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Neurons have inherent competence to regrow following injyr although not

spontaneously. Spinal cord injury (SCI) induces a pronoued neuroin ammation driven

by resident microglia and in ltrating peripheral macrophges. Microglia are the rst

reactive glial population after SCI and participate in reaitment of monocyte-derived

macrophages to the lesion site. Both positive and negativeniuence of microglia

and macrophages on axonal regeneration had been reported &r SCI, raising the
issue whether their response depends on time post-lesion odifferent lesion severity.
We analyzed molecular alterations in microglia at severainte-points after different
SCI severities using RNA-sequencing. We demonstrate thatcéivation of microglia is
time-dependent post-injury but is independent of lesion seerity. Early transcriptomic
response of microglia after SCI involves proliferation angeuroprotection, which is then

switched to neuroin ammation at later stages. Moreover, SCinduces an autologous
microglial expression of astrocytic markers with over 6% omicroglia expressing glial
brillary acidic protein and vimentin from as early as 72 h pst-lesion and up to 6

weeks after injury. We also identi ed the potential involvaeent of DNA damage and

in particular tumor suppressor genebreast cancer susceptibility gene 1(Brcal) in

microglia after SCI. Finally, we established that BRCA1 pt@in is speci cally expressed

in non-human primate spinal microglia and is upregulated &r SCI. Our data provide
the rst transcriptomic analysis of microglia at multiple &ges after different SCI
severities. Injury-induced microglia expression of astoytic markers at RNA and protein
levels demonstrates novel insights into microglia plastiy. Finally, increased microglia
expression of BRCAL in rodents and non-human primate model oSCI, suggests the

involvement of oncogenic proteins after CNS lesion.
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INTRODUCTION 2013; Butovsky et al., 2014; Gosselin et al., 2014; Beriratf e
2018.
Spinal cord injury (SCI) is a devastating condition with dtial Transcriptomic analyses of microglia at multiple time-

symptoms that depend on both the anatomical level of the injuryyoints after dierent lesion severities provide a powerful
and the severity of the lesion. SCI triggers microglia @tdn, approach to reveal their exact molecular involvements in SCI
peripheral macrophages and neutrophil in Itration that togeth  pathophysiology. Recent ndings, including our own, using gene
govern neuroin ammation after central nervous system (GNS expression pro ling in microglia have unveiled novel insight
injury (David and Kroner, 2011 Microglia, the main immune into their contribution in multiple neuropathologies{lah et al.,
cells of the CNS, are the rst responsive glial cells after SClo12: parakalan et al., 2012; Beutner et al., 2013: Chiu, et al
(Tian et al., 200yand participate in recruitment of monocyte- 2013: Hickman et al., 2013: Noristani et al., 2015Fo this
derived macrophages to the lesion siteagid and Kroner, end, using cell-speci ¢ microarrays in CD19bmicroglia, we
201). Microglia and monocytes have myelomonocytic originrecently identi ed DNA damage pathway and in particular the
that may explain their common expression of surface receptorgimor suppressor gentereast cancer susceptibility geriBrtal
and signaling moleculess¢hmitz et al., 2009; Kettenmann et al.,ypregulation in an animal model of amyotrophic lateral sclesosi
201). (ALS) (Noristani et al., 20190 Furthermore, we identi ed
Although activation of microglia/macrophages promotesBRCA1 as a novel human microglial marker and demonstrated
inammation and tissue damage after SCI, these cells mays specic over-expression in ALS microglia within the spinal
also have neuroprotective actionsDdvid and Kroner, cord (Noristani et al., 2015
201). In particular, microglia play major roles in the  Although rodents are routinely used to study SCI
phagocytosis of cellular debrisP¢rrin et al., 2006 and  pathophysiology, there are signicant dierences in
express neurotrophic factors.gmbertsen et al., 20p@hat  neuroanatomical organization and neurophysiological fesgu
account for their bene cial e ects after SCMukaino et al., petween rodents and primates that is a major obstacle in
201Q. Similarly, other studies have reported both positiverransiation to clinics Courtine et al., 2007; Friedli et al., 2015
(Shechter et al., 20p%nd negative Ropovich et al., 1999 |n a recent study, using contusive SCI in common marmosets
inuence of in ltrating monocyte-derived macrophages on (Callithrix jacchuy analysis of changes in gene expression
functional recovery after SCI. Together, these studieblight  established that the in ammatory response is prolonged and
positive and negative inuence of CNS resident microgliathe glial scar formation is delayed in non-human primates as
and peripheral in Itrating macrophages after SCI. Howevercompared to rodents\ishimura et al., 201)4 Indeed, expression
whether these dual roles are due to dierences in timeevels of cytokines and immune cell markers that were maximal
post-injury, lesion severity or both remains unclear and theat 1 week after injury decreased by 2 weeks post-SCI concamitan
precise molecular mechanisms that control the positive angiith the onset of glial scar formatior\(shimura et al., 201y
negative roles of activated microglia post-injury are poorlyThus, in order to improve translational research, experinaént
understood. ndings in rodents need to be compared with those seen in
When studying microglia it is important to take into account non-human primate models of SCI.
other closely related cells such as macrophages, monocytesin the current study, we used CX3CRECFP transgenic
and dendritic cells. This is particularly important in CNS mice and ow cytometry to isolate microglia at several stge
trauma, in which destruction of the blood-CNS barrier in@& after di erent lesion severities and carried out RNA sequagci
in Itration of in ammatory cells. Microglia prominently expres  (RNA-Seq) on the isolated cells. We analyzed the transcriptomic
a Gai-coupled seven-transmembrane receptor, the chemokingignature of microglia after hemisection (HS) and full traoon
receptor CX3CR1. The generation of CX3CRT transgenic (FT) at 3, 7, and 14 days following lesion relative to that of
mice, which express enhanced Green Fluorescent ProteirReGFon-injured (NI) controls. We chose these two SCI models
downstream of theCx3crl promoter, provided a powerful to study microglia responses in environments with dierent
research tool to potentially isolate microglia using tecfusis regeneration capacity; namely FT that shows no regeneratidn a
such as ow cytometry {ung et al., 2000; Wolf et al., 2013 |ateral HS because limited spontaneous regeneration daes oc
Importantly, CX3CR1 is also expressed in circulating monaytepetween 3 days and 2 weeks post-lesion due to the presence of
and resident macrophagesung et al., 2000; Gautier et al., spared tissuele and Lee, 20).30ur results revealed distinct
2012. However, recent studies have revealed additional markertranscriptional deregulation in microglia that is primaritiriven
including Ly6C, which can be used, at least partially, tqy time post-lesion, irrespective of lesion severity. Stgk,
distinguish microglia from these additional cell typesh(u etal., we also found that following SCI over 6% of microglia express
classical astrocytic markers including glial brillary did protein
Abbreviations: ALS, amyotrophic lateral sclerosis; BMP, bone morphogenetid GFAP) and vimentin. Microglia expression of astrocytic mek
proteins; Brcal, breast cancer susceptibility gene 1; CNS, temrsous Was evident as early as 72 h, peaking by 1 week post-lesion and
system; CPM, counts per million; eGFP, enhanced green uoresceneiprot continued up to 6 weeks after both HS and FT SCI. We also
FACS, ulorescgnce—ac.ti\'/ated cgll sorting; EC, fqld—change,fLHrI'transection; identi ed the potential involvement of DNA damage pathway
GFAP, glial brillary acidic protein; HS, hemisection; MMRRC, Mutavibuse . . . . .
Regional Resource Centre; NI, non-injured; PBS, phosphate smiee; PFA, and BRCAL in mlc','Og“a follqwlng SCI. Finally, We_ extended
paraformaldehyde; RNA-Seq, RNA sequencing; SCI, spinal cord iniEp, —these results to spinal cord injured non-human primate and
standard error of the mean. conrmed an alteration of BRCA1 expression specically in
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microglia after SCI. These data represent the rst transonipic  using a micro knife. Muscles and skin were sutured and animals
analysis of microglia at multiple time-points after di ererpigal ~ were left to recover on a temperature-controlled pad.
cord lesion severities and thus provide novel insights irte t

response pro le of these cells following SCI. Postoperative Cares
In mice, bladders were emptied manually twice daily until
recovery of full sphincter control (in the case of HS) or
MATERIALS AND METHODS throughout the 6 weeks of the study (in case of FT group).
Ethical Approval Bodyweights were measured before surgery and daily throwgh

