mutant embryos with reduced morphogenetic

stress showed fewer and smaller lesions when MG are depleted

(Figures 3F and 3G). These observations thus show that the

extent of CSA lesions is driven by morphogenetic constraints.

Taken together, our results indicate that the CSA is a site of

developmental vulnerability, where MG accumulate in response

to morphogenetic constraints. In physiological conditions, MG

prevent the progression of cavitary lesions due to morphoge-

netic stress, thereby preserving the structural integrity of this

fetal cortical boundary.

ATM-like MG are induced by morphogenetic stress and
tissue lesions
Our results indicate that increasing or alleviating morphological

tensions alters the recruitment of MG and tissue integrity at the

CSA. Since ATM-likeMGare normally detected at this boundary,

we wondered whether changes associated with morphogenetic

stress could contribute to the induction of the ATM-like state.

To address this question, we first examined whether core ATM

markers were expressed at the CSA of both Emx1cre/+; RhoAfl/fl

and Brn4cre/+; Wnt3Adta/+ embryos (Figures 4A–4D). We found

that the very local and specific recruitment of MG at the CSA of

Emx1cre/+; RhoAfl/fl embryos (Figure S3) was characterized by a

marked increase in proportion of amoeboid cells expressing the

ATM marker Spp1 at E18.5 (Figures 4A and 4B). Conversely, we

observed a conserved recruitment of MG at the CSA in Brn4cre/+;

Wnt3Adta/+ embryos, although with a reduced proportion of cells

co-expressing the ATM-factor Spp1 (Figures 4C and 4D). Thus,

drastic changes in morphogenetic constraints correlated with

the recruitment ofMGat the CSA and the local and specific induc-

tion of ATM-like features.

Since modifications in morphogenetic stress are linked to tis-

sue damage (Figure 3), we further tested whether creating exog-

enous lesions was sufficient to recruit embryonic MG and/or

induce ATM-like features. To this aim, we induced in utero le-

sions (IULs) in the neocortex of E14.5 Cx3cr1gfp/+ embryos by

performing a stab-wound using a glass pipette (Figure 4E). We

examined the brains 2.5 h after the injury to assess the initial

response (Figures 4E and 4F). After 2.5 h, we already observed

a marked accumulation of Cx3cr1gfp-positive cells at the lesion

site, with approximately 30% of these cells also expressing the

ATMmarkers Spp1 or Mac2, and 10% expressing GPNMB (Fig-

ure 4F). Thus, in utero mechanical stab-lesions led to rapid

recruitment of Cx3cr1gfp-positive cells that expressed some

ATM-core markers at the site of lesion (Figure 4F).
Overall, these results indicate that morphogenetic stress and

induced tissue damage can drive the local recruitment of MG

with ATM-like features, which in turn, could contribute to limit

the progression of large cavitary lesions at the CSA.

ATM-factor Spp1 contributes to structural integrity at
cortical boundaries
The role of MG in tissue cohesion at ATM-like hotspots raises the

question of the underlying molecular mechanisms. As

mentioned, we did not observe CSA cavitary lesions in genetic

models perturbing known developmental functions of MG, such

as Cx3cr1, Dap12/TyroBP, and CR3 mutants (Figure S2E), sug-

gesting the involvement of alternative pathways. We focused

on ATM-specific molecules known to modulate immune func-

tions and contribute to adhesion and tissue remodeling, such

as Spp1 and GPNMB.65,66 In particular, Spp1, which encodes

OPN, has been linked to tissue remodeling, wound healing and

repair processes, and its secreted form has recently been shown

to promote microglial phagocytosis in the context of neuronal

damage and in early stages of Alzheimer’s disease.67,68 We

took advantage of available global knockouts, as these factors

are highly and specifically expressed by MG in the prenatal brain

at thesedevelopmental timepoints (FigureS4A).Whilemice lack-

ing Gpnmb displayed normal brain structure (Figures S4B and

S4C), approximately 50%of those lackingSpp1 showed cavitary

lesions at the CSA at E14.5 (Figure 5A), and 70% had lesions at

the CSB at E18.5 (Figure 5B). The cavities rapidly resorbed over-

time, within 24 h, suggesting that while Spp1/OPN contributes to

maintaining structural integrity in the developing brain (Fig-

ure S4D), additional factors or microglial properties appear to

be implicated. Importantly, ATM factors, including Mac2 and

GPNMB, were still expressed in Spp1 mutants at both the CSA

andCSB (Figures 5Cand5D), indicating that Spp1 is not required

for the induction of theseATM-core factors but rather contributes

to microglial function in brain integrity at cortical boundaries.

To investigate how Spp1 inactivation may affect embryonic mi-

croglial functions, we performed sc transcriptomic analyses on

macrophages from both wild-type (WT) and Spp1 mutants at

E14.5 and E18.5 (Figures 5E–5H and S4E–S4G). Using MACS-

sorting of CD45-positive cells from forebrains at these two time

points, in which Spp1 inactivation impairs CSA and CSB integrity,

we identified individual clusters corresponding to different cell

types and states (Figure S4E; Table S3), that were all present in

control and mutant conditions (Figure S4F). We next focused on

macrophages (Figures 5E–5H; Table S4) and observed high

Spp1 expression selectively in the ATM cluster of controls (Fig-

ure 5F), confirming our transcriptomic (Figure S4A) and immuno-

staining analyses (Figures 5C and 5D). We further assessed differ-

entially expressed genes (DEGs) between ATM-like cells in

controls and mutant embryos (Table S5) and found that the tran-

scriptomic signature ofATM-likecells is altered inmutant embryos

(Figures 5G and 5H). Both direct comparison (Figure 5G) and

pathway analyses using Metascape (Figure 5H; Table S6) indi-

cated thatSpp1 inactivation impacts specific functional pathways

in ATM-like cells: the expression of several ATM-core markers

(such as Lgals3, ApoE, and Ftl1) was decreased and, among

several altered pathways, phagocytosis-related pathways were

downregulated, consistent with previously described effects of
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Figure 4. ATM-like microglia are induced by morphogenetic constraints and tissue mechanical lesions

(A and B) Coronal E18.5 brain hemisections immunostained with IBA1 and Spp1 showing a marked recruitment of Spp1-expressing microglia at the CSA of

Emx1cre/+;RhoAfl/flmice, with approximately 75% of Spp1-positive CSAmicroglia in mutants, but 8% of CSA cells detected in controls at this stage (n = 4 at least

for each condition, from a minimum of two distinct litters).

(C and D) Coronal E15.5 brain hemisections immunostained for IBA1 and Spp1 showing a significantly diminished percentage of CSAmicroglia expressing Spp1

in E15.5 Brn4cre/+; Wnt3adta/+ mutant mice compared to controls, despite a conserved number of accumulating cells (n = 4 at least for each condition, from a

minimum of two distinct litters).

(E) Schematic representation of in utero lesion (IUL) procedure induced by mechanical poking of the neocortex using a glass capillary.

(F) Coronal sections through the E14.5 neocortex of control and IUL embryos collected 2.5 h after lesion induction, showing amoeboid Cx3cr1gfp-positive cells

accumulating at the lesion site and the co-expression of Spp1 and Mac2 (solid arrowheads) in IUL embryos but dispersed Cx3cr1gfp-positive cells and no

expression of ATM markers in controls (ncontrols = 9, nIUL = 8, from at least two distinct litters). Quantification of the percentage of Cx3cr1gfp-positive cells at the

lesion site co-expressing ATM markers (nSPP1 = 4, nMAC2 = 3, nGPNMB = 4 from at least two distinct litters).

Graphs show means ± SEM. Mann-Whitney U tests were performed for statistical comparison, *p < 0.05. Scale bars: 200 mm in (A) and 100 mm in (C) and (F).

Am, amygdala; CSA, cortico-striato-amygdalar boundary; Ncx, neocortex; Str, striatum.
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Figure 5. ATM-core factor Spp1 contributes to tissue integrity at the CSA and CSB

(A) Coronal hemisections of E14.5 brains stained with Hoechst reveal CSA disruption in 50% of Spp1�/� mutants (solid arrowheads) compared to controls (open

arrowheads) and in 100% of PLX3397-treated embryos (solid arrowheads) (ncontrols = 18, nSpp1KO = 21, nPLX3397 = 13). Quantification of CSA lesions across

models.

(B) L1 immunolabeling enables axon visualization (open arrowheads) andmidline lesions (solid arrowheads) in approximately 70% ofSpp1�/�mutants compared

with 100% in PLX3397-exposed embryos (ncontrols = 23, nSpp1KO = 20, nPLX3397 = 8). Quantification of CSB lesions across models.

(legend continued on next page)
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secreted Spp1 on MG during brain damage and Alzheimer’s

disease.67,68

To further confirm whether Spp1 inactivation alters phagocytic

properties in vivo, we first searched for substrates that ATM-like

MG may engulf, focusing on the CSA (Figures 5I and 5J). In the

context of tissue integrity, we examined components of the extra-

cellular matrix (ECM) and observed an intense and punctuated

staining of fibronectin 1 (FN1) in CSA MG using immunolabeling

and3Dreconstructions (Figures5I and5J).SinceFn1 isnotnotably

expressed by MG (Figure 5J), and FN1 punctuated staining was

located in intracellular domains resembling vesicles (Figures 5I

and 5J), our observations support that CSA MG engulf FN1 in

physiological conditions. FN1 deposition and remodeling is a key

factor in repair and wound healing,69–71 suggesting that its engulf-

ment byMGmightmodify tissue properties. To test whetherSpp1

inactivationalters thisprocess,wemeasured the relativevolumeof

FN1 within CSAMG in both controls and Spp1�/� and detected a

significant reduction in mutant embryos (Figure 5K).

Our data thus show that Spp1, which regulates ATM-like mi-

croglial properties such as phagocytosis, is one of the factors

contributing to maintain tissue integrity at cortical boundaries.

MG and Spp1 contribute to the rapid repair of cavitary
lesions
Our results indicate that MG prevent lesion formation at sites of

morphogenetic tensions in part through Spp1. Since MG are

known to help repair exogenous damage in the adult brain and

neonatal spinal cord,72 we further investigated whether MG

and Spp1 could act by promoting tissue repair.

To address this issue, we examined whether MG contribute

to the resorption of large lesions at the CSA and CSB.

We first delineated the time window during which the perma-

nent absence of MG in Csf1r6FIRE6/FIRE mice led to cavitary

lesions at cortical boundaries. Consistently with the fact that

Csf1r6FIRE6/FIRE mice did not show gross morphological alter-
(C and D) E14.5 (C) and E18.5 (D) coronal hemisections showing no differences i

(open arrowheads) and Spp1�/� embryos (ncontrols = 3, nSpp1KO = 3, at each stag

(E) UMAP visualization of single-cell RNA sequencing (scRNA-seq) data represent

E18.5 embryos colored by annotated clusters (RefinedCellType).

