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SUMMARY
Microglia, the resident immune cells of the brain, play important roles during development. Although bi-direc-
tional communication between microglia and neuronal progenitors or immature neurons has been demon-
strated, the main sites of interaction and the underlying mechanisms remain elusive. By using advanced
methods, here we provide evidence that microglial processes form specialized contacts with the cell bodies
of developing neurons throughout embryonic, early postnatal, and adult neurogenesis. These early develop-
mental contacts are highly reminiscent of somatic purinergic junctions that are instrumental for microglia-
neuron communication in the adult brain. The formation and maintenance of these junctions is regulated
by functional microglial P2Y12 receptors, and deletion of P2Y12Rs disturbs proliferation of neuronal precur-
sors and leads to aberrant cortical cytoarchitecture during development and in adulthood. We propose that
early developmental formation of somatic purinergic junctions represents an important interface formicroglia
to monitor the status of immature neurons and control neurodevelopment.
INTRODUCTION

Microglia, the brain’s resident immune cells, have essential phys-

iological functions in the healthy brain (Kierdorf and Prinz, 2017; Li

and Barres, 2018) and contribute to brain disorders (Salter and

Stevens, 2017). A role of microglia in CNS development is also

emerging (Lenz and Nelson, 2018; Mosser et al., 2017; Thion

andGarel, 2017; Thion et al., 2018). Microglial progenitors appear

in the CNS as early as the 5th gestational week in humans and

embryonic day 9 (E9) in mice (De et al., 2018; Ginhoux et al.,

2010; Verney et al., 2010). The complexity of the CNS emerges

from a precisely regulated developmental program, which in-

volves neuro- and gliogenesis, migration of postmitotic neuro-

blasts, formation and refinement of synapses, and other forms

of cell-cell connections as well as brain vasculature maturation

(Martynoga et al., 2012; Silbereis et al., 2016; Urbán and Guil-

lemot, 2014). In accordancewith the complexity of brain develop-

ment, multiple studies have confirmed that microglia regulate

embryonic and adult neurogenesis (Cunningham et al., 2013;

Diaz-Aparicio et al., 2020; De Lucia et al., 2016; Sato, 2015; Sell-

ner et al., 2016; Sierra et al., 2010; Walton et al., 2006), direct

neuronal differentiation and migration (Aarum et al., 2003),

contribute to synaptogenesis and refinement (Gunner et al.,

2019; Paolicelli et al., 2011; Rodrı́guez-Iglesias et al., 2019; Scha-

fer et al., 2012), and drive formation of cortical layers (Ueno et al.,
Ce
This is an open access article under the CC BY-N
2013). Microglia are also responsible for removal of apoptotic

neurons (Marı́n-Teva et al., 2004; Sierra et al., 2010), activity-

dependent synapse formation (Parkhurst et al., 2013), synapse

and spine remodeling (Weinhard et al., 2018), and axonal guid-

ance (Pont-Lezica et al., 2014; Squarzoni et al., 2014). Although

all of these developmental processes require spatiotemporally

coordinated interactions between microglia, neuronal progeni-

tors, and immature neurons, the key sites of intercellular commu-

nication and underlying mechanisms are unclear.

Communication between neurons and microglia takes place

via multiple routes, including indirect intercellular interactions

through soluble messengers and direct, anatomically defined

membrane-to-membrane contacts (Cserép et al., 2021). For

example, microglia have been shown tomodulate developmental

and adult neurogenesis through extracellular release of cytokines

(interleukin-1b [IL-1b], IL-6, tumor necrosis factor alpha [TNF-a],

interferon g [IFN-g], or transforming growth factor b [TGF-b]; Bat-

tista et al., 2006; Butovsky et al., 2006; Shigemoto-Mogami et al.,

2014) and growth factors (Araki et al., 2020). In line with this, their

specialized, direct interactions with neuronal synapses are also

required to shapebraincircuit formation. For example, bycontact-

ing the dendrites of developing neurons with preference for more

distal neurites (Chugh and Ekdahl, 2016), microglia induce spine

outgrowth and synaptogenesis (Miyamoto et al., 2016). During

synaptic pruning, microglial processes engulf and phagocytose
ll Reports 40, 111369, September 20, 2022 ª 2022 The Authors. 1
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non-essential synapses,which isalso indispensable forproperac-

tivity-dependent brain circuit maturation (Paolicelli et al., 2011;

Schafer et al., 2012; Weinhard et al., 2018). Development of

axon initial segments and inhibition of axonal outgrowth also takes

place via direct microglial contacts on growth cones (Baalman

et al., 2015; Kitayama et al., 2011). However, these interactions

do not explain how microglia are able to monitor and influence

the activity of developing neurons without assessing the overall

status of the perisomatic neuronal compartment. Microglial inter-

actionswith the nucleus-containing cell bodycould be specifically

important for postmitotic neuronal differentiation, cell fate deci-

sions about neuronal survival or elimination by programmed cell

death, as well as phagocytosis of damaged neuronal cell bodies,

all shown to require functional microglia. Microglial regulation of

the activity of immature neurons devoid of complex synaptic in-

puts can be essential for proper network formation.

Recently, we discovered specialized morpho-functional inter-

action sites in the adult brain, called somatic purinergic junc-

tions, that are key mediators of microglia-neuron crosstalk

(Cserép et al., 2020). These junctions possess a unique ultra-

structural and molecular composition that is perfectly suited

for bi-directional communication, enabling microglia to readily

monitor neuronal status and dynamically influence neuronal

functions in the adult brain. In the present study, we tested the

hypothesis that somatic purinergic junctions also exist in the

developing brain on postmitotic, immature neurons. We aimed

to determine their precise developmental time course and char-

acterize their nanoscale molecular architecture, subcellular

anatomical organization, and functional relevance for embry-

onic, early postnatal, and adult neurogenesis.

RESULTS

Microglial processes establish somatic contacts with
DCX-positive postmitotic immature neurons
To assess microglia-neuron somatic junctions throughout

developmental neurogenesis, we used samples from embry-
Figure 1. Microglial processes contact the cell bodies, neurites, and s

(A) Confocal laser scanning microscopy (CLSM) image shows the distribution o

doublecortin (DCX, red), NeuN is shown in blue, and white arrows point to the en

(B) IBA1+microglia are enriched in the subgranular zone of the DG in P90mice. St

white box in the top panel is enlarged in the bottom panel.

(C and D) High-resolution CLSM images show some examples of microglia conta

sites.

(E) CLSM image shows the lack of synapses in an E15 cortical plate. Samples a

(F) Staining is the same as in (E); the image shows the abundant presence of glu

(G) IBA1+microglial processes (yellow) contact developing glutamatergic synapse

a DCX+ dendrite (red) in the stratum moleculare of a P90 DG. White arrows poin

(H) Staining is the same as in (G); microglial processes contact synapses of mat

(I–M) CLSM images show some examples of microglia-neuron somatic contact sit

DAPI (blue), microglia are stained for IBA1 (green) and postmitotic neurons for DC

(M), P90.

(N) Division of a DCX+ neuron’s cell body into ‘‘soma’’ and ‘‘proximal tuft’’ comp

(O) Ratio of DCX+ neurons contacted bymicroglial processes on their somata, pro

of cells that were contacted either way.

(P) Somatic contact prevalence on DCX+ cell bodies (individual values represent

mice, neocortex from P1–P15 mice, and hippocampal dentate gyrus from P90 m

Scale bars represent 200 mm in (A); 100 mm in (B) and (F); 5 mm in (C); 10 mm in (D),

(N). See also Figure S1 and Table S1.
onic E15 (ventricular zone [VZ]/subventricular zone [SVZ]) and

early postnatal (post-natal day 1 [P1], P8, and P15) mice

(neocortex). To study adult neurogenesis, we analyzed the sub-

granular layer of the dentate gyrus (DG), a neurogenic niche

that persist into adulthood (Ming and Song, 2011). Microglia

were identified based on expression of the P2Y12 receptor

(P2Y12R) and IBA1, which are present in yolk sac-derived mi-

croglia from early embryonic days (Hirasawa et al., 2005; Ko-

nishi et al., 2017; Mildner et al., 2017), showing almost perfect

colocalization (Figure S1). To visualize neuroblasts and devel-

oping/immature postmitotic neurons, we labeled for doublecor-

tin (DCX; Gleeson et al., 1999; Yoo et al., 2011; Figure 1). We

did not discriminate between the different maturational stages

within the DCX-positive pool; thus, we refer to these cells

collectively as DCX-positive (DCX+) developing neurons

throughout the paper. At E15, we observed that microglia

were mostly confined to the VZ and SVZ and rarely present

in the cortical plate (Figure 1A). In adult mice, we could also

detect strong enrichment of microglia in the subgranular zone

of the hippocampal dentate gyrus (Figure 1B). Microglial pro-

cesses frequently contacted the cell bodies and neurites of

DCX+ neurons during developmental (Figure 1C) and adult neu-

rogenesis (Figure 1D).