Experimental procedures followed the European legislativéhe 6 weeks period after injury.
administrative and  statutory measures for animal Lemurs were observed twice daily. Bodyweights were
experimentation (2010/63/EU). The study was approved byneasured daily until stabilization, then once a week.
the “Direction des Services Vétérinaires de I'Hérault’e th Buprenorphine (0.01 mg/kg/day) and entero oxacine
regional ethic committee for animal experimentation, Franc (5 mg/kg/day) were administered via intramuscular and
and the “Ministére de I'éducation nationale, I'enseignemengubcutaneous routes, respectively, for up to 1 week after the
supérieur et de la recherche” (authorization number 34118 foinjury. Animals were kept for 3 months after lesion.
mice and CEEA-LR-12142 for non-human primates).
Flow Cytometry
Experimental Procedures Flow cytometry was used to obtain microglia populations at
Transgenic mice expressing eGFP in CNS resident microgliaultiple stages after both HS and FT in CX3CR3™ mice.
and peripheral monocytes (CX3CREFP) were obtained from We used a 1 cm-segment centered on the lesion site to
Dr. Dan Littman, Howard Hughes Medical Institute, Skirball isolate eGFP microglia. For non-injured (NI) control mice, an
Institute, NYU Medical Centre, New York, USA and maintainedequivalent 1 cm-thoracic segment was used. Male CXSCHE
on a C57BL/6 background (The Jackson Laboratory, Bar Harbomice were anesthetized using triboromoethanol (500 mg/kg) a
ME, USA) (ung et al., 2000Mice were housed in controlled intracardially perfused with 0.1 M RNAse-free phosphate base
conditions (hygrometry, temperature and 12 h light/dark lejyc  saline (PBS, Invitrogen, Carlsbad, USA). Spinal cords were
Five adult male gray mouse lemurMitrocebus murinys2 thoroughly dissected in a cocktail of 760 PBS, 1001 of 13
years of age) were also used in the current stidigrocebus mg/ml trypsin, 100 of 7 mg/ml hyaluronidase, 5@ of 4
murinuswere all born and bred in the animal facility (CECEMA, mg/ml kinurenic acid (all from Sigma Aldrich, Saint Louis, NS
University of Montpellier, France)Microcebus murinusvere and 20m of 10 mg/ml DNAse | (Roche, Rotkreuz, Switzerland)
housed together in cages (21 1 m, 3 lemurs per cage) for 30 minat37C. Cell suspension was sieved usingmisieve
until surgery, and then separately (60 60 50 cm) for 1  (BD Biosciences, Franklin Lakes, USA), re-suspended in 0.9 M
week following injury before they were returned to theirgirial ~ sucrose and centrifuged for additional 20 min at 750g to
cages. All cages were equipped with wooden né4itsocebus remove the myelin sheath. Cell pellet was re-suspended imb00
murinus were kept at standard temperature (24-€% and of 7AAD (1mi/ml, Sigma Aldrich, Saint Louis, USA). Microglia
relative humidity (55%) and fed with fresh fruits and a daily-were sorted using FACSAria (BD Biosciences, Franklin Lakes
made mixture of cereals, milk and eggs. Water and food werdSA), equipped with a 488 nm Laser Sapphire 488-20. Size
given ad libitum. Twenty-four hours after surgerilicrocebus threshold was used to eliminate cellular debris. Sorted ngigo
murinuswere given our worm to increase their protein intake. were then centrifuged for 5 min at 700g and re-suspended in
250m of RLT lysis bu er (Qiagen, Maryland, USA) containing

Spinal Cord Injury 1% beta-mercaptoethanol.
Adult heterozygote CX3CRICFP mice (12 weeks of age) were  In a parallel experiment designed to better de ne the selected
anesthetized by inhalation of 1.5% iso urane gas; lamimegt  cell population, we used 2 non-injured mice, 8 mice at 72 h
was performed and lateral (HS) or (FT) were carried out undegfter HS and 7 mice at 1 and 2 weeks following HS. Pelleted
microscope using a micro knife [10315-12, Fine Science Tootells collected after sucrose gradients (as describeccpba@re
(FST)], as previously describetidristani et al., 2015a, 20).6 re-suspended in PBS, rst incubated for 10 min atCAwith
Lesions were done at thoracic 9 (T9) level to obtain completéc-receptor block CD16/32 antibody (1:100; BD Biosciences,
paraplegia (FT) or hemi paraplegia (HS) while preserving-ranklin Lakes, USA) and then 30 min at@ with mouse anti-
complete respiratory function. CD11b-PE (1:200; BD Pharmingen, San Diego, USA), CD45-

For SCI in Microcebus murinysatropine (0.4-0.6 mg/kg) APC (1:200; BD Pharmingen, San Diego, USA), LY6C-PE-Cy7
was administered subcutaneously 15 min prior to the surger(1:200; BD Biosciences, Franklin Lakes, USA). FACS analyses
to inhibit salivary and bronchial secretions as well as Vagavere performed using the FACSAria (BD Biosciences, Franklin
stimulation. Anesthesia oMlicrocebus murinuszas induced with  Lakes, USA). All ow cytometry data were analyzed using the
3-4% of iso urane and maintained with 1-2% iso urane and 1FlowJo Software (Ashland, Oregon, USA).
L/min oxygen ow rate throughout the surgery. The skin and
muscles overlying the lumbar segment were cut along the badRNA Sequencing
midline and a laminectomy was carried out. Lateral (HS) @& th Total RNA was isolated using the RNeasy Mini Kit, (Qiagen,
spinal cord was done at lumbar level 1 (L1) under microscopdaryland, USA) with DNAse treatment. The quality of starting
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RNA and ampli ed cRNA were tested (Agilent 2100 bioanalyzerlongitudinally (20mm, mice only) or transversally (Idm, mice
RNA 6000 Pico LabChip, Palo Alto, USA) and used onlyand Microcebus murinysand collected on Superfrost Plus©
when the RNA integrity number (RIN) was 7, as previously slides.
described Kiewe et al., 2009 Total RNA was isolated from For uorescence immunohistochemistry, slides were washed
mice at 72 h, 1 and 2 weeks post-injuny D 29 for HS and in 0.1 M PBS and incubated for 20 min in 20 mM lysine (pH
n D 48 for FT) and from non-injured (NI) controls f D  7.2). To block non-speci c labeling, sections were incuddte
38). RNA-Seq was performed on the polyadenylated fractiofh h in 1% bovine serum albumin (BSA, Sigma Aldrich, Saint
of RNA using HiSeq 2500 (llumina, San Diego, USA). Threé.ouis, USA) and 0.1% Triton X-100 (Fisher Scienti c, Illkirc
biological replicates were used for all time-points inclglin France). Sections were then incubated in primary antibody
NI control. 10 ng of total RNA was used for each replicatefor 48 h at 4C. Slides were then washed in 0.1 M PBS and
library. FastQC was used to assess sequencing quality tontiocubated with secondary antibodies conjugated to Alexd, 48
FASTX-Toolkit was used to remove the reads containing adapt&94, or 633 (1:1000, Vector Laboratories, Burlingame, USA
sequences. Filtered reads were mapped with TopHat v2.0e&d Millipore Bioscience Research Re-agents, Massachusetts,
software to use the UCSC mm10 release reference on néwSA) and with the nuclear stain’4-diamidino-2-phenylindole
junctions and known annotations. RSeQC v2.3.3, PicardTooldihydro-chloride (DAPI, 2 ng/ml, Invitrogen, Massachusset
v1.92 and SamTools v.1.18 software were used to verify lalog USA). Sections were coverslipped using uorescence mounting
quality control and summarization. HTSeq v.0.5.4p3 was useghedium (DAKO, Denmark).
to prepare the count data. R/Bioconductor edgeR software For peroxidase immunohistochemistry, sections were treated
v.3.3.6 was used to carry out data normalization and di ei@nt for 30 min in 20 mM lysine followed by incubation in 1%
expression analyses. Genes that achieved 10 counts in &t ldagdrogen peroxide (RHO2) for 30 min. Sections were blocked
two replicates were kept, whereas very low expressed geries1 h with 0.1 M PBS containing 1% BSA and 0.1% Triton X-
were ltered out. The Itered data were normalized by the 100 and then incubated for 48 h at@ with primary antibody.
library size and di erentially expressed genes were estithateSlides were rinsed with 0.1 M PBS for 30 min and incubated
using negative binomial general model statistics. To idgnt in 1:1000 dilutions of the corresponding peroxidase-coupled
di erentially expressed transcripts, we de ned a criterion @af secondary antibody (Jackson Immunoresearch, UK) for 1 h at
2-fold and greater di erence plus a signi canp (< 0.05) false room temperature. Slides were then rinsed with 0.1 M PBS.
discovery rate (FDR). Statisticstest with un-equal variance. The peroxidase reaction product was visualized by incubating
The R/Bioconductor MFuzz package v.2.18.0 was used for fuziry a solution containing 0.022% of &Baminobenzidine
clustering of the di erentially expressed genes over timeathb and 0.003% KO, for 30 min. The reaction was stopped
HS and FT compared to NI controls. Pathway analysis waly rinsing the sections in 0.1 M PBS for 15 min. Slides
performed using MetaCore (Thomson Reuters), as describasdlere then dehydrated in ascending ethanol concentratiod an
previously (oristani et al., 2015b, 20).6Accession number for nally xylene. Coverslips were applied using Entellan (Merck
RNA-Seq data: Gene Expression Omnibus (GEO) GSE96055. KGaA, Germany). Morphometric uorescence photographs were
obtained using a uorescent microscope (Zeiss, Axio Imager
Primary Antibodies for Immunological Staining M1, Oberkochen, Germany), a laser scanning inverted (Leica
Primary antibodies used included rabbit anti GFAP (1:.1GD0; SP5, Mannheim, Germany) and confocal microscopy (Zeiss
0334; Dako, Glostrup, Denmark), mouse anti GFAP (1:100& Live Duo, Oberkochen, Germany) to assess co-expression
G3893; Sigma Aldrich, Saint Louis, USA), chicken antbf two proteins. 225 225mm? images were taken adjacent
GFP (1:1000; Ab13970; Abcam; Cambridge, UK), mouse art the lesion center for each animal and the co-localization
vimentin (1:500; V2258-2ML; Sigma Aldrich, Saint Louis, USA)coe cient was measured between the two channels. In total we
rabbit anti IBA1 (1:1000; 019-19741; Wako Pure Chemicadssessed co-localization within a 675@750mm? surface area
Industries, Osaka, Japan), rabbit anti BRCA1 (1:100, Santa C adjacent to the lesion site. Laser intensity and detectusitieity
Biotechnology, Dallas, USA), rabbit anti KI67 (1:500; NCLsettings were kept constant for all acquisition of all imaiges
Ki67p; Leica, Novocastra, Wetzlar, Germany) and rabbit anth given experiment. 5-7 animals were used per time-point. Co-

