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Abstract

After stroke, macrophages in the ischemic brain may be derived from either resident microglia or infiltrating monocytes.
Using bone marrow (BM)-chimerism and dual-reporter transgenic fate mapping, we here set out to delimit the responses of
either cell type to mild brain ischemia in a mouse model of 30 min transient middle cerebral artery occlusion (MCAo). A
discriminatory analysis of gene expression at 7 days post-event yielded 472 transcripts predominantly or exclusively expressed
in blood-derived macrophages as well as 970 transcripts for microglia. The differentially regulated genes were further col-
lated with oligodendrocyte, astrocyte, and neuron transcriptomes, resulting in a dataset of microglia- and monocyte-specific
genes in the ischemic brain. Functional categories significantly enriched in monocytes included migration, proliferation, and
calcium signaling, indicative of strong activation. Whole-cell patch-clamp analysis further confirmed this highly activated
state by demonstrating delayed outward K* currents selectively in invading cells. Although both cell types displayed a mixture
of known phenotypes pointing to the significance of ‘intermediate states’ in vivo, blood-derived macrophages were generally
more skewed toward an M2 neuroprotective phenotype. Finally, we found that decreased engraftment of blood-borne cells in
the ischemic brain of chimeras reconstituted with BM from Selplg™~ mice resulted in increased lesions at 7 days and worse
post-stroke sensorimotor performance. In aggregate, our study establishes crucial differences in activation state between
resident microglia and invading macrophages after stroke and identifies unique genomic signatures for either cell type.

Keywords Cerebral ischemia - Bone-marrow chimera - Microglia - Macrophage - Middle cerebral artery occlusion

Introduction

In health, microglia self-maintain independent of hematopoi-
etic stem cells (HSCs) and there is practically no background
trafficking of blood-derived cells into the adult brain paren-
chyma[1, 17, 56, 58, 64]. It is only after significant injury that
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monocytes enter the brain. Both cell types may produce mac-
rophages in CNS pathologies that are virtually impossible to
distinguish based on morphological criteria alone [10, 39, 52,
55]. However, microglia and monocytes differ in their ances-
try. At an early time in ontogeny, progenitors in the embryonic
yolk sac give rise to microglia-like cells in the brain rudiment
which then expand dramatically with only marginal replace-
ment by HSC-derived progenitors [2, 21]. By contrast, post-
natal monocytes continuously form from HSCs, which, unlike
the progenitors of microglia, depend on the MYB family of
transcription factors [4, 22].

Due to its protracted time course, post-stroke inflammation
may be an attractive target for new therapies. Neuroinflamma-
tion is an important, yet still somewhat poorly defined, element
in the pathogenesis of ischemic stroke which may entail both
propitious and detrimental consequences [15, 54]. Microglia-
as well as monocyte-derived macrophages populate the infarct
[70] and show enhanced phagocytic activity [59]. Moreover,
these two cell types typically display electrophysiological fea-
tures of stimulated, cultured microglia after stroke [31, 37].
Exciting recent research is beginning to specifically uncover
how hematogenous macrophages re-establish the blood—brain
barrier, infiltrate the brain in a CCR2-dependent fashion, and
contribute to repair of the ischemic neurovascular unit [18, 19].

Here, we performed dual-reporter experiments and traced
the influx of DsRed-transduced blood-borne macrophages
into the ischemic brain after 30 min middle cerebral artery
occlusion (MCAo)/reperfusion. Chimeric mice harboring
resident microglia expressing EGFP (i.e., macrophage col-
ony-stimulating factor 1 receptor-EGFP transgenic mouse
model; [61, 62]) were employed. This combined approach
not only permits convenient detection of microglia and
invaded macrophages for further histological and detailed
physiological analyses, but also greatly facilitates isolation
of these cells from the brain for transcriptional profiling. In
a next step, to further dissect how blood-borne cells impact
stroke outcome, we performed additional experiments in BM
chimeric mice with donor BM lacking P-selectin glycopro-
tein ligand-1 (PSGL-1, encoded by the gene Selplg), a cru-
cial factor in leukocyte recruitment into inflamed tissue [60,
65]. Our results establish meaningful differences between
microglia and invaded monocytes after brain ischemia and
demonstrate beneficial effects of the latter on the pathogen-
esis of stroke.

Methods
Mice
All experimental procedures were approved by the necessary

official committees and carried out in accordance with the
Animal Welfare Act, the European Communities Council
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Directive of November 24, 1986 (86/609/EEC) and the
ARRIVE guidelines [33]. The generation and characteriza-
tion of colony-stimulating factor-1 receptor (CSF1r)-EGFP
transgenic mice has been reported previously (‘MacGreen’
mice [61, 62]). P-selectin glycoprotein ligand (PSGL)-1-de-
ficient mice (Selplg-KO mice) have been described earlier
[78]. Male wild-type C57BL/6J and Selplg-KO mice were
from the Jackson Laboratory (Bar Harbor, ME). At the
beginning of experiments, animals were 8—10 weeks old and
weighed 18-22 g. Mice were group housed with ad libitum
access to food and water.

Generation of bone marrow (BM) chimeric mice

BM chimeras were generated as described [15, 24, 67]. Sin-
gle cell bone marrow (BM) suspension was prepared from
hind leg tibias and femurs of donor mice. BM cells were
enriched for HSCs using the EasySep mouse SCA1-positive
selection kit (#18756, StemCell Technologies) according to
the manufacturer’s protocol. These cells were then prestimu-
lated at a density of 10®/ml for 3 days in StemPro-34 serum-
free medium (#10639-001 Invitrogen) supplemented with
5% FCS (#1502-P111504, PAN Biotech), 100 U/ml penicil-
lin/streptomycin (#A2212, Biochrome), 2 mM L-glutamine
(#K0282, Biochrome), 10 ng/ml murine IL-3 (#213-13,
Peprotech), 50 ng/ml murine interleukin-6 (IL-6) (#216-16,
Peprotech), and 50 ng/ml murine stem cell factor (#250-03,
Peprotech). 24-well non-tissue culture plates (Becton-Dick-
inson, Heidelberg, Germany) were coated with 20 pg/ml
RetroNectin (#T100A/B, TaKaRa) according to the manu-
facturer’s instructions. On day 3, plates were loaded with
500 pl virus supernatant per well and centrifuged for 90 min
at 2500xg and 4 °C. EGFP- or DsRed-bearing retroviruses
were described previously [74]. After equilibration to ambi-
ent temperature, virus supernatant was aspirated and target
cells, adjusted to 4 x 10°/ml in freshly supplemented media,
were disseminated. Cells were cultured overnight in these
RetroNectin/virus-coated plates. Retroviral transduction was
repeated on day 4. One day later, BM cells were harvested
and 1 x 10° cells were i.v. injected into recipient mice which
had received lethal whole-body irradiation (950 rad) to sup-
press endogenous hematopoiesis. Recipient mice received
drinking water supplemented with fluoroquinolone antibiotic
enrofloxacin (0.01% Baytril®, Bayer Vital) for 5 weeks.