(F) Violin plot of normalized and scaled Spp1 expression across annotated clusters

that Spp1 expression is largely restricted to WT ATM (cluster 5).

(G) Volcano plot of differentially expressed genes (DEGs) between WT and Spp1

avgerage_log2FC > 0.3). Genes downregulated in Spp1�/� embryos are displaye

were manually annotated.

(H) Bar plots of topMetascape gene set enrichment of DEGs (G) in bothWT orSpp

(orange) in Spp1�/� embryos versus controls, with pathways related to phagocy

(I) Brain sections from E15Cx3cr1gfp/+mice showing specific fibronectin 1 (FN1) la

brain sections of at least three mice from two distinct litters).

(J) High magnification confocal acquisition and 3D cell reconstructions (Imaris

Cx3cr1gfp-positive CSA microglia with FN1 signal inside cell bodies (performed o

(K) Comparison of the percentage of FN1 volume measured (Imaris software) insid

(ncontrols = 17, nSpp1KO = 14, from at least two distinct litters).

Graphs show percentages in (A) and (B) and means ± SEM for all others. Fisher

controls, Spp1�/�, and PLX3397-exposed embryos (A and B), and Mann-Whitney

**p < 0.01; ***p < 0.001; ns, non significant (p > 0.5). Scale bars: 200 mm (A, B l

constructed cells in F and G).

ATM, axon-tract-associated microglia; BAM, border associated macrophages; C

septal boundary; DEGs, differentially expressed genes; Fx, fornix; Intravasc mac,

Se, Septum; Str, striatum; WT, wild type.

See also Figure S4 and Tables S3–S6.
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ations in adults,10,53 we found that while lesions were still

observed in all Csf1r6FIRE6/FIRE pups at P7, they progres-

sively resorbed during the second and third post-natal

week, with no lesions detected by P28/P30 (Figures 6A,

S5A, and S6A). While these results reveal the existence of po-

tential compensatory mechanisms for lesion closure later in

post-natal life, they highlight that MG are required to not

only maintain structural integrity prenatally but also during

the first post-natal week.

To assesswhether MGcontribute to the repair of CSA and CSB

lesions during the first post-natal week, we took advantage of the

fact that MG start to repopulate the brain around birth after

PLX3397-prenatal treatment. We found that in pups prenatally

exposed to PLX3397, CSA lesions rapidly resorbedwithin the first

post-natal days, concomitantly to the progressivemicroglial repo-

pulation (Figures 6B and 6C): while all mice bore cavities at P0,

60%hadalready fully closedbyP3 (Figure6B).Remarkably, lesion

closure was consistently associatedwith a densemicroglial accu-

mulation at the scar at P3, in spite of a reduced MG density in the

surrounding region (Figures 6C and 6D), supporting a local role of

MGat the CSA during resorption. At P7, over 70%of themice had

their CSA lesions closed and all CSA cavities were systematically

resorbed by P20 (Figure 6B). We observed a similar timeline of

resorption at the CSB (Figure S5B), showing that MG induced a

rapid repair of lesions at both boundaries.

Despite lesion repair, long-lasting morphological defects per-

sisted at the CSA (Figures S6A–S6C), underscoring the impor-

tance of preserving structural integrity during morphogenesis.

Indeed, even in juvenile mice prenatally exposed to PLX3397

which displaymore transient lesions, weobserved adisorganiza-

tion of an axonal tract abutting the CSA, a capsule that conveys

inputs to the Am, an essential brain structurewhich dysregulation

is linked to neurodevelopmental disorders.73–75 Both axonal

tracts and Foxp2-positive inhibitory interneurons, important to

gate inputs to the Am,76–78 were disorganized (Figures S6A and
n Mac2 and GPNMB co-expressing microglia at the CSA and CSB of controls

e from at least two distinct litters).

ingmacrophage subsets extracted fromwild-type (WT) andSpp1�/� E14.5 and

betweenwild-type (WT) (light gray) and Spp1�/� (KO)(dark gray) mice showing

�/� conditions in ATM cells (false discovery rate[FDR]-adjusted p < 0.05 and

d in orange, while the upregulated ones are shown in green, and some genes

1�/� conditions, highlighting upregulated (green) and downregulated pathways

tosis highlighted by a red arrowhead.

beling within GFP- andMac2-positive ATMmicroglia at the CSA (performed on

software) of immunolabeled sections from E14.5 embryonic brains showing

n brain sections of at least three mice from two distinct litters).

e individual CSAmicroglia shows a reduction in Spp1mutants versus controls

’s exact test was performed to compare distributions of cases with lesions in

U tests were performed for statistical comparison in all other graphs,*p < 0.05;

ow magnification, and D); 100 mm (C and F); 5 mm (G, left); and 2 mm (3D re-

C, corpus callosum; CSA, cortico-striato-amygdalar boundary; CSB, cortico-

intravascular macrophages; Ncx, neocortex; PVM, perivascular macrophages;



Figure 6. Local microglia repopulation at the CSA drives the rapid repair of cavitary lesions

(A) Coronal sections showing theCSA region in controls andCsf1rDFIRE/DFIRE pups, highlighting that cavitary lesions are systematically observed in P7Csf1rDFIRE/DFIRE

pups (solid arrowheads), but absent in P7 controls or at P30 in both conditions (open arrowheads) (ncontrols-E18 = 5, nCSF1RFire-E18 = 6, ncontrols-P7 = 3, nCSF1RFire-P7 = 6,

ncontrols-P30 = 3, nCSF1RFire-P30 = 5, from at least two distinct litters for each stage and condition). Graphs show percentages of brain with lesions, but individual dots

represent brains with lesion (100) or no lesion (0) to illustrate variability.

(B and C) Coronal sections of brains prenatally exposed to PLX3397 showing the CSA region (solid arrowheads) at P0, P3, P7, and P20. Cavitary lesions pro-

gressively resorbed, with a significant proportion being resorbed at P3, and almost all achieved by P7, concurrently with the overall repopulation of Cx3cr1gfp-

positive cells, which accumulated at the site of lesion closure (solid arrowhead) (ncontrols-P0 = 6; nPLX3397-P0 = 6; ncontrols-P3 = 6; nPLX3397-P3 = 5; ncontrols-P7 = 5;

nPLX3397-P7 = 8; ncontrols-P20 = 7; nPLX3397-P20 = 7, from at least two distinct litters for each stage and condition). Graph in (B) is presented as in (A), while graph in

(C) displays means ± SEM.

(D) Repopulating microglia numbers are comparable at the CSA of controls and PLX3397-exposed embryos at P3, even if microglia numbers remain lower in the

surrounding area of resorbing brains (ncontrols-P3 = 6; nPLX3397-P3 = 5, from at least two distinct litters). Graph in (D) show means ± SEM.

Fisher’s exact test (A and B) and Mann-Whitney U test (C and D) were performed for statistical comparison, *p < 0.05; **p < 0.01; ***p < 0.001; ns, non significant

(p > 0.5). Scale bars: 300 mm in (B) and (C) and 200 mm in (A) and (D).

Am, amygdala; CSA, cortico-striato-amygdalar boundary; Ncx, neocortex; Str, striatum.

See also Figures S5 and S6.

ll
OPEN ACCESSArticle
S6B). Electrophysiological slice recordings in adultmice revealed

that morphological deficits correlated with a consistent imbal-

ance of inhibition/excitation (I/E) responses of Ampyramidal neu-

rons following capsule stimulation (Figure S6C). Thus, even after

the rapid repair of CSA lesions, this physiologically important re-

gion persistently displayed anatomical and functional wiring def-

icits up to adulthood.
To further explore the repair process and its potential depen-

dence on Spp1, we focused on the CSA and examinedmicroglial

properties during the first post-natal week (Figures 7 and S7).We

found that densely accumulating MG at the scar co-expressed

ATMmarkers Spp1, GPNMB, andMac2 at P3 (Figure 7A). These

cells furthermore showed an amoeboid morphology and marked

engulfment of FN1, which accumulates at the scar (Figure S7). In
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Figure 7. ATM-factor Spp1 contributes to lesion repair

(A) Cx3cr1gfp-positive cells accumulating at the site of lesion closure co-express ATM markers Spp1, Mac2, and GPNMB, as shown and quantified at P3

(ncontrols = 4; nPLX3397 = 4 for each marker, from at least two distinct litters).

(B) Extracellular Spp1 signal, delineated by immunostaining and Hoechst labeling, accumulates at the resorbing CSA at P3. Graphs show the increased signal

intensity at the CSA (dotted lines) compared with a mean between signal intensity measured in the surrounding neocortex (dotted lines) and amygdala (dotted

lines) in PLX3397-exposed pups versus controls (ncontrols = 4; nPLX3397 = 4, from two distinct litters).

(C) In contrast to controls, Spp1�/� mutants, and PLX3397-exposed controls, PLX3397-exposed Spp1�/� mutants reproducibly displayed lesions visible by

Hoechst staining (solid versus open arrowheads) (ncontrols = 7; nSpp1KO = 8; ncontrol-PLX3397 = 11; nSpp1KO-PLX3397 = 7). Values represent the scoring of lesion severity,

scored from 0 to 2, as detailed in Table S2.

(D) While CSA IBA1-positive cells co-expressedMac2 in resorbed PLX3397-treated controls at P7, they also accumulated around the lesions in PLX3397-treated

Spp1 mutants, indicating that Spp1 inactivation did not prevent the expression of selected ATM markers (ncontrol-PLX3397 = 3; nSpp1KO-PLX3397 = 7).

Graphs showmeans ± SEM. Mann-Whitney U test was performed for statistical comparison, *p < 0.05; **p < 0.01; ***p < 0.001; ns, non significant (p > 0.5). Scale

bars: 200 mm in (A); 150 mm in (C) and (D); and 100 mm in (B).

Am, amygdala; CSA, cortico-striato-amygdalar boundary; Ncx, neocortex; Str, striatum.

See also Figure S7.
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addition, we observed that Spp1 labeling was not only detected

in and around microglial cells but also accumulating in the extra-

cellular space at higher levels than in the adjacent neocortex or

amygdala (Figure 7B). These results show that the repair process

correlates with a local induction of ATM-like MG, as illustrated by

the expression of core markers and FN1 engulfment, as well as

the extracellular accumulation of Spp1. Like for the prevention

of cavitary lesion formation, we found that the rapid repair pro-

cess relied on Spp1 (Figures 7C and 7D). Indeed, by comparing

at P7 WT and Spp1�/� pups exposed to PLX3397 prenatally, we

observed a comparable microglial recruitment and Mac2 induc-

tion (Figure 7D), but a significant inhibition of lesion closure in

mice lacking Spp1 (Figure 7C).