S100 beta (1:1000, (DAKO, Denmark). localization analysis was performed using the Carl Zeiss LSM-
_ _ 710-NLO software. Morphometric bright eld photographs were
Immunohistochemistry obtained and analyzed using NanoZoomer RS slide scanner

Hemisected and non-injured control female mice as wel(NanoZoomer Digital Pathology System and NDP view software,

as hemisectedMicrocebus murinuswere anesthetized via Hamamatsu, Japan).

intraperitoneal injection of tribromoethanol (500 mg/kg)r o

ketamine, respectively and then intracardially perfusechgisi Relative Optical Density

cold 0.1 M PBS followed by 4% paraformaldehyde (PFA, Signeo determine SCl-induced changes in BRCAL1 expression

Aldrich, Saint Louis, USA). Spinal cords were carefully remdovein Microcebus murinysthe mean optical density (OD) was

and post- xed for additional 2 hin 4% PFA at room temperature, measured at di erent distances 3 months after spinal cord (HS)

cryoprotected in 30% sucrose, included in Tissue Tek (Sakurasing ImageJ (National Institutes of Health, USA), as déscti

Alphen aan den Rijn, The Netherlands), frozen and kept apreviously (Noristani et al., 2010 OD is a sensitive and reliable
20 C until processing. Frozen spinal cords were cut eithemethod to measure expression level of a given signal and to
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detect changes caused by dierent experimental conditiongells Qavid and Kroner, 2011 At 72 h after SCI it was
Following peroxidase immunostaining, spinal cord sectioesav possible to distinguish 2 sub-populations of eGF#ells based on
scanned using Nanozoomer RS slide scanner that uses const@45 expression leveFigure S2F. These sub-population most
light intensity and exposure time to obtain peroxidase-latiele likely correspond to rami ed microglia (CD4%") and activated
photographs (NanoZoomer Digital Pathology System and NDfnacrophages (CD4%"). In contrast, at 1 and 2 weeks post-
view software, Hamamatsu, Japan). Digital images were esgbortinjury this discrimination was not possibleFigures S2G,H.
with RGB color pro les, using identical exposure settings forFurther combination of CD45 and LY6C showed that at all
all sections. To avoid potential variation in staining ing#ly  time points, eGFPI" cells were LY6C, strongly suggesting that
between dierent slides or animals, we carried out BRCAlhe majority of selected cells were microgleigures S21-U.
immunostaining of all animals in parallel. BRCAL intensitpsv  Even if we cannot exclude contamination with in ltrating
analyzedin atleast fty sections throughoutthe lesionrsegtof — macrophages, we will further refer to the selected population as
the spinal cord with 216w intervals. Non-speci ¢ background microglia.

was determined for individual section and subtracted frame t SCl induced a similar increase in microglia number after HS
general signal. Optical density measures included the gettem  and FT SCI compared to NI controHgures S2B—) and RNA

the white matter and the dorsal funiculus of the spinal cord.from isolated microglia was of high quality (RIN 7, data not

By clearly distinguishing lesion epicenter (section witlghleést shown). We then carried out RNA-Seq analyses to determine
damaged area) from un-injured tissue, we were able to determ transcriptomic changes in microglia at multiple time-pointseaf

di erences in BRCAL intensity along the entire segment of thehe two SCI severitiesTables S1S3. We found an increased

spinal cord both above and below the injury site. expression of microglia and monocyte markers (includigl,
o ) Ccr2 andEmrl) (Mildner et al., 2007; Gautier et al., 2012; Zhang
Statistical Analysis et al., 2014; Greenhalgh et al., 2p1bat were independent

Paired t-tests were used to compare dierences in BRCAlof |esion severity Rigure S3A Table S3. In all samples we
intensity at similar distance between above and below thiere  detected only very low expression and no lesion-induced ghan
site inMicrocebus murinusSigni cance was de ned g8 0.05.  in neuronal (Tubb3 Isl1, Sytland Gabra), astrocytic Aldh1l1,
The data were analyzed using GraphPad Prism 5.0 (GraphPawhc and Agp¥ or oligodendrocyte $0x10 Mag, Mog Mobp,
Software, Inc, CA, USA). All data are shown as the mean Cx47 and Cldn1) transcripts, further con rming the purity

standard error of the mean (SEM). of our isolation procedureTable S3. To identify di erentially
expressed (DE) transcripts, we de ned a criterion of a 2-faid a
RESULTS greater di erence plus a signi cantp(< 0.05) false discovery
. . . rate (FDR). We identi ed 3100, 470, and 626 DE genes in HS
Time-Dependent Microglia/Macrophages as well as 2395, 889, and 1004 DE genes in FT group at 72 h,
Responses after SCI 1 and 2 weeks post-lesion compared to NI control, respectively

