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SUMMARY
Cranial irradiation (IR), an effective tool to treat malignant brain tumors, triggers a chronic pro-inflammatory
microglial response, at least in the adult brain. Using single-cell and bulk RNA sequencing, combined with
histology, we show that the microglial response in the juvenile mouse hippocampus is rapid but returns to-
ward normal within 1 week. The response is characterized by a series of temporally distinct homeostasis-,
sensome-, and inflammation-related molecular signatures. We find that a single microglial cell simulta-
neously upregulates transcripts associated with pro- and anti-inflammatory microglial phenotypes. Finally,
we show that juvenile and adult irradiated microglia are already transcriptionally distinct in the early phase
after IR. Our results indicate that microglia are involved in the initial stages but may not be responsible for
driving long-term inflammation in the juvenile brain.
INTRODUCTION

Cranial irradiation (IR) is an essential clinical practice in the treat-

ment of brain tumors and vascular malformations and as part of

total body IR before hematopoietic stem cell transplantation.

However, it typically results in long-term neurocognitive

sequelae in 50%–96% of the treated individuals, especially in

pediatric patients (Han et al., 2009; Makale et al., 2017). These

cognitive deficits often manifest as memory and learning prob-

lems, reduced processing speed, and lower IQ, resulting in

reduced quality of life of surviving children and their families,

as well as an economic burden for society (Khatua et al., 2012;

Makale et al., 2017; Marazziti et al., 2012).

The pathophysiology of the cognitive deficits after IR is not

well understood, but accumulating evidence suggests depletion

of hippocampal neurogenesis is among the underlying mecha-

nisms (Boström et al., 2013; Makale et al., 2017; Roughton

et al., 2012). Neurogenesis, the generation of new neurons

from neural stem and progenitor cells (NSPCs), occurs

throughout life in the hippocampal dentate gyrus (DG) of mam-

mals, including humans (Aimone et al., 2014; Eriksson et al.,
This is an open access article under the CC BY-N
1998; Moreno-Jiménez et al., 2019; Spalding et al., 2013).

NSPCs proliferate continuously and differentiate into neurons

that integrate into the granule cell layer (GCL), and contribute

to learning and memory throughout life (Toda and Gage, 2018;

van Praag et al., 2002). NSPCs are susceptible to IR-induced

cell death resulting from DNA damage (Robbins and Zhao,

2004), particularly in the juvenile brain, where the number of

proliferating progenitors is higher compared with the adult brain

(Ben Abdallah et al., 2010; Fukuda et al., 2005). As a conse-

quence, dying NSPCs evoke immunogenic signals that elicit an

inflammatory reaction derived primarily frommicroglial and other

immune cells, leading to depletion of hippocampal neurogenesis

(Kalm et al., 2009b; Le et al., 2018; Monje et al., 2002, 2003; Mor-

avan et al., 2011).

Microglia (MG), the resident immune cells in the brain, are dy-

namic, and they continuously survey the brain parenchyma to

maintain homeostasis and synaptic plasticity (Nimmerjahn

et al., 2005; Paolicelli et al., 2011; Schafer et al., 2012). Under

pathological conditions, MG respond rapidly to brain insults

and undergo morphological and functional changes to adopt

a reactive phenotype (Colonna and Butovsky, 2017).
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Genome-wide sequencing studies revealed disease-specific

molecular signatures in MG characterized by downregulation

of homeostatic genes and increased expression of genes encod-

ing for inflammatory molecules, including various cytokines and

chemokines (Chiu et al., 2013; Crotti and Ransohoff, 2016; Kra-

semann et al., 2017). In adults, chronic MG activation is reported

after IR (Li et al., 2015; Monje et al., 2002). In contrast, histolog-

ical findings from juvenile rodent brains indicate only transient

MG reactivity, and no apparent recruitment of peripheral macro-

phages is observed (Han et al., 2016; Kalm et al., 2009a). Recent

reports indicate that MG display distinct molecular changes

across brain developmental stages, which was proposed to

influence the MG response under pathological conditions

(Hammond et al., 2019; Li et al., 2019); however, no data avail-

able describe MG temporal molecular profiles and dynamics in

IR juvenile brains.

In this study, we performed a temporal histological and

whole transcriptome analysis of acutely isolated MG from IR

juvenile mouse hippocampi. We report that juvenile MG react

most exuberantly early following an IR insult and, unlike adult

MG, return toward baseline within one week; that the MG

reactivity is largely associated with phagocytosis of the dying

NSPCs in the subgranular zone (SGZ); and that it is character-

ized by a highly ordered temporal regulation of homeostatic,

sensome, and inflammatory molecular signatures.

RESULTS

IR Triggers Transient and Localized Activation of MG in
the Hippocampus
To study the temporal and spatial dynamics of IR-induced MG

activation in the hippocampus of the young mouse brain, we

performed whole-brain IR on postnatal day 21 (P21) (Zanni

et al., 2019) with a single dose of 8 Gy. Using the linear-

quadratic (LQ) model, a method that facilitates prediction of

the total delivered radiation to the tissue when doses are

delivered in fractions (Fowler, 1989), and using an a/b ratio of

three for late effects in normal brain tissue, an acute exposure

of 8 Gy is approximately equivalent to a total dose of 18 Gy

delivered in repeated 2 Gy fractions, as in a clinical setting.

Subsequently, animals were sacrificed at different time points

starting from the acute phase after IR (2 h) up to later stages

when hippocampal neurogenesis is severely diminished

(6 weeks) compared with sham controls (SH) (Boström et al.,

2013) (Figure 1A; Figure S1A). This moderate clinically relevant

IR dose induced substantial cell death, as judged by the

expression of cleaved caspase-3 (CC3+) cells, located mostly

in the SGZ, where proliferating NSPCs reside (Aimone et al.,

2014; Fukuda et al., 2004). The number of apoptotic cells

peaked 6 h after IR, decreased considerably after 1 day, and

were virtually absent 1 week after IR (Figure S1B).
Figure 1. Histological Analysis of Microglial Response in the Hippocam

(A) Experimental design and diagram for location of the hippocampus and the D

(B) Images showing MG (Iba1+ cells) in the DG of SH and IRmice over the studied

the density of Iba1+ cells in the DG subregions. SH, n = 3–4, and IR, n = 4–5. Da

(C) Confocal images displaying MG (Iba1+, green), cleaved (activated) caspase-3

cells were increased at 2 h, 6 h, and 1 day after IR. Scale bar, 20 mm.
Whenwe analyzed theMG response (Iba1+) cells in IR animals

compared with SH, we found that the response, based on

morphology and numbers, largely occurred in the SGZ and

GCL, coinciding with the occurrence of apoptotic cells. This

was seen as a rapid increase in MG density, with acquisition of

an amoeboid and rounded morphology occurring as early as

2 h post-IR and peaking after 6 h (Figure 1B). No difference in

MG density in the SGZ or GCL regions was seen 1 day post-

IR; however, some MG still displayed an amoeboid/round

morphology (Figure 1B). Oneweek after IR and at all later studied

time points (2 and 6 weeks), MG exhibited a ramified

morphology, indicative of a surveillance and/or homeostatic

state, and the density was below the levels detected in SH con-

trols. In themolecular layer (ML) and the hilus, where no apparent

cell death occurred, no MG morphological changes were

observed after IR; however, in theML, theMGdensity decreased

1 day after IR, indicating migration to the GCL and SGZ. The

overall MG density in the entire DG was decreased in IR animals

compared with SH controls after 1 week and onward (Figure 1B),

indicating MG loss over time after IR (Han et al., 2016).