Because apoptosis is often associated with high proliferative

activity during neurodevelopment, we investigated whether for-

mation of somatic microglia-neuron junctions might be induced

by cells committed to apoptosis. However, the vast majority of

DAPI-stained nuclei of the microglia-contacted DCX+ cells

possessed a healthy chromatin structure (Figures 1I–1N), and

apoptotic cells were clearly visualized based on signs of chro-

matin condensation (Sierra et al., 2010). To strengthen this

observation, we visualized Annexin V in apoptotic cells by immu-

nofluorescence (Dénes et al., 2008). We found that DCX+ cells

with somatic microglial contacts are Annexin V� (Figures S2A

and S2C), whereas Annexin V+ cells show signs of chromatin

condensation (Figure S2B). Thus, microglia contact viable devel-

oping neurons, and the frequent occurrence of somatic
ynapses of DCX+ developing neurons

f IBA1+ microglia (green) in E15 pallium. Postmitotic neurons are labeled for

richment of microglia in the SVZ and VZ.

aining is as in (A), and white arrows point to somemicroglia. The area within the

cts in the E15 VZ (C) and the DG in P90 mice (D); white arrows point to contact

re labeled for IBA1 (green), DCX (red), and VGLUT1 (cyan).

tamatergic synapses outside of the granule cell layer.

s, as identified by the appositions of VGLUT1 (magenta) andHomer1 (green) on

t to contacts.

ure neurons in the stratum moleculare of a P90 DG.

es during both developmental and adult neurogenesis. Nuclei are visualized by

X (red), and white arrows point to contact sites. (I), E15; (J), P1; (K), P8; (L), P15;

artments.

ximal tufts, or both. Percentage values next to the diagrams represent the ratio

different animals). Images and measurements are from the cortical plate in E15

ice; n = 3 mice in each age group.

(J), and (L); 50 mm in (E), 1 mm in (G) and (H); 15 mm in (I), (K), and (M); and 2 mm in
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Figure 2. Microglial processes form direct membrane-membrane contacts with the cell bodies of DCX+ developing neurons at sites en-

riched with mitochondria

(A) Schematic of correlated light and electron microscopy workflow.

(B–D) Maximum intensity projection of a 1.5-mm-thick volume from a CLSM stack from an E15 mouse shows an example of identified microglia-neuron somatic

junctions (B). IBA1+ microglia are shown in green, DCX+ neurons are shown in cyan, the area in the white box is shown on a correlated transmission electron

microscopy (TEM) image in (C), and red arrows point to correspondingmicroglia. The somatic junction within the red box in (B) is enlarged in the TEM image in (D).

White arrows point to the direct membrane-membrane contact, and white arrowheads mark neuronal mitochondria close to the junction. The small CLSM inset

(legend continued on next page)
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purinergic junctions at DCX+ cells is not explained by phagocy-

tosis of apoptotic cells.

To test whether microglia-synapse contacts could be present

in the vicinity of developing neuronal cell bodies, we labeled for

IBA1, DCX, and VGLUT1 and found no glutamatergic synapses

at E15 (Figure 1E), and the DG granule cell layer was also

devoid of VGLUT1+ synapses (Figure 1F). Nevertheless, co-la-

beling for IBA1, DCX, VGLUT1, and Homer1 revealed that

microglial processes contact synapses of immature (DCX+;

Figure 1G) and mature neurons (Figure 1H) in the molecular

layer of the adult DG. Next, we examined the prevalence of

contacts between microglial processes and 3D reconstructed

DCX+ cell bodies through multiple developmental stages

(Figures 1I–1P). DCX+ cells possess a main, thick dendritic

branch whose first short segment (maximum as long as the

cell body itself; Figure 1N) we termed ‘‘proximal tuft.’’ Somatic

microglial contacts were found already at the earliest time point

examined (E15), when glutamatergic synapses are absent (Fig-

ure 1E). Somatic contact prevalence showed a progressive

increase during development from more than one-third of

developing neurons being contacted at a given time at E15

and P1 to about two-thirds at P8, whereas at P15, virtually all

DCX+ cells received somatic microglial input. This was also

the case during adult neurogenesis in the dentate gyrus of

P90 mice (Figures 1Oand 1P; detailed data in Table S1.).

Direct membrane-membrane contacts between
microglia and cell bodies of DCX+ developing neurons
are enriched with mitochondria at all stages of
development
To determine whether the large number of putative direct con-

tacts between microglial processes and DCX+ immature

neurons at the light microscopy level indeed represent

somatic purinergic junctions (Cserép et al., 2020), we first

exploited correlated light and electron microscopy (CLEM;

Figures 2A–2K).

We reconstructed 6 microglia-neuron contacts from the E15

VZ or SVZ and 10 contacts from the P90 dentate gyrus from se-

rial sections. In all cases, we could verify the presence of direct

membrane-membrane contacts between microglial processes

and neuronal cell bodies.
shows the single confocal image plane closest to the TEM image. TEM image

mitochondria in red). All 6 CLSM-identified contacts proved to be direct membra

(E–H) Same as (B)–(D) from a P90 mouse; the somatic junction within the left red b

box in (E) is enlarged in the TEM image in (H). All 10 CLSM-identified contacts p

(I–K) Areas within red boxes in (D), (G), and (H), respectively, are enlarged from s

(L) CLSM image showing an example of IBA1-labeled (green) microglia contac

mitochondrion (TOM20 labeling, red) resides within the neuronal cell body. The a

(M) The process of a semi-automated unbiased analysis of fluorescence intensit

(N) The intensity values are plotted along the perimeter of the neuron.

(O) Example of a microglial process (green) contacting the proximal tuft of a DCX

significantly higher within the contact sites than outside of them. Each line repre

tufts by red lines. Median values and interquartile range are marked by gray box

(P–S) CLSM examples of mitochondrial enrichment at somatic (som.) and proxim

and corresponding results. Images andmeasurements are from the cortical plate i

P90 mice (3 mice/age group). Wilcoxon matched-pairs test; ***p < 0.001.

Scale bars represent 30 mm in (B); 4 mm in (C); 1 mm in (D), (G), and (H); 500 nm in (

See also Figures S2J–S2M and Table S2.
This CLEM approach also revealed that neuronal mitochon-

dria are frequently enriched at these intercellular contacts

(Figures 2D and 2G–2K), which is also a key morphological

feature of somatic purinergic junctions (Cserép et al., 2020). To

quantify mitochondrial accumulation at the junctions, we applied

multiple immunolabeling, correlated confocal laser scanning

(CLSM), and a semi-automated unbiased method (Figures 2L–

2S). We found that, at each investigated age, TOM20 (a mito-

chondrial protein) immunofluorescence intensity in the cell

bodies and proximal tufts of DCX+ neurons was substantially

higher at sites of microglial contact compared with adjacent

areas (Table S2). These results confirmed that neuronal mito-

chondria are strongly enriched at somatic contacts. We also

observed that DCX+ cells contacted by microglia possessed a

healthy (non-condensed) chromatin structure and normal mito-

chondrial appearance (Figures 2D, 2G–2K, and S2D–S2M), con-

firming that developmental microglia-neuron somatic junctions

are formed between microglial processes and normal (non-

apoptotic) post-mitotic neurons.

Microglial P2Y12Rs define somatic purinergic junctions
on DCX+ developing neurons
Next, we tested the possibility that enrichment of P2Y12Rs, char-

acteristic microglial signaling molecules, is a defining feature of

developmental somatic microglia-neuron contacts, as demon-

strated earlier in the adult brain (Cserép et al., 2020). We applied

CLSM and stochastic optical reconstruction microscopy

(STORM) super-resolution imaging (Figures 3A–3F). P2Y12R

immunofluorescence labelingwas completely absent in brain sec-

tions obtained from P2Y12R knockout mice, confirming the spec-

ificity of the antibody against P2Y12R (Figure S3). Next, we per-

formed a quantitative analysis in all five age groups, and we

found that virtually all IBA1+microglial processes thatwere in con-

tact with DCX+ neuronal cell bodies also expressed P2Y12Rs.

Most importantly, correlated CLSM and STORM super-resolution

imaging revealed that P2Y12R expression was concentrated

strongly on the contacting side of the microglial processes at all

age groups examined (Figures 3A–3F and 3G; Table S3).

Our previous studies demonstrated that somatic purinergic

junctions are preferentially formed at sites of neuronal exocy-

tosis-promoting Kv2.1 clusters in the adult brain (Cserép et al.,
s are pseudo-colored (microglia in green, developing neurons in cyan, and

ne-membrane contacts after TEM assessment.

ox in (E) is enlarged in the TEM image in (G), and the junction within the right red

roved to be direct membrane-membrane contacts after TEM assessment.

ubsequent ultrathin sections.

ting the cell body of a DCX+ postmitotic neuron (blue) exactly where a large

rea within the red dashed line is enlarged in (M).

y area.