Induction of cerebral ischemia

Mice were anesthetized for induction with 1.5% isoflurane
and maintained in 1.0% isoflurane in 69% N,O and 30%
O, using a vaporizer. Left middle cerebral artery occlusion
(MCAo) was essentially performed as described elsewhere
[12]. In brief, brain ischemia was induced with an 8.0 nylon
monofilament coated with a silicone resin/hardener mixture
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(Xantopren M Mucosa and Activator NF Optosil Xantopren,
Haereus Kulzer, Germany). The filament was introduced
into the internal carotid artery up to the anterior cerebral
artery. Thereby, the middle cerebral artery and anterior cho-
roidal arteries were occluded. The filament was removed
after 30 min to allow reperfusion.

Cell isolation and flow cytometry

Blood was collected in plasma tubes (Microvette® 500K3E,
Sarstedt, Germany). Within 30 min, blood was transferred
into polystyrene tubes (VWR, Darmstadt, Germany) and
incubated with rat anti-mouse CD16/CD32 antibodies (clone
2.4G2; 1:200; BD Biosciences) for 5 min at 4 °C. Cells were
stained for 15 min. Red blood cells were lysed with BD
Pharm Lyse (BD Biosciences) according to the manufac-
turer’s instructions.

On day 7 after 30 min MCAo/reperfusion, brains of
MacGreen mice were removed. A 4-mm coronal section
was quickly dissected from the left (i.e., ischemic) hemi-
sphere (approximately + 5.8 to 1.8 mm from interaural
line) and homogenized. CD11b* cells were enriched from
the ischemic brain using a MACS protocol combined with
prior myelin removal (Miltenyi Biotec, Bergisch Gladbach,
Germany). Positively selected CD11b* cells were incubated
with 10 pg/ml propidium iodide to stain for non-living cells.
Cells were sorted on a FACSAria II (BD Biosciences, Hei-
delberg, Germany). Cells stained for CD11b could be eas-
ily subdivided into two distinct subsets: CD11b™ EGFP*
PI™ microglia and CD11b* DsRed* PI™ invading mono-
cytes. To eliminate debris and doublets, a sequential gating
strategy based on SSC-H/SSC-W and FSC-H/FSC-W was
employed. The entire gating strategy is outlined in Fig. 3c.
The resultant samples were subsequently used for transcrip-
tomic analysis (see below). In a separate, more sophisticated,
FACS experiment, CD11b* cells were further analyzed for
key markers of different types of immune cell. The follow-
ing antibodies were used (all from BD Biosciences): CD3
V450, clone 500A2, 1:100; CD45 V500, clone 104, 1:100;
CD19 PerCP-Cy™S5.5, clone 1D3, 1:800; Ly6C PE-Cy™7,
clone AL-21, 1:800; Ly6G APC-Cy™7, clone 1A8, 1:100;
CD11b APC, clone M1/70, 1:100; CD335 (NKp46) PerCP-
Cy™S5.5, clone 29A1.4, 1:100. Samples were acquired on
a flow cytometer (BD FACSCantoTM II). Data were ana-
lyzed with the FlowJo software v10 (Tree Star; Ashland,
OR, USA).

Gene expression

Total RNA was extracted from FACS-sorted cells using the
NucleoSpin® RNA extraction kit (Macherey—Nagel). RNA
samples were quality checked via the Agilent 2100 Bioana-
lyzer platform and using the Agilent 2100 Bioanalyzer expert

software (Agilent Technologies). Gel images, electrophero-
grams and RIN numbers confirmed high RNA quality of all
samples. Subsequently, SuperAmp RNA amplification (Milte-
nyi Biotec) was performed. Briefly, the amplification is based
on a global PCR protocol using mRNA-derived cDNA. mRNA
was isolated via magnetic bead technology. After SuperAmp®
RNA amplification, the integrity of cDNA was again checked
with the Agilent 2100 Bioanalyzer platform (AgilentTech-
nologies). The average length of the highly amplified cDNA
products ranged between 200 and 1000 base pairs. 250 ng of
each of the cDNAs were used as template for Cy3 labeling.
The Cy3-labeled cDNAs were hybridized overnight (17 h,
65 °C) to Agilent Whole Mouse Genome Oligo Microarrays
8 X 60 K. Fluorescence signals of the hybridized Agilent
Microarrays were detected using Agilent’s Microarray Scanner
System (Agilent Technologies). Detailed information on the
microarray experiments reported here including all data sets
was submitted to NCBI’s Gene Expression Omnibus (GEO)
[11], and are accessible through GEO Series accession number
GSE64811.

Data preprocessing

The background-corrected intensity data of all individual
microarrays included in the analysis were compiled in one
file. After background correction, quantile normalization
was conducted between arrays. The normalized intensities
were then log2-transformed and served as the basis for fur-
ther analyses.

Selection of differentially expressed genes

Normalized intensity data were compared with Student’s
t test with paired design to determine differences in gene
expression between the two sample groups. For these com-
parisons, an unadjusted p value < 0.05 was used. In addi-
tion, the difference in the median expression values between
the sample groups was computed. Candidate genes were
required to show expression differences of at least four-
fold (i.e., log2 ratio < — 2 or > 2). The selected candidate
genes were additionally filtered to allow only up to one
flagged sample in the group with higher expression (Rosetta
Resolver error model [76]).

Functional grouping analysis and annotation
enrichment analysis

A functional grouping analysis was conducted to gain an
overview of the different biological processes associated
with the identified candidate genes. The annotations used
were derived from Gene Ontology (GO), which provides
information on molecular function, as well as from vari-
ous pathway resources for information on involvement in
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biological signaling pathways. All annotations were summa-
rized and curated by the Miltenyi Bioinformatics team. For
an assessment of the true enrichment of a category, Fisher’s
exact test with Benjamini—Hochberg correction for multiple
testing was performed. Moreover, the two sets of candidate
reporters were subjected to a manually curated biologi-
cal pathway analysis. In brief, the differentially expressed
reporters were tested for significant enrichments of annota-
tions using the TreeRanker software (Miltenyi Biotec) as
described recently [72].