Co-staining of MG (Iba1) with the apoptosis marker (CC3) re-

vealed single or multiple MG pouches containing CC3+ cells

with condensed chromatin 2 h, 6 h, and 1 day after IR, indicative

of extensive phagocytosis of dead and dying cells (Figure 1C).

These results demonstrate that IR induces localized and

transient microglial activation in the hippocampus associated

with engulfment of the apoptotic NSPCs in the SGZ.

Hippocampal MG Undergo Rapid, Dynamic
Transcriptomic Alterations after IR
To systematically characterize microglial dynamics on a molec-

ular level, we conducted bulk and single-cell RNA sequencing

(RNA-seq) on hippocampal MG isolated based on their expres-

sion of the fractalkine receptor (Cx3cr1+), a transmembrane re-

ceptor expressed on resident MG (Gautier et al., 2012) (Fig-

ure 2A; Figure S2). For bulk RNA-seq, MG were isolated 2 h, 6

h, 1 day, and 1 week post-IR. Our results showed that MG

from IR mice (IRMG) underwent rapid and drastic transcriptomic

remodeling as early as 2 h post-IR. These changes evolved from

6 to 24 h and returned toward baseline levels 1 week after IR,

compared with MG isolated from SH control mice (SHMG) (Fig-

ures 2B and 2C; Data S1). several differentially expressed genes

were uniquely up- or downregulated in a time-dependent

manner, though overlaps across the time points were also de-

tected (Figure 2D; Data S1). These findings demonstrate that

IR-induced molecular changes in MG are substantial but that

many of the most pronounced alterations are transient, lasting

only a few days after the insult.

Downregulated Genes

To understand the temporal IRMG response in more detail,

we next focused on differential gene expression analysis
pus after IR

G subregions, i.e., the SGZ/GCL, the ML, and the hilus.

time points from 2 h to 6 weeks after IR. Scale bar, 50 mm. The bar graphs show

ta presented as mean ± SEM, analyzed using unpaired Student’s t test.

(CC3+, red), and a nuclear counterstain Hoechst (white) in the SGZ/GCL. CC3+
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Figure 2. Rapid and Transient Remodeling of

the MG Transcriptome after IR

(A) Experimental design. SH, n = 6, and IR, n = 6, per

time point.

(B) Principal-component analysis (PCA) plot shows

a time point-dependent clustering after IR. SH and

IR mice were no longer different at 1 week post-IR.

PC2, which depicts transcriptomic changes over

developmental time, is not relevant to the study and

hence not shown.

(C) Number of differentially regulated genes across

the studied time points (q < 0.05).

(D) Venn diagrams showing the number of unique

and overlapping up- or downregulated genes

across the studied time points (q < 0.05).
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(q < 0.05). At 2 h, the top 50 downregulated genes included

inflammation-related genes Ccr3, Tab1, Maf, Il7r, Hpgd, Ighm,

and Tgfa (Figure S3A). At this time point, the only downregulated

MG homeostatic genes foundwereCttnbp2nl, F11r, and P2ry12;

although they were not among the top 50 downregulated genes

(Figure 3A; Figure S3A; Data S2). At 6 h post-IR, the top 50 down-

regulated genes included the anti-inflammatory gene Mrc1

(CD206); the inflammatory genes Fcrl1, Cd164, Nfat5, Sepp1,

and Cmtm6; the glucose transporter 5/MG marker Slc2a5; and

the MG homeostatic gene P2ry12. Additional MG homeostatic

genes downregulated at this time point, but not among the top

50 downregulated genes, were Cx3cr1, Sall1, Gpr34, and Si-

glech (Figure 3A; Figure S3B; Data S2). The MG response one

day after IR included downregulation of the inflammation-related

genes H2-Oa, Hpgd, Sepp1, Cd53, Itgam (CD11b), and Ctss. At

this time point, the downregulated MG homeostatic genes were

Crybb1 and Siglech (Figure 3A; Figure S3C; Data S2). At 1 week,

as the MG response returned toward control levels, reduced
4 Cell Reports 31, 107699, June 2, 2020
expression of some genes was still

observed, including the lysosomal gene

Ctsb and the MG gene Lag3 (Figure S3D;

Data S2). Altogether, these results suggest

that downregulation of several inflamma-

tion- and homeostasis-related genes en-

ables highly ordered, programmed tran-

scriptional progression constituting IR-

induced MG activation.

Upregulated Genes

Transcriptomic analysis of upregulated

genes revealed that the top-ranked

genes at all studied time points were

related to DNA damage response (DDR)

and cellular stress, such as Phlda3,

Cdkn1a, and Ccng1 (Figure S3). Several

genes encoding inflammatory or im-

mune-related molecules were also

ranked among the top 50 upregulated

genes, but their regulation varied greatly

depending on the time point following

the IR-induced injury. These genes

included Cxcl10, Vcam1, CD69, and

Cxcl16 at 2 h; Gdf15, Rab7b, and Ccr6
at 6 h; Lgals1, Nlrc5, Mmp2, Ccl12, Ccl2, Ctsb, Stat2, and

Ccl4 at 1 day (Figure S3; Data S2).

We proceeded by manually sorting the upregulated genes at

all studied time points based on their Gene Ontology (GO) terms

and association with biological processes using two genomic

databases (Gene Cards and Mouse Genome Informatics).

We found that most upregulated genes were associated

with the following biological processes: (1) cellular stress/

DDR/cell-cycle control, (2) inflammation/immune system, (3)

metabolism/biogenesis, (4) lysosomes/endosomes, (5) cytoskel-

eton/cell mobility, (6) extracellular matrix (ECM)/cell adhesion/in-

tegrins/cell-to-cell contact, (7) transporters/intracellular traf-

ficking, (8) zinc fingers/ion binding, and (9) oxidative stress.