Taken together, these data show that MG and Spp1 play

crucial roles in preventing the progression of CSA microcavities

into large lesions and in promoting their prompt closure, which is

essential for preserving brain integrity during development. Our

study reveals key functions ofMGandSpp1 inmaintaining struc-

tural integrity in response to morphogenetic stress and lesions,

underscoring the importance of these immune cells in early brain

development.

DISCUSSION

MG have been associated with multiple functions, including

axonal progression, cortical interneuron wiring, synaptic devel-

opment and refinement, through a variety of receptors and

signaling pathways including Cx3cr1/Cx3cl1, Trem2/Dap12,

Complement, and purinergic P2Y12 receptors.2,11–14,37,79–82

Our study reveals additional essential roles of MG in preserving

tissue integrity during the development of the cerebral cortex,

before the emergence of potentially redundant or complemen-

tary glial cells, such as astrocytes.39,83 Indeed, because MG

colonize the brain from early embryonic stages and astrocytes

or oligodendrocytes are mostly produced later, MG constitute

a unique and a large contingent of embryonic glial cells.2,37

In the absence of MG, lesions form at specific cortical bound-

aries that constitute sites of fragility and normally host accumu-

lations of MG in a state resembling post-natal ATM.21,27,42,43,45

Our study uses a combination of global, transient and selective

models of microglial depletion, to unambiguously establish a

role for these immune cells in preventing the progression of mi-

crocavities into large cavitary lesions at cortical boundaries (Fig-

ures 2, 3, 6, S2, S3, and S5). By comparing permanent and tran-

sient depletions we showed that (1) the absence of MG leads to

cavitary lesions during embryogenesis and up to P7 at least; (2) in

the lasting absence of MG inCsf1rDFIRE/DFIREmice, lesions even-

tually repair after P7; (3) early post-natal repopulation of MG is

sufficient to drive the rapid repair of lesions (Figures 2, 6, S2,

and S5). The later closure of lesions inCsf1rDFIRE/DFIREmice high-

lights compensatory mechanisms potentially including fill-in of

lesions due to brain growth or redundant functions of later devel-

oping cells, and is consistent with a lack of gross anatomical de-

fects in adult Csf1rDFIRE/DFIRE mice.10,53 Nonetheless, transient

depletions and lesions had lasting impact on circuits, as as-

sessed at the CSA (Figure S6), supporting that maintenance of

structural integrity during morphogenesis is essential for proper

brain development. Our study thus establishes that MGmaintain
CSA and CSB integrity and promote the rapid repair of lesions,

revealing important physiological functions of MG at critical

steps of early brain morphogenesis.

Both the CSA and CSB are characterized by dense accumula-

tions of embryonic ATM-like MG, that display several common

features with previously identified post-natal ATM.21,22,31,42,43

In particular, embryonic ATM-like cells and post-natal ATM/

PAM share not only highly overlapping transcriptomic signatures

(Figures 1 and S1), but also an amoeboid morphology and highly

phagocytic features (Figure S1).21,22 As we were unable to effi-

ciently locally deplete MG or manipulate transient cellular states,

it is possible that the local accumulation of ATM-like cells at

these sites might not be the only factor responsible for the

observed phenotypes. Nonetheless, we discovered that tran-

sient microglial hotspots at the CSA and CSB contained dense

accumulations of ATM-like cells that were remarkably similar

to their post-natal counterparts, confirming that the ATM state

spans the prenatal and post-natal periods.22,30

Interestingly, while the functions of post-natal ATM have largely

been attributed to Igf1,42–44 our study reveals that Spp1/OPN, an

atypical ECM-interacting factor previously linked to bone devel-

opment, woundhealing, inflammation,65–67 andmicroglial phago-

cytosis,67,68 contributes to tissue integrity and the rapid repair of

large lesions in the developing brain (Figures 5, 7, S5, and S7).

While inactivatingSpp1 alone did not fullymimic the impact ofmi-

croglial depletion, suggesting that other factors are likely involved,

our findings support a contribution of the Spp1 core ATM factor to

microglial functions in both tissue integrity and repair. At the

mechanistic level, extracellular Spp1 accumulates at the repair

site (Figure 7) andSpp1 inactivation impairs phagocytic pathways

and the capacity of CSA MG to efficiently engulf FN1 (Figure 5).

FN1 is an ECM component that accumulates after tissue damage

or microlesions, and which remodeling is key for proper

repair.69–71 Our results thus raise the possibility that Spp1 acts

by regulatingmultiple processes, including its extracellular secre-

tion and the promotion of phagocytosis, as shown by FN1 engulf-

ment.While embryonic ATM likely engulf a variety of other cellular

substrates that remain to be identified, our study suggests that

Spp1 could, at least in part, act by regulating ECM remodeling,

a microglial feature that has been previously involved in spinal

cord repair72 and synapse regulation.84 Importantly, we also

show that Spp1 and other ATM factors are very quickly induced

in MG recruited to prenatal lesions (Figure 4), revealing a

remarkable ability of these cells to switch states and exhibit plas-

ticity in response to experimentally induced injury.

Core ATM factors, including Spp1/OPN, are involved in im-

mune cell responses, ECM organization, wound healing, and

regulation of inflammation and have been detected in a wide

range of macrophages, during skin lesion, heart-repair after

myocardial infarction or liver fibrosis.65–67,85–87 This observation

indicates that at least some aspects of the ‘‘ATM program’’

involved in brain integrity and repair are likely not unique to MG

but rather represent a basic feature shared across macro-

phages, which is important for the general maintenance of tissue

homeostasis, particularly in response to exogenous damage or

lesions. In MG, Spp1 and ATM factors are also expressed by

damage-induced MG during stroke88 or neonatal spinal cord

repair,72 as well as in DAM and TAM, which are respectively
Cell 187, 962–980, February 15, 2024 975
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associated with neurodegeneration and tumors.18,20,23,27,89

Thus, the ATM programmay overlap with a basic repair program

in macrophages that is triggered by tissue disruption in different

contexts of health and disease. Whether Spp1 is consistently

involved and how it acts, which other factors contribute to

ATM functions in tissue cohesion and repair, and whether other

cell types could exert similar functions in the post-natal and adult

brain constitute key questions to address in future studies.

The genuinely glial role of developing MG described in this

study has not been reported in other species, such as zebrafish,

which provides various genetic models to examine brain devel-

opment in the absence of MG.90 While we identified dense

ATM hotspots in both mouse and human, they have so far not

been reported in zebrafish.90,91 These observations raise the

intriguing possibility that the embryonic ATM-like state, and

associated repair properties, might have been co-opted during

evolution to ensure the proper morphogenesis of a growing ce-

rebral cortex, which is a hallmark of mammals. In agreement,

we found that increasing morphogenetic constraints in a model

of cortical PVNH63 can lead to a selective breaking at the CSA

boundary, strengthening the hypothesis that the CSA represents

a site of morphogenetic fragility in mammals (Figures 3 and S3).

In contrast, whenmorphogenetic constraints were alleviated in a

genetic model of Th ablation, MG, and embryonic ATM were

found to be less crucial in preventing lesions (Figure 3). However,

in both models, we observed that the recruitment of ATM-like

cells was influenced bymorphogenetic constraints and the pres-

ence of lesions (Figure 4), underscoring the interaction between

immune brain cells and their local niches, as seen in the aging

white matter and post-natal cerebral cortex.29,32 There is thus

a delicate balance between tissue fragility, embryonic ATM

localization and microglial functions, which warrants further

investigation into the pathways involved in ATM induction and

their role in mice and across species. Overall, our findings

demonstrate that the proper development of the cerebral cortex

depends on the mitigation of tissue damage by brain-resident

macrophages, allowing for themorphogenesis of complex struc-

tures, which is a hallmark of brain evolution.

In the context of human pathological brain wiring, lesions are

typically associated with damage induced by abnormally ‘‘acti-

vated’’ MG in response to various triggers, such as hypoxia,

inflammation, preterm birth, or congenital viral infections. For

example, bilateral cysts in the temporal lobes, where the CSA

is located, or midline cavities such as cavum septum pellucidum

and cystic lesions, have been reported in several neurodevelop-

mental disorders.92,93 Our study demonstrates key roles of MG

and Spp1 in maintaining tissue integrity, suggesting that such le-

sionsmay also result from a loss of physiological functions ofMG

during crucial stages of morphogenesis.

These findings have not only significant implications for our

understanding of the fundamental mechanisms that govern brain

morphogenesis and the state-specific functions of MG but also

open avenues for exploring microglial contributions to brain

pathology.

Limitations of the study
While our study identified a key role forMGand Spp1-dependent

repair properties at cortical boundaries, it is important to
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acknowledge several limitations of our research. First, morpho-

genetic stress was indirectly assessed through genetic manipu-

lations that distort brain morphogenesis. However, we believe

that this caveat is compensated by leveraging two models that

selectively increase and reduce morphogenetic constraints.

Second, it was not possible to conduct local or state-specific

manipulations of CSA and CSB MG. Despite several attempts

to selectively manipulate this state, we were unable to efficiently

and selectively eliminate this transient cell population, as re-

ported for post-natal ATM,42,43 and consistent with our findings

that this state is quickly induced in response to the local niche.

Nonetheless, our results provide insights into the contribution

of MG and their diversity to brain development, evolution, and

pathology, highlighting their bona fide role in fetal cortical

morphogenesis.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat anti-CD68 Bio-Rad Cat# MCA1957; RRID:AB_322219

Rabbit anti-FN1 Millipore Cat# AB2033; RRID:AB_2105702

Goat anti-FOXP2 Santa Cruz Biotechnology Cat# sc-21069; RRID:AB_2107124

Chicken anti-GFP Aves Labs Cat# GFP-1020; RRID:AB_10000240

Rabbit anti-IBA1 FUJIFILM Wako Shibayagi Cat# 019-19741; RRID:AB_839504

Rabbit anti-IBA1 (human) Abcam Cat# ab178846; RRID:AB_2636859

Chicken anti-IBA1 Synaptic Systems Cat# 234009; RRID:AB_2891282

Rat anti-Lgals3 (MAC2) CEDARLANE Cat# CL8942AP; RRID:AB_10060357

Rat anti-L1 Millipore Cat# MAB5272; RRID:AB_2133200

Biotinylated rat anti-LYVE1 Thermo Fisher Scientific Cat# 13-0443-82; RRID:AB_1724157

Rat anti-Myelin Basic Protein (MBP) Millipore Cat# MAB386; RRID:AB_94975

Rat anti-mDectin-1 (CLEC7A) InvivoGen Cat# mabg-mdect; RRID:AB_2753143

Mouse anti-neurofilament marker SMI-312 BioLegend Cat# 837904; RRID:AB_2566782

Goat anti-mouse Osteoactivin (GPNMB) R and D Systems Cat# AF2330; RRID:AB_2112934