+ neuron in an E15 brain. Results show that TOM20 fluorescence intensity is

sents results from one neuron; somata are represented by black and proximal

es (n = 164 cells from 3 mice).

al tuft (p.t.) junctions in cortical brain samples from P1, P8, P15, and P90 mice

n E15mice, neocortex fromP1–P15mice, and hippocampal dentate gyrus from

I)–(K); 20 mm in (E), 3 mm in (L); 2 mm in (F) and (O)–(S); this also applies to insets.
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2020). To determine whether accumulation of Kv2.1 is also a

defining feature of somatic purinergic junctions during embry-

onic development, we performed multiple immunofluorescence

labeling on samples from E15 and P90 mice (Figures 3H and

3I). We found that Kv2.1 is not expressed in VZ/SVZ at E15 (Fig-

ure 3H). Although we found robust expression of Kv2.1 in the

mature granule cells in the dentate gyrus in P90 mice, but none

of the DCX+ cells expressed Kv2.1 proteins (Figure 3I), suggest-

ing that alternative routes also exist through which microglia

recognize sites of intense exocytosis at the neuronal cell body.

Mitochondrion-derived vesicles (MDVs) or other mitochon-

drion-derived cargo often integrate into the endo-lysosomal

pathway (Sugiura et al., 2014), and these vesicles are positive

for the lysosomal marker LAMP1 (Soubannier et al., 2012).

LAMP1+ vesicles were identified to be part of mature somatic

junctions (Cserép et al., 2020), and we could also observe these

organelles in DCX+ cell bodies in the vicinity (within 2 mm) of so-

matic contacts in the VZ/SVZ of E15 mice (Figure 3J) and in the

DG of P90 mice (Figure 3K). 69% and 63% of the examined so-

matic contacts contained adjacent LAMP1+ puncta in E15 and

P90 (Figure 3L) mice, respectively, suggesting that cellular con-

tent could also be released at developmental somatic junctions

from immature neurons.

Somatic microglia-neuron communication with active,
developing neurons is dynamic and P2Y12R dependent
Next, we performed ex vivo 2-photon imaging of acute brain sli-

ces prepared from postnatal CX3CR1-GFP mice, loaded with

the calcium-sensitive fluorescent dye Calbryte-590 AM (Cal-

590; Figures 4A and 4B). In cortical slices of P1 mice, we could

observe dynamic formation of somatic junctions between mi-

croglial processes and cell bodies of developing neurons (Fig-

ure 4C; Video S1), similar to those we observed in adult mice

in vivo (Cserép et al., 2020). The dynamic appearance, disap-

pearance, and reappearance of these contacts suggests

continuous, active communication between microglia and

developing neurons that are not formed because of cellular

injury or cell death.
Figure 3. Microglial P2Y12Rs define somatic purinergic junctions on DC

LAMP1+ lysosomes in the vicinity of microglial contacts

(A–F) Correlated STORM super-resolution and CLSM images showing the abu

contacting DCX-+ cell bodies. DCX is shown in cyan, IBA1 in green, P2Y12R in

Counting frames are marked with red lines in main panels and white grids in inse

knockout (F) mice. Note the complete absence of CLSMand STORM signals for P2

DCX+ neuronal cell bodies were expressing P2Y12Rs. In the VZ and SVZ of E15 b

dentate gyrus of P90 animals n = 93 contacts were tested (n = 2 mice in each ag

(G) Spatial analysis of super-resolution data shows the enrichment of P2Y12R lab

points, a blue bracket is the interquartile range, and median is shown by a red seg

Tukey’s comparison; n.s., no significant difference; *p < 0.05, ***p < 0.001.

(H) CLSM image showing the complete lack of Kv2.1 (yellow) expression in an E1

Kv2.1+). DCX (blue), IBA1 (green); the ventricle (v) is delineated by a thin red line

(I) CLSM image showing robust expression of Kv2.1 (yellow) in the dentate granule

(136 fully reconstructed DCX+ cells tested from two mice, zero Kv2.1+). The rec

(J and K) CLSM images showing examples of IBA1-labeled (green) microglial

LAMP1+ puncta (red, white arrows) in the vicinity. The images are from the SVZ/

(L) 69% of all contacts in E15 and 63% in P90mice contained LAMP1+ vesicles wi

red and green columns together show the number of measured contacts (49 fo

number of contacts with LAMP1 labeling (34 for E15, 45 for P90).

Scale bars represent 2 mm in (A)–(F), 30 mm in (H) (5 mm in insets), 15 mm in (I) (5
Because the microglia-specific P2Y12Rs are enriched on

microglial processes involved in formation of somatic junc-

tions and strongly determine junction formation/maintenance

in the adult brain (Cserép et al., 2020), we tested the effect

of acute pharmacological blockade of these receptors on the

dynamics of the developing junctions on samples prepared

from P8 mice. After 15-min baseline imaging, PSB-0739 (a se-

lective and potent P2Y12R inhibitor) or vehicle was added to

the perfusion solution (Figure 4D) for 15 min. We observed dy-

namic formation of somatic junctions between microglial pro-

cesses and cell bodies of developing neurons (Figures 4E

and 4G).

During baseline imaging, the lifetime of these somatic con-

tacts (median contact lifetime was 15min, and 53% of the tested

contacts were present throughout the whole observation period)

was similar to what we measured previously for mature somatic

junctions in vivo (Cserép et al., 2020). Inhibition of microglial

P2Y12Rs caused a significant, rapid decrease of microglial

coverage on developing neuronal cell bodies (Figures 4E and

4F; Videos S2 and S3.). In contrast, addition of vehicle did not

induce a significant change in microglial coverage (Figures 4G

and 4H; Video S4). These results suggest that formation and

maintenance of developing microglia-neuron somatic junctions

depends on P2Y12R signaling.

Absence of P2Y12R signaling results in aberrant cortical
distribution of DCX+ cells during development and leads
to erratic cytoarchitecture in adulthood
Next, we wanted to test the effect of genetic P2Y12R deletion on

postnatal neurodevelopment. We compared the density of

DCX+ cells in cortical layers of wild-type (WT) and P2Y12R�/�

mice at P8 (Figure 5). Ctip2 and Satb2 immunofluorescence

staining was used to delineate cortical layers (Figures 5B and

5C), and the density of DCX+ cells was assessed in layers 6,

4/5, and 2/3 (Figures 5C–5E). In layer 6, there was no difference

in DCX+ cell density between WT and P2Y12R�/� mice. How-

ever, in layer 4/5, we observed a significant increase in DCX+

cell density in P2Y12R�/� mice compared with WT mice.
X+ developing neurons; these cells do not express Kv2.1 but contain

ndant expression of the microglia-specific P2Y12Rs on microglial processes

yellow, and STORM localization points (LPs) for P2Y12R in red in the insers.

ts. Images are from E15 (A), P1 (B), P8 (C), P15 (D), P90 (E), and P90 P2Y12R

Y12R in the knockoutmice in (F). All IBA1+microglial processes in contact with

rains n = 72; in the neocortex of P1 n = 60, P8 n = 85, and P15 n = 74; and in the

e group, altogether n = 10 mice).

eling on the contacting side of microglial processes. Black dots represent data

ment; n = 35 processes from 5 mice (Table S3). Kruskal-Wallis test followed by

5 cortical plate (142 fully reconstructed DCX+ cells tested from two mice, zero

. Rectangular areas labeled with numbers are enlarged on the right.

cells of P90mice, but DCX+ (blue) cells are completely devoid of Kv2.1 labeling

tangular area is enlarged on the right. n, neuron; d, DCX+ cell.

processes contacting the cell body of DCX+ postmitotic neurons (blue) with

VZ of E15 (J) and the DG of P90 mice (K).

thin the DCX+ cell bodies in the close vicinity of microglial process contact. The

r E15, 71 for P90, 2 mice for each group), and the red columns represent the

mm in insets), 2 mm in (J), and 2 mm in (K). See also Figure S3.
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Figure 4. Developmental microglia-neuron somatic junctions are dynamic and depend on P2Y12R function

(A) Schematic depicting the experimental procedure.

(B) In vitro 2-photon imaging of mouse neocortex from P1 animals confirmed the presence of dynamic somatic junctions between microglia and developing

neurons. The area in the white box is enlarged in the right panel, which is also shown in the 3Dmodel below. The contact site marked with a white arrow in the 3D

model is shown at z2, with image planes marked by z1 and z3 above and below the contact, respectively.

(C) The slice was scanned over 1 h; insets show representative time frames from a smaller area. Microglial processes (green, CX3CR1-GFP) establish somatic

contacts on cell bodies of multiple developing neurons (red, Cal-590). White arrows point to contacts, some of which are re-connected multiple times by mi-

croglial processes.

(legend continued on next page)

8 Cell Reports 40, 111369, September 20, 2022

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
On the contrary, in layer 2/3, the density of DCX+ cells was

significantly lower in P2Y12R�/� mice compared with WT mice.

The increased DCX+ cell density in layers 4/5 and strongly

decreased density in layers 2/3 in P2Y12R�/� mice confirms an

aberrant cellular distribution pattern.

According to previous studies, another microglial receptor,

CX3CR1, appears to be important for developmental processes

(Paolicelli et al., 2011; Ueno et al., 2013). Based on this, we

wanted to test whether effects of CX3CR1 deletion may be

similar to the P2Y12�/� phenotype, suggesting a general micro-

glial effect. We found that, in layers 2/3, deletion of CX3CR1 re-

sulted in a milder phenotype than the clear effects of P2Y12R

deletion because no significant effect was observed in

CX3CR1�/� mice. Similarly, in layer 4/5, only P2Y12R knockout

(KO), but not CX3CR1�/� mice, showed altered DCX+ cell

numbers.