The top 5 expressed genes in each category are listed in Figures

3B–3J, and the entire list is shown in Data S3. These data

demonstrate that inflammation-related genes are transiently up-

regulated in MG after IR and that the genes with longer-lasting

upregulation are related to DDR and cellular stress.
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The Sensome of IR Hippocampal MG Reveals an
Immediate Response That Declines after One Day
We next sought to identify the signals inducing MG reactivity in

the hippocampus after IR. MG sense the alterations in the sur-

rounding microenvironment through several cellular proteins

and receptors collectively termed the sensome (Hickman et al.,

2013). These include Toll-like receptors (TLRs), the purinergic re-

ceptors (P2ry and P2rx), Nod-like receptors (NLRs) and inflam-

masome sensor molecules, Fc receptors, sialic acid-binding

immunoglobulin lectins (Siglecs), and interferon-inducible trans-

membrane proteins (Ifitms). 2 h post-IR, IRMG already demon-

strated increased expression of Tlr1, Tlr2, and P2rx7 (Figure 4A),

followed by upregulation of a distinctly different set of genes,

including P2rx6, P2ry2, Nlrp1b, P2ry6, P2rx4, and Nlrc5, after 6

h. Notably, the increased expression of P2ry6, P2rx4, and

Nlrc5 was sustained up to 1 day post-IR (Figure 4A). In contrast,

the expression of P2ry12 (a MG homeostatic gene), Tlr7, and Tlr8

were reduced in IRMG (Figure 4A). No clear differences in the

expression pattern of transcripts related to Fc receptors, Si-

glecs, and Ifitms were seen, except for decreased expression

of Siglech, Fcrl1, and Fcrls at 6 h after IR (Figure 4B). Further-

more, one week after IR, no significant differential expression

of sensome genes was observed.

These results demonstrate that IRMG have a distinct temporal

sensome pattern regulated as early as 2 h and lasting 1 day after

IR, suggesting the IR-induced danger-associated signals trig-

gering the microglial response appear rapidly and only tran-

siently after IR.

IR of the Juvenile Brain Induces a Highly Ordered
Temporal Progression of the Inflammatory and
Phenotypic Microglial Genes
After injury, MG adopt a reactive state and produce inflammatory

molecules, including chemokines and cytokines (Colonna and

Butovsky, 2017). To identify the inflammatory profile of hippo-

campal IRMG, we first analyzed the expression dynamics of

genes related to chemokine signaling. At 2 h, IRMG significantly

upregulated the expression of Cxcl11, Cx3cl1, Cxcl9, Ccl22,

Ccl12, Ccl7, Cxcl10, Cxcl16, and Ccl2 (Figure 5A). Of these,

the expression of Cxcl9 and Ccl22 remained elevated until 6 h,

whereas the expression of Cxcl10 and Cxcl16 was increased

up to 1 day (Figure 5A). The expression of Ccl12, Ccl7, and

Ccl2 remained significantly upregulated up to 1week (Figure 5A).

The expression ofCcl5was only significantly elevated at 6 h, and

at this time point,Ccl3 andCcl4were significantly increased and

sustained for 1 day (Figure 5A). The chemokine receptor genes

Ccr7 and Ccr6 were upregulated at 2 h, and the increased

expression of Ccr6 was sustained up to 6 h post-IR. Elevated

expression of Cxcr4 was only seen as significant at 6 h. No

significant changes in chemokine receptor gene expression

were detected in IRMG 1 day or 1 week after IR (Figure 5A).

Upon activation, MG are primed to acquire either a pro- or an

anti-inflammatory state (Colonna and Butovsky, 2017). Hence,
Figure 3. IR Causes Transient Perturbation of MG Homeostasis and Fu

(A) Bar graphs showing the downregulated MG homeostatic genes after IR along

(B–J) Dot plots showing ranking of the upregulated genes associated with differe

q < 0.05). The top 5 ranked genes are labeled in the plot, and the complete list is

6 Cell Reports 31, 107699, June 2, 2020
we next sought to determine the phenotype of hippocampal

IRMG. We systematically analyzed the expression of 196 genes

that have been associated with either pro- or anti-inflammatory

MG phenotypes (Data S4) (Cherry et al., 2014; David and Kroner,

2011; Dimitrijevic et al., 2007; Franco and Fernández-Suárez,

2015; Kroner et al., 2014; Mantovani et al., 2004; Martinez and

Gordon, 2014; Martinez et al., 2006; Mosser and Edwards,

2008; Selenica et al., 2013; Tam and Ma, 2014) and found that

IRMG upregulated the pro-inflammatory genes Tnf, Ccl2,

Cd80, Il1b, Cxcl11, Cxcl10, Tlr2, Ptgs2, Fas, Cxcl16, B2m,

Il12b, Ccr7, and Il15 after 2 h (Figure 5B). Interestingly, this in-

crease in gene expression was altered at 6 h toward another

distinct set of genes, including Slc7a5, Slc31a2, Nampt, Cxcl9,

Pdgfa, Irf3, Il1a, Mif, Ccl3, Ccl4, and Edn1 (Figure 5B). At

1 day, yet another distinct set was seen upregulated, including

Spp1,Bcl2a1a, Psme2,Oas2,Oasl1, and Irf7 (Figure 5B). No sta-

tistically significant upregulation of individual pro-inflammatory

genes was detected 1 week after IR (Figure 5B). In contrast,

the pro-inflammatory genes Fcgr2b, Igfbp4, Jun, Irf1, Il7r, and

Fcgr3 were downregulated after IR (Figure 5B).

The analysis revealed downregulation of several anti-inflam-

matory genes along the studied time points, including Scl4a7,

Sepp1, Slco2b1, Mrc1, Hnmt, and Tlr8 at 2 and 6 h after IR

and Maf, Clec4a2, Il16, Chn2, Hexb, Ccl24, and Chil1 at 1 day

and 1 week after IR (Figure 5C). Several other anti-inflammatory

genes were upregulated after IR, and a specific temporal pattern

was seen, simultaneously with upregulation of the pro-inflamma-

tory genes (Figure 5C). These were Ccl22, Ccl12, and Lif at 2 h;

Csf1, Pdgfb, and Il1rn at 6 h; Slc38a6 and Msr1 at 1 day; and

Stab1 and Il10rb at 1 week (Figure 5C).

These results demonstrate that hippocampal IRMG display

a series of distinctly different inflammatory signatures occurring

in sequence, acutely after an IR insult, with simultaneous

upregulation of both pro- and anti-inflammation genes.