Rabbit anti-P2Y12 receptor AnaSpec; EGT Group Cat# 55043A; RRID:AB_2298886

Goat anti-SPP1 R and D Systems Cat# AF808; RRID:AB_2194992

Donkey anti-chicken Alexa 10 Fluor� 488-conjugated Jackson ImmunoResearch Labs Cat# 703-545-155; RRID:AB_2340375

Donkey anti-goat Alexa 10 Fluor� 488-conjugated Jackson ImmunoResearch Labs Cat# 705-545-147; RRID:AB_2336933

Donkey anti-rat Alexa 10 Fluor� 488-conjugated Jackson ImmunoResearch Labs Cat# 712-545-150; RRID:AB_2340683

Donkey anti-rabbit Alexa 10 Fluor� 488-conjugated Jackson ImmunoResearch Labs Cat# 711-545-152; RRID:AB_2313584

Donkey anti-goat Cy3-conjugated Jackson ImmunoResearch Labs Cat# 705-165-147; RRID:AB_2307351

Donkey anti-rabbit Cy3-conjugated Jackson ImmunoResearch Labs Cat# 711-165-152; RRID:AB_2307443

Donkey anti-rat Cy3-conjugated Jackson ImmunoResearch Labs Cat# 712-165-150; RRID:AB_2340666

Donkey anti-goat Alexa 10 Fluor� 647-conjugated Jackson ImmunoResearch Labs Cat# 705-605-147; RRID:AB_2340437

Donkey anti-goat Cy5-conjugated Jackson ImmunoResearch Labs Cat# 705-175-147; RRID:AB_2340415

Donkey anti-rat Cy5-conjugated Jackson ImmunoResearch Labs Cat# 712-175-150; RRID:AB_2340671

Biological samples

Human fetal brain tissue Gynaecology Department,

Jeanne de Flandre Hospital,

Lille, France

N/A

Chemicals, peptides, and recombinant proteins

Lipopolysaccharide InvivoGen Cat# tlrl-pelps; CAS: 93572-42-0

Pexidartinib (PLX3397) Plexxikon CAS: 1029044-16-3

Anti-CSF1R mAb (aCSF1R, clone AFS98) Florent Ginhoux laboratory N/A

Triton 100X Eurobio Cat# GAUTTR00-07

Hoechst Sigma Aldrich Cat# 33342

Paraformaldehyde Sigma Aldrich Cat# P6148

Gelatin VWR chemical Cat# 24350.262

Dibenzylether Sigma Aldrich Cat# 33630

Dichloromethane Sigma Aldrich Cat# 270997

Methanol Sigma Aldrich Cat# 34860

Critical commercial assays

BD� Ms Single Cell Sample Multiplexing Kit BD Biosciences Cat# 633793

(Continued on next page)
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BD Rhapsody� Whole Transcriptome

Analysis (WTA) Amplification Kit

BD Biosciences Cat# 633801

BD Rhapsody� Whole Transcriptome

Analysis (WTA) Reagent Kit

BD Biosciences Cat# 665915

pHrodo� BioParticles� Conjugates for

Phagocytosis and Phagocytosis Kit

Thermo Fisher Scientific Cat# P35361

Deposited data

scRNA-seq for embryonic microglia (C57BL/6) La Manno et al.30 http://mousebrain.org/

development (‘‘dev_all.loom’’)

scRNA-seq for postnatal microglia (C57BL/6) Hammond et al.22 GSE: 121654

scRNA-seq for postnatal microglia (C57BL/6) Li et al.21 GSE: 123025

scRNA-seq for Spp1-/- and +/+ (C57BL/6) This study ArrayExpress accession

E-MTAB-13581

https://www.ebi.ac.uk/

biostudies/arrayexpress

Experimental models: Organisms/strains

Mouse: Cx3cr1gfp/+ The Jackson Laboratory RRID:IMSR_JAX:005582

Mouse: Pu.1+/� Back et al.52 N/A

Mouse: Cd11c-eYFP The Jackson Laboratory RRID:IMSR_JAX:007567

Mouse: Spp1-/- The Jackson Laboratory RRID:IMSR_JAX:004936

Mouse: Csf1rDFIRE/+ Rojo et al.53 RRID:IMSR_JAX:032783

Mouse: Cd11b�/� The Jackson Laboratory RRID:IMSR_JAX:003991

Mouse: Dap12/TyroBP�/� Tomasello et al.94 RRID:MGI:3818477

Mouse: RhoAfl/fl Jackson et al.95 N/A

Mouse: Emx1cre/+; RhoAfl/+ Cappello et al.63 N/A

Mouse: WntA3dta/+; Brn4cre/+ Deck et al.64 N/A

Mouse: C57BL/6J The Jackson Laboratory Cat# 000664; RRID:

IMSR_JAX:000664

Software and algorithms

FIJI (ImageJ) 1.50 g National Institute of Health https://fiji.sc/; https://imagej.nih.gov/

ij/index.html; RRID: SCR_003070

LAS AF 4.0 Leica Microsystems https://www.leica-microsystems.com/;

RRID: SCR_013673

GraphPad Prism 9.5 GraphPad Software RRID: SCR_000306

Adobe Photoshop CS6 Adobe Systems RRID: SCR_014199

Adobe Illustrator CS6 Adobe Systems RRID: SCR_010279

R software 4.2.2 GNU Project https://www.r-project.org/;

RRID:SCR_001905

R package: Metascape 3.5.20230501 Metascape Team http://metascape.org/gp/

index.html#/main/step1;

RRID:SCR_016620

R package: Seurat 4.3.0.1 N/A https://satijalab.org/seurat/

get_started.html; RRID:SCR_016341

R package: Tidyverse 2.0.0 N/A https://CRAN.R-project.org/

package=tidyverse ;

RRID:SCR_019186

R package: Viridis 0.6.4 N/A https://cran.r-project.org/web/

packages/viridis/vignettes/

intro-to-viridis.html ; RRID:SCR_016696

R package: Clustree 0.5.0 N/A https://CRAN.R-project.org/

package=clustree ; RRID:SCR_016293

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

R package: EnhancedVolcano 1.16.0 N/A https://bioconductor.org/

packages/EnhancedVolcano/ ;

RRID:SCR_018931

R package: Paletteer 1.5.0 N/A https://CRAN.R-project.org/

package=paletteer

R package: Ggplot2 3.4.3 N/A https://cran.r-project.org/web/

packages/ggplot2/index.html ;

RRID:SCR_014601

R package: Sctransform 0.3.5 N/A https://github.com/satijalab/sctransform ;

RRID:SCR_022146

R package: GlmGamPoi 1.10.2 N/A https://bioconductor.org/

packages/glmGamPoi/

Bowtie 2 N/A http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml ; RRID:SCR_016368

Illumina HiSeq 4000 system Ilumina https://www.illumina.com/

systems/sequencing-platforms/

hiseq-3000-4000.html ; RRID:SCR_020127

Rhapsody analysis pipeline BD Biosciences https://www.bdbiosciences.com

t-SNE GitHub https://github.com/jkrijthe/Rtsne

UMAP GitHub https://github.com/lmcinnes/umap

Imaris x64 software version 10.0 Bitplane RRID:SCR_007370

Imspector Pro software Miltenyi BioTec https://www.miltenyibiotec.com

Gatan DigitalMicrograph software Gatan https://www.gatan.com

pClamp 10.3 software Molecular devices https://support.moleculardevices.com

Other

Leica TCS-SP8 confocal microscope Leica https://www.leica-microsystems.com/

Leica TCS SP5 confocal microscope Leica https://www.leica-microsystems.com/

Ultramicroscope II lightsheet microscope Miltenyi BioTec https://www.miltenyibiotec.com

Leica DMi8 fluorescence microscope Leica https://www.leica-microsystems.com/

Philips Tecnai 12 Transmission

Electron Microscope

Philips/FEI https://nano.tau.ac.il

Leica CM 3050S cryostat Leica https://www.leica-microsystems.com/

Olympus BX51WIF microscope Olympus https://www.olympus-lifescience.com

ssniff standard mouse chow ssniff Spezialdiäten GmbH https://www.ssniff.com
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RESOURCE AVAILABILITY

Lead contact
Further requests and information concerning this study should be addressed to the lead contact, Sonia Garel (sonia.garel@bio.ens.

psl.eu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Single-cell RNA-seq dataset have been deposited into ArrayExpress with accession number E-MTAB-13581 and are publicly

available as of the date of publication. Data generated in Tables S1, S3, and S4 is available for mining. Microscopy data re-

ported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse Lines
Cx3cr1gfp/+96 (RRID:IMSR_JAX:005582), Pu.1+/�,52 Cd11c-eYFP97 (RRID:IMSR_JAX:007567), Csf1rDFIRE/+,53 Spp1-/-65 (RRID:

IMSR_JAX:004936), CR3�/� (Cd11b�/�)98 (RRID:IMSR_JAX:003991), Dap12/TyroBP�/�94 (RRID:MGI:3818477), RhoAfl/fl ,95

Emx1cre/+;RhoAfl/+,63 WntA3dta and Brn4cre mice64 were maintained on a C57BL/6J background, except for Csf1rDFIRE/+ mice that

were kept on a mixed C57BL/6J CBA background. C57BL/6J wild-type mice or heterozygote littermates were used as controls

for mutant mice, as they did not exhibit any phenotype, with the exception of repair analyses (Figure 7), in which we compared

Spp1+/+ and Spp1-/-, in periventricular nodular heterotopia analyses (Figures 3 and 4), in which we compared Emx1cre/+;RhoAfl/fl

with cre- littermates, and studies of the Csf1rDFIRE/DFIRE mice in which we compared mutants with Csf1r+/+ littermates (Figures 2,

6, S5, and S6). We checked that the prenatal phenotype of Csf1rDFIRE/DFIRE mice was similar on mixed C57BL/6J CBA and on

C57BL/6J background (n=3 for E14.5 and E18.5, from two distinct litters), whereas the postnatal phenotype could not be assessed

on C57BL/6J background because mutant mice developed hydrocephalus. The day of vaginal plug formation was considered E0.5.

Most embryos were harvested in the morning, except E15.0 that were harvested on the afternoon of the 14th day of gestation. For all

experiments, mice were age and sex matched and animals were housed in the animal facility of the IBENS, and handled in accor-

dance with the regulations of the European Union and the local ethics committee.

Human fetuses
Fetal tissues were made available in accordance with French bylaws (Good Practice Concerning the Conservation, Transforma-

tion, and Transportation of Human Tissue to Be Used Therapeutically, published on December 29, 1998). The studies on human

fetal tissue were approved by the French agency for biomedical research (Agence de la Biomédecine, Saint-Denis la Plaine,

France, protocol n�: PFS16-002). Three human fetuses without known pathologies were obtained at gestational weeks (GW) 9,

GW11 and GW14 from voluntarily terminated pregnancies upon obtaining written informed consent from the parents (Gynaecology

Department, Jeanne de Flandre Hospital, Lille, France). Personal data (i.e. ethnicity, race, genetics, date of birth and other similar

data) is not available in compliance with privacy regulations in France. Fetuses were fixed by immersion in 4% paraformaldehyde

(PFA) at 4�C for 3 (GW9 fetus) or 5 days (GW11 and GW14 fetuses). The tissues were cryoprotected in 30% sucrose/PBS at 4�C
overnight, embedded in Tissue-Tek OCT compound (Sakura Finetek, USA), frozen on dry ice and stored at -80�C until sectioning.