To study the functional consequence of P2YR12R deficiency

on the cortical cytoarchitecture in adulthood, we performed a

measurement of neuronal density over the cortical layers using

high-resolution stereology on CLSM image stacks. We found

that the lack of P2Y12R causes robustly elevated neuronal den-

sity in layer 1, did not cause significant differences in layers 2–5,

but led to a significant decrease of neuronal density in layer 6

(Figures 5F and 5G).

These results suggest that specific P2Y12R-dependent mi-

croglial assistance is important for proper cortical distribution

of DCX+ cells during postnatal development as well as for

the establishment of proper layer-specific neuronal density in

adulthood. These microglia-related effects are likely to be

mediated at least in part by developing somatic purinergic junc-

tions, where P2Y12R are strongly enriched and are functionally

important.

Microglial P2Y12R signaling regulates formation of
cortical cytoarchitecture by interfering with neuronal
proliferation
Finally, we wanted to test whether the observed aberrations in

cortical cytoarchitecture would be due to deficits in microglial

control of proliferation of neuronal precursors or apoptosis.

Because these processes are more active at P1, first we tested

whether the distribution of DCX+ cells would differ between WT

and P2Y12R�/� mice at this age. We found that, in the deeper

cortical layers close to the SVZ, the lack of microglial P2Y12Rs

leads to a significantly decreased density of DCX+ cells

(Figures 6A–6D). These results confirmed that microglial actions

through P2Y12R signaling are involved in formation of cortical

cytoarchitecture as early as P1.
(D) Schematic of the P2Y12R-inhibition experiment (E) and representative mea

measured over the 30-min experiment, are superimposed, and red arrows show th

arrows point to contacts.

(F) Statistical analysis confirmed that acute inhibition of microglial P2Y12Rs induc

neurons (median, 38% decrease from baseline; interquartile range, 0.36–0.92; n

increase or decrease compared with the control. Wilcoxon matched-pairs test; *

(G) Same as (E) but from a ‘‘vehicle’’ experiment.

(H) Statistical analysis confirmed that vehicle addition did not induce a significan

terquartile range, 0.75–1.66; n = 25 cells, 3 mice). Wilcoxon matched-pairs test.

Scale bars represent 10 mm.
Next, we tested the possible effect of the lack of P2Y12R on

neuronal proliferation using the Ki67 marker (Miller et al., 2018;

Figure 6E). We measured the density of Ki67+ cells in the cortex

of P1 mice (Figure 6F) and the density of Ki67/DCX double-pos-

itive cells (Figure 6H; a smaller subpopulation of developing

neurons, shortly after division; Seki et al., 2019). We found that

deletion of microglial P2Y12Rs leads to a significant decrease

in the density of Ki67+ cells (Figure 6G) as well as to a remarkable

decrease in the density of Ki67/DCX double-positive cells (Fig-

ure 6I). Virtually none of the DCX-Ki67 double-positive cells ex-

pressed glial fibrillary acidic protein (GFAP) (Figures S4A, S4B,

and S4D), and only a small percentage of the Ki67+ cells (11%,

interquartile range; Figures S4C and S4E) was also positive for

GFAP, suggesting that these cells are not proliferating astro-

cytes but developing neurons, as also suggested by earlier

studies (Gleeson et al., 1999; Seki et al., 2019). These results

indicate that microglia influence proliferation of neuronal progen-

itors in a P2Y12R-dependent manner.

Finally, we tested the possible influence of microglial P2Y12R

signaling on the rate of cell death in the developing cortex. We

found that the absence of P2Y12R did not cause a difference in

the number of terminal deoxynucleotidyltransferase dUTP nick

end labeling (TUNEL)-labeled puncta at E15 (Figures S5A–S5D)

or at P1 despite the fact that a trend of an increase in KO was

observed at this time point (Figures S5E–S5G). We also utilized

Annexin V immunofluorescence labeling and visualized postmi-

totic neurons that had already exposed phosphatidylserine on

their outer membrane leaflet, showing signs of commitment to-

ward apoptosis followed by thorough, unbiased 3D analysis on

high-resolution CLSM image stacks (Figures 6J–6M). We found

that the cortical density of Annexin V+ cells, the density of An-

nexin V/DCX double-positive cells, and the density of microglial

contacts onto Annexin V+ cells did not differ between WT and

P2Y12R�/� mice (Figures 6K–6M). Although these data show

that there are no robust differences between WT and

P2Y12R�/� mice regarding cortical cell death at E15 and P1,

we cannot exclude the possibility that microglia would also in-

fluence cell death and phagocytosis during cortical develop-

ment via P2Y12R at other time points and/or in other brain

areas.

DISCUSSION

Direct microglia-neuron interactions at synaptic/dendritic and

axonal levels have been implicated previously in various devel-

opmental processes. However, these interactions could not fully

explain the entire spectrum of the diverse developmental roles of
surement of a ‘‘PSB’’ experiment. The calcium trace and coverage values,

e respective temporal positions (t1–t6) of the insets of the measured cell. White

ed a rapid and robust decrease of microglial process coverage on developing

= 30 cells, 3 mice). Coverage in control is 1, and PSB effect is plotted as an

*p < 0.001.

t change in microglial coverage (median, 1.06-fold increase over baseline; in-
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microglia because the majority of cell fate decisions are linked to

cell bodies (Donato et al., 2019; Hobert et al., 2010; Terenzio

et al., 2017), necessitating interactions between microglial pro-

cesses and the somatic compartment. Microglial regulation of

neuronal development at early stages takes place in cells that

are still devoid of synapses. The ratio of contacted DCX+ cell

bodies showed a substantial increase during postnatal develop-

ment, with a sharp rise between P1 and P8, matching the most

intensive period of synaptogenesis (Fiala et al., 1998; Khazipov

et al., 2001; Tyzio et al., 1999), switching of depolarizing GABA

effects to hyperpolarization, and robust changes in network ac-

tivity patterns (Ben-Ari et al., 2012; Kaila et al., 2014).We suggest

that, through these contacts, microglia can readily monitor the

status and function of neurons, as demonstrated in the adult

brain, allowing microglia to dynamically influence neuronal func-

tions and cell fate decisions through robust bi-directional

communication (Cserép et al., 2020) and assist activity-depen-

dent neuronal integration.

The important role of neuronal mitochondria in developmental

and adult neurogenesis has become evident over the last years

(Arrázola et al., 2019; Khacho and Slack, 2018; Rangaraju et al.,

2019). Mitochondrial metabolism fundamentally regulates devel-

opmental and adult neurogenesis and differentiation (Beckervor-

dersandforth, 2017; Lorenz and Prigione, 2017; Petrelli et al.,

2022), andmitochondrial structural dynamics of postmitotic neu-

rons have been shown to drive developmental neurogenesis

(Iwata et al., 2020), being instrumental for cell fate decisions at

the same time (Bhola and Letai, 2016).Mitochondria are also crit-

ical for injury-related responses in the developing brain (Hagberg

et al., 2014) through induction of programmed cell death (Yama-

guchi and Miura, 2015) or morphogenesis of neurons (Kimura

and Murakami, 2014). Thus, somatic mitochondria may provide

an ultimate readout for microglia and function as possible sites

to influence neuronal physiology or cell death, as demonstrated

in the adult brain (Chandel, 2014; Whelan and Zuckerbraun,

2013). We found a strong association between somatic mito-

chondria of DCX+ cells and the contact sites formed by micro-

glial processes during development and adult neurogenesis,

similar to that seen in mature neurons (Cserép et al., 2020). Mi-

croglia are thus in an ideal position at somatic junctions to sense

mitochondria-derived signals, including purine metabolites

(Bajwa et al., 2019; Cserép et al., 2020; Davalos et al., 2005;

Gouveia et al., 2017), and influence cellular functions. Through

these junctions, microglia could modulate the activity or
Figure 5. Microglial P2Y12Rs are necessary for formation of proper co

(A) CLSM images showing triple immunofluorescence staining for Iba1, GFP, and

also show cell nuclei labeled with DAPI.

(B) CLSM image showing triple immunofluorescence staining for Iba1, Ctip2, and

(C–E) Ctip2 and Satb2 immunofluorescence staining was used to delineate cortic

(D and E) In layer 6, there was no difference in DCX+ cell density betweenWT, P2Y

a significant (200% of WT) increase in DCX+ cell density in P2Y12R�/� mice comp

the contrary, in layers 2/3, the density of DCX+ cells was significantly lower (50%o

differ from each other (n = 9mice). Median values and interquartile range aremark

*p < 0.05, ***p < 0.001.