Single-Cell RNA-Seq Reveals Multiple Transcriptionally
Distinct Reactive Microglial States after IR
The temporal overlap in upregulated pro- and anti-inflammatory

genes at 2 h, 6 h, and 1 day after IR led us to the questionwhether

these genes were expressed simultaneously in the same MG or

whether hippocampal MG populations are phenotypically het-

erogeneous. To this end, we performed single-cell RNA-seq us-

ing the droplet-based method (103 Genomics Chromium)

(Hochgerner et al., 2018) on 8,095 MG isolated at 6 h and

1 week post-IR, corresponding to the time points when tran-

scriptomic alterations between SHMG and IRMG peaked and

normalized, respectively (Figure 6A). SHMG (both time points)

and IRMG isolated at 1 week post-IR clustered together, and

only IRMG isolated at 6 h clustered separately (Figure 6B),

consistent with our bulk dataset showing that MG reactivity

was approaching baseline 1 week after IR. At the 6 h time point,

SHMG and IRMG showed a distinct separation when projected

into a t-distributed stochastic neighbor embedding (t-SNE)
nction

the time points (q < 0.05). SH, n = 6, and IR, n = 6, per time point.

nt biological functions over the studied time points (false discovery rate [FDR]:

available in Data S3. SH, n = 6, and IR, n = 6, per time point.



Figure 4. Rapid and Transient Alterations in

the MG Sensome Profile after IR

(A) Heatmap displaying the significantly (p < 0.05)

up- or downregulated genes encoding for pattern

recognition receptors, i.e., Toll-like receptors

(TLRs), the P2ry and P2rx receptors, Nod-like re-

ceptors (NLRs), and inflammasome sensor mole-

cules after IR. SH, n = 6 and IR, n = 6 per time point.

(B) Heatmap displaying the significantly (p < 0.05)

up- or downregulated genes encoding Fc re-

ceptors, Siglecs, and Ifitms after IR. SH, n = 6 and

IR, n = 6 per time point.
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plot (Figure 6C). Clustering analysis revealed eight transcrip-

tionally distinct MG clusters in which some consisted mostly of

SHMG (clusters 1, 2, 4, and 7), mostly of IRMG (clusters

0 and 3), or both SHMG and IRMG (clusters 5 and 6) (Figure 6D;

Figure S4A), revealing transcriptional heterogeneity both

under normal circumstances and after IR in the hippocampus.

As expected, genes associated with DDR and response

to IR, such as Cdkn1a and Phlda3, were confined to IRMG

clusters (Figure S4). Clusters consisting of both SHMG and

IRMG featured upregulation of genes linked to interferon

signaling pathways, such as Irf7, Ifit3, Ifitm3, and Ifi204 (cluster

5) (Figure S4A) and the immediate early genes (cluster 6), in

which some of these genes were previously described as

unique to MG compared with macrophages, such as the tran-

scription factors Egr1, Fos, and Atf3 (Butovsky et al., 2014)

(Figure S4A).

We next aimed to phenotype the IRMG to identify their reac-

tive state. IRMG downregulated expression of canonical MG

homeostatic genes such as P2ry12, Fcrls, and Slc2a5 (Fig-

ure 6E; Figure S4A), and downregulation of these genes was

more pronounced in IRMG cluster 3, suggesting that these

cells display a more reactive state compared with IRMG in
the other clusters (Hammond et al.,

2019; Keren-Shaul et al., 2017). More-

over, the top 10 upregulated genes in

cluster 3 included Gdf15 (Figure 6E; Fig-

ure S4A), the top-ranked inflammatory

gene in the bulk dataset (Figure 3C).

IRMG in cluster 3 showed higher expres-

sion levels of Id2 (DNA binding protein

inhibitor 2), as also reported in reactive

MG during aging (Hammond et al.,

2019) (Figure 6E; Figure S4A), in addition

to the pro-inflammatory genes Ccl3 and

Ccl4 (Figure 6E; Figure S4A). Cells in

this cluster upregulated Csf1, the mono-

cyte growth and survival factor reported

to be secreted by neuroprotective MG

(Colonna and Butovsky, 2017) (Fig-

ure 6E). Cells in this cluster also upregu-

lated genes associated with phago-

somes and lysosomal activity, such as

Ctsb and Cd63 (Figure 6E; Figure S4A).

These genes were upregulated in
SHMG cluster 7 as well, suggesting increased lysosomal ac-

tivity (Masuda et al., 2019) and supporting the notion that a

subpopulation of MG in the intact hippocampus are active

phagocytes (Sierra et al., 2010). Increased expression of

Ccl2, a chemokine extensively studied after IR injury (Han

et al., 2016; Kalm et al., 2009a; Lee et al., 2013), was found

primarily in IRMG in cluster 5 (Figure S4B). A similar pattern

was observed for Ccl12 (Figure S4B). The expression of

Cxcl16 was increased in IRMG in clusters 0, 3, and 5 (Fig-

ure S4B). Altogether, these data demonstrate that MG are het-

erogeneous in the juvenile mouse hippocampus, that they

adapt to different reactive states after IR, and that upregula-

tion of genes associated with both pro- and anti-inflammation

can occur in the same MG cell.

Next, we performed RNA velocity analysis, an approach to es-

timate the transcriptional kinetics and thus predict the future

state of individual cells for the coming hours (La Manno et al.,

2018). We found that cells in cluster 3 displayed greater tran-

scriptional activity compared with cells in other clusters (Fig-

ure 6F). Finally, we wanted to spatially localize the IRMG repre-

sented in cluster 3 within the hippocampus, because their

response reflected the most reactive state. Visualization of
Cell Reports 31, 107699, June 2, 2020 7



Figure 5. Temporal Regulation of the Phenotype of Activated MG after IR

(A) Chemokine and chemokine receptor profiles of genes that increasedmore than 3-fold across the time points. *p < 0.05, **p < 0.01. SH, n = 6, and IR, n = 6, per

time point.

(B and C) Heatmaps for the significantly (p < 0.05) regulated genes associated with pro- (B) or anti-inflammatory (C) MG phenotypes. Note the simultaneous

upregulation of genes associated with both phenotypes at 2 h, 6 h, and 1 day. SH, n = 6, and IR, n = 6, per time point.
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Iba1+ cells expressing the chemokine Ccl3 and Ccl4 revealed

that these cells were predominantly located in the SGZ/GCL

(Figure S5), in which MG are phagocytosing apoptotic NSPCs

(Figure S5). These data suggest that IRMG in the SGZ/GCL

clearly are themost reactiveMG in the hippocampus in response

to IR.