Histochemistry and immunohistochemistry

After a lethal overdose of anesthetics, animals were tran-
scardially perfused with physiological saline followed by
4% PFA in 0.1 M phosphate buffer, pH 7.4. Brains were
dissected from the skulls and postfixed overnight. Before
sectioning from a dry ice-cooled copper block on a slid-
ing microtome (Leica), the brains were transferred to 30%
sucrose in 0.1 M phosphate buffer, pH 7.4, until they sank.
Brains were cut in the coronal plane into 40-um-thick sec-
tions. Sections were stored at — 20 °C in cryoprotectant
solution (25% ethylene glycol, 25% glycerol, and 0.05 M
phosphate buffer). Sections were stained using free-floating
immunohistochemistry. Primary antibodies were applied in
the following concentrations: anti-DsRed (goat, 1:100, Santa
Cruz, Dallas, TX, #sc-33353), anti-GFP (chicken, 1:200,
Limerick, Rockland, PA, #600-901-215), anti-Ibal (rabbit,
1:500, Wako, Neuss, Germany, #019-19741), and anti-NeuN
(mouse, 1:100, Chemicon, Temecula, CA, #MAB377).
Immunohistochemistry followed the peroxidase method
with biotinylated secondary antibodies (all: 1:500; Jackson
ImmunoResearch Laboratories, West Grove, PA), ABC Elite
reagent (Vector Laboratories, Burlingame, CA) and diamin-
obenzidine (DAB; Sigma) as chromogen. For immunofluo-
rescence FITC- (#703-095-155), RhodX- (#705-295-147)
or Alexa Fluor 647- (#711-605-152) conjugated secondary
antibodies (all from Dianova) were all used at a concen-
tration of 1:125. Fluorescent sections were coverslipped in
polyvinyl alcohol with diazabicyclooctane (DABCO) as
anti-fading agent.

Quantification and imaging

Lesion volume was measured as described earlier [80]. Simi-
larly, the number of cells per volume was assessed using
StereoInvestigat0r® software (MicroBrightfield, Colchester,
VT) as described previously [16]. Briefly, in defined refer-
ence sections (i.e., interaural + 5.34, + 3.94 and + 1.86 mm)
the ischemic lesion was delineated at 100X magnification
and EGFP* invaded cells were counted at 200X magnifica-
tion. Confocal microscopy was performed using a spectral
confocal microscope (Zeiss, LSM 700). Appropriate gain
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and black level settings were determined on control slices
stained with secondary antibodies alone.

Magnetic resonance imaging (MRI)

MRI was performed using a 7 Tesla rodent scanner (Phar-
mascan 70/16, Bruker BioSpin, Ettlingen, Germany) and a
20-mm-'H-RF quadrature-volume resonator. A T2-weighted
2D turbo spin-echo sequence was used (imaging parameters
TR/TE = 4200/36 ms, rare factor 8, 4 averages, 32 axial
slices with a slice thickness of 0.5 mm, field of view of
2.56 X 2.56 cm, matrix size 256 X 256). Lesion volume was
quantified with Analyze 10.0 (AnalyzeDirect, Inc.; Lenexa,
KS).

Tissue preparation for electrophysiology

Acute coronal brain slices of 150 um thickness were pre-
pared as described [25]. Mice were decapitated, the cranium
was opened, and the brain was carefully removed. Brain stem
and cerebellum were removed from the cerebrum. Then the
cerebrum was fixed with conventional superglue on a metal
disc in the vibratome chamber (Microm HM 650, Microm
International GmbH, Waldorf, Germany). Slice preparations
were carried out in ice-cold bicarbonate-buffered artificial
cerebrospinal fluid (ACSF: 134 mM NacCl, 2.6 mM KCI,
1.3 mM MgCl,, 2 mM CaCl,, 1.25 mM K,HPO,, 10 mM
C¢H,,0¢, 26 mM NaHCOy, pH 7.4, osmolarity 340 mmol/
kg). Subsequently, the brain slices were transferred into
continuously gassed (95% O,, 5% CO,) ACSF at room tem-
perature for approximately 30 min before conducting the
experiments.

Patch-clamp recordings

Whole-cell patch-clamp recordings were performed
7-9 days after 30 min MCAo/reperfusion using an EPC
10 patch-clamp amplifier combined with the TIDA 5.24
software (Lambrecht, Germany). Acute brain slices were
transferred into the holding chamber mounted on an upright
microscope and superfused with ACSF at room tempera-
ture. Cells were visualized with a 60 X objective (Zeiss
Axioskop 2 FS plus, Zeiss, Oberkochen, Germany). Patch
pipettes were pulled with a Sutter Instrument Pipette Puller
(HEKA Elektronik) from borosilicate capillaries and filled
with standard intracellular solution (4 mM NaCl, 120 mM
KCl, 4 mM MgCl,, 0.5 mM CacCl,, 10 mM Hepes, 5 mM
EGTA, 5 mM glucose; pH 7.4). To confirm intracellular
access, Alexa Fluor ® 594 was added to the pipette solution.
For fluorescence imaging, EGFP or DsRed and Alexa594
were excited at 488 or 584 nm, and emitted light was meas-
ured at 530 + 10 nm or 607 nm, respectively. Membrane
currents were recorded with a series of voltage steps (10 mV
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increment, filtered with 2.9 kHz) from a holding potential of
— 70 mV ranging from — 150 to + 50 mV for 50 ms. Capaci-
tative transients were compensated by TIDA 5.24 software.

Sensorimotor outcome

To assess general fitness and motor coordination, animals
were tested on the rotarod (TSE Sytems, Bad Homburg,
Germany) and on the pole test at 72 and 96 h after MCAo/
reperfusion, respectively. For the rotarod task, mice were
placed on an accelerating rotating rod (acceleration from 2 to
40 rpm within 5 min) and a stop-clock was started. When the
mice dropped and touched the sensing platform below, the
stop-clock stopped automatically. Each animal performed
three trials. The pole test was performed as described in
detail previously [28]. A vertical steel pole was covered
with tape (Durapore) to create a rough surface. The ani-
mal was placed head upward near the top of the pole. The
time required to turn completely downward (t turn) and the
total time to reach the floor with all four paws (t floor) were
recorded. If the mouse was unable to turn completely, the
time to reach the floor was also attributed to t turn. Each
animal was tested on five trials and the average score was
taken as the final pole test score.

Statistical analysis

Experiments were carried out in a blinded fashion. Data are
presented as means + SEM. Unless otherwise indicated,
groups were compared by analysis of variance (ANOVA)
with level of significance set at 0.05 and two-tailed p values.

