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Nt5e deficiency does not affect post-stroke
inflammation and lesion size in a murine
ischemia/reperfusion stroke model

Ines Sophie Schädlich,1,* Oliver Schnapauff,1 Lennart Pöls,1 Jürgen Schrader,2 Eva Tolosa,3 Björn Rissiek,1,4,5,6,*

and Tim Magnus1,4,6

SUMMARY

Extracellular ATP released to the ischemic brain parenchyma is quickly metabo-
lized by ectonucleotidases. Among them, the ecto-50-nucleotidase CD73 encoded
by Nt5e generates immunosuppressive adenosine. Genetic deletion of Nt5e led
to increased infarct size in the murine photothrombotic stroke model. We aimed
at validating this result using the transient middle cerebral artery occlusion
(tMCAO) stroke model that represents pathophysiological aspects of penumbra
and reperfusion. Three days after tMACO, we did not detect a difference
in stroke size between CD73-deficient (CD73�/�) and control mice. Consistent
with this finding, CD73�/� and control mice showed comparable numbers and
composition of brain-infiltrating leukocytes measured by flow cytometry. Using
NanoString technology, we further demonstrated that CD73�/� and control
mice do not differ regarding glia cell gene expression profiles. Our findings high-
light the potential impact of stroke models on study outcome and the need for
cross-validation of originally promising immunomodulatory candidates.

INTRODUCTION

Stroke ranks among the leading causes of death and disability worldwide (Krishnamurthi et al., 2020).

Research over the last three decades revealed the substantial contribution of sterile inflammation to

neuronal injury following ischemic stroke (Anrather and Iadecola, 2016; Planas, 2018; Iadecola et al.,

2020). The excessive release of danger-/damage-associated molecular patterns (DAMP) such as adenosine

triphosphate (ATP) from e.g. injured and dying neurons into the extracellular space initiate the inflamma-

tory cascade in the ischemic brain parenchyma (Anrather and Iadecola, 2016; Petrovic-Djergovic et al.,

2016). Extracellular pro-inflammatory ATP is degraded by ectonucleotidases: CD39 (ecto-nucleoside

triphosphate diphosphohydrolase 1) metabolizes ATP to adenosine diphosphate (ADP) and adenosine

monophosphate (AMP) and CD73 (ecto-50-nucleotidase) dephosphorylates AMP to finally generate aden-

osine (ADO) (Colgan et al., 2006), which is neuroprotective (Burnstock, 2016) and anti-inflammatory (Anto-

nioli et al., 2013). Since CD73 catalyzes the last step in the production of ADO, it has the potential to

modulate the pro-inflammatory microenvironment after ischemic stroke by generating anti-inflammatory

ADO. ADO can bind to four subtypes of adenosine receptors (AR), A1, A2A, A2B, and A3, which all belong

to the superfamily of G-protein-coupled receptors and differ regarding their affinity for ADO and tissue dis-

tribution (Jacobson and Gao, 2006). For example, A2A AR activation on immune cells has anti-inflammatory

effects (Ohta and Sitkovsky, 2001; Ohta et al., 2009), ADO generation by CD73 and signaling through A2B

AR mediates cardioprotection by ischemic preconditioning (Eckle et al., 2007), and activation of both A2A

and A2B ARs on peripheral vascular endothelial cells enhances barrier function and protects from inflamma-

tion- or hypoxia-induced development of edema (Aslam et al., 2021). Of note, hypoxia leads to CD73 up-

regulation via hypoxia-inducible factor 1a (HIF1A) (Synnestvedt et al., 2002) further qualifying CD73 as an

interesting target to study in ischemic stroke.

In mice, CD73 is expressed on all T cells, bone marrow neutrophils, peritoneal macrophages, and germinal

center B cells (Immunological Genome Project). In the murine brain, CD73 constitutes the bulk of all AMP-

hydrolyzing capacity within the CNS (Kulesskaya et al., 2013) and CD73 expression was immunohistochemi-

cally shown to be highest in basal ganglia (striatum and globus pallidus), but also present in the olfactory

tubercle, the choroid plexus, and the meninges (Mills et al., 2008; Petrovic-Djergovic et al., 2012; Augusto
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et al., 2013; Kulesskaya et al., 2013). It has to be noted that, in contrast to human brain endothelial cells (Nie-

melä et al., 2008), CD73 could not be detected on mouse brain endothelial cells in vivo (Mills et al., 2008;

Petrovic-Djergovic et al., 2012). Within the CNS, CD73 plays a versatile role ranging from locomotion

(Kulesskaya et al., 2013), thermoregulation (Muzzi et al., 2013), neuronal activity, and cortical plasticity

(Blundon et al., 2017; Badimon et al., 2020) to neuroinflammation in the context of experimental autoim-

mune encephalomyelitis (Mills et al., 2008), stroke (Petrovic-Djergovic et al., 2012) or neurodegenerative

disorders like Parkinson’s disease (Meng et al., 2019).

After photothrombotic stroke, mice deficient for CD73 exhibited larger infarcts and increased immune cell

infiltration into the ischemic hemisphere than wild-type mice (Petrovic-Djergovic et al., 2012). However, the

photothrombotic stroke model has three major translational disadvantages. First, it induces a pronounced

vasogenic edema, which is not present to the same extent in human stroke, second, the irreversibly injured

infarct core is not surrounded by ischemic tissue capable of surviving, the so-called tissue at risk or penum-

bra, and third, the vessel is occluded permanently not allowing reperfusion (Sommer, 2017). Reperfusion is

of special interest as several publications highlight CD73-mediated protection in ischemic preconditioning

and ischemia-reperfusion injury in peripheral organs like heart (Eckle et al., 2007), liver (Hart et al., 2008), or

kidney (Sung et al., 2017).