A Functionally Coordinated Sequence of Transcriptional
Perturbations in Juvenile MG following Cranial
Radiation
To evaluate the IR juvenile MG transcriptome in the context of

established functional pathways, we used the bioinformatic

tool gene set enrichment analysis (GSEA) to quantify relative

enrichment for a tailored collection of standard curated and

custom gene sets to probe the biology underlying radiation ef-

fects. GSEA evaluates multiple genes within defined gene sets,

rather than individual genes, and evaluates the distribution of

these in ranked gene lists (based on a signal-to-noise ratio) for

each condition of interest. We used the full collection of 50 es-

tablished hallmark gene sets within the molecular signatures

database (MSigDB). We supplemented these with curated and
8 Cell Reports 31, 107699, June 2, 2020
custom gene sets pertaining to lysosomal function, phagocy-

tosis, cancer, macrophage identity, colony-stimulating factor 1

(CSF1) signaling, and transforming growth factor b (TGF-b)

signaling. As previously observed, robust coordinated transcrip-

tional changes were seen within 2 h of radiation in juvenile mice.

Among the MSigDB hallmark gene sets, the strongest enrich-

ment was for the P53 pathway, inflammatory response, tumor

necrosis factor alpha (TNF-a) signaling via nuclear factor

kappa-light-chain-enhancer of activated B cells (NFKB)-, inter-

feron gamma response, and interleukin-6 (IL-6) JAKSTAT3

signaling (q < 0.001) (Data S5). At 6 h, each of these remained

highly positively enriched, together with other gene sets

including apical surface, epithelial mesenchymal transition, and

cholesterol homeostasis, perhaps indicative of membrane mod-

ifications needed to accommodate motility and phagocytosis

(Data S5). Conversely, multiple gene sets (e.g., E2F targets,

mitotic spindle, and G2M checkpoint), were significantly nega-

tively enriched (downregulated). By 24 h, all gene sets upregu-

lated at 2 h, and most genes upregulated at 6 h, were still upre-

gulated, the most highly enriched being interferon gamma

response and interferon alpha response, with additional



(legend on next page)
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upregulation of hypoxia, angiogenesis, and complement gene

sets (Data S5). By 1 week, only 8 gene sets remained upregu-

lated, including interferon gamma and alpha responses, P53

pathway, and apoptosis. At this time point, the cell-cycle-related

gene sets that were downregulated at 6 h were significantly up-

regulated. A notable feature of the 1 week juvenile MG was

marked downregulation of TGF-b (Data S5).

To facilitate comparisons, we analyzed ranked gene lists from

previously published IR adult and aged hippocampal MG. In

adult IRMG, 29 of the 50 hallmark gene sets were significantly

enriched at 1 month after IR. Most of these overlapped with

the 28 hallmark gene sets enriched in aged MG. The overall

pattern in terms of the inflammation-related gene sets was

most analogous to the 24 h juvenile MG; however, the upregula-

tion of proliferative gene sets (G2M, E2F targets, and mitotic

spindle) was reminiscent of the 1 week juvenile MG.

To directly quantify the level of transcriptional overlap among

the various microglial transcriptomes, the top 100 genes for

each were included as custom gene sets for GSEA. This anal-

ysis demonstrated significant enrichment for each upregulated

gene set signature within each of the other samples, with the

exception that gene sets for 1 week juvenile MG and aged

MG were not enriched for each other. This finding is consistent

with divergence between the trajectory of radiated juvenile

MG over time, which appeared to be returning toward normal

within 1 week, and the trajectory of radiated adult MG, which

appeared to increasingly approximate the phenotype of aged

MG with time following radiation, as previously reported (Li

et al., 2015).

Despite significant overlaps between early juvenile and multi-

ple adult datasets, interesting points of divergence underscore

the unique biology at differing time points and differing ages.

For example, although 24 h post-IR MG were represented in

both juvenile and adult datasets, the epithelial-mesenchymal

transition gene set was upregulated in the 24 h juvenile dataset

but downregulated in 24 h adult dataset (Figure 7A; Figure S6).

We previously used weighted gene correlation network analysis

(WGCNA) to define transcriptional modules of IR adult MGbased

on the chronic (1 month) transcriptome. Ninety-five percent of

the differentially upregulated genes fell within green, pink, and

red modules, best accounted for by ECM, inflammatory, and

mitochondrial changes, respectively. The 24 h adult IRMG

were most highly enriched for the differentially expressed

genes of the red (mitochondria) module, with a trend toward

enrichment for the green (ECM) and pink (inflammatory) mod-

ules. Conversely, the pattern was opposite for the 24 h juvenile

IRMG. Enrichment was absent (actually trending negative) from

the red (mitochondria) module, whereas enrichment for the
Figure 6. Single-Cell RNA-Seq Reveals Transcriptionally Distinct Sub

Activation States after IR

(A) Experimental design.

(B) Projection of 8,095 microglial cells, both SHMG and IRMG, isolated at 6 h or 1

post-IR.

(C) t-SNE plot showing distinctly different clustering between SHMG (blue) and I

(D) Clustering analysis of SHMG and IRMG revealed 8 transcriptionally distinct c

(E) Plots showing the expression levels of MG homeostatic genes and inflammat

(F) RNA velocity analysis at 6 h post-IR revealed that MG in cluster 3 have highe
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green (ECM) and pink (inflammation) modules exceeded levels

seen in the 1 month adult IRMG from which those modules

were derived (Figure 7B). Importantly, the pattern of enrichment

for pink and green but absence of enrichment from the red mod-

ule was a consistent finding at all time points from 2 h through

1 week (Figure 7B), underscoring the differing biology between

adult and juvenile MG.

In attempt to better understand the behavior of the juvenile

1 week IRMG, we assessed for enrichment within a custom set

of curated gene sets. Among these, the most significantly en-

riched custom gene sets at 1 week in juvenile IRMG pertained

to CSF1 signaling and poor cancer prognosis (Data S5).

DISCUSSION

Several reports claim that a single dose of cranial IR induces

persistent microglial activation in the hippocampus and that

this contributes to depletion of hippocampal neurogenesis, in

turn leading to long-term cognitive deficits, similar to those

seen in cancer survivors (Acharya et al., 2016; Allen et al.,

2018; Monje et al., 2002, 2003). These data were generated

using IR models in adult rodents. In line with recent evidence

highlighting the differences in how young and adult brains

respond to injury, including the MG response (Blomstrand

et al., 2014; Fernández-López et al., 2012; Fukuda et al., 2005;

Han et al., 2016; Kalm et al., 2009a; Lin et al., 2018; Umekawa

et al., 2015; Wang et al., 2009; Zhu et al., 2005, 2010), we

show here that MG in the juvenile mouse hippocampus undergo

early dynamic activation followed by significant recovery within a

week and that this activation consists of a strictly orchestrated

series of distinctly different genetic signatures over the first hours

and days after IR. One week after IR, the genotype and

morphology of IRMG showed changes from SHMG in only a

modest number of parameters. A classic example of the differ-

ences between young and adult brains after IR is the chronic

upregulation of IL-6 that has been identified as a pathogenic

factor in the adult brain (Monje et al., 2003), whereas IL-6 is

reduced in the juvenile brain (Blomstrand et al., 2014). At the

molecular level, IRMG in young and adult mouse hippocampus

exhibited upregulation of genes linked to DDR, cellular stress,

cell-cycle arrest and oxidative stress pathways, and ECM

(Amundson et al., 1999; Li et al., 2018; Robello et al., 2016). How-

ever, the differences between IRMG in juvenile and adult hippo-

campus had already occurred one day after IR. At later time

points, the differences were even greater, with upregulation of

transcripts associated with a pro-inflammatory state in adult

MG for at least one month post-IR (Li et al., 2015), whereas

pro-inflammatory genes in MG isolated from juvenile mouse
populations of MG in the Intact and IR Hippocampus with Multiple

week post-IR. Marked transcriptomic alterations were detected in IRMG at 6 h

RMG (red).

ell clusters.

ory genes.

r transcriptional activity.