Results

The experimental paradigm for dual-reporter experiments
is outlined in Fig. 1a. Details of flow cytometric analyses
are given in Suppl. Fig. S 1 (Online Resource 9). Briefly,
Csfl1r-EGFP transgenic mice [62] were lethally irradiated
and transplanted with DsRed-transduced wild-type BM
(WTPsRed _, MacGreen BM chimeras). At 4 weeks after
reconstitution, mice were subjected to 30 min MCAo/reper-
fusion. This approach permits distinction between resident
microglia and invaded cells based on the differential expres-
sion of EGFP and DsRed. Shortly before MCAo, blood was
obtained for flow cytometric analysis. We did not detect any
residual EGFP* cells that could have subsequently invaded
the ischemic brain. The percentages of DsRed* cells in cir-
culating granulocytes, monocytes, and lymphocytes before
MCAo are summarized in Suppl. Fig. S. 1a, b (Online
Resource 9).

Next, we investigated the characteristics of circulating
DsRed* white blood cells at 7 days after MCAo, the time

at which mice were killed for the electrophysiological and
genomic analyses described below (n = 10 WTP*Rd — Mac-
Green BM chimeras). The FACS gating strategy is presented
in Suppl. Fig S. 1c (Online Resource 9). This experiment
confirmed that DsRed* cells, but not EGFP™ cells, are pre-
sent in all three white blood cell populations after stroke. A
detailed analysis of circulating DsRed* monocytes revealed
that 52 + 24% were Cd11b* Ly6C" and 11 + 5% were
CD11b* Ly6C" (DsRed* granulocytes: 91 + 7% Ly6G*
CD11b* [polymorphonuclear granulocytes]; DsRed” lym-
phocytes: 23 + 15% CD19% [B cells], 38 + 12% CD3* [T
cells], and 0.05 + 0.2% CD335" [NK cells]). The population
of Ly6CM monocytes has previously been shown to dominate
the inflammatory infiltrate after brain infarction [20].

BM-derived monocytic cells adopt an activated
morphology after brain ischemia

Immunohistological analysis on day 7 after 30 min MCAo/
reperfusion showed that the contralateral (i.e., non-lesioned)
hemisphere did not contain any DsRed-labeled cells
(Fig. 1b). Furthermore, the contralateral hemisphere only
contained surveying microglia showing a typical ramified
morphology. By contrast, we found numerous DsRed™ cells
as well as EGFP™ cells within the ipsilateral middle cer-
ebral artery (MCA) territory. These cells typically showed
an activated morphology with thickening and retraction of
branches (Fig. 1c—¢). Approximately 92% of DsRed* cells
in the ischemic striatum displayed Ibal immunoreactivity
(138 out of 150 randomly selected DsRed™ cells from three
different animals; Fig. 1e). Furthermore, all EGFP* cells in
the ischemic striatum showed Ibal co-labeling.

Invading monocytic cells display an activated
electrophysiological phenotype

Next, we analyzed the physiologic properties of EGFP* and
of DsRed* cells in acute brain slices 1 week after MCAo/
reperfusion. The contralateral hemisphere served as control.
EGFP? cells in the non-ischemic brain (n = 17) showed
the typical ramified morphology of resting microglia. By
contrast, EGFP* cells (n = 33) and invaded DsRed™ cells
(n = 13) in the infarct zone displayed characteristic ame-
boid morphologies (Fig. 2a, upper panel). Patched cells
which showed a stable seal were dialyzed with Alexa Fluor
® 594 dye and imaged via a digital camera (Fig. 2a, bottom
panel). EGFP* cells in the contralateral hemisphere dis-
played the typical current pattern previously described for
resting microglia in acute slices [6]. De- and hyperpolariz-
ing voltage steps elicited only small currents with an almost
linear current voltage curve (Fig. 2b, c, left panel). EGFP*
cells located in the stroke area showed inward rectifying
currents with hyperpolarizing voltage steps with increasing
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WTPDsRed 5 MacGreen 30min MCAo
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d

Fig.1 Phenotypic characterization of WTP*R — MacGreen BM hemisphere. c—e Engraftment of BM-derived cells (red) in the
chimeras 7 days after mild brain ischemia. a Experimental paradigm, ischemic striatum. Green: resident microglia. Blue (in e) microglia
b No DsRed" cells were detected in the contralateral non-ischemic marker Ibal. Scale bar (in b, ¢) 100 pm, (in d) 50 pm, (in e) 20 pm
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inactivation at more negative potentials and only small cur-
rents with depolarizing voltage steps comparable to cultured
microglial cells ([32]; Fig. 2b, ¢, middle panel). The invad-
ing red fluorescent cells also exhibited the inward rectifying
current, but additionally depolarizing voltage steps activated
a delayed rectifying outward K* current. This current pro-
file is typical of LPS-activated microglia and of peritoneal
macrophages in vitro [31, 46, 47] and is seen transiently in
activated microglia in situ after facial nerve axotomy [6].
Figure 2c shows current profiles and the corresponding I-V
curves for a holding potential of — 70 mV.

Input membrane resistance in resting microglia in the
contralateral non-ischemic hemisphere was significantly
elevated as compared to EGFP* and DsRed™ cells in the
infarcted MCA territory (Fig. 2d). Interestingly, Rm also
differed significantly between EGFP* and DsRed* cells in
the ischemic brain, with the lowest Rm values recorded for
DsRed* cells. Moreover, significant differences in mem-
brane capacitance (Cm; Fig. 2e) and membrane potential
(U; Fig. 2f) were observed between EGFP* cells in the
ischemic lesion on the one hand and both DsRed™ cells and
contralateral EGFP* cells on the other hand. Finally, Fig. 2¢g
summarizes outward and inward conductances normalized
to membrane capacitance. Note that the specific outward
conductance (Fig. 2g) was significantly higher in invaded
DsRed* cells as compared to activated resident microglia.