(F) Kv2.1 staining in adult mouse neocortex in WT and P2Y12R KO animals; inse

(G) Lack of P2Y12Rs causes robustly elevated neuronal density in layer 1 (300%ov

WT, n = 6 mice). Median values and interquartile ranges are marked by boxes an

Scale bars represent 5 mm in (A), 100 mm in (B) and (C), 20 mm in (D), 150 mm in (
morphogenesis of postmitotic cells by altering their metabolism

or mitochondrial function.

MDVs, other mitochondria-related substances, or signaling

molecules released from neuronal cell bodies are carrying impor-

tant information of the source cell’s overall status. The somato-

dendritic region of developing neurons has been shown to be

responsible for the majority of exocytotic events (Urbina and

Gupton, 2020; Urbina et al., 2018). In the case of mature puriner-

gic junctions, Kv2.1-channel clusters seem to be important reg-

ulators of somatic exocytosis (Mohapatra et al., 2007). Although

we could not detect expression of these Kv2.1 clusters in DCX+

cells, there could be other delayed rectifier Kv-proteins present

or several other molecular scaffolds providing a sufficient exocy-

totic surface. Our results, showing the presence of LAMP1+ ly-

sosomes in the close vicinity of somatic junctions on DCX+ cell

bodies, suggest that cellular content could be released here,

acting as a local readout for microglial processes assessing

cellular status. The vesicular nucleotide transporter, which is

responsible for packing purine nucleotides into vesicles and

has been functionally linked to somatic neuronal ATP release,

has also been shown to be expressed in DCX+ developing neu-

rons, colocalizing with LAMP1+ vesicles (Cserép et al., 2020;

Menéndez-Méndez et al., 2017). This suggests that, among the

wide variety of signaling molecules and mitochondrion-related

substances that are presumably released at these somatic junc-

tions, purinergic nucleotides are key candidates.

Purinergic signaling and microglial P2Y12R have been impli-

cated in regulation of neurogenesis and brain development (Ri-

beiro et al., 2019; Rodrigues et al., 2019). We found robust

expression of P2Y12Rs on microglial processes involved in so-

matic junctions throughout development and during adult neuro-

genesis. These microglial receptors are also expressed during

human development (Mildner et al., 2017), suggesting that this

feature is evolutionarily conserved. Microglial P2Y12 signaling

has been shown to regulate neurogenesis and immature

neuronal projections (Mo et al., 2019) and promote proliferation

of adult mouse SVZ cells (Suyama et al., 2012). On the other

hand, microglia couple phagocytosis with progression of

apoptosis via P2Y12R signaling during development (Blume

et al., 2020). All of these data suggest a role of purinergic and

P2Y12R-dependent signaling processes during microglial regu-

lation of neurodevelopment. Because these receptors are

robustly expressed onmicroglial processes in somatic junctions,

and these contact sites have been shown to release purinergic
rtical cytoarchitecture

P2Y12Rs on the different genotypes used in this experiment. Merged images

Satb2 in P8 mice.

al layers, and the density of DCX+ cells was assessed in layers 6, 4/5, and 2/3.

12R�/�, andCX3CR1�/�mice (n = 9mice). However, in layers 4/5, we observed

ared with WT mice, which did not differ from CX3CR1�/� mice (n = 9 mice). On

fWT) inP2Y12R�/�mice comparedwithWT orCX3CR1�/�mice, which did not

ed by boxes and whiskers. Kruskal-Wallis test followed by Tukey’s comparison;

ts show enlarged areas from layers 1 and 6.

erWT) and leads to a significant decrease of neuronal density in layer 6 (75%of

d whiskers. Mann-Whitney U test; **p < 0.01.

F), and 20 mm in insets.
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Figure 6. Microglial P2Y12R signaling is necessary for proper neuronal proliferation in the developing neocortex

(A–C) Maximum intensity projection of a 20-mm-thick volume from a CLSM stack from an P1 mouse (A). DCX+ neurons are shown in white and IBA1+ microglia in

red, and nuclei are visualized byDAPI (blue). The areawithin the white box is enlarged in (B) and (C). The cortex is divided into 10 zones, numbered from the border

of the SVZ to the pial surface.

(D) Lack of P2Y12Rs causes decreased density of DCX+ cells in the lower zones (to 51% ofWT in zone 1, 72% of WT in zone 2, and to 58% ofWT in zone 3; n = 6

mice). Mann-Whitney U test; *p < 0.05, **p < 0.01.

(E) CLSM images showing triple immunofluorescence staining for Ki67 (green), IBA1 (red), and DAPI (blue).

(F) The genotypes and the areas of measurements are the same as above.

(G) Lack of P2Y12Rs causes decreased density of Ki67+ cells to 82% of WT; n = 6 mice. Mann-Whitney U test, **p < 0.01.

(H) A population of DCX+ cells is also positive for Ki67.

(I) Lack of P2Y12Rs causes a significant decrease of the density of Ki67/DCX double-positive cells (to 0% of WT, n = 6 mice). Mann-Whitney U test, *p < 0.05.

(J) CLSM image showing immunofluorescence staining for Iba1 (red), DCX (white), Annexin V (green), and DAPI (blue). The images below show microglia

contacting a DCX+ cell (1) and an Annexin V/DCX double-positive cell without microglial contact (2).

(K) Density of Annexin V+ cells in WT and P2Y12R�/� animals (n = 6 mice).

(L) Density of Annexin V/DCX double-positive cells in WT and P2Y12R�/� animals (n = 6 mice).

(legend continued on next page)
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metabolites in mature neurons (Cserép et al., 2020), it is likely

that similar signaling pathways within these junctions could be

involved in microglial regulation of neurodevelopment. Our

in vitro 2-photon microscopy results confirm that formation

and maintenance of developmental somatic microglia-neuron

junctions depend on P2Y12R signaling because acute receptor

inhibition induced a rapid decrease in somatic microglial

coverage of developing neurons. These results are in line with

our previous results, confirming that the lifetime of somatic junc-

tions showed a significant decrease upon P2Y12R inhibition in

adult mice in vivo (Cserép et al., 2020). This implies that similar

communication pathways can be functional during neurodevel-

opment. Our observation that these developmental somatic

junctions are formed and re-formed in a dynamic manner sug-

gests that microglia can readily monitor and influence neuronal

activity through these specialized contact sites.

During the developmental program of neurons, basic changes

in activity patterns parallel themost active period of synaptogen-

esis (Fiala et al., 1998). During the first postnatal week, depolariz-

ing GABAergic effects switch to hyperpolarization, and glutama-

tergic synapses appear, whereas the primitive synchronous

developmental oscillatory activity gradually changes to more

mature activity patterns (Ben-Ari et al., 2012). Monitoring and

regulation of neuronal activity bymicroglia through somatic junc-

tions may provide means to exert developmental regulation dur-

ing this critical period and assist formation of complex neuronal

networks. This idea is also supported by the steep increase of

somatic contact prevalence exactly during the first postnatal

week. Several studies suggested that microglia regulate the

migration of developing neurons and act as special ‘‘guide-

posts’’ for neuronal migration (Aarum et al., 2003; Squarzoni,

2015). Some of these actions require microglial CX3CR1, which

appears to be important for developmental processes such as

synaptic pruning, establishment of proper neuronal connectivity,

and survival of layer 5 cortical neurons (Paolicelli et al., 2011;

Ueno et al., 2013). Our results suggest that the effects of genetic

P2Y12R deletion in the developing neocortex at least in part

differ from those mediated by CX3CR1. P2Y12R deletion, but

not CX3CR1 deletion, resulted in an aberrant cortical distribution

of DCX+ cells at P1 as well as at P8, suggesting that somatic

junctions (where P2Y12Rs are expressed abundantly) may pro-

vide an instrumental communication surface for microglia to

control neuronal migration. This idea is supported by the

marked, layer-specific, P2Y12R-related changes in neuronal

density observed in adult animals, showing that neuronal density

in layer 1 is significantly higher, whereas in layer 6, it is signifi-

cantly lower in P2Y12R-deficient mice compared with their WT

littermates.

Our results regarding neuronal proliferation and apoptosis

suggest that, during formation of the cortical cytoarchitecture,

microglia influence proliferation of neuronal progenitors and

tentatively other cells in a P2Y12R-dependent manner. Virtually

none of the DCX-Ki67 double-positive cells expressed GFAP,

and only a small percentage of the Ki67+ cells were also positive
(M) Density of Annexin V+ cells contacted by microglia in WT and P2Y12R�/� anim

are marked by boxes and whiskers.

Scale bars represent 300 mm in (A) and (E), 5 mm in (H), and 10 mm in (J). Insets are
for GFAP, confirming that these cells are not proliferating astro-

cytes but developing neurons, as also shown by others (Gleeson

et al., 1999; Seki et al., 2019). Our results showing that microglia

influence neuronal proliferation in a P2Y12R-dependent manner

are in line with earlier observations showing that the absence of

microglial P2Y12Rs leads to a decreased density of DCX+ cells

and Ki67+ cells in the adult dentate gyrus (Diaz-Aparicio et al.,

2020). Although we could not detect differences regarding

apoptosis in P2Y12R-deficient mice in the present study, it is

possible that microglia influence cell death and elimination of

apoptotic neurons by phagocytosis in the developing neocortex

at different stages of development or via pathways other than

P2Y12R.