Figure 7. Juvenile and Adult IRMG Have

Distinct Molecular Profiles

(A) GSEA showing positive and negative enriched

epithelial-mesenchymal transition gene sets in ju-

venile IRMG and adult IRMG, respectively, 24 h

post-IR. NES, normalized enrichment score.

(B) GSEA for custom gene sets in IR and aging MG.

Three transcriptional modules were analyzed.

Green, ECM; pink, inflammation; red, mitochondria.

The dashed blue line indicates the approximate

normalized threshold.
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hippocampus were only significantly upregulated for a few hours

after the insult. This appeared restricted to MG involved in

phagocytosis of dead and dying cells and returned toward con-

trol levels within a few days. A hypothesis is that the protracted

inflammatory response detected in adult brains after IR may be

sustained by peripheral macrophages, as demonstrated by

recruitment of Ccr2+ macrophages into adult hippocampus

(Morganti et al., 2014), but not juvenile hippocampus (Han

et al., 2016). Although the extent of peripheral monocyte infiltra-

tion following a 10 Gy single fraction to the adult murine brain is

controversial (Lee et al., 2013), it is generally accepted that mac-

rophages accumulate over time after 10 Gy IR and can be de-

tected within 1 month (Morganti et al., 2014). In our juvenile

study, we used 8 Gy, a lower dose that could help mitigate pe-

ripheral macrophage infiltration. Nevertheless, the persistent

pattern of an absent red module from the radiated juvenile MG
strongly supports a fundamental and sus-

tained biological difference between adult

and juvenile MG.

One factor relevant for the observed age-

related differences is the several-fold-

higher level of neurogenesis in the juvenile

brain (Ben Abdallah et al., 2010), along

with the consequently higher numbers of

dying cells after IR to be cleared by MG.

We found that most upregulated genes in

the juvenile hippocampus were related to

lysosomal biogenesis, modulation of cyto-

skeleton, and cell adhesion, all of which

are required forMGphagocytic activity (Ar-

curi et al., 2017; Milner and Campbell,

2003; Tanaka et al., 2013). This was sup-

ported by single-cell RNA-seq, in which

we demonstrated the phagocytic nature

of most activated MG after IR, as indicated

by expression of genes associated with

phagosomes and lysosomes in this sub-

population of MG (Tanaka et al., 2013)

and by our histological findings revealing

that phagocytic MG are only a subpopula-

tion of cells located mainly in the SGZ en-

gulfing apoptotic cells. By the time the

dead cells are cleared, MG no longer

display an activated phenotype, neither

by morphological nor by molecular criteria.
These findings strongly suggest that IR-inducedNSPC death is a

key trigger for MG activation, in line with the findings by Le et al.

(2018) showing that prevention of IR-induced NSPC death using

p53-deficient mice diminished MG activation. As such, MG phe-

notypes in vitro using IR of MG monocultures (Chen et al., 2016;

Deng et al., 2012) should thus be interpreted with caution,

because the pathophysiologically relevant stimuli may be lack-

ing. Radiation is known to have other delayed effects outside of

the neurogenic niche, including demyelination and induction of

cellular senescence (Burns et al., 2016; Jeon et al., 2016), which

canprovokemicroglial activation anddysfunction (Safaiyan et al.,

2016). The impact of ageon this process remains tobeelucidated

but is of relevance toovercomingcognitive sequelae of childhood

brain radiation.

Several MG homeostatic genes have been identified and

shown to be downregulated when MG become activated
Cell Reports 31, 107699, June 2, 2020 11



Resource
ll

OPEN ACCESS
(Butovsky et al., 2014; Buttgereit et al., 2016; Krasemann et al.,

2017). In this study, we showed that hippocampal MG lost their

homeostatic signatures only briefly after IR, corroborating that

recovery of microglial function can be expected after IR-induced

activation. Whether they may thereafter be at higher risk of

delayed dysfunction remains to be established (Giovanoli et al.,

2016). There was also downregulation of several other genes in

MG after IR, including both anti-inflammatory, such as Mrc1,

Chil1, and Maf, and surprisingly, pro-inflammatory genes, such

asCcr3 and Il7r. Moreover, we unexpectedly found downregula-

tion of Itgam, encoding CD11b, a marker often used to indicate

MG activation, which supports the recently published report

showing that MG downregulate CD11b to perform efficient

phagocytosis and clearance of b-amyloid in an Alzheimer’s dis-

easemousemodel (Czirr et al., 2017). Collectively, these findings

suggest that the downregulated genes observed in MG after IR

normally maintain homeostasis and are downregulated to allow

efficient phagocytosis.

MG patrol the brain parenchyma andmaintain homeostasis by

sensing alterations in the brain microenvironment through

several proteins and receptors collectively termed the sensome

(Hickman et al., 2013). For instance, as early as 2 h post-IR,

therewas an upregulation of genes encoding for Tlr1 and Tlr2, re-

ceptors for endogenous alarmins, including HMGB1 (Curtin

et al., 2009), and P2rx7, a receptor for ATP (Di Virgilio et al.,

2017). Earlier studies have shown that targeting these receptors

facilitated amelioration of inflammation (Cisneros-Mejorado

et al., 2015; Matute et al., 2007; Mersmann et al., 2013). Hence,

our results reveal important information about the signals that

trigger MG activation early after IR insults and therefore could

be used for therapeutic intervention by blocking the inflamma-

tion cascade at an early phase.