Expression profiling reveals unique genomic
signatures in microglia and invaded monocytic cells
in the ischemic lesion

We hypothesized that functional differences between
resident microglia and invaded monocytes should be
mirrored in distinct transcriptomic profiles. To address
this question, gene expression analysis was performed
using ex vivo resident microglia and invaded monocytes
isolated from the ischemic lesion on day 7 after MCAo
(Fig. 3a—c). Four experiments were performed, each
consisting of 4—7 WTP*Red _, MacGreen BM chimeras
(Fig. 3a). As illustrated in Fig. 3c, cells from the ischemic
lesion pre-enriched for CD11b could be easily subdivided
into two distinct subsets: CD11b* EGFP* PI™ microglia
and CD11b* DsRed* PI™ invading cells. Each experiment
(denoted by the colors yellow, orange, blue, and black;
Fig. 3b) yielded at least 50,000 EGFP™* and 50,000 DsRed™
cells for genomic analysis (see below). To further charac-
terize the precise cellular composition of these EGFP* and
DsRed™ cells, we conducted an additional separate flow
cytometry experiment (Suppl. Fig. S1d, Online Resorce
9). Investigation of CD11b* EGFP?* cells revealed that
85.6 + 1.2% were CD45" and 12.8 + 1.1% were CD45".
Investigation of CD11b* DsRed* cells revealed that
66.7 + 4.5% were CD45" and 25.9 + 4.3% were CD45".

We did not detect CD11b* DsRed™ cells expressing CD3,
CD335, or Ly6G. However, most of the CD11b* DsRed*
cells (64.6 + 4.7%) expressed Ly6C. Taken together, the
population of CD11b* EGFP™ cells is highly homogenous.
Moreover, the population of CD11b* DsRed™ cells dis-
plays considerable homogeneity. In particular, we did not
detect expression of typical markers for T cells, NK cells,
or polymorphonuclear granulocytes.

An impression of inter-sample similarity and variability
is obtained by comparison of the different samples to each
other by a correlation analysis. As basis for this analysis, the
background-corrected normalized log2 intensity data were
used (Fig. 3d). Considering that these data were obtained
from amplified material, we found high correlation coeffi-
cients when the four samples derived from EGFP* cells were
compared with each other (correlation coefficient > 0.94).
Similarly, correlations between the corresponding four sam-
ples derived from DsRed™ cells were also high (> 0.88).
Euclidian distance analysis confirmed that EGFP* samples
and DsRed* samples form different clusters (dendrogram
in Fig. 3d).

Next, we performed a discriminatory analysis to
identify genes differentially expressed in the two cell
types after stroke (Fig. 3e, f). We detected 472 tran-
scripts for DsRed > EGFP as well as 970 transcripts for
EGFP > DsRed. In line with previous reports on differen-
tial gene expression between BM-derived macrophages and
resident microglia, the category DsRed > EGFP contained
Ccr2 (e.g., [26, 40]) and the MYB transcription factor family
member Mybl2 [4, 22, 64] while EGFP > DsRed contained
Cx3Crl (e.g., [7, 42]). The results of the discriminatory
analyses are given in Suppl. Tables S. 1 and S. 2 (Online
Resource 1 and 2).

Subsequently, a functional grouping analysis was con-
ducted to provide an overview of the different biological
processes and pathways associated with the candidate genes
identified above. Functional grouping may be highly sugges-
tive, but, on its own, it does not provide definitive evidence
of function. The bar graphs in Fig. 4a, b show how many
reporters of the input reporter set were assigned to a specific
biological category. Note that the size of the bars does not
necessarily indicate a particular biological significance or
over-representation since highly populated categories may
simply arise due to the fact that these categories contain a
higher number of genes. The tables in Fig. 4a, b provide the
significance of an enrichment of the identified categories
(Fisher’s exact test with Benjamini—Hochberg correction for
multiple testing). Values of p < 0.05 indicate a significant
enrichment of the respective category relative to the back-
ground (all reporters of the Agilent Whole Mouse Oligo
Microarrays 8 X 60K V2 with a Gene ID [Entrez]).

The results of the additional annotation enrichment
analyses are displayed in Suppl. Tables S. 3 and S. 4
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(Online Resource 3 and 4). In a nutshell, categories related
to cell adhesion, immune processes, cell development and
morphogenesis, ion transport, response to external stim-
uli, cell activation, response to stress, cell aging and other
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biological processes as well as categories related to neu-
rons were significantly enriched in the candidate genes for
EGFP > DsRed. The candidate genes with higher expres-
sion in DsRed-labeled cells show a high enrichment of
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«Fig. 2 Electrophysiological properties of intrinsic microglia and
invading monocytic cells after mild brain ischemia. a Fluorescent
images of EGFP' and DsRed" cells. Note the typical ramified mor-
phology of resting microglia in the contralateral hemisphere (left)
and the ameboid morphology of EGFP* and DsRed? cells in the
infarcted MCA territory. The lower panel shows the recorded cells
dialyzed with Alexa 594. All scale bars: 10 um. b Membrane currents
from the cells shown in a recorded in response to de- and hyperpo-
larizing voltage steps from — 150 mV to + 50 mV for 50 ms at a
holding potential of — 70 mV. DsRed" cells showed an additional
delayed rectifying outward K* current compared to EGFP* cells
in the infarct. ¢ I-V plots of average currents from all recordings
obtained from EGFP* cells in the contralateral hemisphere (n = 17)
and in the ischemic brain (n = 33) as well as from invaded DsRed™
cells (n = 13). d Median input membrane resistance (Rm), calculated
as Rm = U/l ... € Membrane capacitance (Cm) was calculated as
Cm = I x d//AU, measuring with TIDA software the transient cur-
rents evoked in response to a depolarizing + 10 mV step from a hold-
ing potential of — 70 mV (50 ms). f Median membrane potential (Um
[mV]) for the three cell types. g Box plots of outward and inward
conductance normalized to membrane capacitance. Outward conduct-
ance was determined between 0 and — 20 mV, inward conductance
between — 100 and — 120 mV and averaged for control microglia
(n = 17), stroke-associated resident microglia (n = 19) and DsRed*
cells (n = 13). #p < 0.05, ##p < 0.005, ###p < 0.001, Mann—Whitney
U test

categories associated with cell stimulation, cell develop-
ment and morphogenesis, the immune response, cell sign-
aling (nucleotide) catabolic processes, cell adhesion, cell
junction, cell death, and regulation of cell proliferation.
A group of Killer cell lectin-like receptor genes (Klra2,
Klra6, Klra8, Klra9) show a strong and partially exclu-
sive expression in the DsRed samples as compared to the
EGFP samples. Certain categories (e.g., cell development,
response to wounding, inflammatory response, cell adhe-
sion, and cell activation) were returned for both lists, but
are associated with different sets of transcripts. For exam-
ple, the term ‘chemotaxis’ includes the chemokines Ccl3,
Ccl4, Cxcll3, and Cxcll7 for EGFP > DsRed, and Ccl17
and Ccl22 for DsRed > EGFP.