Frozen samples were cut serially at 16 mm using a Leica CM 3050S cryostat (Leica Biosystems Nussloch GmbH, Germany). Sec-

tions were kept at -80�C.

METHOD DETAILS

Transcriptomic reanalysis
Single-cell RNA-seq data reanalysis

10X scRNA-seqmicroglia data fromHammond et al.22 and LaManno et al.30 were downloaded from the GSE121654 series and loom

file http://mousebrain.org/development (‘‘dev_all.loom’’), respectively. The raw count matrix and metadata for microglia-annotated

cells in LaManno et al.30 were extracted from the loom file using R v4.1.2. The data include a total of 1,711 cells (510 atm, 415 cycling

microglia, 786 non-cycling microglia cells). Genes were filtered as described by the authors (expressed in at least 10 cells for La

Manno et al.30 and at least 20 cells for Hammond et al.22). For the data set from Hammond et al.,22 additional metadata such as pub-

lished t-distributed stochastic neighbor embedding (tSNE) coordinates and reported clusters were provided by the authors to select

the 76,149 cells, including 2,517 atm cells.

The Seurat v4.1.199 scRNA-seq pipeline was used to produce uniform manifold approximation and projection (UMAP) and tSNE

plots of the microglia data.22,30 Default parameters were used, unless stated otherwise. For,30 data were first normalized and scaled

using SCTransform.100 PCA was performed and UMAP coordinates were computed using 5 principal components. Plots were

created using Seurat v4.1.1, ggplot2 v3.3.6, scCustomize v1.1.1, and the viridis v0.6.2 palette.

Differential expression analysis

Differentially expressed genes (DEGs) of ATM-annotated cells from La Manno et al.30 were identified using the ‘‘FindAllMarkers’’

Seurat function (Wilcoxon signed-rank test, assay = ‘‘RNA’’, min.pct=0.1, only.pos=TRUE). DEGs were further filtered (Fold

Change > 1.5, Bonferroni adjusted p value < 1e-10). To construct Venn diagrams, the same threshold was applied to published

DEGs of ATM22 and PAM.21

Gene set enrichment analysis

To determine gene set enrichment in the scRNA-seq dataset, the ‘‘AddModuleScore’’ Seurat function (ctrl.size = length of gene list,

nbin=24) was used. Several gene signatures were tested for enrichment in the microglia scRNA-seq data from La Manno et al.30:

(i) top enriched ATM DEGs from Hammond et al.,22 corresponding to the 9 reported markers (i.e., Spp1, Gpnmb, Igf1, Lgals3,

Fapb5, Lpl, Lgals1, Ctsl, Anxa5), and (ii) top enriched PAM DEGs from Li et al.21 (i.e., Spp1, Clec7a, Gpnmb, Igf1, Lpl, Pld3, Ctsl,

Ctsb, Slc23a2, Gpx3) (Table S1).
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Transcriptomic analysis in controls and Spp1 mutants
scRNA-sequencing Whole Transcriptome using Rhapsody

For theRhapsody experiment, thewhole processwas done by followingmanufacturer’s (BDBiosciences) protocol. Prior CD45+ cells

were enriched using CD45microbeads fromMiltenyi and the Automacs using possel function. 115,256 cells were captured in a dou-

ble run, 6 barcoded samples for each run, pooled using BD� Ms Single Cell Sample Multiplexing Kit (Cat No: 633793). The sample

was processed according to the BD Rhapsody�Whole Transcriptome Analysis (WTA) Amplification Kit (Cat No: 633801) and the BD

Rhapsody� Whole Transcriptome Analysis (WTA) Reagent Kit (Cat No: 665915). The 2 librairies were then subjected to an indexed

paired-end sequencing run of 2x151 cycles on an Illumina HiSeq 4000 system (Illumina, San Diego, CA, USA) with 20%PhiX spike in.

A total of 5,830 million reads were sequenced for 115,256 cells.

Alignment and pre-processing of single-cell RNA sequencing data

Transcriptomics Fastq files were processed via the standard Rhapsody analysis pipeline (BD Biosciences) per the manufacturer’s

recommendations. First, R1 and R2 reads are filtered for high-quality reads, dropping reads too short (less than 66 bases for R1

and 64 bases for R2) or have a base quality score of less than 20. R1 reads are annotated to identify cell label sequences and unique

molecular identifiers (UMIs), and R2 reads are mapped to the respective reference sequences using Bowtie2.101 Finally, all passing

R1 and R2 reads are combined and annotated to the respective molecules. For quality control of the reads, recursive substation error

correction (RSEC) and distribution-based error correction (DBEC) were applied, which are manufacturer-developed algorithms cor-

recting for PCR and sequencing errors. For determining putative cells (which will contain many more reads than noise cell labels), a

filtering algorithm takes the number of DBEC-corrected reads into account, calculating theminimum second derivative alongwith the

cumulative reads as the cut-off point. Finally, the expression matrix was obtained from the DBEC-adjusted molecule counts in a CSV

format. A cell was determined as a singlet if the minimum read count of a single sample tag is above the threshold of 75%. A cell was

classified as a multiplet if the cell exceeds the threshold for more than one sample tag. A cell that does not meet the threshold was

labelled as undetermined. Both multiplets and undetermined cells were excluded from the analysis as described below.

Processing and analysis of single-cell RNA sequencing data

RSEC-adjusted molecule counts matrices from Seven Bridges BD Rhapsody alignment pipeline were loaded and analyzed using

Seurat v4.3.0.1. Samples were demultiplexed using Sample Tag Call matrix from Seven Bridges BD Rhapsody alignment pipeline

and metadata was manually assigned to each Tag. High quality cells were filtered and selected based on <25% of RNA from mito-

chondrial genes, >200 of expressed unique genes and >100 of UMI counts. Count matrix was normalized and scaled using gamma-

poisson generalized linear model based on the 8,000 most variable genes using SCTransform v0.3.5102 and glmGamPoi v1.10.2102

packages. PCA, UMAP dimension reduction, nearest neighbors’ determination and Louvain clustering were performed using stan-

dard Seurat’s functions using standard parameters. The most stable resolution of clustering (SCT_snn_res.0.3) was chosen accord-

ing to clustree v0.5.0 package guidelines103 Differential gene expression was performed with the ‘‘FindAllMarkers’’ Seurat function

using Wilcoxon signed-rank test, FDR-adjusted p-value and standard parameters.

The first round of broad annotation was manually conducted based on the most differentially expressed genes across clusters

(adjusted p-value < 0.05) and the top 5 DEGs were represented using ‘‘DotPlot’’ Seurat function. To refine the analysis on subsets

of interest and get a more granular annotation, macrophages were manually selected and the whole process was performed again

using the same parameters. The violin plot of gene expression was generated using ‘‘VlnPlot’’ function. Differential gene expression

within ATM subset between wild-type and Spp1-/- conditions was conducted using ‘‘FindMarkers’’ Seurat function using Wilcoxon

rank-sum test, FDR-adjusted p-value and standard parameters. DEGs were represented in a Volcano plot using EnhancedVolcano

v1.16.0 filtered based on adjusted p-value < 0.05 and then input in Metascape (v3.5.20230501) web-based portal to get gene set

functional enrichment terms using several databases. Bar plots were generated using ggplot2 v3.4.3 package from Metascape

output zip files. All analyses were conducted on R v4.2.2.

Microglial Depletion
Pregnant C57BL/6J females were given anti-CSF1RmAb (aCSF1R, clone AFS98) or the rat IgG2a isotype control (clone R35-95; BD

Biosciences) by intraperitoneal injection at E6.5 and E7.5, as described previously.40 Alternatively, pregnant mice were given the

CSF1R inhibitor PLX3397 (Plexxikon) mixed into standard chow (Ssniff) from E6.5 or E12.5 until E15.5. The dose of PLX3397 was

290 mg/kg and respective controls received standard chow. The efficiency of depletion procedures was verified by immunohisto-

chemistry at embryonic stages and in one newborn P0 per litter for postnatal litters.

Maternal Immune activation
Lipopolysaccharide in sterile PBS (0.12 mg/g mouse; InvivoGen and Sigma) was injected intraperitoneally into pregnant mice at

E13.5. Sterile PBS was injected into control pregnant females by the same route and at the same timepoint, without detectable ef-

fects on embryonic phenotype.

Immunohistochemistry on sections
For immunohistochemistry, mouse embryonic brains were fixed in 4% PFA at 4�C for 2 h to overnight, depending on the develop-

mental stage. For the analysis of postnatal brains, animals were perfused with 4% PFA, brains were dissected out, then post-fixed

overnight at 4�C before cutting into sections in PBS. The preparation of human fetal brain tissue is described above.
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Immunohistochemistry was performed on free-floating 40-100 mm-thick vibratome-cut mouse brain sections or 25 mm-thick cryo-

stat-cut human tissue sections. Slices were first incubated for 1 h at room temperature (RT) in 0.2% Triton X-100, 0.2% Gelatin in

PBS (blocking solution), and then incubated at 4�C overnight in the same blocking solution with the following primary antibodies:

rat anti-CD68 (1/500; Bio-Rad Cat# MCA1957, RRID:AB_322219), rabbit anti-FN1 (1/200; Millipore Cat# AB2033, RRID:AB_

2105702), goat anti-FOXP2 (1/500; Santa Cruz Biotechnology Cat# sc-21069, RRID:AB_2107124), chicken anti-GFP (1/1000;

Aves Labs Cat# GFP-1020, RRID:AB_10000240), rabbit anti-IBA1 (1/500; FUJIFILM Wako Shibayagi Cat# 019-19741, RRID:AB_

839504), rabbit anti-IBA1 (human) (1/500; Abcam Cat# ab178846, RRID:AB_2636859), chicken anti-IBA1 (1/500; Synaptic Systems

Cat# 234009, RRID:AB_2891282), rat anti-Lgals3 (MAC2) (1/1000; CEDARLANE Cat# CL8942AP, RRID:AB_10060357), rat anti-L1

(1/100; Millipore Cat# MAB5272, RRID:AB_2133200), biotinylated rat anti-LYVE1 (1/200; Thermo Fisher Scientific Cat# 13-0443-

82, RRID:AB_1724157), rat anti-Myelin Basic Protein (MBP) (1/300; Millipore Cat# MAB386, RRID:AB_94975), rat anti-mDectin-1

(CLEC7A) (1/30; InvivoGen Cat# mabg-mdect, RRID:AB_2753143), mouse anti-neurofilament marker SMI-312 (1/300; BioLegend