Besides microglial involvement in regulation of proliferation,

migration of immature cells could also be affected by microglia.

It is possible that, without proper microglia-neuron communica-

tion via somatic junctions, migrating neurons during development

fail to receive proper ‘‘arrest’’ signals, which could lead to amigra-

tional ‘‘overrun,’’ manifesting as the higher overall position of the

neuronal population toward the cortical surface. The difference

between the direction of density changes of DCX+ cells at P8

and mature neurons in the adult brain could be explained by a

disturbed neuronal maturation course being altered in the

absence of proper microglia-neuron communication. It can also

be hypothesized that the temporal lack of microglia between

E15 and E16 in the cortical plate described earlier (Hattori et al.,

2020) could be the reason why the density change manifests

only in layers 1 and 6 in the adult cortex, affecting the first and

last waves of pyramidal cells. Alternatively, this could also be

the result of uneven preplate splitting, which separates the mar-

ginal zone (future layer 1) and subplate (future layer 6b). The pre-

cisemechanisms throughwhich P2Y12R-mediated effects act on

the developing neuronal networks and adult cytoarchitecture

should be investigated in further studies. Our observations are

also supported by earlier studies that have implicated purinergic

signaling in regulation of neurogenesis, although these results

were mainly restricted to adult neurogenesis in the dentate gyrus

and olfactory bulb (Ali et al., 2021; Stefani et al., 2018). Such

mechanisms could also be important for development of complex

pathological states such as seizure-induced adult neurogenesis

(Mo et al., 2019). Our present results imply a key role of

P2Y12R-dependent direct, cell-cell interactions that are formed

between microglia and the somatic compartment of developing

neurons in physiological neurodevelopment, strengthening the

assumed broad roles of somatic purinergic junctions in develop-

ment and adulthood (Cserép et al., 2020, 2021).

Outlook
Microglia populate the brain early during development (Ginhoux

et al., 2010; Verney et al., 2010) and maintain a self-renewing,

long-lived population thereafter (F€uger et al., 2017; Réu et al.,

2017), withmarked transcriptome changes throughout life (Ham-

mond et al., 2019; Matcovitch-Natan et al., 2016). Howmicroglia

shape neurodevelopment under different conditions via different
als (n = 6 mice). Mann-Whitney U test. Median values and interquartile ranges

200 mmwide in (B) and (C) and 150 mmwide in (F). See also Figures S4 and S5.
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interactions will need to be investigated in the future. Because

even transient perturbations of developmental microglia-neuron

interactions can lead to complex and persistent disruptions of

neuronal networks (Paolicelli and Ferretti, 2017; Park et al.,

2020; Prins et al., 2018; Xu et al., 2020), the clinical relevance,

especially in neurodevelopmental disorders, to better under-

stand the underlying complex neuro-immune communication

and compartment-specific microglia-neuron interactions in

health and disease is evident.

Limitations of the study
Our findings raise several questions that are beyond the scope of

the present paper. First, we focused our experiments on postmi-

totic immature neurons, confirmed by their DCX expression.

However, microglial regulation of neurogenesis, proliferation,

differentiation, and survival of neural precursors or migration

are active processes even at embryonal stages (Aarum et al.,

2003; Bilimoria and Stevens, 2015; Cunningham et al., 2013; Er-

blich et al., 2011; Ueno et al., 2013), often affecting more imma-

ture progenitors. Somatic interactions have already been

observed between microglial processes and the cell bodies of

dividing neuronal progenitors (Cunningham et al., 2013; Noctor

et al., 2019; Penna et al., 2020); thus, it needs to be addressed

whether these are also functioning as somatic junctions. Sec-

ond, longitudinal in vivo imaging studies will also be necessary

to decipher whether developmental phagocytosis (Diaz-Aparicio

et al., 2020; Sierra et al., 2010; VanRyzin et al., 2019) would

require somatic junctions as specific checkpoints. Mitochondrial

changes are involved in developmental apoptosis of neuronal

progenitors (László et al., 2020), and these changes could also

be sensed or even regulated by microglia, which, in turn, can

eliminate unfit progenitors by inducing programmed cell death

followed by phagocytosis. TheNAD+:NADH ratio plays an impor-

tant role in regulating stem cell fate (Khacho and Slack, 2018),

and we have shown previously that microglia are able to interfere

with mitochondrial NADH production at somatic junctions in a

P2Y12R-dependent manner (Cserép et al., 2020). This also rai-

ses the possibility that microglia could, at least in part, exert

developmental regulation by modifying the mitochondrial func-

tion of neuronal progenitors or immature neurons. It could also

be investigated whether the changing morpho-functional prop-

erties of microglia at different developmental stages (Matco-

vitch-Natan et al., 2016) could play a role in the increasing

contact prevalence throughout development or, on the contrary,

whether the increased demand for microglial contacts by devel-

oping neurons could be a driver of microglial morphology

changes. Further functional studies could also reveal what types

of neuronal content could be released at these somatic junc-

tions, which members of the exocytotic release machinery are

potentially involved, and whether changes in neuronal somatic

exocytosis, through which microglial quality control is achieved

at somatic junctions (Cserép et al., 2020), would be altered at

different stages of neurodevelopment.
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supervised the project. C.C. and Á.D. wrote the paper with input from all

authors.
DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: January 13, 2022

Revised: June 28, 2022

Accepted: August 25, 2022

Published: September 20, 2022

https://doi.org/10.1016/j.celrep.2022.111369
https://doi.org/10.1016/j.celrep.2022.111369


Article
ll

OPEN ACCESS
REFERENCES

Aarum, J., Sandberg, K., Haeberlein, S.L.B., and Persson, M.A.A. (2003).

Migration and differentiation of neural precursor cells can be directed by mi-

croglia. Proc. Natl. Acad. Sci. USA 100, 15983–15988.

Ali, A.A.H., Abdel-Hafiz, L., Tundo-Lavalle, F., Hassan, S.A., and von Gall, C.

(2021). P2Y2 deficiency impacts adult neurogenesis and related forebrain

functions. FASEB J. 35, e21546.

Araki, T., Ikegaya, Y., and Koyama, R. (2020). The effects of microglia- and

astrocyte-derived factors on neurogenesis in health and disease. Eur. J. Neu-

rosci. 54, 5880–5901.

Arrázola, M.S., Andraini, T., Szelechowski, M., Mouledous, L., Arnauné-Pello-
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Annexin V Novusbio Cat# NB100-1930; RRID: AB_10001784

Rat anti-Ctip2 Abcam Cat# AB18465; RRID: AB_10973033

Chicken anti-DCX Synaptic Systems Cat# 326-006;

RRID: AB_2737040

Mouse anti-DCX Santa Cruz Cat# sc-271390; RRID: AB_10610966

Rabbit anti-GFP Invitrogen Cat# A11122; RRID: AB_221569

Chicken anti-GFP Invitrogen Cat# A10262; RRID: AB_2534023

Mouse anti-GFAP Sigma Cat# G3893; RRID: AB_477010

Rabbit anti-Homer1 Synaptic Systems Cat# 160003; RRID: AB_887730

Guinea pig anti-IBA1 Synaptic Systems Cat# 234004;

RRID: AB_2493179

Goat anti-IBA1 Novusbio Cat# NB100-1028; RRID: AB_521594

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

Rabbit anti-Ki67 Abcam Cat# ab15580; RRID: AB_443209

Mouse anti-Kv2.1 NeuroMab Cat# 75-014; RRID: AB_10673392

Rabbit anti-LAMP1 Abcam Cat# ab24170; RRID: AB_775978

Rabbit anti-P2Y12R Anaspec Cat# AS-55043A; RRID: AB_2298886

Mouse anti-Satb2 Abcam Cat# AB51502; RRID: AB_882455

Rabbit anti-TOM20 Santa Cruz Cat# sc-11415; RRID: AB_2207533

Guinea pig anti-vGluT1 Synaptic Systems Cat# 135304; RRID: AB_887878

DyLight 405 donkey anti-rabbit Jackson Cat# 711-476-152; RRID: AB_2632566

biotinylated donkey anti-rabbit BioRad Cat# 644008; RRID: AB_619842

Alexa 488 donkey anti-goat Jackson Cat# 705-546-147; RRID: AB_2340430

Alexa 488 donkey anti-guinea-pig Jackson Cat# 706-546-148; RRID: AB_2340473

Alexa 488 donkey anti-chicken Jackson Cat# 703-546-155; RRID: AB_2340376

Alexa 488 donkey anti-rabbit Jackson Cat# 711-546-152; RRID: AB_2340619

Alexa 594 goat anti-guinea-pig LifeTech Cat# A11076; RRID: AB_141930

Alexa 594 donkey anti-rabbit LifeTech Cat# A21207; RRID: AB_141637

Alexa 594 donkey anti-chicken Jackson Cat# 703-586-155; RRID: AB_2340378

Alexa 594 donkey anti-mouse Invitrogen Cat# A-21203; RRID: AB_141633

Alexa 594 donkey anti-rat Jackson Cat# 712-586-153; RRID: AB_2340691

Alexa 647 donkey anti-guinea-pig Jackson Cat# 706-606-148; RRID: AB_2340477

Alexa 647 donkey anti-chicken Jackson Cat# 703-606-155; RRID: AB_2340380

Alexa 647 donkey anti-rabbit Jackson Cat# 711-605-152; RRID: AB_2492288

Alexa 647 donkey anti-mouse Jackson Cat# 715-605-150; RRID: AB_2340866

Chemicals, peptides, and recombinant proteins

Triton X-100 Sigma-Aldrich Cat# 9036-19-5

Paraformaldehyde Molar Chemicals Kft. Cat# 30525-89-4

Albumin from human serum Sigma-Aldrich Cat# 70024-90-7

Aqua-Poly/Mount Polysciences Cat# 18606-20

Ketamine Medicus Partner Kft. N/A

Xylazine- hydrochloride Medicus Partner Kft. N/A

Digitonin Sigma-Aldrich Cat# 11024-24-1

Dulbecco’s PBS Sigma-Aldrich N/A

Glucose Oxidase from Aspergillus niger Sigma-Aldrich Cat# 9001-37-0

(Continued on next page)
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Catalase from bovine liver Sigma-Aldrich Cat# 9001-05-2