To study microglia responses after SCI, we used chemokir(&igures 1A,B. 225 genes were deregulated in both HS and FT
(C-X3-C Motif) Receptor 1 (CX3CFEeCFH transgenic mice groups at all time-points, whilst only 37 and 249 genes were
that selectively express enhanced green uorescent protegpecically deregulated in HS and FT relative to NI control,
(eGFP) in CNS resident microglia and peripheral monocytesespectively Kigure 10). Overall, microglia displayed a greater
(Jung et al., 2000 Dual immunohistochemistry in uninjured number of upregulated genes compared to down regulated genes
mice, using ionized calcium binding adaptor molecule 1(Figures 1D-). In both injury severities, a higher number of DE
(IBA1) con rmed speci ¢ microglial eGFP expression in spinal genes was observed at 72 h compared to 1 and 2 weeks post-
cord of CX3CRE®CFP mice (Figures S1IA-G. Moreover, lesion. Comparisons between the two injury severities redea
immunostaining using S100 betaFigures S1ID—f, GFAP a greater number of DE genes after HS compared to FT injury
(Figures 3C—g and vimentin Figures 3L—N, established that at 72 h Figures 1D,G. However, at 1 and 2 weeks post-lesion
in non-injured CX3CRE£™CFP mice eGFP is not expressed in FT displayed a greater number of DE genes compared to the HS
astrocytes. Following injury, no co-localization of eGRRda group (Figures 1E,F,H,). To determine the relationship between
S100 beta was observeligures S1G-) ruling out potential —gene expression pro les at di erent time-points post-lesion, we
expression of CX3CR1 by reactive astrocytes. generated a multidimensional scaling pldbzulzewsky et al.,
To study neuroin ammation at early and chronic stages201§. Samples from NI mice clustered together and samples
after injury, we used ow cytometry to isolate eGH¥  from injured animals clustered according to time after injuout
expressing cells at 72 h, 1 and 2 weeks post-lesion in botiot lesion severityKigures 1J,K.
HS and FT. No eGFP expression was observed in wild type To provide a more in-depth analysis, we directly compared the
control littermate Figure S2A. Sorted eGFMI" expressing total number of di erentially expressed genes between the two
cells Figures S2A-D red dots) were further analyzed for injury severities at all 3 time-points (comparison number 7, 8
RNAseq. In a parallel experiment, to better characterize thand 9Figure S4A. No di erences in gene expression were found
selected eGH¥" cell population, we used a combination of upon direct comparison between HS and FT groups at 72 h whilst
CD45, CD11b and LY6C antibodies in both non-injured andonly 8 dysregulated and 1 up-regulated transcripts were fatnd
pathological conditions (all time points after HS). Rami ed 1 and 2 weeks, respectivehigures S4B—[E
microglia express CD1#CD45°" cells whereas fully activated ~ Taken together, these ndings demonstrate that (1)
microglia and in ltrating macrophages are CD19/CD45"h  SCI induces a higher number of upregulated than down

Frontiers in Molecular Neuroscience | www.frontiersin.gr 5 April 2017 | Volume 10 | Article 90


http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

Noristani et al.

Injury-Induced Microglial Transcriptomic Response

A HS 72 Hours (3100)

2599

79 160

262

129
75

HS 1 Week (470)
HS 2 Weeks (626)

B  FT 72 Hours (2395)

1608

140
474

173

128 210

147

FT 1 Week (889)

FT 2 Weeks (1004)

HS All Time-points (262)

Cc

HS and FT All Time-points

2251192

37T1 8 l
83

t177
119 2491:72

FT All Time-points (474)

BCV Distance 1

and FT injuries relative to NI control.

FIGURE 1 | Longitudinal analyses of de-regulated genes in mic
genes in microglia isolated by ow cytometry at the indicatedstages after HS and FT. Relationship between average exprs®n and log 2 of the fold-change in

microglia at different stages after HYD—F) and FT (G-l) injuries. Horizontal blue lines indicate the cut off critem used to de ne deferentially expressed genes with a
FC > 2 (logFC comprised between-1 and 1) and a signi cant false dvery rate (FDR) valueg(< 0.05). Red points indicate signi cantly deregulated genesdilowing
injury. Multidimensional scaling plots displaying distaes, in terms of biological coef cient of variation(J) and fold change (K) in microglia at different stages after HS

roglia after 2 severities of SCI. (A—C)

D HS 72 Hours (3100) E HS 1 Week (470) F HS 2 Weeks (626)
6 - 11608 6 K 64 f461
O 4 ' O 4
s e
g 2,
S So-
) 2] : 165
I 1 1 1
0 5 10 15
Log CPM
G FT 72 Hours (2395) I FT 2 Weeks (1004)
g 8 O
6 - . 11528 6 te73
O 4 e
w
2]
S0
-2 P -
4 : | 867
T T T T
0 5 10 15
Log CPM
l:'MGFT?w_I\\ L~ MGFT2w_1 ‘\‘
time:1&2 [ monsaw_1 4 i otime:1&2
weeks | e ; MGHS2W_1 | \.‘V'L;(‘kS
y [T T £ !
time: 72h | MGFT2w 3 o~ MEOFTIR S [/
I ‘.5'(27'3 v". e 1 g 1 MeFTR3 ‘ time: 72h
8 o I Mcﬁm_ 3N MGHS1w_2 / Ia) H M 3/ ‘__‘_.'__'
§ [ ) N O, || ueushiersaz/ T
B [\woHsTn b Z L&,“ 7 AMeFTIw 4 /7 MRIREPEn32
a __— 3 { MORRIRMERTI2N 1
5 ] E’; T MGHS72h |
(3] 'g ____________ w
q’ o
3 =2 7ens
> MGNI_2
MGNI 3
MGNT -2 w | MGNL1
~0IS -0'6 -0'4 -0'2 0‘0 0'2 0" ' |Iu ,0'5 0'0 0'5 “0 ||5

Leading logFC Dim 1

Venn diagrams displaying the number of deregulated

regulated transcripts in microglia, (2) at 72 h after HSand 2 weeks after lesion are higher after FT than in HS
injury microglia express a higher number of DE genesand (4) microglia responses after injury are time- but not

than FT, (3) the number of DE genes in microglia at 1severity-dependent.

Frontiers in Molecular Neuroscience | www.frontiersin.gr

April 2017 | Volume 10 | Article 90


http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

Noristani et al. Injury-Induced Microglial Transcriptomic Response

[ [ o provide insight into the potential roles of microglia
Microglia Responses after SCI Involve T d h h | roles of |
Early Anti-ln ammatory Response and at dierent stages after injury, we carried out pathway
Proliferation analysis of DE genes in the two experimental models at

the three time-points following lesion Npristani et al.,
gOle, 2016 At 72 h post-lesion, microglial responses
predominantly involved proliferation as indicated by up-
regulation of numerous genes involved in cell cycle processes
(Table S2. We con rmed proliferation of microglia at 72 h post-
lesion using KI67, which is exclusively expressed by actively
dividing cells Figures 2E—H. By 1 week after lesion proliferation
had ceasedHgures 2I-1) and microglial responses included

in ammation, defense response, cytoskeleton and extraeellu

more evident at 72 h post-lesion (9/9 transcripts, following i deli ble S2. Path vsi .
both HS and FTFigures 2B,D compared to pro-in ammatory malrix remodeting @ eS3. athway analysis -comparison
between the two lesion severities also showed no di erences

markers (9/12 transcripts after HS and 10/12 transcriptsrafte . - :
FT, Figures 2A,Q. Moreover, the level of over expression Wasbetween FT anq HS groups, further con rming that mlcrogllal
overall higher for anti-in ammatory Eigures 2B—0) compared responses after injury is mainly driven by time post-lesion.

to proinfammatory markers Kigures 2A—-Q. Comparison of esAl(t)cr)]gSztshetg it:.ife ig\?:)?v:ua?ri??; ;ria:;a(t(l))r a;:iutr?a”rglcr)czgllal
DE genes between the two injury models revealed onl P jury y sig 9

minor di erences. In particular, the FT group showed slight rqliferation of microglia principally oceurs within_72 h _post-_
upregulation of pro-in ammatory, and down regulation of anti lesion, (3) by 1 and 2 weeks following CNS lesion microglia

in ammatory, transcripts Figures 2C,0), compared to HS. It regulate multiple aspects of immune response and (4) responses

is, however, important to note that altered abundance of thisofmmroghaafter|n]uryd| er only slightly between the twesion

limited number of transcripts should not be used to de nitlye severities.

infer microglial pro vs. anti-in ammatory roles in the conte SCI Induces Expression of Astrocytic

of SCI. . . .
Markers in Microglia
Interestingly, our pathway analysis of microglial tranptional
changes also suggested the involvement of a “neural stem cell