Cat# 837904, RRID:AB_2566782), goat anti-mouse Osteoactivin (GPNMB) (1/200; R and D Systems Cat# AF2330, RRID:AB_

2112934), rabbit anti-P2Y12 receptor (1/500; AnaSpec; EGT Group Cat# 55043A, RRID:AB_2298886) and goat anti-SPP1 (1/400;

R and D Systems Cat# AF808, RRID:AB_2194992). Sections were rinsed in PBS-0.1% TritonX-100 and incubated at 4�C from 2 h

to overnight with the following secondary antibodies (1/400 in PBS, Jackson ImmunoResearch Labs): Alexa 10 Fluor�
488-conjugated donkey anti-chicken (Cat# 703-545-155, RRID:AB_2340375), Alexa 10 Fluor� 488-conjugated donkey anti-goat

(Cat# 705-545-147, RRID:AB_2336933), Alexa 10 Fluor� 488-conjugated donkey anti-rat (Cat# 712-545-150, RRID:AB_2340683),

Alexa 10 Fluor� 488-conjugated donkey rabbit (Cat# 711-545-152, RRID:AB_2313584), Cy3-conjugated donkey anti-goat (Cat#

705-165-147, RRID:AB_2307351), Cy3-conjugated donkey anti-rabbit (Cat# 711-165-152, RRID:AB_2307443), Cy3-conjugated

donkey anti-rat (Cat# 712-165-150, RRID:AB_2340666), Alexa 10 Fluor� 647-conjugated donkey anti-goat (Cat# 705-605-147,

RRID:AB_2340437), Cy5-conjugated donkey anti-goat (Cat# 705-175-147, RRID:AB_2340415), Cy5-conjugated donkey anti-goat

(Jackson ImmunoResearch Labs Cat# 705-175-147, RRID:AB_2340415) and Cy5-conjugated donkey anti-rat (Cat# 712-175-150,

RRID:AB_2340671). Hoechst (1/1000; Sigma) was used for fluorescent nuclear counterstaining.

Tissue Clearing
We used an adapted version of the previously published iDISCO+ clearing protocol.57,58 All incubation steps were performed at RT in

a fume hood, on a tube rotator (SB3, Stuart) at 0.045 g, using a 15 mL centrifuge tube (Falcon) covered with aluminum foil to block

light. E16.5 brain samples were first dehydrated by sequential 90 min incubation in a graded series (20%, 40%, 60%, 80%, and

100%) of methanol (MeOH, Sigma-Aldrich) diluted in H2O. This was followed by de-lipidation in dichloromethane (DCM; Sigma-

Aldrich) for 30 min. Finally, samples were cleared overnight in dibenzylether (DBE; Sigma-Aldrich) and then stored in brown glass

vials filled with DBE in the dark at RT.

Tissue preparation for transmission electron microscopy (TEM)
E14.5 mouse embryos were perfused with 4% PFA, 2.5% glutaraldehyde (EM grade) in PBS. Fixed embryos, wrapped in aluminum

foil, were kept on ice for 30 min to allow glutaraldehyde impregnation. Brains were then dissected out of embryos and incubated at

4�C overnight in a buffer of 4% PFA in PBS. 100 mm vibratome sections were collected, washed 3 times in PBS and fixed in 2%

osmium tetroxide in PBS for 2 h. Samples were colored en bloc with 1.5% aqueous uranyl acetate at 4�C for 1.5 h. Then, the samples

were then dehydrated by sequential 10 min incubation in graded concentrations of ethanol (25%, 50%, 70%, 90% and three times

100%) and rinsed by incubation in anhydrous acetone 3 times for 10 min. Samples were infiltrated with graded concentrations of

Araldite 502 resin (50%, 90%, 1 hour per step) and incubated for 2 h in freshly prepared pure resin. Samples were then mounted

in a minimal amount of resin between two ACLAR 33C films, with polymerization performed at 60�C for 48 h. Before cutting, sample

blocks were glued parallel to the flat surface of a cylinder bloc of resin used as a support. 70 nm ultrathin sections of the samples were

obtained using an ultramicrotome (UC6, Leica). Ultrathin sections were collected on formvar-coated slot (2 x 1 mm) grids. Positive

staining of grids was performed by 2min incubation in UranyLess aqueous solution (Delta Microscopy) followed by lead citrate stain-

ing for 1 min.

MRI scans
After fixation, embryos were stored in a 1:250 mixture of 0.5 mmol gadoteric acid (Dotarem�, Guerbet) in PBS for at least 72 h. For

imaging, the embryos were embedded in 2% low melting point agar gel (Sigma-Aldrich) and were placed in small Plexiglass con-

tainers. Acquisitions were performed on a 17.2 T (1H Larmor frequency = 730.2 MHz) Bruker Biospec preclinical scanner equipped

with a 25 mm inner diameter quadrature birdcage volume coil (Rapid Biomedical). T1 weighted 3D images were acquired using a

Fast-Low Angle Shot (FLASH) sequence with 40 micrometers isotropic resolution.

Induction of in utero cortical lesions
Pregnant female mice at E14.5 were anesthetized with isoflurane (3.5% for induction, 2% during the surgery) and given 0.1 mg/kg of

buprenorphine injected subcutaneously for analgesia. The uterine horns were exposed after laparotomy. Cortical in utero lesions

were induced unilaterally using a 100 mm diameter glass capillary, by poking through the cortical plate up to the lateral ventricle,
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as usually done for in utero electroporation or viral infection.104 Lesioned embryos were left to recover in the mother’s womb for 2.5 h

after surgery, after which their brains were collected and fixed in 4% PFA at 4�C overnight.

Ex vivo phagocytic assay
Slice preparation was performed as previously described105 with the following modifications. Dissecting mediumwas prepared from

minimum essential medium (MEM) (Gibco) with 20 mM TRIS powder pH7-9 (Sigma) and 45 mM D-glucose (Sigma). After telence-

phalic brains were cut into 250 mm vibratome coronal sections, slices of interest were stored in this medium on ice until use. For

ex vivo phagocytosis, pH-rodo (Life technologies) was resuspended at 0.5 mg/mL in dissection medium containing 2.5 mM

CaCl2, 2.5 mM MgSO4, 1 mM NaHCO3 and with 300 mL HEPES (Gibco) per 50 mL. After careful removal of MEM, 15 mL of pH-

rodo solution was added to the top of each slice and incubated for 1 h at 37�C in 5% CO2. The reaction was stopped by adding

cold pH-rodo suspension medium. After three washes, slices were fixed in 4% PFA in PBS for 45 min, followed by immunohisto-

chemistry as described above.

Preparation of brain slices and electrophysiological recordings
Adult (�P60) mice were deeply anesthetized with isoflurane and decapitated. The brain was quickly removed and placed in ice-cold

sucrose-based ACSF, which contained (inmM): 86 NaCl, 2.5 KCl, 0.5 CaCl2, 7MgCl2, 1.2 NaH2PO4, 25 NaHCO3, 25 glucose and 75

sucrose continuously bubbled with carbogen (95%O2/ 5%CO2). Acute coronal slices (300 mm-thick) containing the amygdala were

prepared using a 7000 SMZ-2 Vibratome (Camden Instruments Ltd, UK) in ice-cold sucrose-based ACSF. Slices were transferred for

30 minutes in warm (34�C) ACSF which contained (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 25 NaHCO3 and 25

glucose, saturated with 95%O2 - 5%CO2., and then placed in a recording chamber and continuously perfused with ACSF bubbled

with 95%O2/5% CO2 (3-4 mL/min; 30-34�C). Recorded neurons were visualized with an Olympus BX51WIF microscope (Olympus,

France) equipped with a Qimaging RETIGA 2000R camera (Teledyne Photometrics, USA) run by Micro-Manager (Vale Lab, USCF,

USA). Electrophysiological signals were recorded with a Multiclamp 700B amplifier (CV-7B headstage), a Digidata 1440A acquisition

board and pClamp 10.3 software (Molecular Devices, USA). Electrophysiological signals were filtered at 2 kHz and sampled at

10 kHz. Data were analysed off-line (pClamp-10 software, Axon Instruments). Series resistances were compensated up to 65%

maximum. Whole-cell patch-clamp recordings were performed in pyramidal neurons of the basolateral amygdala (BLA) using boro-

silicate glass pipettes (3–5 MU resistance) containing (in mM): 120 CsMeSO3; 10 HEPES; 4.6 MgCl2; 10 K2- creatine phosphate;

15 BAPTA; 4 Na2-ATP; 0.4 Na2-GTP; 1 QX314. Values were not corrected for the liquid junction potential. Glutamatergic currents

(EPSCs) were measured at the reversal potential for GABA-A receptor mediated events (-70 mV) and GABA-A receptor mediated

currents (IPSCs) were measured at the reversal potential of glutamatergic events (+5 mV) in external solution (ACSF) containing

the NMDA receptor antagonist (50 mMD-AP5) (Figure S6C). Extracellular synaptic stimulation was obtained by applying extracellular

voltage pulses (0.1 Hz, A-M systems USA) delivered using a second patch pipette filled with HEPES-buffered solution placed within

the vicinity the amygdalar capsule (Figure S6C). The intensity of the stimulation has been adapted for each cell in order to evoke a

comparable EPSC. The I/E ratio was then calculated by dividing IPSC and EPSC amplitudes measured in the same neuron by keep-

ing the same position and intensity of the stimulation.

Image acquisition and analysis
Slice imaging

Images of immunohistochemistry on sections were acquired with a fluorescence binocular microscope (Leica MZ16 F), a fluores-

cence microscope (Leica DMi8) or a confocal microscope (Leica TCS SP5 and TSP8). Image analyses were performed with FIJI

(ImageJ; RRID: SCR_003070), Imaris (Bitplane; RRID:SCR_007370) and Adobe Photoshop CS6 software (Adobe Sytems;

RRID:SCR_014199).

iDISCO 3D Imaging and Processing

3D imaging was performed with an ultramicroscope II (LaVision BioTec) using ImspectorPro software (LaVision BioTec). The light

sheet was generated by a laser (wavelength 488 Coherent Sapphire Laser, LaVision BioTec) and two cylindrical lenses. Samples

were placed in an imaging reservoir made of 100% quartz (LaVision BioTec) filled with ethyl cinnamate and illuminated from the

side by the laser light. Images were acquired with a PCO Edge SCMOS CCD camera (2.56032.160-pixel size, LaVision BioTec).