Mercaptoethylamine Sigma-Aldrich N/A

Vector� ImmPACT DAB, HRPSubstrate Fisher Scientific Cat# 12963644

Vector� ImmPACT NovaRED, HRP-Substrate Fisher Scientific Cat# 15788269

DurcupanTM ACM

single component A, M epoxy resin

Sigma-Aldrich Cat# 44611-100ML

DurcupanTM ACM

single component B, hardener 964

Sigma-Aldrich Cat# 44612-100ML

DurcupanTM ACM

single component C, accelerator 960

Sigma-Aldrich Cat# 44613-100ML

DurcupanTM ACM

single component D

Sigma-Aldrich Cat# 44614-100ML

Osmium Tetroxide, 4% Aqueous Solution Science Services GmbH Cat# E19190

Uranyl Acetate Electron Microscopy Sciences Cat# 22400

PSB-0739 Tocris Cat# 6083

DAPI Sigma-Aldrich Cat# 28718-90-3

Critical commercial assays

TUNEL-assay Millipore Cat# S7100

ABC-HRP Kit Vector Laboratories Cat# PK-6100

Calbryte 590 AM AATBio Cat# 20701/AAT

Experimental models: Organisms/strains

C57BL/6 mouse The Jackson Laboratory RRID: IMSR_JAX:000664

CX3CR1GFP mouse The Jackson Laboratory RRID: IMSR_JAX:005582

P2ry12�/� mouse Haynes et al. (2006) N/A

Software and algorithms

NIS-Elements AR 4.3 Nikon Cat# MQS31510

Fiji software NIH RRID: SCR_003070

N-STORM 3.4 software N/A N/A

Adobe Photoshop CS6 N/A N/A

Statistica 13.4.0.14 TIBCO N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ádám

Dénes (denes.adam@koki.hu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported 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 paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Experiments were carried out on E15, P1, P8, P15 and P90 old C57BL/6 (RRID:IMSR_JAX:000664), P1 and P8 old CX3CR1+/GFP

(IMSR_JAX:005582), P8 old P2Y12�/� (Haynes et al., 2006) and CX3CR1GFP/GFP male mice. Animals were bred at the SPF unit of
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the Animal Care Unit of the Institute of Experimental Medicine (IEM, Budapest, Hungary). Mice had free access to food and water and

were housed under light-, humidity- and temperature-controlled conditions. All experiments were performed in accordance with the

Institutional Ethical Codex and theHungarian Act of Animal Care and Experimentation guidelines (40/2013, II.14), which are in concert

with the European Communities Council Directive of September 22, 2010 (2010/63/EU). The Animal Care and Experimentation Com-

mittee of the Institute of Experimental Medicine and the Animal Health and Food Control Station, Budapest, have also approved the

experiments under the number PE/EA/1021–7/2019, PE/EA/673–7/2019. All experiments were performed in accordance with

ARRIVE guidelines.

METHOD DETAILS

Perfusion and tissue processing for histology
Adult mice were anesthetized by intraperitoneal injection of 0.15–0.25 mL of an anesthetic mixture (containing 20 mg/mL ketamine,

4 mg/mL xylazine-hydrochloride). Animals were perfused transcardially with 0.9% NaCl solution for 1 min, followed by 4% freshly

depolymerized paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB) pH 7.4 for 40 min, and finally with 0.1 M PB for 10 min to

wash the fixative out. Blocks containing the primary somatosensory cortex and dorsal hippocampi were dissected and coronal sec-

tions were prepared on a vibratome (VT1200S, Leica, Germany) at 50 mm thickness for immunofluorescent experiments and electron

microscopy. For some experiments, 25 mm thick sections from E15 mouse brains were prepared on a cryostat, and dried onto glass

slides.

Immunofluorescent labeling and CLSM
Before the immunofluorescent staining, the 50 mm thick sections were washed in PB and Tris-buffered saline (TBS). For Ctip2 and

Satb stainings, this was followed by citrate-buffer treatment (10 mM Sodium-citrate, pH:6.00 at 90�C for 45 min). Thorough washing

was followed by blocking for 1 h in 1%human serum albumin (HSA; Sigma-Aldrich) and 0.03–0.1%Triton X-100 dissolved in TBS and

100 ug/mL Digitonin (D141-100MG, Sigma). No Triton X-100 or digitonin were added for the Ctip2 and Satb2 samples. After this,

sections were incubated in mixtures of primary antibodies overnight at room temperature. After incubation, sections were washed

in TBS andwere incubated overnight at 4�C in themixture of secondary antibodies, all diluted in TBS. Secondary antibody incubation

was followed by washes in TBS, PB, then sections were mounted on glass slides, and coverslipped with Aqua-Poly/Mount

(Polysciences). Immunofluorescence was analyzed using a Nikon Eclipse Ti-E inverted microscope (Nikon Instruments Europe

B.V., Amsterdam, The Netherlands), with a CFI Plan Apochromat VC 603 oil immersion objective (numerical aperture: 1.4) and an

A1R laser confocal system. We used 405, 488, 561 and 647 nm lasers (CVI Melles Griot), and scanning was done in line serial

mode, pixel size was 50 3 50 nm. Image stacks were taken with NIS-Elements AR. For primary and secondary antibodies used in

this study, please see Key resources table.

TUNEL-assay
Cell death was detected by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay by using Apoptag Red In

Situ Apoptosis Detection Kit according to the manufacturer’s protocol (Millipore, Cat. nr. S7100). After CLSM imaging analysis was

performed with analyse particles plugin of Fiji software.

STORM super-resolution imaging
Free-floating brain sections were blocked with 1% human serum albumin followed by immunostaining with rabbit anti-P2Y12R,

guinea-pig anti-IBA1 and chicken anti-DCX antibodies, followed by anti-rabbit Alexa 647, anti-guinea-pig Alexa 488 and anti-chicken

Alexa 594 secondary antibodies. Sections were mounted onto #1.5 borosilicate coverslips and covered with imaging medium con-

taining 5% glucose, 0.1 M mercaptoethylamine, 1 mg/mL glucose oxidase, and catalase (Sigma, 1500 U/mL) in Dulbecco’s PBS

(Sigma), immediately before imaging. STORM imaging was performed for P2Y12R (stimulated by a 647 nm laser) by using a Nikon

N-STORM C2+ super-resolution system that combines ‘Stochastic Optical Reconstruction Microscopy’ technology and Nikon’s

Eclipse Ti research inverted microscope to reach a lateral resolution of 20 nm and axial resolution of 50 nm. Imaging was performed

using the NIS-Elements AR 4.3 with N-STORM 3.4 software. Molecule lists were exported from NIS in txt format, and the three image

planes of the ics-ids file pairs from the deconvolved confocal stacks matching the STORM volume were converted to the ome-tiff

format using FIJI software. Confocal and corresponding STORM images were fitted in Adobe Photoshop CS6. Localization points

exceeding a photon count of 2000 were counted as specific super-resolution localization points. Local density filter (10 neighbours

within 150 nm for P2Y12R) and Z-filter (±300 nm from focal plane) was applied to the localization points.