Therefore, we aimed to re-evaluate the suggested protective role of CD73 in murine ischemic stroke using

the transient intraluminal filament model better resembling the pathophysiological processes in human

stroke. In addition to the analysis of stroke size in CD73�/� and control mice three days after transient

middle cerebral artery occlusion, we investigated the effects of CD73 deficiency both on brain-infiltrating

immune cells and resident glia cells as their interplay determines the extent of neuronal damage after

ischemic stroke.

RESULTS

Genetic deletion of Nt5e does not affect ischemic lesion size in the tMCAO model

To determine whether CD73 influences stroke outcome in the setting of ischemia-reperfusion injury

induced by the transient intraluminal filament model, we generated CD73�/� mice by cross-breeding

CD73 fl/fl mice with deleter mice that express the Cre recombinase in the germline (Schwenk et al., 1995)

(Figure 1A). Absence of CD73 in CD73�/� mice was confirmed by flow cytometry of peritoneal macro-

phages, which expressed high levels of CD73 in CD73fl/fl control mice according to published expression

data from wild-type mice (Immunological Genome Project) (Figure 1B). Cerebral CD73 deficiency in

CD73�/� mice was further demonstrated by flow cytometry of oligodendrocytes, which are known to

show the highest CD73 expression among brain-resident cells (Zamanian et al., 2012) (Figure 1B).

Next, we subjected CD73�/� and CD73fl/fl mice to 50 min of tMCAO. To rule out insufficient occlusion as a

confounding variable with significant influence on infarct volume, regional cerebral blood flow (rCBF) was

controlled by transcranial temporal laser Doppler after filament insertion. We did not detect a difference in

ipsilateral rCBF (72.4 G 23.4 a.u. versus 59.6 G 25.5 a.u.) or contralateral rCBF (841.3 G 63.6 a.u. versus

853.8G 50.7 a.u.) between CD73–/–and CD73fl/fl mice (Figure 1C). Laser Doppler measurements confirmed

a drastic reduction (more than 90%) in blood flow in the left MCA territory compared to the contralateral

side in both CD73–/–and CD73fl/fl mice (remaining blood flow 8.59 G 2.61% compared with 6.95 G

2.86%, respectively). Rectal body temperature of CD73�/�mice was significantly lower than that of CD73fl/fl

mice at filament insertion (36.12 G 0.44�C compared with 36.62 G 0.28�C, respectively; p = 0.003) but

converged during occlusion period and there was no significant difference detectable any more at the

time of filament removal (36.05G 0.4�C compared with 36.4G 0.47�C, respectively; p = 0.0534) (Figure 1C).

Initially lower body temperature might be explained by excessive AMP in CD73�/� mice mediating hypo-

thermia via prolonged A1 AR signaling in the hypothalamus (Muzzi et al., 2013). There was no difference in

peripheral oxygen saturation between the two genotypes (Figure 1C).

Cerebral infarct volumes were analyzed three days after tMCAO in both CD73–/–and CD73fl/fl mice using

vital staining with 2% (w/v) 2,3,5-triphenyl-2-hydroxy-tetrazolium chloride (TTC) (Figure S1). There was no

significant difference in edema-corrected infarct volumes between CD73-deficient and control animals

(66.6 G 18.62 mm3 compared with 73.96 G 18.46 mm3, respectively; p = 0.2984) (Figure 1D). The relative

contribution of cerebral edema to uncorrected infarct volumes was identical in CD73�/� and CD73fl/fl mice

(10.05 G 5.98% compared with 10.58 G 7.34%, respectively).
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Figure 1. Effect of global CD73 deficiency on stroke outcome after tMCAO

(A) Generation of CD73�/� mice by crossing CD73fl/fl(Nt5etm2Jsc) mice with a ‘‘deleter’’ cre-transgenic mouse strain (Tg(CMV-cre)1Cgn) mediating the

deletion of loxP-flanked genes in all tissues including germ cells (Schwenk et al., 1995).

(B) Verification of Nt5e deletion in CD73�/� mice by comparing CD73 cell surface staining on CD73�/� and CD73fl/fl peritoneal macrophages (n = 3/group)

and on CD73�/� and CD73fl/fl oligodendrocytes (n = 2/group).
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To rule out compensatory changes during development as a consequence of germline deletion, we addi-

tionally performed acute blockade of CD73 in C57BL/6J wild-type mice by peripheral injection of an anti-

CD73 antibody right before and 24 h after the induction of ischemic stroke by tMCAO. In line with the

results obtained from transgenic mice, acute blockade of CD73 did not affect edema-corrected stroke

volume on day three compared to isotype control treated animals (60.74 G 24.01 mm3 compared with

57.84 G 13.79 mm3, respectively; p = 0.7615) (Figures 1E and S1). Again, we did not detect a difference

in ipsilateral or contralateral rCBF and peripheral oxygen saturation between the two experimental groups

(Figure 1F).

Since hypoxia induces upregulation of CD73 on murine intestinal epithelial cells (Synnestvedt et al., 2002)

and AR signaling modulates permeability of the blood–brain barrier (BBB) (Carman et al., 2011), we

analyzed Nt5e expression on cortical microvessel cells from C57BL/6J wild-type mice after stroke by

RT-qPCR. However, we did not detect any upregulation of Nt5e on cortical microvessels in the ischemic

hemisphere compared to the contralateral hemisphere one day after tMCAO, whereas Tnc as a positive

control with known upregulation on ischemic murine brain endothelial cells (Munji et al., 2019) showed a

6-fold upregulation compared to the contralateral hemisphere (Figure S2). Moreover, we investigated

Nt5e expression and potential ischemia-induced upregulation on microglia but did not detect Nt5e

expression in FACS isolated microglia neither under steady-state conditions nor one day post stroke in

the ipsilateral and contralateral hemisphere (n = 4–5/group).