Activation of microglia has been described as neurotoxisa(a
known as M1) and neuroprotective (also known as M2) state
(Hickman et al., 2013; Kroner et al., 20;lalthough, more
recent ndings suggest a multidimensional model of activat
(Xue et al.,, 2014; Ginhoux et al., 2016; Ransoho, 2016
We identi ed signi cantly increased expression of 12 pro-
in ammatory and 9 anti-in ammatory transcripts after injur
(Figures 2A-D. Anti-in ammatory transcript upregulation was

'Proinflammatory marker genes Antj-inflammatory marker genes ”neage".pathway atl Week a.fter Flrable Sa due to irj.creas.ed
s A . 2 iws Tk owics B. expression of astrocyte-speci ¢ marker genes includiimgentin
5 O ' o’ ! (Vim) and glial brillary acidic protein (Gfap (Figure S5.
g Q. i _ - y .
@2 . Lo It | bl |## Gfap transcript levels were signi cantly increased at 72 h in
oL sl wl ml wl ol u M ] | IL ul [l . - .
E SUENA2NNCOEY o' bEw TEBE both HS and FT and in FT only 1 week after injury, while
= T E2 e N = RS I . . . . .
@ ‘§3386§§§§s§, 585= § =78 Vim transcript levels were signi cantly increased at all time

points after both HS and FT injuriesF{gures 3A,B. Using
immunohistochemistry, we conrmed protein expression of
both GFAP and VIM in CX3CR%™CFP microglia after SCI

Full
Transection
~FC
. F¢

#
8 E ggggggg °E% 2 (Figures 3F_—K,O—'lf. In contrast, _GFAP/_eC_EFP or VIM/eGFP
STYOOESZESS S = co-expression was not observed in non-injured CX3EREP
Rostral [EEEIAINNS spinal cords Figures 3C-E,L—I) In the injured spinal cord,
§ bt GFAP-expressing microglia were primarily located within
Caudal N 500mm distance adjacent to the lesion site whereas VIM-
~ i positive microglia were mainly found within the lesion epiten
| DAPI > ‘ (Figures 3F—H,0-Q. Morphologically, GFAP and VIM proteins
o 3 were predominantly located in somata and primary processes
%’ o (Figures 3I-K,R—$. SCl-induced astrocytic marker expression
= by microglia was also supported by pronounced upregulation
of Serpin Family A Member Banscripts Serpina3) a marker
FIGURE 2 | Acute in ammatory response and proliferation of micro glia of reactive astrocytesZ@manian et al., 20)qFigures S3B,{.
after SCI. Bar graphs displaying alterations in pro-in ammatory and SerpinaSn transcript expression increased more than 20-
anti-in ammatory marker genes in microglia after H§A,B) and FT(C,D). fold at 72 h post-lesion and 30-folds after HS and FT
Values e}re actual fold change.#.trepreser-nlstranscriptsvthiﬁergnt scl, respectiverngures S3B,(\; In addition, at 72 h after
expression between the two lesion severities at the same tigpoints after . .
injury. Schematic drawing of longitudinal spinal cord seans from HS groups FT we also observed a 2.4-fold increased expression of
illustrating the lesion site (red square) and reference frees for displayed eld the pan-astrocytic markeAldhll1l (Cahoy et al., 2008 No
of views. Confocal micrographs indicating proliferation fomicroglia at 72 h changes were observed in other astrocyte-specic transcripts
after SCI(E-H). Proliferation of microglia ceased by 1 week after injurgl—L). (Table 33_

Scale bars(E—L), 100 nm. LS, lesion site.(E-H)HS 72 h and (I-L) HS 1 week.

We next examined SCl-induced expression of astrocytic
FC, fold change.

markers in microglia of adult spinal cord at multiple stages
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FIGURE 3 | Astroglial marker expression by microglia after SCI. Bar
graphs indicating up-regulation ofGfap and Vim transcripts expressions in
microglia after SCI(A,B). Values are actual fold change (< 0.01; **p <
0.001 by t-test). Schematic drawing of longitudinal spinal cord sedons from
non-injured control and after FT illustrating the lesiontsi (red rectangle) and
reference frames for the displayed elds of view. Confocal narographs of
longitudinally cut non-injured spinal cord section showig no eGFP/GFAP
(C-E) or eGFP/vim(L-N) co-expression. Following SCI eGFP/GFARF-K) and
eGFP/vim(O-T) protein co-expressions were evident in a sub-population of
microglia in CX3CRE=CGFP mice. Small insets inK, T are orthogonal
projections of confocal z-stacks, which show eGFP co-locakation with GFAP
and vim, respectively (confocal z-stack with XY, XZ, and YXews). Scale bars
(C—E,L-N), 50 nm; (F=H), 100 mm; (0—-Q), 25 mm; (I-K, R=T), 10 nm. LS,
lesion site.(C—E,L—N) non-injured and (F-K,O-T) FT 2 weeks.

after di erent lesion severityKigure 4, Table S3. Time-course

Hs [l FT

12.0

IBA1'/GFAP*
colocalised pixels (%)

i
I\ | ﬂl T

72hrs 1wk 2wks 4wks 6wks

FIGURE 4 | Astrocytic marker expression in microglia continue supto6
weeks after different lesion severities. ~ Schematic of longitudinal spinal
cord section after HS SCl illustrating the lesion site (redgsiare) and reference
frames for the displayed elds of view. Confocal micrographshowing DAPI
(B), eGFP(C), IBA1 (D) and GFAP(E) in CX3CRIC=CFP Micrographs were
taken from regions adjacent to the lesion site (overlap of ceand black squares
in the schematic view). Higher magni cation images, acquir from the same
spinal cord, further from the lesion (black square withoutwerlap with the
lesion in the schematic view) con rmed the presence of IBAL/GFR
co-expressing cells(F-I). Quantitative analysis of IBA1/GFAP co-expressing
cells (arrowheads inA,F) in the 2 lesion severities at multiple stages after SCI
(J). Scale bars(A-E), 50 mm; (F-I), 10 mm. Bars represent mean SEM. 225

225 mm? images were taken adjacent to the lesion center for each give
animal and the colocalization coef cient were measured betwen the two
channels. In total we assessed colocalization within 6750 6750 mm? surface
area adjacent to the lesion site in 57 animals at each giveimte-point.
Colocalization analysis was performed using the Carl ZeidsSM-710-NLO
software. (A—E) HS 4 weeks, (F-I) HS 1 week.

peaks at 1 week post-lesion reaching 7.4 and 6.2% in HS and FT
groups, respectivelyF{gure 4J. By 6 weeks post-lesion only 2.3
and 1.6% of microglia continued to express GFAP in the HS and
FT groups, respectivelfrigure 4J.

These data demonstrate that expression of astrocytic marker
in microglia is evident at 72 h after injury, peaks at 1 week post-
lesion and decreases to lower levels up to 6 weeks (the bbnges
time-point investigated in this study) after both HS and FTISC

Breast Cancer 1 (Brcal) Pathway
Involvement in Microglia after SCI

analyses in CX3CRTCFP mice showed that astrocytic marker Pathway analyses also identied DNA damage in microglia
expression in microglia starts as early as 72 h after injuy anat 72 h after HS SCI Table S2 Figure 5A) with over
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FIGURE 5 | Induction of DNA damage pathway genes in microglia aft er SCI. Gene ontology pathway map analysis displaying the inductioof DNA damage
pathway in microglia after SC(A). Thermometers indicate deregulated transcripts (red, upegulated; blue, down-regulated). Interactions between ojects, green
(positive or activation); red (negative or inhibition);ay (unspeci ed); B: Binding (physical interaction between wiecules); € Binding protein, < Kinase, ““ Generic
enzyme. Bar graphs displaying over-expression of transgis involved in DNA damage pathway at different time-pointafter HS and FT injuriegB-I). Values are
actual fold change, t-test between HS and FT at a given time piat (*p < 0.05; ***p < 0.001).