The M1/M2 classification remains a useful heuristic para-
digm, although it clearly does not do sufficient justice to
the full spectrum of macrophage polarization under disease
conditions in vivo. Figure 4c, d summarizes the comparison
of key M1- and M2-associated genes between microglia and
invaded macrophages. While this comparison did not yield
a clear dichotomous pattern between the two cell types after
brain ischemia, more subtle differences were still apparent.
On the whole, and compared to resident microglia, gene
expression in invading monocytes seems to be less skewed
toward the M1 phenotype and more skewed toward the M2
phenotype.

As a further step, the differentially regulated transcripts
(Suppl. Tables S. 1 and S. 2, Online Resource 1 and 2) were
collated with a published transcriptome database for genes
enriched by at least 1.5-fold in oligodendrocytes, astrocytes,

and neurons [8]. This stringent comparison yielded 337
transcripts specifically expressed in invaded macrophages
(Suppl. Table S. 5, Online Resource 5) and 771 transcripts
specifically expressed in microglia (Suppl. Table S. 6,
Online Resource 6). These unique gene sets offer an exciting
new window on the biology of microglia and blood-derived
macrophages in the pathogenesis of ischemic stroke.

Next, we compared our results, which represent the first
detailed transcriptomic analysis of monocytes and microglia
in brain ischemia published to date, to a roster of microglia-
specific genes recently identified by Butovsky and co-work-
ers [7]. Importantly, the 152 genes identified in that study
were derived from an analysis of microglia and CD11b"*
Ly6C* monocyte subsets harvested from intact adult mice
[7]. None of these 152 microglia-specific genes was found in
our DsRed > EGFP dataset. In contrast, our EGFP > DsRed
dataset contains 56 transcripts previously identified by
Butovsky et al. (Suppl. Table S. 7, Online Resource 7). A
list of the microglia-specific transcripts newly identified in
this report and not described by Butovsky et al. [7] is also
provided in Suppl. Table S. 7 (Online Resource 7). Finally,
a comparison of our findings with microglia-enriched
molecules in an autoimmune encephalomyelitis model
[7] also yielded a high overlap of identified transcripts
(~ 40%; Suppl. Table S. 8, Online Resource 8) with our
EGFP > DsRed dataset—a striking finding considering that
gene expression in that study was investigated at the time of
disease onset whereas we here focused on a delayed time
point after MCAo, an entirely different injury model.

Diminished engraftment of myeloid cells
exacerbates ischemic injury

P-selectin glycoprotein ligand-1 (PSGL-1; encoded by the
gene Selplg) is the high-affinity counter-receptor for P-selec-
tin on myeloid cells. It plays a crucial role in mediating the
initial capture (i.e., ‘rolling’) of leukocytes on the endothe-
lial surface at the site of inflammation (e.g., [53, 66]). Sev-
eral experimental reports have demonstrated that PSGL-1
is critical to monocyte homing and transmigration into
inflamed tissue [3, 35]. In an attempt at a functional charac-
terization of how blood-borne cells shape stroke outcome,
we used BM harvested from Selplg-KO and Selplg-WT mice
to create BM chimeras (Selplg-KOFS™* — WT and Selplg-
KOPsRed _, WT chimeras along with the corresponding con-
trols; Fig. 5a). Acute lesion sizes as assessed on MR imag-
ing at 48 h after MCAo did not differ significantly between
chimeras with Selplg-WT and Selplg-KO BM (33 + 8.3 vs.
41 + 5.4 mm?>, n = 5-9 animals per group, p > 0.05). Histo-
logical outcome was assessed on day 7 after 30 min MCAo/
reperfusion. The number of transduced cells in the ischemic
striatum was strongly reduced in Selplg-KO®S™* — WT chi-
meras as compared to Selplg-WTEST — WT chimeras (cells
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«Fig.3 Resident microglia and invading macrophages show dif-
ferent genomic profiles after mild brain ischemia. a Experimen-
tal setup. b The four colors (blue, orange, black and yellow) repre-
sent the four different experimental groups, each consisting of 4-7
WTPsRed _, MacGreen BM chimeras subjected to MCAo. ¢ Flow
cytometry gating strategy of MACS-purified CD11b* cells from
the ischemic brain. Cells were sorted for CD11b* EGFP* PI” and
CD11b* DsRed* PI™ cells d Interexperiment correlation analy-
sis of normalized log2 intensities of all samples. The correlation
matrix was clustered using Euclidean distance metric. Color satura-
tion limits were set from 0.88 to 0.98, as indicated by the gradient
bar to the left of the graph. The tree structure next to the heatmap
indicates clusters of samples according to their degree of similarity.
e, f Clustered heatmap (Euclidean distance, complete linkage) show-
ing reporters according to the selection criteria EGFP > DsRed (e)
and DsRed > EGFP (f). FSC forward scatter, SSC sideward scatter,
PI propidium iodide

per um®: 3410 + 1137 vs. 5651 + 1787; p = 0.046, n = 9-10
animals per group; Fig. 5b). Independent of the genotype
of the donor BM, almost all EGFP-transduced cells invad-
ing the infarct displayed Ibal immunoreactivity (Selplg-
WTECSFP  WT chimeras: 92 + 2%; Selplg-KO®** — WT
chimeras: 88 + 2%; n = 4 randomly selected animals per
group; Fig. 5¢). The reduced invasion of blood-derived cells
was accompanied by significantly increased lesion volumes
in Selplg-KOES™? — WT chimeras (Fig. 5d, e).

In a separate set of experiments, we studied sensorimo-
tor performance after stroke using the rotorod test and the
pole test. Sensorimotor performance in sham-operated mice
did not differ between Selplg-KOP*Red —» WT chimeras and
Selplg-WTP*Red _, WT chimeras (Fig. 5f, g). However, after
stroke, significant differences emerged between genotypes
with Selplg-KOP*Rd _ WT chimeras being more severely
affected (Fig. 51, g).

Finally, to assess whether PSGL-1 deficiency impacts
key characteristics of invading cells in our stroke model,
we performed a detailed transcriptomic analysis of retrovi-
rally transduced CD11b* CD45M cells harvested from the
ischemic brain at 7 days after MCAo (Suppl. Fig. S. 2a—c,
Online Resource 10; GEO accession: GSE105011). Samples
derived from Selplg-KOP***Y — WT chimeras and Selplg-
WTPsRed _, WT chimeras did not segregate into different
clusters (Suppl. Fig. S. 2b, Online Resource 10). Moreover,
mRNA expression of key M1 and M2 genes did not dif-
fer significantly between samples (Suppl. Fig. S. 2d, Online
Resource 10). All told, these findings point to the conclusion
that increased lesion sizes in BM chimeras lacking Selplg
become apparent during the course of the first week after
MCAo. Most probably, increased lesion sizes in Selplg-KO
chimeras are not due to changes in the behavior of invaded
cells in the ischemic brain, in particular as relates to polari-
zation, but simply reflect the effects of overall reduced num-
bers of invading cells.