Genetic deletion of Nt5e does not affect infiltration of immune cells after tMCAO

Since immune cell recruitment to the ischemic hemisphere and subsequent sterile inflammation contribute

decisively to tissue damage after cerebral ischemia and CD73 has been associated with leukocyte infiltra-

tion into the brain in other models of neuroinflammation, we next used flow cytometric analyses to inves-

tigate immune cell infiltration into the ipsilateral and contralateral hemisphere of CD73–/–and CD73fl/fl mice

three days after tMCAO. The timepoint of three days was chosen because it was previously identified as the

peak of inflammation in the infarcted hemisphere (Gelderblom et al., 2009). After exclusion of debris, dou-

blets, and dead cells, microglia were identified as CD45int/CD11b+ (Figure 2A). CD45hi/CD11b+ cells were

subdivided into Ly6Cint/Ly6G+ neutrophils and Ly6Chi/Ly6G– monocytes/macrophages. Lymphocytes were

gated as CD45hi/CD11b– and further separated into CD4+, CD8+, and gd T cells.

In accordance with stroke outcome, CD73�/� and CD73fl/fl mice had similar numbers of microglia, and of

infiltrating neutrophils, Ly6Chigh monocytes/macrophages, CD4+ T cells, CD8+ T cells, and gd T cells in both

the ipsilateral and contralateral hemisphere. Three days after tMCAO cell counts were highest for microglia

and Ly6Chi monocytes/macrophages followed by neutrophils. Lymphocytes made up a considerably

smaller proportion of infiltrating cells with CD4+ and CD8+ T cells as equally abundant subtypes and fol-

lowed by a small number of gd T cells (Figure 2B). In the contralateral hemisphere, cell counts were on

average a thousand times lower except for microglia with comparable numbers in both hemispheres

(Figure 2C).

In line with comparable numbers of brain-infiltrating leukocytes, the expression levels of pro-inflammatory

cytokines TNF, IL-1b, and IL-6 and the main neutrophil attracting chemokine CXCL1 in the ischemic brain

measured by RT-qPCR did not vary significantly between CD73�/� and CD73fl/fl mice three days after

tMCAO (Figure S3). Tnf showed the strongest induction by tMCAO in both CD73�/� and CD73fl/fl mice rela-

tive to the control group of sham surgery (23.84G 8.07-fold and 17.28G 1.08-fold induction, respectively),

Figure 1. Continued

(C) Physiological parameters of CD73�/� and CD73fl/fl mice: regional cerebral blood flow (rCBF) in the ipsilateral and contralateral MCA territory measured

by laser Doppler (n = 8–12/group), rectal body temperature at filament insertion and removal (n = 12–13/group), peripheral oxygen saturation at the hind

paw at filament insertion and removal (n = 12–13/group). Data are presented as mean G SD, unpaired two-sided Student’s t test, * p % 0.05, ns = not

significant.

(D) Representative TTC images and edema-corrected infarct volume measured by TTC staining of brain sections three days after tMCAO of CD73�/� and

CD73fl/fl mice (n = 12–13/group). Data are presented as mean G SD, unpaired two-sided Student’s t test, ns = not significant.

(E) Representative TTC images and edema-corrected infarct volume measured by TTC staining of brain sections three days after tMCAO of anti-CD73 and

isotype control treated C57BL/6J mice (n = 8–9/group). Data are presented as mean G SD, unpaired two-sided Student’s t test, ns = not significant.

(F) Physiological parameters of anti-CD73 and isotype control treated C57BL/6J mice: regional cerebral blood flow (rCBF) in the ipsilateral and contralateral

MCA territory measured by laser Doppler (n = 5–8/group) and peripheral oxygen saturation at the hind paw at filament insertion and removal (n = 5–8/

group). Data are presented as mean G SD, unpaired two-sided Student’s t test, ns = not significant.
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followed by Cxcl1 (8.77G 4.68-fold and 7.77G 3.88-fold upregulation, respectively), Il1b (6.06G 3.03-fold

and 3.65 G 1.52-fold expression, respectively), and Il6 (3.99 G 1.18-fold and 3.57 G 1.43-fold

induction, respectively). Taken together, CD73 deficiency did not affect Tnf, Il1b, Il6, and Cxcl1 expression

three days after tMCAO leading to similar numbers of infiltrating leukocytes and resident microglia.

Genetic deletion of Nt5e did not affect glial mRNA expression profile after tMCAO

To obtain a comprehensive understanding of CD73-mediated effects in ischemic stroke, we finally evalu-

ated glial cell gene expression profiles of CD73–/–and CD73fl/fl mice three days after tMCAO with the

NanoString nCounter mouse glial profiling panel. Sham surgery CD73fl/fl mice were used as controls.

Principal component analysis of the dataset showed a clear separation of sham and stroke data points, but

CD73�/� and CD73fl/fl tMCAO samples fell in the same quadrants, indicating that the absence of CD73

does not affect the gene expression profile (Figure 3A).