The step size between each image was fixed at 3 mm. For all samples, background fluorescence recorded from exposure to the

488 nmwavelength was acquired in order to reconstruct brain morphology and lesions. Images, 3D volume, andmovies were gener-

ated using Imaris x64 software (version 10.0, Bitplane; RRID:SCR_007370). Stack images were first converted to an imaris file (.ims)

using ImarisFileConverter. File size was next reduced to 8 bits. 3D reconstruction of the sample was performed using ‘‘volume

rendering’’ (Imaris). The sample could be optically sliced at any angle using the ‘‘orthoslicer’’ or ‘‘obliqueslicer’’ tools to validate

phenotypic alterations. Lesions due to microglial depletion were highlighted by creating a mask around the volume using the ‘‘sur-

face’’ tool. To this end, low intensity pixels resulting from low background fluorescence (i.e. absence of cells in the lesions) in the

488nm exposure condition were selected in order to create the ‘‘surface’’ volume. The volume values of the created surfaces

were automatically obtained from the Imaris software and compared between different conditions (Figure 2C). 3D pictures and

movies were generated using the ‘‘snapshot’’ and ‘‘animation’’ tools. Movie legends were generated using FIJI ImageJ software.
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3D Imaging and processing of microglia and Fibronectin 1 staining

3D reconstruction of microglia and Fibronectin 1 (FN1) staining (Figures 5J, 5K, and S7B) was performed using Imaris 10.0.0 (Bit-

plane; Zurich, Switzerland). For each animal, two to five CSA microglial cells were acquired as z-stacks on a confocal microscope

(Leica TCS SP8) with a 63x objective and a 3x zoom factor, using an optimal z-step size of 0.33 mmand identical settings. Only micro-

glial cells within the focal plane of FN1 staining were used for the analyses. Acquisitions were then smoothed and background was

subtracted in FIJI ImageJ software (NIH) according to106 The resulting images were converted to an Imaris file (.ims) using

ImarisFileConverter, then processed and analyzed in Imaris 10.0.0 (Bitplane; Zurich, Switzerland) as previously described.106 Briefly,

3D reconstruction of the sample was performed using the Surface rendering option in the Surpass view, with a thresholding method

based on the Absolute Intensity of the signal. For 3D rendering of the microglial cell volume, threshold of IBA1 (for E14.5/E15 time

point) or Cx3cr1-GFP (for P3 time point) signal was manually adjusted to surface the cell appropriately. For 3D rendering of the

FN1 signal, threshold for reconstruction was set at 2 times the automatically detected threshold, to surface the high intensity accu-

mulations. For quantification of FN1 signal within microglia, a channel was created by using the mask function, masking the FN1

signal within the microglia surface. 3D rendering of the microglia-masked FN1 signal was performed using the same threshold value

that was set for rendering the total FN1 signal. The volume of each surface expressed in mm3was recorded from the Graph tab. Then,

the volume of themasked FN1was expressed as a percentage of microglial volume (using the IBA1/Cx3cr1-GFP volume) for normal-

ization. Unbiased quantification of all images was performed blind to treatment of animals. 3D pictures were generated using the

Imaris ‘‘snapshot’’ tool.

Transmission electron microscopy (TEM) imaging
TEM was performed using a Philips Tecnai 12 Transmission Electron Microscope (Philips/FEI, Eindhoven, The Netherlands) at the

electronic imaging department of the Imachem imaging platform (France BioImaging) at the Institut de Biologie de l’Ecole Normale

Supérieure, Paris. The Gatan DigitalMicrograph software was used to acquire TEM images at various magnifications with a 4K CCD

Orius 1000 camera (Gatan).

QUANTIFICATION AND STATISTICAL ANALYSIS

Co-labeling of IBA1+ or Cx3cr1-GFP+macrophages with P2Y12microglial marker and ATMmarkers was performed on 25x, zoom 1x

confocal stacks (Leica DM6 FS) with 70 mm thickness and 2 mm z-step size and quantified specifically in cells accumulated along the

CSA, adjacent cortical ramified microglia, as well as cells accumulated at the CSB and around in utero-induced lesions in the cortex

using the Cell Counter tool in FIJI ImageJ software (Figures 1, 4F, and S1). Co-labeling of Cx3cr1-GFP+ macrophages with ATM

markers was performed on 10x, zoom 1x confocal stacks (Leica DM6 FS) with 60 mm thickness and 2 mm z-step size and quantified

specifically in cells accumulated along the CSA in control and PLX3397-treated pups at P3 using the Cell Counter tool in FIJI ImageJ

software (Figure 7A).

Analysis of CD68 coverage in ATMs at E14.5 was performed on 40x, zoom 1x confocal stacks (Leica TCS SP8) with 22 mm thick-

ness and 2 mm z-step size (Figure S1K). At least 5 amoeboid ATM-like microglia at the CSA (Spp1+) and at least 5 adjacent neocortex

ramified microglia (Spp1-) were analysed per animal for a total of 4Cx3cr1gfp/+ E14.5 embryos. For each cell, masks were created for

GFP (cell outline) and CD68 (intracellular lysosomal signal) stainings and the area of each mask was measured in FIJI ImageJ soft-

ware. CD68 coverage was calculated as the percentage of CD68 signal (CD68 mask) covering microglial area (GFP mask area).

Microglial distribution in the CSA region in E18.5 control and Emx1cre/+;RhoAfl/flmutant mice was quantified using the Cell Counter

tool in FIJI ImageJ on 10x, zoom 1x confocal stacks with a thickness of 60 mmand 3 mmz-stack confocal acquisitions (Leica DM6 FS).

Quantification was performed in 3 distinct areas defined as follows: (1) the CSA, centered on the boundary andwith awidth of 100 mm,

(2) the Surrounding area to the CSA with a width of 200 mm and (3) the Remote area, which encircles the Surrounding area (2) with a

width of 250 mm (Figure S3). Microglial distribution in the CSA region in P3 control and PLX3397 mice was quantified using the Cell

Counter tool in FIJI ImageJ on 10x, zoom 1x confocal stacks with a thickness of 60 mm and 2 mm z-stack confocal acquisitions (Leica

DM6 FS) (Figure 6D). Quantification was performed in 2 distinct areas defined as follows: (1) the CSA, centered on the boundary and

with a width of 100 mm, (2) the Surrounding area to the CSA with a width of 400 mm.

For assessing post-depletion lesion severity in Emx1cre/+;RhoAfl/fl mice, Brn4cre; Wnt3Adta mice (Figures 3C–3G), or PLX3397-

exposed embryos and pups (Figure 7) we established a scoring system based on the lesion area measured via FIJI ImageJ software,

as controls may display some microcavities (Figures 3A and 3B). For each brain, the area of the largest lesion observed on the slice

was selected, and scores were assigned based on the absence of lesion (score 0), mild lesion (score 1) or severe lesions (score 2).

Table S2 displays the detailed scoring of lesions. The mean scores for lesion severity across different experimental conditions were

then compared statistically.

Quantification of extracellular staining of Spp1 and FN1 at the CSA in P3 control and PLX3397 was performed on 20x, zoom 1x

confocal stacks (Leica TCS SP8) with 100 mm thickness and 3 mm z-step size (Figures 7 and S7). Mean signal intensity wasmeasured

in FIJI ImageJ software in 3 regions of interest (25x25 mm squares) that excluded microglial cell bodies (GFP+) for each brain: at the

level of the CSA, as well as the adjacent the neocortex and BLA. For both Spp1 and FN1, a ratio was then calculated as the mean

signal intensity at the CSA divided by the averaged mean intensity of the adjacent neocortex and BLA.
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Data are presented as mean ± standard error of the mean (SEM), except when explicitly stated in the Figure legend. Non-para-

metric two-sided Mann-Whitney U-tests were used to compare two distributions in the co-labeling, CD68 coverage, lesion severity

and signal intensity experiments. Fisher’s exact test was used to compare contingent presence or absence of CSA/CSB lesions in

controls, Spp1-/-, and PLX3397-treated mice. All graphs and statistical analyses were generated using GraphPad Prism 8.0 software

(GraphPad Software; RRID:SCR_002798). *p < 0.05; **p < 0.01; ***p < 0.001; ns, non significant (p > 0.05).

For single cell transcriptomic analyses on wild-type and Spp1-/- mutants, all statistical analyses were performed using

R (version 4.2.2).
Cell 187, 962–980.e1–e9, February 15, 2024 e9



Supplemental figures

(legend on next page)

ll
OPEN ACCESSArticle



Figure S1. Embryonic ATM-like cells resemble post-natal ATM, related to Figure 1

(A) Dot plot showing the relative expression levels of core ATM genes in embryonic ATM-like microglia (MG) compared with non-cycling or cycling embryonic MG

in the La Manno scRNA-seq dataset.30 The color represents the normalized expression level across all cells within a cluster, while the dot size indicates the

percentage of cells expressing each gene in that cluster.

(B) Projection of the post-natal PAM signature from the Li dataset21 onto the UMAP plot from Figure 1A showing embryonic ATM-like cells.

(C) Venn diagram highlighting the overlap between embryonic brain ATM differentially expressed genes (DEGs) identified in the La Manno dataset,30 post-natal

ATM in the Hammond dataset,22 and post-natal PAM in the Li dataset.21

(D) Reproduced tSNE plot of the 76,149 cells characterized by scRNA-seq in the La Manno dataset.30

(E and F) Projections of the embryonic ATM signature defined in the La Manno dataset30 (E) and the PAM signature defined in the Li dataset21 (F), showing the

overlap with the Hammond ATM cluster 4.22

(G) Low magnification of brain sections from embryonic mice at E15.0 and E18.5 showing that accumulations of SPP1-expressing microglia, identified as

Cx3cr1gfp-positive or IBA1-positive parenchymal cells, are restricted to the CSA and CSB.

(H) Immunolabeling of embryonic E15.0 CD11c-EYFP brain section showing IBA1-positive microglia expressing YFP (n = 3) and ATM marker CLEC7A (n = 6) at

the CSA.

(I) Comparison of ATM marker expression between microglia located in the neocortex and CSA in E15.0 CD11c-EYFP and Cx3cr1gfp-positive brains, showing

examples of CSA and neocortical areas used for quantification; immunolabeling was performed on brain sections from at least 3 mice from 2 different litters.

(J) pHrodo assay conducted on ex vivo brain slices (at least n = 3 from 2 distinct litters) showing intense staining in CSA microglia at E14.5.

(K) Immunolabeling for CD68 showing intense staining inside CSA microglia at E14.5 in physiological conditions and comparison between mean CD68 coverage

of SPP1-negative ramified microglia and SPP1-positive CSA ATM (nNcx = 28, nCSA = 29 cells in 4 mice from 2 distinct litters).

(L) Immunolabeling of human GW9 and GW14 human brain transverse sections showing co-expression of ATM markers with IBA1 at the CSA.

Graphs (ATM markers co-expression and CD68 coverage) show means ± SEM. Mann-Whitney U test were performed for statistical comparison, *p < 0.05;

**p < 0.01; ***p < 0.001. Scale bars: 200 mm in (G left) and (L right); 500 mm in (G, right); 150 mm in (I)–(K); 100 mm in (H); 1,000 mm in (L, upper left); and 1,500 mm in

(L, lower left).