Correlated CLSM and immune-electron microscopy
After extensive washes in PB and 0.05 M TBS sections were blocked in 1% HSA in TBS and 0,03% Triton X.100 and 50 ug/mL digi-

tonin (D141-100MG, Sigma). Then, they were incubated in primary antibodies (chicken anti-DCX, guinea-pig anti-IBA1, together with

either rabbit anti-IBA1 or rabbit anti-P2Y12R) diluted in TBS containing 0.05% sodium azide for 2–3 days. After repeated washes in

TBS, the sections were incubated in fluorophore-conjugated and biotinylated secondary antibodies diluted in TBS. Secondary anti-

body incubation was followed by washes in TBS and PB. Sections were mounted in PB, coverslipped, sealed with nail-polish.
e3 Cell Reports 40, 111369, September 20, 2022
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Immunofluorescence for DCX and IBA1-Gp was analyzed using a Nikon Eclipse Ti-E invertedmicroscope (Nikon Instruments Europe

B.V., Amsterdam, The Netherlands), with a CFI Plan Apochromat VC 603 water immersion objective (NA: 1.2) and an A1R laser

confocal system. We used 488, 561 and 647 nm lasers, and scanning was done in line serial mode. Image stacks were obtained

with NIS-Elements AR software with a pixel size of 50 3 50 nm in X-Y, and 150 nm Z-steps. After imaging, sections were washed

thoroughly, and incubated in avidin–biotinylated horseradish peroxidase complex (Elite ABC; 1:300; Vector Laboratories) diluted

in TBS for 3 h at room temperature or overnight at 4�C. The immunoperoxidase reaction against IBA1-Rb or P2Y12R was developed

using 3,3-diaminobenzidine (DAB; Sigma-Aldrich) as chromogen. The sections were then treated with 1%OsO4 in 0.1 M PB, at room

temperature, dehydrated in ascending alcohol series and in acetonitrile and embedded in Durcupan (ACM; Fluka). During dehydra-

tion, the sections were treated with 1% uranyl acetate in 70% ethanol for 20min. For electron microscopic analysis, correlated tissue

samples from the VZ of E15 and from the gyrus dentatus of P90 mice were glued onto Durcupan blocks. Consecutive 70 nm thick

sections were cut using an ultramicrotome (Leica EM UC7) and picked up on Formvar-coated single-slot grids. Ultrathin sections

were examined in a Hitachi 7100 electron microscope equipped with a Veleta CCD camera (Olympus Soft Imaging Solutions, Ger-

many). During the correlation a large number of wildfield images were taken from the samples and several maps were constructed to

ensure that the very same tissue volumes are processed for electron microscopy that have been imaged using CLSM. Somatic junc-

tions were randomly selected in the confocal stacks, and these contacts were found on the electron microscopic images to test the

prevalence of direct membrane-membrane contacts. For correlation andmontage stitching Adobe Photshop CS6 and Fiji were used.

Ex vivo 2-photon imaging in acute brain slices
Acute brain slices were prepared from 1 and 8 days old (P1 and P8) CX3CR1+/GFP mice. Animals were placed on ice for 5–6 min,

decapitated and the brains were transferred rapidly to ice-cold artificial cerebrospinal fluid (ACSF; containing in mM: 126 NaCl, 2.5

KCl, 10 glucose, 1.25 NaH2PO4, 2 MgCl2, 2 CaCl2 and 26 NaHCO3) saturated with carbogen (95% O2-5% CO2). Coronal (300 mm

thick) brain slices were cut with a Leica VT1200S Vibratome in ice-cold ACSF. The slices were loaded with 40 mM Cal-590-AM dis-

solved in ACSF, for 60–90 min, at RT. The Calbryte 590-AM, this robust fluorescence-based assay tool for detecting intracellular cal-

cium mobilization was chosen for its brightness, high signal to noise ratio, improved intracellular retention and loading efficiency as

well as homogenous cytoplasmic distribution. To ensure adequate oxygenation of the submerged slices during dye incubation, the

loading chamber (25 mm diameter; 1 mL volume) was continuously oxygenated with carbogen.

Multiphoton imaging was accomplished by a Nikon Eclipse FN1 upright microscope, equippedwith a Nikon A1RMP+multiphoton

system using a Chameleon Vision II Ti:Sapphire tunable (680–1080 nm) laser and a 253water dipping objective lens [CFI75 Apo LWD

NA = 1.1 WD = 2 mm]. The excitation wavelength was set to 980 nm to measure GFP (peak at 920 nm) and Calbryte-590 (Cal-590,

peak at 1050 nm) signals simultaneously. The emission light was split at 593 nm and recorded with two separate detectors. For GFP

550/88 and for Cal-590 AM 641/75 emission filters were used. The Z-stack (2 mm step size, 10 mm range) images were taken at a 0.25

frame per second rate, for 15 min in ACSF (3 mL/min perfusion rate) followed by a 15 min perfusion with vehicle or 4 mMPSB-0739, a

selective P2Y12R antagonist. Maximum intensity projections were used for calcium data analysis using Fiji software within the

boundaries of Cal-590-AM loaded cell bodies. The microglial process coverage of individual cells was determined in a 1.2 mm region

around the cell body. Here, the area fraction of thresholded pixels (corresponding to GFP positive microglial processes) were deter-

mined in time, for each individual neuron. Coverage in control is 1, and PSB or vehicle effect is plotted as increase or decrease

compared to control (Figures 4E and 4G, respectively).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative analysis of CLSM data
Quantitative analysis of each dataset was performed by at least two observers, who were blinded to the origin of the samples, the

experiments and did not know of each other’s results. For the colocalization measurement of microgial markers during development

in themouse brain, confocal stackswith triple immunofluorescent labeling (IBA1-Gp, IBA1-Gt and P2Y12R) were used, acquired from

the VZ/SVZ region of E15, neocortex of P1-P15 and dentate gyrus of P90 mice. During the analysis cells with a DAPI-labeled nucleus

in the IBA1-Gp channel were randomly selected. After that we measured the colocalization with the other two microglia labelings

(IBA1-Gt, P2Y12R) in each age group.

For the analysis of somatic junction prevalence, confocal stacks with double immunofluorescent labeling (DCX and IBA1) were ac-

quired from the VZ/SVZ region of E15, neocortex of P1-P15 and dentate gyrus of P90mice. All labeled and identified cells or proximal

tufts (the proximal segment of the thickest dendrite of the cell, not longer than the cell body itself) were counted, when the whole cell

body or tuft was located within the Z-stack. Given somata or proximal tufts were considered to be contacted by microglia, when a

microglial process clearly touched it (i.e. there was no space between neuronal soma and microglial process) on an at least 0.5 mm

long segment.

TOM20 fluorescent intensity profiles were analyzed using a semi-automatic method. Confocal stacks with triple immunofluores-

cent labeling (microglia, DCX and TOM20) were collected. The section containing the largest cross-section of a neuron was used to

trace the cell membrane according to DCX-labeling. This contour was then expanded and narrowed by 0.5 mm to get an extracellular

and an intracellular line, respectively (Figure 2M). The intensity of fluorescent labeling was analyzed along these lines. After normal-

izing and scaling, microglial contact was identified where microglial fluorescent intensity was over 20% of total, for at least 500 nm.
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Then the contact area was extended 500-500 nm on both sides, and TOM20 fluorescent intensity within these areas was measured

for ‘‘contact’’ value.

For the measurement of the density of DCX-positive cell bodies in the developing cortex of different genotypes at P8, Ctip2 and

Satb2 immunofluorescent staining was used to delineate cortical layers, and the density of DCX + developing neurons was assessed

in layers 6, 4/5 and 2/3. DCX + -cells were counted with the optical dissector method within the 50 mm thick CLSM stacks, using the

NIS-Elements software and 100 3 100 mm counting frames.

For the measurement of the density of Kv2.1-positive neuronal cell bodies in the adult cortex of different genotypes, Kv2.1 and

Kv2.2 immunofluorescent stainings, together with DAPI-labeling were used to delineate cortical layers (as described in (Bishop

et al., 2015)), and the density of neurons was assessed in layers 6, 5, 4, 2/3 and 1. Neuronal cell bodies were counted with the optical

dissector method within the 50 mm thick CLSM stacks, using the NIS-Elements software and 50 3 50 mm counting frames.

For the measurement of DCX-positive cell distribution in P1 cortex, the measurement of Ki67-positive cell density, Ki67/DCX co-

localization, density of contacts between microglial processes and Ki67-positive cells, the measurement of Annexin-V-positive cell

density, Annexin-V/DCX colocalization, density of contacts between microglial processes and Annexin-V-positive cells, 20 mm thick

cryostate sections from brains of WT and P2Y12R �/� mice were imaged, and the width of the cortex divided into 10 equal parts

(Figures 6B and 6C). The objects within these ROI-s were counted with the optical dissector method. In all experiments it was

ensured, that measurements are performed on sections with identical rostro-caudal position.

Quantitative analysis of STORM data
For the spatial analysis of super-resolution data, contacting processes were divided into 4 equal quarters based on their distance

from the neuronal membrane, the 1st being in direct contact with the neuron, the 4th being the opposite side, (Figures 3A–3F, sche-

matic representation and data: G). STORM channels with the outline of the quarters were exported, the STORM channel was binar-

ized in Fiji, and the integrated density was measured for each quarter, and percentages calculated.

Statistical analysis
All quantitative assessment was performed in a blinded manner wherever it was possible. We applied the nonparametric Wilcoxon

signed rank test to compare two dependent data groups, Mann-Whitney U-test to compare two independent groups, and Kruskal-

Wallis test to compare multiple independent groups. Statistical analysis was performed with the Statistica 13.4.0.14 package

(TIBCO), differences with p < 0.05 were considered significant throughout this study. (Significance was labeled on the figures the

following way: not significant: n.s., p < 0.05: *, p < 0.01: **, p < 0.001: ***).
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