In CD73�/� tMCAO samples, we identified 49 differentially expressed transcripts compared to sham con-

ditions defined by a log2 fold changeR1 over sham and an adjusted p value% 0.05 (Figure 3B, left Volcano

plot, upper right quadrant). In CD73fl/fl tMCAO samples, 31 genes were significantly upregulated

compared to sham conditions (Figure 3B, middle Volcano plot, upper right quadrant). Differentially ex-

pressed genes included common markers of microglia activation (e.g. Cd68, Tgfß1, and Fcrls) or reactive

Figure 2. Leukocyte infiltration into the ischemic brain three days after tMCAO

(A) Gating strategy. Cell counts within the (B) ipsilateral and (C) contralateral hemisphere of CD73�/� and CD73fl/fl mice: microglia, neutrophils, monocytes/

macrophages (mono/mac), CD4+, CD8+, and gd T cells. Data are presented as mean G SEM of three independent experiments, n = 5–6/group, unpaired

two-sided Student’s t test, ns = not significant.
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astrogliosis (e.g. Gfap, Vim, and Serpina3n). Moreover, many components of the complement system like

C1q, C4a/b, or C3ar1 and several chemokines (e.g. Ccl2 and Ccl12) were found to be upregulated after

tMCAO. Of note, we did not discover significantly downregulated genes in both genotypes after tMCAO

compared to sham. Log2 fold changes of all analyzed genes with counts above threshold are supplied in a

supplementary excel file online (Table S1). In line with the results of stroke size and immune cell infiltration

analyses, we could not detect any differentially expressed genes between CD73�/� and CD73fl/fl tMCAO

samples (Figure 3B, right Volcano plot). Accordingly, when looking at the list of differentially expressed

genes after tMCAO, we saw a substantial overlap between CD73�/� and CD73fl/fl mice: All 31 significantly

regulated genes in CD73fl/fl tMCAO samples were among the 49 differentially expressed transcripts

found in CD73�/� tMCAO samples (Figure 3C). Of note, the additional 18 differentially expressed genes

in CD73�/� tMCAO samples were also regulated in CD73fl/fl tMCAO samples compared to sham, but failed

to pass either the normalized count threshold of 50 or the adjusted p value threshold of 0.05 or showed a

log2 fold change just below 1.

Gene set enrichment analysis of the 49 differentially expressed transcripts in CD73�/� tMCAO compared to

sham samples with g:Profiler demonstrated a significant enrichment of gene ontology (GO) biological pro-

cess (BP) terms associated with immune response (Figure 3D). When focusing on microglia as the resident

immune cells of the CNS, the gene expression profile of 50 transcripts associated with the previously

described neurodegenerative phenotype (Krasemann et al., 2017) (e.g. Cst7, Ctsd, Grn, Lgals3, Lilrb4,

Lyz2, Spp1, Trem2, and Tyrobp) clearly separated sham samples from tMCAO samples in an unsupervised

hierarchical clustering analysis (Figure 3E). The same holds true for the gene expression profile of 12

selected transcripts that have previously been shown to be upregulated in astrocytes in response to

ischemic stroke in an Affymetrix GeneChip mRNA analysis of eGFP-labeled astrocytes (Zamanian et al.,

2012) (e.g. Tgm1, Emp1, and Cd14), supporting the reliability of our analysis (Figure 3F).

DISCUSSION

In the light of the strategic role of CD73 in the generation of anti-inflammatory ADO as the final step of

extracellular ATP degradation, CD73 qualified as a potential immunomodulatory target in the setting of

ischemic brain injury. In the present study, we demonstrated that global CD73 deficiency and acute

CD73 blockade by a monoclonal antibody do not influence stroke outcome as measured by infarct volume

on day three when inducing ischemia-reperfusion injury with the transient intraluminal filament model.

Consistent with this finding, CD73�/� mice showed comparable numbers and composition of infiltrating

leukocytes, comparable expression levels of pro-inflammatory cytokines and chemokines, and similar

glia cell gene expression profiles on day three after stroke.

These results contrast a previous study investigating the effects of global CD73 deficiency in a different

experimental stroke model, in which end arterial vessels in the middle cerebral artery territory were perma-

nently occluded through the activation of a photosensitive dye leading to endothelial injury and subse-

quent platelet adhesion and thrombus formation (Petrovic-Djergovic et al., 2012). When inducing cortical

infarcts with this method, CD73�/� mice exhibited significantly larger infarcts measured by T2-weighted

magnetic resonance imaging (MRI) on day two after stroke, showed increased numbers of infiltrating

leukocytes, and elevated expression levels of pro-inflammatory cytokines (Petrovic-Djergovic et al.,

2012). Experiments with CD73 chimeric mice indicated that CD73 expression in the CNS rather than expres-

sion on infiltrating immune cells mediates its protective effect (Petrovic-Djergovic et al., 2012).

It seems most plausible that the conflicting findings of these experiments and our study can be attributed

to the different experimental stroke models used. The main difference concerns the simultaneous devel-

opment of typical cytotoxic (intracellular) edema but also pronounced vascular (extracellular) edema due

to severe endothelial cell injury and thus rapid BBB breakdown induced by photothrombosis (Carmichael,

2005; Sommer, 2017). Interestingly, T2-weighted MRI imaging as applied in the aforementioned study for

infarct size analysis visualizes extracellular water, i.e. vasogenic edema rather than cytotoxic edema

defining the ischemic core lesion. However, vascular edema is not present to this extent in the transient

intraluminal filament model applied in our study and is even absent in acute human stroke limiting the

translational power of the photothrombotic model in this regard. CD73-mediated protection might be

specific to photochemical endothelial cell injury and subsequent hyperacute vascular edema and could

therefore not be observed in the tMCAO model characterized by ischemia-mediated BBB dysfunction

and primarily cytotoxic edema.
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Figure 3. Glia cell gene expression profiles three days after tMCAO

(A) Principal component analysis of normalized gene expression data of CD73�/� tMCAO (turquoise) and CD73fl/fl tMCAO samples (gray) and CD73fl/fl sham

samples (red).

(B) Volcano plots showing the fold change of genes (x axis, log2 scale) with average normalized counts >50 in CD73�/� and CD73fl/fl tMCAO samples

compared to the control group of sham surgery, respectively, and compared to each other and their significance (y axis, -log10 scale). Horizontal dashed

black lines indicate threshold for FDR-adjusted p values % 0.05, horizontal dashed gray lines indicate threshold for FDR-adjusted p values % 0.01.