Discussion

This study yielded the following key results: (1) For the
first time, we describe distinguishing molecular signatures
for resident microglia and invading monocytes after brain
ischemia. Functional categories significantly enriched in
monocytes include cell migration, cell proliferation, and
calcium signaling, indicative of strong activation. (2) The
electrophysiological properties of resident microglia and
invading monocytes differ in the ischemic brain with the
latter displaying an additional delayed rectifying outward
K* current. (3) We show that reduced invasion of monocytes
into the ischemic brain exacerbates stroke outcome.

In this study, we set out to dissect the pathogenetic roles
of resident microglia and invaded monocytes in ischemic
stroke. Our well-characterized model of mild transient brain
ischemia is particularly well suited to elucidate similarities
and differences in the effector phenotypes of these two mye-
loid cell populations: The 30-min ischemic episode produces
delayed and selective neuronal death. In contrast, glial cells
including microglia are left intact [29, 34]. Furthermore,
mortality is low and histological outcome (i.e., lesion size)
is easily and reliably determined [15, 80]. Given that we
focused on a single, relatively late time point after mild
ischemic brain infarction, we caution that our results reflect
microglia and monocyte behaviors during the delayed phases
of post-stroke regeneration and may not be broadly general-
izable. An additional methodical caveat concerns the use of
BM chimeras in this report versus the use of other experi-
mental models (e.g., purely genetic models, parabiosis, etc.)
in a number of earlier studies [7, 36, 79]. In this regard, the
finding of an enrichment of genes involved in proliferation
in the DsRed-labeled monocyte-derived macrophages com-
pared to the EGFP-labeled microglia is remarkable, since
microglia are known to proliferate in response to injury
[23, 36, 44, 55]. However, one possible explanation for this
unexpected observation may relate to the fact that, in the set
of experiments reported here, we used whole-body-irradi-
ated mice without head shielding, which show a significant
reduction in both baseline and lesion-induced microglial
proliferation [77].

Here, we used acute brain slices to investigate the
physiological properties of intrinsic microglia and invad-
ing monocytes after brain ischemia. Converging evidence
from experimental studies and human stroke specimens
indicates that mild ischemia/reperfusion, in particular,
either does not lead to any appreciable extravasation of
circulating polymorphonuclear granulocytes into the brain
parenchyma [13] or, alternatively, that even if these cells
cross the laminin barrier, they still remain in intimate
proximity to the neurovascular unit [71]. In the electro-
physiological experiments, the morphology of patched
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Fig.4 Functional grouping analysis. a, b Functional grouping analy-
sis for the list of differentially expressed genes DsRed > EGFP (a)
and EGFP > DsRed (b). The bar graphs indicate how many genes
are assigned to the different categories. The table represents the sig-
nificance of an enrichment of the identified categories. ¢, d Compar-
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ison of the expression levels of key M1- (¢) and M2-associated (d)
genes between microglia and invaded macrophages. Differentially
regulated genes identified in our discriminatory analysis (Suppl.
Tables S. 1 and S. 2, Online Resource 1 and 2) are highlighted in red
(DsRed > EGFP) or green (EGFP > DsRed)
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Fig.5 Reduced recruitment of myeloid cells into the ischemic brain
results in poorer stroke outcome. a Experimental setup. b Reduced
engraftment of EGFP-transduced cells in Selplg-KOFS™* — WT chi-
meras as compared to Selplg-WTESF? — WT chimeras. White scale
bar (shown in lower panel) 100 pm in lower panel, 200 pm in upper
panel. ¢ EGFP-transduced cells invading the infarcted brain acquire
Ibal immunoreactivity (red). Scale bar (middle panel) 50 um in left
and middle panels, scale bar (right panel) 20 pm. d Neuronal dam-
age was assessed 7 days after MCAo/reperfusion using NeuN immu-
nohistochemistry. Lesion size was quantified using computer-assisted
volumetry. N = 9-10 animals per group. *p < 0.05, unpaired Stu-

cells was carefully examined using phase-contrast micros-
copy to ensure, if possible, the absence of cells with a
multilobulated nucleus in the cytoplasm and of cells with
characteristic granular structures [30]. Moreover, unchar-
acteristically small DsRed™ cells (< 10 um) as well as
DsRed* cells with a high nuclear—cytoplasmic ratio were
excluded. In line with earlier reports, intrinsic microglia
cells from uninjured brain displayed a ramified morphol-
ogy and lacked voltage-gated channels [6]. We did not
detect any blood-derived cells in the contralateral non-
ischemic hemisphere. Both microglia and invaded mono-
cytes in the ischemic MCA territory displayed activated,
ameboid morphologies at 7 days post-event. EGFP™ cells
located in the stroke area showed an inward current profile

dent’s t test. e Representative images of NeuN-stained coronal brain
sections at day 7 after 30 min MCAo. f, g Sensorimotor performance
of Selplg-KOP*Red , WT chimeras as compared to Selplg-WTPsRed
— WT chimeras was assessed using the rotarod (f) and the pole test
(g). Post-stroke pole test performance was quantified according to the
following equation: performance = mean time of post-stroke trials/
mean time of baseline trials (higher values represent worse sensori-
motor abilities post-stroke). Two-way ANOVA followed by post hoc
test. N = 5-9 animals per group. *p < 0.05 relative to the respective
sham controls; #p < 0.05 between the two MCAo groups

comparable to unstimulated microglia in culture [32] along
with a very small outward current. The invading red fluo-
rescent cells displayed an additional delayed rectifying
outward K* current characteristic of strong microglia
activation such as occurs after LPS stimulation in vitro
[46, 47] or transiently after facial nerve axotomy in situ
[6]. Our study shows that the outward current of invading
cells is maintained 7-9 days after stroke induction sug-
gesting that these invading cells remain more highly acti-
vated than resident microglia during the subacute phase
of stroke [37].