TheMGactivation state is classically described as pro- or anti-

inflammatory (commonly called M1 or M2, respectively), based

on the expression of certain markers associated with each

phenotype (Colonna and Butovsky, 2017). This classification

has been questioned (Martinez and Gordon, 2014; Ransohoff,

2016), because it has been adapted from findings in peripheral

macrophages and evidence shows that peripheral macrophages

and MG are molecularly distinct (Butovsky et al., 2014; Cronk

et al., 2018; Yamasaki et al., 2014). Moreover, the concept was

previously only validated in vitro by exposing MG to purified

stimuli, whereasmuch of the published data using in vivomodels

have failed to reveal a distinct M1 or M2 phenotype (Chiu et al.,

2013; Morganti et al., 2016; Wes et al., 2016). Importantly, in our

dataset, we detected an overlap between transcriptional

changes associated with pro- and anti-inflammatory pheno-

types 2 h, 6 h, and 1 day after IR. Furthermore, single-cell

RNA-seq of MG isolated 6 h after IR confirmed upregulation of

transcripts associated with both pro- and anti-inflammatory

phenotypes in individual MG. Thus, our findings strongly argue

in favor of the notion that MG phenotypes are far more complex

than can be described by the M1/M2 dichotomy.

Overall, we provide a histological and molecular description

of the hippocampal MG response over time in the IR juvenile

mouse hippocampus, demonstrating that theMG response con-

sists of a highly ordered progression among distinct molecular

signatures. In contrast to prior reports in adult brain (Li et al.,
12 Cell Reports 31, 107699, June 2, 2020
2015), our data in juvenilemicedemonstrate a trajectory of recov-

ery within 1 week of 8 Gy radiation. These data suggest that

although MG can effectively initiate an inflammatory response,

their actions alone need not sustain the chronic inflammation in

the juvenile hippocampus. If delayed cognitive sequelae are

nevertheless mechanistically secondary to this transient activa-

tion, it would portend a narrow timewindow for therapeutic inter-

ventions specifically targeting microglial reactivity with the pur-

pose of eliminating chronic inflammation. Thus, we propose

that to minimize the downstream sequelae triggered by the initial

inflammatory response after IR in a clinical setting, optimal treat-

ment may be required before or during radiotherapy.
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VECTASTAIN Elite ABC HRP KitVECTASTAIN
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miRNeasy micro kit QIAGEN Cat# 217084

Deposited Data

Transcriptome of Irradiated Microglia NCBI/ GEO Datasets GEO: GSE55968
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after irradiation (IR)

This Paper GEO: GSE149247
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Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact: klas.

blomgren@ki.se

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The datasets included in this study are available from the corresponding author upon request. The RNA sequencing data supporting

the current study have been deposited in the public repository GEO. Accession numbers: GSE149247 (for the single cell RNA-seq)

and GSE149522 (for the bulk RNA-seq).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Three-week-old female C57BL/6J mice (Charles River, Sulzfeld, Germany) were used. Animals were housed in equal light/dark

cycles (12/12h) and were fed ad libitum. All the experimental procedures were carried out according to the European and Swedish

animal welfare regulation approved by the northern Stockholm ethical committee (application nr. N248/13).

METHOD DETAILS

Irradiation
Three-week-old mice were initially anesthetized with 5% isoflurane in a mixture of air and oxygen (1:1). Mice were placed inside the

irradiation machine (X-RAD 320, PXi Precision X-ray, North Branford, CT, USA) in a prone position distanced approximately 50 cm

from the radiation source. The anesthesia was maintained by 1.5% isoflurane and the whole brain was irradiated with a single dose

of 8 Gy delivered at a rate of 0.73 Gy/min. Litter-mates sham controls were subjected to the same duration of anesthesia in the

absence of irradiation.

Tissue preparation for histology
Animals were scarified at 2 h, 6 h, 1 week (wk), 2 wk or 6 wk after IR. Animals were deeply anesthetized with sodium pentobarbital

(ABCUR AB, Sweden), and transcardially perfused with 0.9% sodium chloride (Sigma-Aldrich, St. Louis, MO, USA). Brains were

collected and the hemispheres were then separated. The left hemispheres were placed into 4% paraformaldehyde (Histolab

Products AB, Sweden) and stored at 4�C for 48 h. The brains were then cryoprotected in 30% sucrose solution (Sigma-Aldrich)

made in 0.1M phosphate buffer pH 7.4, and processed for cryosectioning. The left hemispheres were cut sagittally into 25 mm
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free-floating sections using a sliding microtome (Leica SM2010R). Sections were stored in 1:12 series at 4�C in cryoprotectant (25%

glycerol, 25% ethylene glycol in 0.1M phosphate buffer).

Immunohistochemistry and immunofluorescence
Sections were incubated in 10 mM sodium citrate solution pH 6.0 for 30 min at 80�C for antigen retrieval. When the immunoperox-

idasemethodwas used, the endogenous peroxidase was quenched by incubating the sections in a solution contained 0.6%H2O2 for

30 min at room temperature (RT). Non-specific binding was blocked by incubating the sections in a solution of 5% normal donkey

serum (Jackson ImmunoResearch Laboratories, West Grove, PA), 0.1% Triton X-100 (made in 1 3 Tris buffer saline, TBS) for 1 h at

RT. Sections were then incubated with primary antibodies at 4�C for 72 h. The following primary antibodies were used; goat anti Iba1

(1:500; Abcam #ab5076) and rabbit anti Iba1 (1:1000; Wako Chemicals #01919741) to visualize MG; rabbit anti cleaved caspase-3

(CC3; 1:200; Cell Signaling Technology #9579S) to visualize the apoptotic cells; goat anti doublecortin (DCX; 1:200; Santa Cruz #sc-

8066) to visualize the immature neurons (neuroblast); goat anti Ccl3 (1:500; R&D systems #AF-450-NA); goat anti Ccl4 (1:250; R&D

systems #AF-451-NA). Sectionswere incubated for 1 h or 2 h at RTwith appropriate biotinylated or fluorescent secondary antibodies,

respectively. The following secondary antibodies were used: biotinylated donkey anti goat IgG; biotinylated donkey anti rabbit IgG

(1:1,000; Jackson ImmunoResearch); Alexa 488 donkey anti goat IgG; Alexa-555 donkey anti rabbit IgG; (1:1,000; Molecular probe-

s/Life technologies; San Diego, CA). Hoechst 33342 (Molecular Probes/Life Technologies) was used as nuclear counterstain when

fluorescent staining was conducted. To visualize the immunoperoxidase staining, sections were incubated for 1 h at RT in avidin-

biotin solution (1:100; Vectastain ABC Elite kit, Vector Laboratories, Burlingame, CA). The color precipitate was developed with a

solution containing H2O2, nickel chloride, and 3-30diaminobenzidine tetrahydrochloride (DAB; 1:100; Saveen Werner AB, Malmö,

Sweden). Sections were mounted onto glass slides and coverslipped using Xtra-kitt mounting medium (Medite GmbH; Burgdorf;

Germany) for immunoperoxidase staining or ProLong Gold anti-fade reagent (Molecular probes/Life technologies) for the fluorescent

staining.