(C) Venn diagram and (D) g:Profiler gene set enrichment analysis of transcripts with a log2 fold change R1 and an FDR adjusted p value % 0.05 in CD73�/�

(n = 49) and CD73fl/fl (n = 31) tMCAO samples compared to sham samples.

(E) Unsupervised hierarchical clustering and heatmap of normalized gene expression of genes associated with a microglia neurodegenerative phenotype

(n = 50) in CD73�/� tMCAO (black) and CD73fl/fl tMCAO samples (gray) and CD73fl/fl sham samples (white).

(F) Unsupervised hierarchical clustering and heatmap of normalized gene expression of genes associated with astrocytic response to ischemia (n = 12)

in CD73�/� tMCAO (black) and CD73fl/fl tMCAO samples (gray) and CD73fl/fl sham samples (red).
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Regarding purinergic regulation of endothelial barrier function, CD73 became an interesting candidate for

stroke research. Binding of ADO to A2A and A2B receptors on macrovascular endothelial cells leads to

elevated intracellular cyclic AMP levels and improves endothelial barrier properties (Aslam et al., 2021).

In line with this, CD73�/� mice exhibited increased vascular permeability measured by Evan’s blue leakage

in lung, liver, and skeletal muscle under physiological steady-state conditions, which further exacerbated

during hypoxia (Thompson et al., 2004). In a comparative RNA-sequencing study on the transcriptome of

murine peripheral and brain endothelial cells, Nt5e encoding CD73 and Adora2a encoding A2A AR were

highly expressed in the periphery (Munji et al., 2019), well explaining the dependency of peripheral endo-

thelial barrier function on adenosine signaling. This relevance of CD73 for peripheral endothelial barrier

regulation is further supported by several publications showing that CD73 mediates protection after brief

and sustained periods of ischemia and reperfusion in peripheral organs like heart (Eckle et al., 2007), liver

(Hart et al., 2008), or kidney (Sung et al., 2017). Unlike vascular leakage in peripheral organs of CD73�/�

mice, CD73 deficiency did not impair endothelial barrier function in the brain even under hypoxic condi-

tions (Thompson et al., 2004). This finding can be partially attributed to a low expression of CD73 onmurine

brain endothelial cells which has been consistently confirmed in several studies by immunohistochemistry

(Mills et al., 2008; Petrovic-Djergovic et al., 2012) and RNA sequencing (Zhang et al., 2014; Munji et al.,

2019), clearly distinguishing murine brain endothelial cells from their human and peripheral counterparts.

In contrast to hypoxia-induced upregulation of CD73 on murine intestinal epithelial cells in vivo (Synnest-

vedt et al., 2002) and humanmicrovascular endothelial cells in vitro (Eltzschig et al., 2003), we did not detect

an upregulation of CD73 on murine cerebral microvessels after ischemic stroke in the present study. As a

further major difference between peripheral and brain endothelial cells, ADO signaling even augmented

BBB permeability for intravenously injected macromolecules in mice via A1 and A2A AR activation (Carman

et al., 2011).

Though barely present on brain endothelial cells at the BBB, immunohistochemistry revealed strong CD73

expression in the striatum (Augusto et al., 2013; Kulesskaya et al., 2013). In tMCAO, the striatum represents

the ischemic core characterized by rapid and irreversible necrotic cell death resistant to salvage by reper-

fusion or neuroprotective therapeutic approaches whereas the cortex constitutes the penumbra of func-

tionally impaired tissue predisposed for infarction but not yet irreversibly injured and thus potentially

salvageable (Carmichael, 2005). Delayed neuronal cell death occurs here due to secondary mechanisms

of tissue damage such as inflammation (Ramos-Cabrer et al., 2011). Since inflammation is not the primarily

underlying mechanism of cell death in the striatum, CD73 can probably not confer ischemic protection by

generation of anti-inflammatory ADO though highly expressed in this brain region.

Taken together, spatial distribution and comparatively low overall expression of CD73 in the murine brain

and especially at the BBB likely account for the missing protective effect of this enzyme in experimental

stroke induced with the tMCAO model. Compensatory ADO production in CD73�/� mice by other en-

zymes than CD73 could represent an alternative explanation for the comparable outcome of CD73�/�

and CD73fl/fl mice after tMCAO as Zhang et al. demonstrated that tissue nonspecific alkaline phosphatase

(TNAP) generates ADO from AMP in the brain of CD73–/–mice (Zhang et al., 2012). However, complete

compensation of CD73 deficiency by TNAP is in conflict with worse outcome of CD73–/–mice after phto-

thrombotic stroke.

In the present study, immune cell recruitment to the ischemic brain was not affected by CD73 deficiency

with CD73�/� and CD73fl/fl mice exhibiting equal numbers and composition of resident microglia and infil-

trating leukocytes three days after tMCAO. In the context of leukocyte infiltration, it is important to note

that in experimental autoimmune encephalomyelitis (EAE) CD73 expression was required either on

T cells or brain-resident cells for efficient entry of lymphocytes to the CNS (Mills et al., 2008). In EAE,

ADO signaling via A2A receptors at the choroid plexus (ChP), the interface between blood and cerebrospi-

nal fluid, played a crucial role, leading to upregulation of lymphocyte adhesion molecules and paving the

way for lymphocyte invasion via the ChP (Mills et al., 2008). In stroke, transendothelial migration of leuko-

cytes across the impaired BBB was for a long time considered the main invasion route for immune cells to

the ischemic brain (Benakis et al., 2018). More recent work identified the ChP of the ipsilateral lateral

ventricle as predominant cerebral invasion route for T cells after cortical infarction (Llovera et al., 2017).