ATM, axon-tract-associated microglia; CC, corpus callosum; CSA, cortico-striato-amygdalar boundary; DEGs, differentially expressed genes; GW, gestational

week; MG, microglia; Ncx, neocortex; PAM, proliferative-region associated microglia; Se, septum; Str, striatum.
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Figure S2. Models of macrophage depletion and functional alteration, related to Figure 2

(A–C) Confirmation of the depletion of microglia in brains of embryonic Cx3cr1gfp/+ mice at E14.5 and E18.5, where pregnant dams were subjected to

(A) intraperitoneal injection of a CSF1R blocking antibody (AFS) at E6.5 and E7.5 (E14.5, ncontrols = 21, nAFS = 6; E18.5, ncontrols = 15, nAFS = 17); (B) feeding with

PLX3397, a pharmacological inhibitor of the CSF1R pathway, from E6.5 to E15.0 (E14.5, ncontrols = 5, nPLX3397 = 5; E18.5, ncontrols = 12, nPLX3397 = 11); and

(C) feeding with PLX3397 from E12.5 to E15.0 (E15.5, ncontrols = 5, nPLX3397-E12 = 9; E18.5, ncontrols = 12, nPLX3397-E12 = 10). Open and solid arrowheads indicate the

accumulation of GFP-positive cells at the CSA and local CSA tissue lesion in the absence of GFP-positive cells, respectively.

(D) Transmission electron microscopy image of the CSA lesion in the brain of E14.5 embryos from PLX3397-treated dams, showing the presence of cell debris

(solid arrowheads) but the absence of basal membrane (n = 3).

(E) Coronal sections through hemibrains of E14.5 embryos fromwild-typemice; those exposed tomildmaternal immune activation (MIA); andCx3cr1�/�, Dap12/
TyroBP�/�, and CR3�/� mutant embryos showing the absence of CSA lesions (open arrowheads) (at least n = 6 for each condition).

Scale bars: 500 mm in (A)–(C), and (E); 10 mm in (D, low magnification); and 2 mm in (D, high magnification).

CSA, cortico-striato-amygdalar boundary; Ncx, neocortex; Str, striatum.
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Figure S3. Microglial recruitment is modulated by global changes in brain morphogenesis, related to Figure 3

(A) IBA1 immunolabeling in coronal sections shows the distribution of microglia in control and Emx1cre/+; RhoAfl/fl mutant brains at E18.5. Mutant mice display

accumulations of microglia at the lesioned CSA and reduced numbers in surrounding areas, despite lack of overall difference in microglial numbers in the caudal

CSA region or the rostral neocortex (n = 4 at least from 2 distinct litters for both controls and mutants).

(B) Quantifications of the IBA1+ cells in all the CSA region, rostral neocortex and within CSA subregions (1–3).

Graphs show means ± SEM. Mann-Whitney U tests were performed for statistical comparison, *p < 0.05. Scale bars, 200 mm.

Am, amygdala; CSA, cortico-striato-amygdalar boundary; Ncx, neocortex; Str, striatum.
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Figure S4. Spp1 inactivation transiently alters CSA and CSB integrity, related to Figure 5

(A) Dot plot reporting the average expression level of Spp1 andGpnmb in various cell types of LaManno et al.30 scRNA-seq data across different embryonic time

points (229,948 cells). Color represents the average expression level across all cells within a cluster, while the dot size indicates the percentage of cells expressed

in that cluster.

(B) E14.5 coronal hemisection stained with Hoechst, showing the integrity of the CSA in control mice and Gpnmb�/� mutants (open arrowheads) (ncontrols = 18,

nGpnmbKO = 13, from at least 2 distinct litters).

(C) L1 immunolabeling showing the integrity at the CSB in control mice andGpnmb�/� mutants (open arrowheads) (ncontrols = 23, nGpnmbKO = 8, from at least two

distinct litters).

(D) CSA and CSB lesions in Spp1�/� mutants are transient and have resorbed, respectively, by E18.5 (ncontrols = 9; nSpp1KO = 3, from at least 2 distinct litters) and

P3 (ncontrols = 6; nSpp1KO = 4, from at least two distinct litters). Graphs show the percentages of brain with lesions, but individual dots represent brains with lesion

(100) or no lesion (0), to illustrate sample numbers.

(E) UMAP visualization of all sorted cells (from wild-type [WT] and Spp1�/� E14.5 and E18.5 embryos) colored by annotated clusters (BroadCellType).

(F) UMAP of all sorted cells split and colored by WT (light gray) and Spp1�/� (dark gray) conditions.

(G) Dot plot of scaled average expression and percentage of top 5 differentially expressed genes (DEGs) by annotated macrophage clusters (RefinedCellType).

Scale bars, 200 mm.

ATM, axon-tract associated microglia; BAM, border associated macrophages; CC, corpus callosum; CSA, cortico-striato-amygdalar boundary; CSB, cortico-

septal boundary; Fx, fornix; Ncx, neocortex; MG, microglia; PVM, perivascular macrophages; Se, septum; Str, striatum; WT, wild-type.
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Figure S5. CSB lesion closure timeline is similar to the one at the CSA, related to Figure 6

(A) Coronal sections counterstained with Hoechst showing the CSB region in Csf1rDFIRE/DFIRE mice. Cavitary lesions (solid arrowheads) were systematically

observed in mutants up to P7, while they were absent in controls or resorbed in mutants at P30 (open arrowheads), similarly to what was observed at the CSA

(ncontrols-E18.5 = 6, nCSF1RFire-E18.5 = 5, ncontrols-P7 = 3, nCSF1RFire-P7 = 6, ncontrols-P30 = 3, nCSF1RFire-P30 = 5).

(B) Coronal sections showing the CSB region (open arrowheads) in pups prenatally exposed to PLX3397 at P0, P3, P7, and P20. Cavitary lesions (solid ar-

rowheads) progressively resorbed during the first post-natal week, with a similar timeline to the CSA (ncontrols-P0 = 6; nPLX3397-P0 = 3; ncontrols-P3 = 6; nPLX3397-P3 = 4;

ncontrols-P7 = 5; nPLX3397-P7 = 10; ncontrols-P20 = 6; nPLX3397-P20 = 6).

Graphs show the percentages of brain with lesions, but individual dots represent brains with lesion (100) or no lesion (0) to illustrate variability. Fisher’s exact test

was performed for statistical comparison, *p < 0.05; **p < 0.01; ns, non significant (p > 0.05). Scale bars, 200 mm.

CC, corpus callosum; Ncx, neocortex; Se, septum.
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Figure S6. Long-term impact on the CSA region after lesion closure, related to Figure 6

(A) P28 coronal hemisections of brains immunostained with the pan axonal neurofilament marker SMI-312 and myelin basic protein (MBP) and Hoechst reveal

alterations in the CSA region in Csf1rDFIRE/DFIRE mice. Axonal tracts of the amygdalar capsule, located between the neocortex and the basolateral nucleus of the

amygdala (BLA), are disorganized inmutants (solid arrowheads) comparedwith controls (open arrowheads), highlighting long-termmorphological consequences

of microglial absence and early life CSA lesions, even after lesion closure (ncontrols = 4, nCSF1RFire = 4, from at least two distinct litters).

(B) P20 coronal hemisections of brains immunostained with the pan axonal neurofilament marker SMI-312 and myelin basic protein (MBP) (left) or with MBP and

FOXP2 (right) reveal alterations in the CSA region of mice prenatally exposed to PLX3397 (solid arrowheads) compared with controls (open arrowheads). Axonal

tracts of the amygdalar capsule and associated FOXP2-positive inhibitory interneurons are disorganized, highlighting long-termmorphological consequences of

early microglial absence and transient CSA lesions (ncontrols-SMI/MBP = 9; nPLX3397-SMI/MBP = 7; ncontrols-MBP/Foxp2 = 5; nPLX3397-MBP/Foxp2 = 5; from at least two

distinct litters for each condition).

(C) Schematic representation of the experimental approach (left) used to record in P60 slices both excitatory post-synaptic currents (EPSCs) and inhibitory post-

synaptic currents (IPSCs) from BLA pyramidal neurons in response to stimulation of the amygdalar capsule. Importantly, amygdalar capsule stimulation was

designed to trigger EPSCswith an amplitude between�150 and�350 pA in bothmutants and PLX3397-prenatally exposed mice, and IPSCs were subsequently

measured by changing the holding potential in order to evaluate the inhibition/excitation ratio (I/E). EPSCs and IPSCs amplitude and I/E ratio (right) show an

altered balance in PLX3397-exposed embryos, compared with controls at P60 (ncontrols = 18 cells from 5 animals and at least 2 distinct litters, nPLX3397 = 21 cells,

from 5 animals and at least 2 distinct litters).

Scale bars, 500 mm (A and B, low magnification) and 100 mm (B, high magnification). Graphs show means ± SEM. Mann-Whitney U tests were performed for

statistical comparison, ****p < 0.0001.

Am, amygdala; ampl, amplitude; BLA, basolateral nucleus of the amygdala; CSA, cortico-striato-amygdalar boundary; EPSCs, excitatory post-synaptic currents;

I/E, inhibition/excitation ratio; IPSCs, inhibitory post-synaptic currents; Ncx, neocortex.
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Figure S7. Microglia engulf fibronectin 1 during CSA lesion repair, related to Figure 7

(A) Fibronectin 1 (FN1) signal after immunostaining accumulates at the P3 resorbing CSA inCx3cr1gfp/+ pups prenatally exposed to PLX3397 in both repopulating

microglia and in the tissue surrounding them, whereas little FN1 signal is detected beyond blood vessels in controls. Dotted boxes represent the areas in which

the intensity of the FN1 signal in the extracellular space was measured in the CSA, neocortex (Ncx) and amygdala (Am). The quantification (right) shows the

intensity of CSA FN1 signal, normalized relative to the mean of neocortex and amygdala signals in both controls and prenatally exposed PLX3397 pups (ncontrols =

4; nPLX3397 = 4, from at least two distinct litters).

(B) High magnification and 3D reconstruction of CSA microglia identified as Cx3cr1gfp-positive cells show a slight increase in the volume of FN1 inside microglia

(ncontrols = 4 mice; nPLX3397 = 4 mice; from at least two distinct litters and at least 2 cells quantified and averaged per animal) and a significant increase in the

number of microglia with FN1 inclusions in P3 resorbing brains compared with controls (ncontrols = 4; nPLX3397 = 5; mice from at least two distinct litters). Graphs

showmeans ± SEM. Mann-Whitney U test was performed for statistical comparison, *p < 0.05; ns, non significant (p > 0.05). Scale bars: 100 mm in (A); 5 mm in (B,

immunolabelings); and 2 mm in (3D reconstructions).

Am, amygdala; CSA, cortico-striato-amygdalar boundary; Ncx, neocortex.
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