65% (17/26) of deregulated transcripts from this pathwayarried out immunohistochemistry in spinal cord injured
(TableS2. A more in-depth time-course analysis of Microcebus murinysa non-human primate Kigures 6A-).
DE transcripts involved in the DNA damage pathwayMorphologically, BRCA1-positive microglia inMicrocebus
revealed a consistent deregulation that peaked 72 Mmurinus could be subdivided into two groups: (a) ramied/
after both HS and FT SCI FHgures5B-). Concomitant resting with small cell bodies and thin-to-medium-size
dysregulation of these genes pointed toward a potentighrocesses that were randomly distribute&igure 6I), and
involvement of Brcal as a key transcription regulator (b) activated/amoeboid with enlarged cell bodies and shiictk
(Figure 5A). processes Higures 6C,|. Activated/amoeboid microglia
To determine whether SCl-induced BRCA1l over-were evident not only within the lesion site but also in
expression in microglia is observed across species, whe dorsal funiculus Kigures 6A—H, whereas only ramied
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microglia were observed caudal to the lesidfigres 6G-). DISCUSSION
To determine which cell population express BRCAL, we
carried out immunohistochemistry using adjacent sectiond=indings of the current study indicate that microglia under
(Figures S6A-), because auto orescence in primate spinalSPecic transcriptomic alterations after SCI and that these
cord prevented us from performing dual-label uorescentalterations are primarily driven by time after lesion, irrespee
immunostaining. IBA1 immunostaining demonstrated idegsti ~ Of injury severity. Importantly, SCl induces persistent expias
pattern and cell morphology to that of BRCAL, strongly©Of astrocytic markers in microglia, starting as early as &dtér
suggesting microglial expression of BRCA1 Microcebus injury and maintained up to 6 weeks post-lesioRigure 7).
murinus Microglia reaction after SCI also involves activation of DNA
Finally, quantitative analyses inMicrocebus murinus damage pathway in particular pointing towaircalin both
demonstrated a pronounced increase in BRCAL expressid@dents and non-human primates. These data, through the
adjacent to the lesion site compared to rostral and caudalSt transcriptomic analysis of microglia at multiple time-
segments of the spinal cords both in the gray and the whit@oints after di erent lesion severity, provide novel insighto
matters Figures 6J,K. In addition, increased BRCA1 expressionneuroin ammation following CNS lesion.
was also found speci cally within the dorsal funiculus r@stro

the lesion sitekigures 6A-C,1). Microglia Compose the Majority of
These data demonstrate that BRCAL overexpression §alected eGEP Nigh Expressing Cells
induced by SCI in microglia of both rodents and non-human CX3CRE=CFP transgenic mice express eGFP in CNS resident

primates. microglia and in Itrating monocyte-derived macrophageshel
breakdown of blood spinal cord barrier induced by SCI permits
the in Itration of blood monocytes, thus activated macropes
result from a mixed population of resident microglia and
in Itrating blood-derived macrophages~povich et al., 1996
Therefore, we cannot exclude that our selected cells for R&BA-S
are contaminated with in Itrating monocytes.

Following SCI, an increase in CX3CR1 expression is observed
from 72 h post-injury and is further ampli ed by 1 and 2 weeks
(Donnelly et al., 2001 As all CNS macrophages (microglia
and monocyte-derived macrophages) express CD11b, they are
often discriminated based on the level of CD45 expression
(recruited monocytes and activated microglia are Ci##5and
resident microglia are CD4%') (Donnelly et al., 207)1 In our
study, at 72 h post-injury, it was possible to discriminate two
populations of cells (CD4%" and CD4%W), eGFIE selected
cells correspond to both populations, however, in ltrating
monocyte-derived macrophages were not detected in the spinal
cord lesion before 3 days post-injurf?¢povich and Hickey,
200). Thus, the level of contaminating macrophages is most

likely very low.
FIGURE 6 | Increased BRCAL reactivity 3 months after SCI in
Microcebus murinus . Bright eld micrographs displaying BRCA1-positive
microglia rostral(A—C), within (D—F) and caudal (G-I) to the lesion site 3
months after spinal cord hemisection inMicrocebus murinus Note that
BRCAZ1-positive microglia displayed a characteristic rangd morphology with
long/thin processes caudal to the lesion sitegl), whilst activated/amoeboid
microglia had enlarged cell bodies with short/thick processs that were mainly
evident within the dorsal funiculus rostral to the lesion t& (C) and adjacent to
the lesion epicentre(l). Line graphs displaying quantitative assessment of FIGURE 7 | Schematic cartoon illustrating microglial respons e after
BRCAL-positive microglia reactivity within the gray mattg(J), the white matter SCI. Microglia undergo rapid proliferation post-injury, follwed by a
(K) and the dorsal funiculus(L) of the spinal cords at different distances to the predominant role in neuroin ammation, irrespective of lesn severity. Early
lesion epicentre. Note the increase in BRCAL reactivity Wiin the gray matter after SCI, microglia also express markers associated with DNdamage
and the dorsal funiculus(l) of the spinal cord rostral to the lesion site as pathway and in particularBrcal. Microglia displayed a dual phenotype with
compared to caudal regions after lesion. * < 0.001 paired t-test compared increased expression of both pro- and anti-in ammatory facbrs after both HS
to similar distance rostral to the lesion site. Scale bafA,D,G), 500 nm; and FT SCI. Concurrently, a small percentage of microglia cexpress
(B,E,H), 200 nm; (C,F,I), 50 nm. astrocyte-speci ¢ markers at acute and chronic stages afterSCI.
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In contrast, at 1 and 2 weeks post-injury this discrimination  To our knowledge, microglia-speci c transcriptomic analysis
was not possible, however, eGFFselected cells for RNA- following SCI has not been reported. We recently demonstrated
Seq had a CX3CRE'Ly6C'eFow antigenic phenotype. using RNA-Seq analysis of astrocytes at di erent stages after
Circulating monocytes include two principal subpopulationsSCI that, in contrast to microglia, the astrocytic response i
that both express CX3CR1, the so-called inammatoryboth time- and severity-dependenii¢ristani et al., 2016 We
monocytes (CX3CR2'Ly6C"9M and a patrolling subgroup also establish that SCI induces an astroglial conversiorato
(CX3CRI9hLyeCedow cells) (Geissmann et al., 2003Using  neuronal lineage with over 10% of astrocytes expressingaahss
CX3CR£*CFPmice to identify monocyte-derived macrophagesneuronal progenitor markers with typical immature neuronal
in a model of contusion SCI through adoptive cell transfermorphology (Noristani and Perrin, 2016; Noristani et al., 2016
and bone marrow chimera Blomster et al. identied that Together, these ndings suggest that glial cells undergo speci
two subsets of monocytes (CDTAMY6CIN/GFPW and transcriptomic alterations after SCI with the microgliasponse
CD11F/LY6C"eFoW/GFPYIN cells) were recruited in the predominantly inuenced by the time post-lesion, and the
injured spinal cord 1 week after injuryB(omster et al., 20)3  astrocytic response in uenced by both time and injury setyeri
Both subsets were observed around the lesion epicenter and A prior ow cytometric analysis of microglia/macrophages
CD11/LY6C"eFoW/GFPYh  macrophages were recruited following SCI revealed an up-regulation of neurotoxic fastor
with lower e ciency, indicating a preferential recruitmendf  (Kroner et al., 201 However, this study probed only a small
in ammatory monocytes. This preferential concentration of number of selected transcripts. Gene prole analysis using
in Itrating monocytes within the margins of the lesion had microarrays of the whole spinal cord have provided more global
also been reported earlier using immunohistochemical aiglysinsights into SCl-induced gene changes; for example, Kitgg! e
(Shechter et al., 20R9 described a predominant over-expression of neurotoxic genes