In contrast to T cells, regional distribution of myeloid cells surrounding the ischemic core (Llovera et al.,

2017) and the early detection of neutrophils in the leptomeninges and the cortical perivascular space

before they invade the brain parenchyma (Perez-de-Puig et al., 2015) clearly indicate different migratory
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pathways. Given that neutrophils and monocytes/macrophages are the most abundant cell populations in

the ischemic hemisphere three days after stroke (Gelderblom et al., 2009), the ChP invasion route does not

seem to represent the overall main migratory pathway in stroke compared to T cell-driven EAE induction.

Of note, tMCAO even induces ipsilateral choroidal cell death due to transient occlusion of the supplying

anterior choroidal artery (Llovera et al., 2017) further explaining equal T cell counts between CD73�/� and

CD73fl/fl mice. In general, cell counts and composition of infiltrating immune cells detected in CD73�/� and

CD73fl/fl mice matched well with a previous publication from our laboratory (Gelderblom et al., 2009), again

underscoring that CD73-deficient mice behave like wild-type mice in this experimental stroke model.

Using NanoString technology, we demonstrated that CD73�/� and CD73fl/fl mice do not differ regarding

glia cell gene expression profiles when analyzing whole brain mRNA three days after ischemic stroke.

Notwithstanding, we provide data on differentially expressed transcripts between tMCAO and control

(sham) samples. Significant enrichment of GO terms related to immune response among these differen-

tially expressed genes further supports the notion of sterile inflammation as a driver of neuronal damage

after ischemic stroke. In accordance with a study of Llovera and colleagues (Llovera et al., 2017), we

confirmed Ccl2 and Ccl12 as strongly induced cytokines after tMCAO. Of note, most of the highly regu-

lated genes associate with microglia activation in general and a neurodegenerative microglia phenotype

(MGnD) in particular. This term was first coined by Krasemann and colleagues in 2017 and defines a

distinct transcriptional and functional signature associated with various mouse models of neurodegener-

ation and characterized by a downregulation of homeostatic microglia genes like P2ry12 or Cx3cr1 and

an upregulation of transcripts involved in lipid metabolism and phagocytosis like Apoe or Cst7 (Krase-

mann et al., 2017). It is now proposed that the transformation of homeostatic to MGnD is a fundamental

principle across various CNS pathologies in which microglia recognize neurodegeneration-associated

molecular patterns (NAMPs) such as apoptotic bodies of dying neurons, myelin debris, lipid degradation

products, or extracellular protein aggregates irrespective of the disease etiology (Deczkowska et al.,

2018). Though limited by the resolution of bulk material analysis without cell-type-specific allocation of

regulated transcripts or resolution of microglial heterogeneity, our results clearly indicate that this

emerging concept also applies, at least in part, for microglial gene expression profiles in response to

ischemia. Consistent with this notion, a recently published study on thalamic degeneration after cortical

stroke identified this signature in a subset of microglia isolated from the degenerative thalamus 28 days

after stroke (Cao et al., 2021). However, our data suggest that upregulation of transcripts associated with

MGnD already occurs acutely post stroke and especially involves those genes associated with phagocy-

tosis like Trem2, Ctsd, and Ctsl and pattern recognition like Trem2, Lgals3, and Clec7a. The crucial role

of microglia phagocytotic capacity is further underlined by studies showing that Trem2–/–mice exhibited

larger infarcts after experimental stroke (Kawabori et al., 2015; Kurisu et al., 2019). In contrast to the

MGnD signature, Tgfb1 was upregulated in tMCAO samples in our dataset suggesting some injury-spe-

cific features of microglia which were shown to be the predominant source of elevated TGF-b levels

together with macrophages after stroke (Doyle et al., 2010).

In conclusion, our study demonstrated that global CD73 deficiency does not affect infarct volume, immune

cell invasion, and glia cell activation profiles in a transient filament model of murine ischemic stroke. How-

ever, mRNA expression data of CD73�/� and CD73fl/fl tMCAO samples compared to sham acquired with

the NanoString nCounter mouse glial profiling panel provided evidence of a microglia signature similar

to the recently described neurodegenerative phenotype indicative of commonmolecular pathways shared

between ischemic stroke and neurodegenerative diseases.

Limitations of the study

In the present study, we subjected young male mice to tMCAO and demonstrated that genetic CD73 defi-

ciency does not affect infarct volume and leukocyte infiltration into the ischemic brain three days after

stroke. Given that sex and aging influence stroke outcome and modulate the immunological response

to ischemic stroke (Manwani et al., 2013; Ritzel et al., 2018), the exclusive use of young male mice is a lim-

itation of the present study. Moreover, our findings are limited to the acute phase after stroke up to three

days and further studies are required to investigate any potential role of CD73 in the context of long-term

regeneration after ischemic stroke.

We validated our main finding on comparable infarct volumes by acute blockade of CD73 with a mono-

clonal antibody in C57BL/6J wild-type mice. Therapeutic targets in cells beyond the BBB are often
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difficult to reach by monoclonal antibodies, as these usually do not cross the BBB under physiological

conditions due to their high molecular weight and Fc-receptor-mediated efflux to the blood hampers

efficient delivery to the brain parenchyma (Pardridge, 2012). However, after ischemic stroke, extravasa-

tion of FITC-albumin indicating BBB damage could be detected as early as 2 h after the induction of

stroke (Krueger et al., 2019). As we injected the antibody twice, right before and 24 h after the induction

of ischemic stroke, and rat IgG2a antibodies were shown to have a serum half-life of several days in

mice (Medesan et al., 1998), we assume sufficient targeting of the brain. Alternatively, small molecule

inhibitors for the acute blockade of CD73 in stroke could be used (Bhattarai et al., 2019; Lawson et al.,

2020). However, they often show reduced target specificity compared with monoclonal antibodies (Imai

and Takaoka, 2006).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse CD73 (TY/23) Bio X Cell Cat# BE0209; RRID:AB_10950310