In our transcriptomic investigation, monocyte-derived
phagocytes and resident microglia were essentially extracted
from the same post-ischemic milieu. Our genomic findings
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firmly establish that microglia and engrafted monocytes,
which both transform into brain macrophages after ischemia/
reperfusion, retain unique, distinguishing molecular signa-
tures during the subacute phase of stroke. Crucially, more
than a third of the top microglia genes previously identified
by a comparison of microglia from the healthy brain and
peripheral monocyte subsets [7] also emerged in our dataset
for EGFP > DsRed after stroke. However, further explora-
tion, in particular, of the microglia transcripts newly identi-
fied in this report (such as Naalad2, Prkca, KIk8, and many
others) may prove even more useful in pointing toward novel
and specific functions of effector microglia in stroke biology.
For example, the exclusive expression of Naalad2 (N-acety-
lated alpha-linked acidic dipeptidase 2) links microglia with
N-acetyl-L-aspartyl-L-glutamate (NAAG), which is among
the most prevalent neurotransmitters in the mammalian
brain. Furthermore, Naaladase enzymes represent druggable
targets that have recently garnered interest for indications
such as traumatic brain injury, spinal cord injury, and Alz-
heimer’s disease [81]. Protein kinase C alpha (encoded by
the Prkca gene) is a versatile member of the protein kinase
family of enzymes implicated in a great variety of cellular
functions [43]. Equally interestingly, kallikrein 8 (encoded
by KIk8) has so far been implicated in neuroinflammation
and disease progression in multiple sclerosis (e.g., [49]).

Interestingly, the candidate genes with higher expres-
sion in EGFP™ cells than in DsRed* cells show a significant
enrichment of categories related to neurons. Here, it must be
stressed that our methodology for cell isolation was rigorous,
involving sequential rounds of MACS and FACS including a
successive gating strategy to assure that doublets and debris
were faithfully eliminated. We again find, in our dataset
obtained from cell type-specific high-quality mRNA from
ischemic brain tissue, a high number of those genes that have
previously been identified as top microglia/neuron genes in
uninjured brain (Tanc2, Rgmb, Npnt, Rindrll, Khdrbs3,
Rinl; [7]). What might be the pathobiological significance
of this enrichment of neuronal genes in microglia-derived
macrophages? During development, microglia phagocytose
neurons undergoing programmed cell death [51]. Moreover,
microglia play a major role in sculpting synaptic connections
by actively disposing of synaptic material [50]. Furthermore,
an age-associated reduction in the neuronal mRNA content
of microglia was recently reported in the human brain [14].
Taken together with these earlier reports, our findings sug-
gest that, in the context of post-stroke recovery, the task of
clearing neuronal debris falls primarily on microglia-derived
macrophages.

The most salient observation from our electrophysi-
ological characterization, namely that blood-derived mac-
rophages are in certain ways more strongly activated than
the resident microglia population in the infarct, aligns well
with the results of gene expression profiling. Outward K*
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conductances, in particular, are functionally linked to acti-
vation parameters such as cell migration, cell proliferation,
and intracellular calcium [45, 48, 68, 73]. Remarkably, these
categories also emerged from the functional grouping analy-
sis of the gene set DsRed > EGFP (Fig. 4a). Furthermore,
nucleotide catabolism is one of the key functional catego-
ries identified in the annotation enrichment analysis of the
transcripts upregulated in blood-derived brain macrophages
(Suppl. Table S. 3, Online Resource 3), a finding which
fits well with the observation in microglia that purinergic
signaling is required for outward K* currents in response
to neuronal injury [68]. Future work will have to confirm
differential expression of key molecules within these broad
functional categories at the protein level.

Finally, a number of experimental studies have described
beneficial effects of monocyte-derived macrophages on
murine stroke outcome [9, 19, 75]. Blocking monocyte
recruitment using an anti-CCR2 antibody during the first
week after stroke abolished recovery [75]. Similarly, selec-
tive CCR2 antagonism decreased the number of Ly6C™
monocytes infiltrating the ischemic brain and led to
increased infarct sizes [9]. Our complementary approach
using chimeras reconstituted with donor BM harvested from
Selplg-KO mice allowed us to reliably and strongly decrease
the invasion of blood-borne cells into the ischemic brain
with the added bonus of avoiding some of the side effects of
a pharmacological blockade of the CCL2—-CCR?2 signaling
axis (e.g., blockade of monocyte migration into other organs,
binding to other cell types such as T cells, and off-target
activity; reviewed in [5, 63, 69]). In line with the studies
cited above [9, 19, 75], our approach also yielded increased
infarct sizes and worsened sensorimotor performance in chi-
meras with Selplg-deficient BM after stroke. Importantly,
a further transcriptomic investigation of the invaded cells
in the ischemic brain did not reveal significant differences
in polarization between cells derived from Selplg-KO and
Selplg-WT BM. We conclude that increased lesion volumes
in Selplg-KO — WT chimeras at 7 days mainly reflect the
effects of an overall decrease in the number of infiltrating
cells.

As a surprising aside, we should note that Selplg was
one of the genes detected in our dataset EGFP > DsRed.
The importance of PSGL-1 for leukocyte recruitment
into inflamed tissue has been appreciated for a long time
[38, 66]. By contrast, little is known about the function
of PSGL-1 in microglia. Only recently was Selplg identi-
fied as an important microglial ‘sensome’ gene [27]. It
can be presumed that ligand binding to PSGL-1 represents
a microglia alarm signal. For example, bacterial ligands
for PSGL-1 have been identified of late [57]. It should
be noted that the fact that Selplg is contained in the cat-
egory EGFP > DsRed may also be due to reduced Selplg
mRNA transcription in infiltrated DsRed™ cells at 7 days
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after MCAo. Indeed, there is some evidence to indicate
that activated monocytes and macrophages downregulate
Selplg (NCBI Gene Expression Omnibus; GSE69607,
GSE28621 and GSE69607).

One should be careful not to generalize about a complex
subject such as microglia/macrophage polarization on the
basis of transcriptomic profiles. However, it is still interest-
ing to note that our gene expression analysis at 7 days after
MCAo suggests that, generally speaking, invading mono-
cytes might be more skewed toward an M2 phenotype than
resident microglia. In addition, our discriminatory analysis
yielded two M2 genes in the dataset DsRed > EGFP (Arg!
and Ccl22). Interestingly, arginase-1 expression in invad-
ing monocytes has also recently been demonstrated at the
protein level [41]. At the same time, no typical M1 gene
was detected in the gene set DsRed > EGFP. On balance,
based on our experiments, neither invading monocytes nor
microglia can sufficiently be described with just one single
activation state. Although clearly distinct from each other,
both display a mixture of known phenotypes which points
to the significance of as yet undefined ‘intermediate states’
observed under disease conditions in vivo.

In summary, our study establishes crucial differences in
activation state between resident microglia and invading
macrophages after stroke and identifies unique molecular
signatures for either cell type. Our findings provide novel
insights into the biology of myeloid cells in the ischemic
brain and highlight the possibility of targeting monocytes
to improve stroke outcome.
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