Among the CD4§5CD114° macrophages, the in ltrating following SCI Kigerl et al., 2009 A recent RNA-Seq study
Ly6C Ly6G- (Ly6C®, monocytic and Ly68&, granulocytic characterized temporal genome-wide gene expression pralles i
subset) and Ly6€Ly6G fractions similarly peaked at 12 the whole rat spinal cord following contusive SC3h| et al.,

h after SCI and returned to the non-injured level at 7 days2017. Most de-regulated pathways included immune response,
while Ly6C Ly6G fraction increased gradually from 4 h to MHC protein complex, antigen processing and presentation
7 days, however with a relatively low number of célbivai cytokine and/or chemokine activity. Spinal cord gene progin

et al., 201R The initial phase following SCI is associated withfollowing contusion SCI in non-human primate revealed that
LY6CINCX3CRIY macrophage in ltration corresponding the inammatory response is extended and the onset of
to the “classically activated” cells, while the second phaggial scar formation is delayed when compared to rodents
is characterized by inltration of LYBGYCX3CRI  (Nishimura et al., 2014 Based on transcriptomic pro les the
“alternatively activated” macrophages, which are antiauthors discriminated two distinct phases, an acute phase (0-2
inammatory. At 7 days post-injury, LYBBYCX3CRI9"  weeks post-SCI) characterized by considerable gene expressio
indeed express anti-in ammatory cytokinesSifechter et al., changes and a later “steady state” phase. Pathways that-are de
2013. regulated in the acute phase include immune responses and

Taken together, since we have selected éGéeifls located in  production of cytokines and reactive oxygen species (ROS).
a 1 cm segment centered on the lesion site and that these cellsing IBA1 immunohistochemistry, a marked in ltration of
were CD1%/LY6C"FoW/GFP9" we cannot exclude a low level proliferative microglia/macrophages was reported at the tesio

of contamination with anti-in ammatory macrophages. site 1 week after injury in common marmoset€d]lithrix
jacchuythat decreased at 2 weeks post-SCI and disappeared by
. . . 6 weeks.
Tlme-Depen_denf[ Tran_scrlptomlc In our study, microglia displayed a dual phenotype with an
Responses in Microglia after SCI acute increase in anti-in ammatory factors followed byéat

We report that responses of microglia after injury are time-upregulation of pro- and anti-in ammatory factors after both
dependent and primarily involve proliferation early after inju HS and FT SCI. These ndings suggest a time-dependent shift
followed by neuroin ammation at more chronic stages afterinduced by SCI in microglial phenotype toward a more pro-
both HS and FT SCI. Although increased proliferation earlyin ammatory function, as described in a mouse model of ALS
after SCI might also be attributed to in Itrating monocyte- (Gerber et al., 2012; Liao et al., 2D1h contrast, others had
derived macrophages, a recent study has shown that CN8ported predominant pro-in ammatory activation of microgli
resident microglia can proliferate in the absence of peripheraafter contusion SCI, which may be due to their focus on
monocytes Elmore et al., 2004 Moreover, Greenhalgh and a relatively small number of selected transcripts rathemtha
David (2014 yeported greater proliferation of resident microglia genome-wide analysesi@erl et al., 2009; Kroner et al., 201k
compared to in ltrating monocyte-derived macrophages afteraddition, contusion injury causes greater in ammatorypesse,
SCI (Greenhalgh and David, 20)L.£arly microglial proliferation which may induce di erent e ects on microglia activation.

has been also reported in mouse models of Alzheimer's diseaseSo far, osteopontin PP} is the only microglia-derived
(Rodriguez et al., 20)@nd multiple sclerosis{onomarev et al., neurotrophic factor whose positive e ect has been reported after
2009, suggesting that proliferation of microglia precedes theilSCI (Hashimoto et al., 2007 Here, we demonstrate signi cant
activation in multiple neuropathological conditions. increases in microglia-derived insulin-like growth facio(lgfl),
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arginase 1 Argl) and progranulin Grn) transcripts, among 201). Other studies had also shown vimentin expression
others, which possess neurotrophic e ects bathvitro andin  in reative microglia following injury Graeber et al., 1988;
vivo (Deng et al., 2009; Ryan et al., 2009; Laird et al.,)2010Nohl et al., 201). Furthermore, gene expression pro ling of
Similarly, so far only 3 of microglia-derived pro-inammatp primary lymphomas of the CNS (PCNSL) demonstrated that
factors have been investigated after SCI; namely inteiielixt ~ macrophages, activated microglia, and reactive astrowythi
(Liu et al., 2008 matrix metalloproteinases 1®mp12 (Wells PCNSL samples were SERPINA3-positiveijtesinos-Rongen
et al., 200Band NADPH oxidase 2Qybh (Cooney et al., 20)4 et al., 200B8 Altogether, these ndings suggest that pronounced
Here we report over-expression of additional microglia-ded in ammation triggers microglial expression of astrocytic
proin ammatory transcripts involved in immune/in ammatory markers. However, it is important to note that SCI-induced
response including lysozyme 1 and¥¢landLyz2?, chemokine astrocytic transcript and protein expression in microglia is
(C-X-C motif) ligand 9 and 10 Cxcl9and Cxcl10, interferon-  restricted to markers of astrogliosis, such @&p Vim and
induced transmembrane protein 1, 2 andI3rGl, 1tm2, and Serpina3nOther astrocytic markers necessary for physiological
I tm3) after injury, some of which have been shown to inhibitfunctions of astrocytes including glutamine syntheta&sul),
neurite outgrowthin vitro andin vivo(lbi et al., 2013 Thus, our  S100band glutamate transportersS(clal Slcla} were not
results highlight new target genes and raise the possiliidy altered in microglia after SCI.
modifying the expression of these transcripts in microgliayma  The potential role of SCl-induction of astrocytic markers
reveal their precise contribution in SCI pathophysiology. in microglia is currently unknown, although it may suppress
An on-going challenge in studying SCl-induced the pro-in ammatory pathway. In support of this possibility,
neuroin ammation is the diculty to discriminate between hemisected CX3CRTECFP mice that showed a greater SCI-
CNS resident microglia and in ltrating peripheral macrophage induced increase in astrocytic markers in microglia also @igpdl
even if recent ndings have proposed specic markers toreduced microgliosis compared to Aldhll1-EGFP mouse strain
distinguish between these cell typés(u et al., 2013; Butovsky (Noristani et al. unpublished observations). Further sadi
etal., 2014; Gosselinetal., 2014; Bennett et al. ) 208iig these using cell-speci ¢ transcriptomic analysis of microglia tha
markers, Butovsky and colleagues reported clear distinstio express SCI-induced astrocytic markers are required to weico
in the transcriptomic prole of microglia and macrophages their precise involvement in SCI pathophysiology. Alternalyy
(Butovsky et al., 20)4Furthermore, a recent report suggestsforced expression of astrocytic markers in microglia coukbal
that Argl is exclusively expressed in in ltrating macrophage be used in future studies to investigate the functional rofe
but not microglia, after SClGreenhalgh et al., 20).6/e have upregulation of these proteins following SCI.
used CX3CR47CFP mice that express eGFP in microglia,
monocytes as well as in a subsets of natural killer cells and . . . .
dendritic cells gung et al., 2000 However, microglia display Brcal Over-Expression in Microglia after
enlarged cell morphology and higher eGFP expression comparé&aiCl
to peripheral in Itrating macrophages and we were able to us&Ve identi ed the involvement of DNA damage pathway and in
these properties to preferentially isolate microglia after&thg particular concomitant changes in the expression leveCaokl
ow cytometry selectionFigure S3. (cyclin-dependent kinase 1) anBrcalin microglia following
SCI.Cdk1phosphorylates BRCAL, which reduces BRCA1 activity
. and function (ohnson et al., 20)1These ndings are in
SCl Induces an Autologous Expression of line with our previous study in which we reported increased
Astrocytic Markers in Microglia Brcaltranscript expression in microglia of hSOB% mice,
We also demonstrate injury-induced expression of classican ALS mouse model, compared to wild type control microglia
astrocyte-speci ¢ markers in a sub-population of microglia.(Noristani et al., 20159b Furthermore,n silicocomparison with
Astroglial markers in microglia were localized within datafromChiuetal. (2013¢on rmed an age-dependentincrease
500mm of the lesion epicenter, where the highest densityn Brcalexpression in microglia in a mouse model of ALGh(u
of in ammatory cells is foundIn vitro studies support the ability et al., 2013 Further support for microglieBrcalinvolvement
of microglia to di erentiate into GFAP-positive cells throbg after SCI was found through the dysregulation of over 65%
bone morphogenetic protein (BMP) argbxXignaling pathways genes linked toBrcal and belonging to the DNA damage
(Niidome et al., 2008; Nonaka et al., 2D0dowever, we found pathway. Using TUNEL assay to reveal DNA fragmentation in
no changes in microglia expression®dx2and BMP transcripts  apoptotic cellsGreenhalgh and David (2014)ad shown that
after injury, suggesting that other signaling pathways mayn ltrating macrophages are more susceptible to apoptosis than
be involved in SCl-induced microglia expression of astrimcyt CNS resident microglia after SOB(eenhalgh and David, 20).4
markersn vivo. Increased expression of microglalap Vimand  Such increased vulnerability to apoptosis is partially duénert
Serpina3rranscripts was also reported in a mouse model of ALSeduced proliferation, which in turn increases phagocyticdlioa
(Chiu et al., 2018 whilstin vivo microglial transformation into  and intracellular stress in macrophages compared to resident
astrocyte-like cells were found in a rat model of the dis¢ases  microglia (Greenhalgh and David, 20).4
et al., 201R Co-expression of microglia and astrocytic markers Here we have shown BRCAL expression at protein level
has been also found in neoplastic glioblastoma multiforniscel in Microcebus murinus These data further support our
associated with increased in ammatiorH(ysentruyt et al., previous study on BRCAL1 as a novel microglial marker in
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human spinal cord [loristani et al., 20190 SCl-induced colony management, ow cytometry and data analysis; FP
increase in BRCAL expression Microcebus murinugs also conceptualized the research, designed the project, partezpat