Rat IgG2a isotype control (2A3) Bio X Cell Cat# BP0089; RRID:AB_1107769

Anti-mouse CD3e (BV421; 17A2) Biolegend Cat# 100228; RRID:AB_2562553

Anti-mouse CD4 (BV605; RM4-5) Biolegend Cat# 100548; RRID:AB_2563054

Anti-mouse CD8a (BV650; 53–6.7) Biolegend Cat# 100742; RRID:AB_2563056

Anti-mouse CD11b (FITC; M 1/70) Biolegend Cat# 101206; RRID:AB_312789

Anti-mouse CD11b (PE-CF594; M 1/70) BD Horizon Cat# 562287; RRID:AB_11154216

Anti-mouse CD45 (PE-Cy7; 30-F11) Biolegend Cat# 103114; RRID:AB_312979

Anti-mouse CD45 (PerCP; 30-F11) Biolegend Cat# 103130; RRID:AB_893339

Anti-mouse CD45 (APC-eF780; 30-F11) eBioscience/Thermo Fisher Scientific Cat# 47-0451-82; RRID:AB_1548781

Anti-mouse CD73 (BV421; TY/11.8) Biolegend Cat# 127217; RRID:AB_2687251

Anti-mouse FceR1 (PE; MAR-1) Biolegend Cat# 134307; RRID:AB_1626104

Anti-mouse gd T cell receptor (APC; eBioGL3) eBioscience/Thermo Fisher Scientific Cat# 17-5711-82; RRID:AB_842756

Anti-mouse Ly6C (PerCP-Cy5.5; HK1.4) Biolegend Cat# 128012; RRID:AB_1659241

Anti-mouse Ly6G (AF700; 1A8) Biolegend Cat# 127622; RRID:AB_10643269

Anti-mouse O4 (PE; O4) Miltenyi Biotec Cat# 130-117-507; RRID:AB_2733886

Chemicals, peptides, and recombinant proteins

Bovine serum albumin (BSA) Sigma-Aldrich Cat# A7906-500G

Collagenase A Roche Cat# 11088793001

Chloroform Sigma-Aldrich Cat# 288306-100ML

Dextran ultrapure MW 60.000–90.000 Thermo Fisher Scientific CAS 9004-54-0

D-Mannitol R 98% Sigma-Aldrich Cat# M4125-500G

DMEM 1x medium Gibco Cat# 41965-039

DNase I Roche Cat# 11284932001

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich Cat# 03690-100ML

MCDB 131 medium Gibco Cat# 0372019

Papain 24 U/ml Worthington Cat# LK003176

PercollTM PLUS Cytiva Cat# 17544501

Phosphate-buffered saline (PBS) Sigma-Aldrich Cat# D8537-1L

2,3,5-Triphenyl-2-hydroxy-tetrazolium chloride (TTC) Sigma-Aldrich Cat# T887-100G

Tris-EDTA buffer solution Sigma-Aldrich Cat# 93283-100ML

TRIzol Ambion Cat# 15596026

Critical commercial assays

LIVE/DEADTM Fixable Near-IR Dead Cell Stain Kit Invitrogen Cat# L10119

Maxima First Strand cDNA Synthesis Kit for qRT-PCR Thermo Fisher Scientific Cat# K1642

Maxima Probe qPCR Master Mix (2X) Thermo Fisher Scientific Cat# K0262

RNeasy Micro Kit Qiagen Cat# 74004

RNeasy Mini Kit Qiagen Cat# 74106

nCounter Mouse Glial Profiling Panel Nanostring XT-CSO-M Glial Profiling-12

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Requests for further information or resources and reagents should be directed to the lead contact, Björn

Rissiek (b.rissiek@uke.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request. NanoString data are deposited

in a publicly accessible database. NanoString data with log2 fold changes of all analyzed genes with counts

above threshold are supplied in a supplementary excel file (Table S1). Nanostring raw data can be down-

loaded under the accession number GSE203161. This paper does not report original code. Any additional

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

request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

NanoString data Nanostring Core Facility GSE203161

Experimental models: Organisms/strains

CD73fl/fl (Nt5etm2Jsc) University Medical Center Hamburg-Eppendorf MGI ID: 6257868

Tg(CMV-cre)1Cgn University Medical Center Hamburg-Eppendorf MGI ID: 2176180

Tg(CMV-cre)1Cgn x CD73fl/fl (Nt5etm2Jsc) University Medical Center Hamburg-Eppendorf N/A

C57BL/6J Charles River Laboratories N/A

Oligonucleotides

Actb (Mm00607939_s1) Thermo Fisher Scientific Cat# 4331182

Cxcl1 (Mm04207460_m1) Thermo Fisher Scientific Cat# 4331182

Il1b (Mm00434228_m1) Thermo Fisher Scientific Cat# 4331182

Il6 (Mm00446190_m1) Thermo Fisher Scientific Cat# 4331182

Nt5e (Mm00501910_m1) Thermo Fisher Scientific Cat# 4331182

Sdha (Mm01352366_m1) Thermo Fisher Scientific Cat# 4331182

Tnc (Mm00495662_m1) Thermo Fisher Scientific Cat# 4331182

Tnf (Mm00443258_m1) Thermo Fisher Scientific Cat# 4331182

Software and algorithms

Fiji ImageJ v. 2.1.0/1.53c (Schindelin et al., 2012) https://imagej.net/software/fiji/

FlowJoTM v. 10.8 BD Life Sciences

g:Profiler v. e104_eg51_p15_3922dba (Raudvere et al., 2019) https://biit.cs.ut.ee/gprofiler/gost