Cell quantification and microscopy
MG, Iba1 positive cells (Iba1+), were quantified in the DG sub-regions: the SGZ and the GCL, the molecular layer (ML) and the hilus.

Apoptotic cells (CC3+) were quantified in the SGZ. Analysis was performed in 12 serial sections containing the dorsal hippocampus

spaced 300 mm apart. Quantification was done using an AxioImager M2microscope (Carl Zeiss, Germany) equipped with stereology

software (StereoInvestigator,MicroBrightField Inc.,Williston, VT, USA). The total number of cells was the sumof all counted cells in all

sections per animal multiplied by the series interval (i.e., 1:12). The cell density was determined by dividing the total number of quan-

tified cells by counting volume (The series interval multiplied the section thickness). Co-expression of Iba1 and CC3 was visualized

and imaged using a laser scanning confocal microscopy (LSM700, Carl Zeiss, Germany).

Microglia isolation
For bulk RNA-seq, MG were isolated at 2 h, 6 h, 1 day, and 1 wk after IR from six sham controls (SH) and six irradiated (IR) mice per

time point. For single–cell RNA-seq, MG were isolated at 6 h and 1 wk after IR from four SH and four IR mice. Animals were deeply

anesthetized with sodium pentobarbital (ABCUR AB, Sweden), and transcardially perfused with ice-cold 13 phosphate buffered sa-

line without Ca2+ and Mg2+ (PBS; pH 7.4; GIBCO/Life Technologies). Brains were collected and the hippocampi from the two hemi-

spheres were dissected and put into 2 mL eppendorf tubes containing 1 3 PBS placed on ice. The tissue was chopped to small

pieces using scalpel and transferred into falcon tubes containing an enzymatic mixture (DispaseII (0.01%), Papain (0.1%) and DnaseI

(0.05%); (Sigma-Aldrich) in 1 3 Hank’ s buffered salt solution (HBSS) without Ca2+ and Mg2+ (GIBCO/Life Technologies) containing

12.4 mM magnesium sulfate (Sigma-Aldrich). Tubes were incubated at 37�C for 15 min, after which the enzymatic activities were

stopped with 20% cold fetal bovine serum (FBS; GIBCO/Life Technologies). The cell suspension was then filtered through a

70 mm cell strainer and centrifuged for 5 min at 500 g at 4�C. After washing with 1 3 HBSS, cells were resuspended in 20% Percoll

solution (Percoll, GE Healthcare; 10 3 phenol red HBSS; and 1 3 HBSS, both from GIBCO/Life Technologies) and overlaid with an

equal volume of 1 3 HBSS. Tubes were spun at 500 g at 4�C for 10 min with no break to remove myelin. The cell pellet was resus-

pended in 1 3 FACS buffer (R&D Systems, #FC001) and washed. Cells were then resuspended in blocking solution containing FcR

blocking reagent (Miltenyi Biotec; #130-092-575) made in 13 FACS buffer and incubated for 10 min on ice. Cells were subsequently

incubated with PE-conjugated goat anti mouse Cx3xr1 antibody (R&D Systems, #FAB5825P-100) and SYTOX� red dead cell stain

(Invitrogen, # S 34859) for 10 min on ice. Cells were washed and resuspended in FACS buffer and sorted using a Becton Dickinson

(BD) FACSAriaIII cell sorter. Cells isolated for total RNA-seq were sorted into 1.5 mL eppendorf tubes containing 700 mL QIAzol lysis

reagent (QIAGEN), snap-frozen on dry ice and stored at �80�C. Cells processed for the single-cell RNA-seq were pooled from the

four SH and four IR animals before FACS, and sorted into a 1.5 mL eppendorf tube containing 200 mL FACS buffer and place on ice.

For each time point, cells were isolated from SH and IR animals at the same time and processed in the same manner (as one batch).

RNA sequencing
For bulk RNA-seq, total RNA was isolated using miRNeasy micro kit (QIAGEN #217084) according to the manufacturer’s

instructions and processed for sequencing at bioinformatics and expression analysis core facility (BEA) at Karolinska Institutet.

Briefly, the RNA quality was checked on an Agilent bioanalyzer 2100 using the Eukaryote total RNA picochips. Samples were
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processed for library preparation using QIAseq FX single cell RNA library kit (QIAGEN) and the sequenced on an Illumina HiSeq 2000.

Single cell sequencing was performed at the eukaryotic single cell genomics facility (ESCG) using the 10 3 Genomics Chromium

method (Hochgerner et al., 2018), and sequenced using an Illumina HiSeq 2000 .

Gene expression analysis
For the bulk RNA-seq, unsupervised hierarchical clustering and principal component analysis of genes were performed in Qlucore

Omics Explorer 3.2 (Qlucore, Lund, Sweden). Differentially expressed genes were determined by comparing irradiated and sham

treated animals using heteroscedastic two-tailed t tests. Multiple testing correction was performed using the Benjamini-Hochberg

algorithm with a false discovery rate (FDR) of 1%.

For Gene Set Enrichment Analysis, ranked gene lists were prepared based on signal to noise ((Mean radiated -mean sham) / sumof

standard deviations), for genes detectable in at least 5 radiated and control animals from each group. Human or capitalized gene

names were utilized for input of ranked gene lists and gene sets into the GSEA application https://www.gsea-msigdb.org/gsea/

index.jsp, Broad Institute, Inc), using the GSEAPreranked tool.

For the single cell RNA-seq, R (version 3.5.1) package Seurat (v2.3.4) were used for quality control, filtering, normalization and

further downstream analysis of clustering and identifying cluster marker genes (Butler et al., 2018). Cells had less than 200 or greater

than 2500 genes, and mitochondrial reads counts greater than 5% were filtered out, and a scale factor of 10,000 was used to

normalize the qualified cells. The velocyto. R package (version 0.6) (La Manno et al., 2018) was applied to analyze the expression

dynamics of the cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data from the histological analyses were presented as mean ± SEM. Unpaired student’s t test was used to compare the density of

Iba1+ cells between the sham and the irradiated animals for each time point. One-way ANOVAwith Tukey’s post hoc test was used to

compare the density of CC3+ cells along the time points. Statistical analysis was performed using GraphPad Prism (GraphPad, Inc.,

San Diego, CA, USA). Significance was considered when p < 0.05. For the bulk RNA-seq, Qlucore Omics Explorer 3.2 (Qlucore, Lund,

Sweden) was used. For the GSEA analysis, the GSEAPreranked tool was used. For the single cell RNA-seq, R (version 3.5.1) the

package Seurat (v2.3.4) was used. The number of animals used for each analysis and the statistical details can found in the figure

legends.
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