in agreement with our earlier study in which we reportedthe analysis and data interpretation, drafting the work andln
increased BRCAL expression in ALS spinal cordsristani approval.

et al., 2015p BRCA1 is involved in multiple functions

including transcription regulation, cell cycle progression FUNDING

DNA repair (Mantha et al.,, 2014 and protection against

oxidative stress Hae et al., 2004; Vurusaner et al., 2012 This work was supported by the Spanish Government, Plan
In particular, ROS (reactive oxygen species) play importan{acional de CDCI2008-2011 and ISCIII- Subdireccion General
roles in both pro- and anti-in ammatory states of microglia de Evaluacion y Fomento de la investigacion (P110/00709) [to
(David and Kroner, 2011l The functional role of BRCAL Ep]and the Government of the Basque Country grant (Proyectos
in microglia after SCI remains to be determined, howeverge |nvestigacion Sanitaria and Fondo Comun de Cooperacion
one hypothesis may represent an antioxidative defensgquitania-Euskadi) [to FP], the French Government, ANREN
mechanism. grant, GIIALS (N ANR-14-CE36-0009-01) [to FP], the patient

Brcal knockout mice are embryonically lethaliti et al.,  organizations “Demain Debout Aquitaine” [to YG and HN] and
2019 whereas transgenic mice with reducBdcalexpression yerticale” [to FP and HN].

speci cally in neural progenitor cells display increased apsisto
and only survive untill postnatal day 18¢o et al., 20)4BRCA1
has also been implicated in the absence of neural tube clasure
spina bi da meningomyelocele3owen et al., 1996; King et al.,
2007.
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DNA .damage pathway and speci callgrcal in mlcr_ogha_ Figure S1 | Speci ¢ microglial eGFP expression in CX3CR1 ~ C=CFP mice

fo!lowmg SCI. .We. n?”y con.rm BRCA:!‘ expression in spinal cord. Schematic drawing of longitudinal spinal cords from either

microglia that is signi cantly increased in a non-human non-injured control or following FT. The red square illusites the lesion site and

primate model of SCI. The up-regulation drcalin SCI- reference frames display on the eld of views. Confocal micrgraphs showing

. . . . . . . GFP . .
microglia could be anecdotal, but we already demonstratelt’g'/‘_’\rlog"a' eCFP expression non-injured °X3C§hfe_ mice SFI’_'“Ia'é"’:’g using
using a similar transcriptomic approach that BRCAL is up-SAt mmunostaining(A-C). Fluorescent images showing microglial e
. . . . . . expression in non-injured(D—F) and injured (FT) spinal cordG-I) of

regulated in human microglia of ALS patienti¢ristani _et aI.,_ CX3CR1C=CGFP mice using $100-beta immunostaining. Scale bargA, D—I):

2015h. In summary, our data represent the rst microglia 50mm, (8,C): 10mm.

trarjscrlptomllc analyses a.‘t multlplg tlme'ppmts aﬁ.er di eten Figure S2 | Flow cytometry analysis. Representative ow cytometry analysis

lesion severity and provide new insight into their responseot piots displaying control(A) and eGFP9M-expressing microglia pro les from

after SCI. non-injured (B) as well as after HS(C) and FT SCI(D). Surrounded areas,
design_ed as “P4” represent sorted cells that correspond tole
eGFP9N_expressing cells further analyzed using RNAseq. The X- and-axis

AUTHOR CONTRIBUTIONS display uorescent intensity and cell size, respectively. 8resentative ow

cytometry analysis dot plots of cells in non-injured sampke(E), as well as at 72 h

.. . . ... (F), 1 week (G), and 2 weeks (H) after HS according to CD11b and CD45
HN part|C|pated in the deSIgn of the StUdy’ performed majorltyexpression. Cells were rst gated based on size and granulay with small size

of the experlments, analyzed the data and contributed to thgvents being gated-out (not shown). De nition of the differgt cell populations
writing of the manuscript; YG participated in mouse SCI,recovered after sucrose gradient according to their expresion of LY6C and CD45
ow cytometry and Brcal analysis iMicrocebus murinus; in non-injured samples(l), as well as at 72 h(J), 1 week (K), and 2 weeks (L).
JsS participated in mouse SCI and ow cytometry; NLCeIIs were rst gated based on size and granularity with smaBize events being
.. d in Microcebus murinusSCl: ML. participated in gated-out (not shown). Cell populations were then separagin CD45 /LY6C |,
participated in M » ML, p pa  CD45 /LY6CC, CD45C/LY6C , and CD4EC/LY6CE expressing cells.
Microcebus murinuSCl and data analysis; NM, participated in cparacterization of eGEP expression levels in the differecell populations
Microcebus murinusnanagement; HH participated in mouse recovered after sucrose gradient (as de ned ir62I-L). Only the CD4%°/LY6C
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population exhibit high eGFP expression level. All CD&5LY6CC cells are GFP
or GFPow expressing cells(M—P). All other cell populations are GFP . Vertical
bars indicate the lower threshold for eGFP expression in std cells (seeS2A-D).
Representative ow cytometry analysis dot plots displayinngFFhigh expressing
cells in non-injured samplegQ), as well as 72 h(R), 1 week (S), and 2 weeks (T)
after HS. Characterization of LY6C expression levels in theFP9N-sorted cells.
Whatever the experimental conditions, GFMIN_sorted cells are Ly6C (V).
Expression of LY6 in CD45C/LY6CC cell population (as gated in S2I) is shown
as control.

Figure S3 | Speci c microgial transcript over-expression aft er SClin
CX3CR1C=eCFP mice. Bar graphs displaying speci ¢ over-expression of
microglia-speci c transcripts at different stages after HSA). Values are actual fold
change. Bar graphs indicating up-regulation oSerpina3ntranscript expressions in
microglia at different time-point after HS and FT SQB,C). Values are actual fold
change, t-test between HS or FT as compared to non-injured a& given time point
( p<0.01; p< 0.001).

Figure S4 | Microglia responses after SCI are time-dependent i rrespective
of lesion severity. Schematic diagram displaying the multiple comparisons
carried out to analyze deregulated genes in microglia at mtipple time-points after
HS and FT SCI(A). Table illustrating the number of deregulated transcripts each
comparisons (B). Note that no deregulated genes were found when directly
comparing HS and FT SCI at 72 h post-lesion, whereas only 8 and deregulated
transcripts were found after direct comparison between HS ad FT SCl at 1 and 2
weeks, respectively. Relationship between average expregon and log 2 of the
fold-change in microglia after direct comparisons betweerHS and FT groups at
72 (C), 1 week (D), and 2 weeks (E). Horizontal blue lines indicate the cut off
criterion used to de ne differentially expressed genes witla FC > 2 (logFC
comprised between 1 and 1) and a signi cant false discovery rate (FDR) values
(p < 0.05). Red points indicate signi cantly deregulated genesdilowing injury.
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