GraphPad Prism v. 9.2.0 GraphPad Software N/A

Illustrator v. 25.2 Adobe N/A

Microsoft Excel v. 16.58 Microsoft Corporation N/A

nSolver Analysis Software v. 4.0 Nanostring� Technologies Inc. N/A

Other

tMCAO suture Docoll Cat# 602312PK10Re

Isoflurane Baxter HDG9623

Buprenorphine (Temgesic�) 0.324 mg/mL Indivior Europe Ltd. PZN: 00345928

Tramadol Hydrochloride (Tramal�) 100 mg/mL Grünenthal GmbH PZN: 11236208

BD TruCountTM tubes BD Biosciences Cat# 663028
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal experiments

All animal experiments were approved by the local animal care committee (Behörde für Justiz und Verbrau-

cherschutz, project number N006/2018) and conducted according to the guidelines of the animal facility of

the University Medical center Hamburg-Eppendorf. Transgenic mice were backcrossed at least 10 gener-

ations to the C57BL/6 background. Mice with global deficiency in CD73 (CD73�/�) were generated by

crossing CD73fl/fl mice (Nt5etm2Jsc, MGI ID: 6257868) with a B6 mouse strain expressing the Cre recombi-

nase under the control of human cytomegalovirus minimal promoter (Tg(CMV-cre)1Cgn, MGI ID:

2176180), mediating the deletion of loxP-flanked genes in all tissues including germ cells (Schwenk

et al., 1995). Since Nt5etm2Jsc have a congenic background and therefore still contain genetic material of

the used 129-derived embryonic stem cells we used CD73fl/fl as control throughout all experiments.

C57BL/6J wildtype mice were purchased from Charles River. Young male mice (25-30 g, 11-16 weeks

old) were used throughout all experiments.

METHOD DETAILS

Transient middle cerebral artery occlusion model

Transient middle cerebral artery occlusion (tMCAO) was achieved with the intraluminal filament method

using a silicone coated nylon filament (Docoll, 602312PK10Re). Briefly, the common carotid artery was

exposed via a ventral midline neck incision, the filament was introduced via the common carotid artery

into the internal carotid artery and advanced until the origin of the middle cerebral artery was blocked.

After 50 min of occlusion the filament was withdrawn and blood flow was restored (reperfusion). Sufficient

occlusion was controlled by transcranial temporal laser Doppler (moor instruments) of the left MCA terri-

tory compared to the contralateral side. Control animals (sham) underwent the same procedure without

insertion of the filament.

All mice were anesthetized with isoflurane (Baxter) at a concentration of 1.8% vol/vol oxygen and underwent

analgesia with buprenorphine (Indivior Europe Ltd.) (0.03 mg/kg body weight s.c.). During surgery heart

rate, respiratory rate, oxygen saturation and rectal body temperature weremeasured after filament insertion

and removal. Every mouse was scored twice daily on a scale from 0 to 5 (0, no deficit; 1, preferential turning;

2, circling; 3, longitudinal rolling; 4, nomovement; 5, death) and injected with 0.7mL 0.9%NaCl i.p. in case of

weight loss greater than 10% of initial weight. For management of postsurgical painmice were supplied with

tramadol hydrochloride (Grünenthal) via the drinking water at a concentration of 1 mg/mL.

For the acute blockade of CD73, C57BL/6J mice were injected with 100 mg of anti-mouse CD73 antibody

(TY/23) or rat IgG2a isotype control antibody (2A3) i.p. in 100 mL 0.9% NaCl right before the induction of

ischemic stroke and for a second time 24 h after reperfusion.

Quantification of infarct volume

For analysis of infarct size, mice were deeply anesthetized with isoflurane and killed by cercival dislocation

three days after reperfusion. Brains were harvested and cut into 6 1 mm thick slices (Braintree Scientific)

excluding the olfactory bulb and the cerebellum. Vital staining was performed with 2% (w/v) 2,3,5-tri-

phenyl-2-hydroxy-tetrazolium chloride (TTC, Sigma-Aldrich) in phosphate-buffered saline (PBS, Sigma-Al-

drich) with 5% (w/v) D-Mannitol (Sigma-Aldrich). Infarct volumes were determined using Fiji ImageJ version

2.1.0/1.53c (Schindelin et al., 2012). Edema correction of infarct volume was performed using the method

published by Reglodi et al.: Edema-corrected stroke volume was calculated as the product of absolute un-

adjusted infarct area and contralateral hemisphere area divided by ipsilateral hemisphere area (Reglodi

et al., 2002).

Flow cytometry of peritoneal macrophages

Mice were deeply anesthetized with isoflurane and killed by cervical dislocation. Peritoneal lavage was per-

formed with 5 mL PBS supplemented with 1 mM ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich)

and cells were washed once with FACS buffer (PBS containing 0.2% w/v bovine serum albumin

(BSA, Sigma-Aldrich) and 0.5 mM EDTA). Cells were stained with surface antibodies against CD11b

(FITC; M1/70), FceR1 (PE; MAR-1) and CD73 (BV421; TY/11.8) at a concentration of 1:100. Data were ac-

quired with a BD FACSCelestaTM Cell Analyzer (BD Biosciences) and analyzed with FlowJoTM version

10.8 (BD Life Sciences).
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Flow cytometry of brain infiltrating leukocytes and brain resident cells

Mice were deeply anesthetized with isoflurane and perfused via the left ventricle with PBS and brains were

harvested. For flow cytometry of brain infiltrating leukocytes only animals with a visible cortical infarct were

included for subsequent analysis and ipsilateral and contralateral hemispheres were dissected separately.

Mice used for flow cytometry of brain resident cells to study CD73 expression on oligodendrocytes did not

have a stroke and brains were processed as a whole. Dissected brains were digested for 30 min at 37�C
(1 mg/mL collagenase A (Roche), 0.1 mg/mL DNase I (Roche) in DMEM 1x (Gibco) and passed through a

70 mm cell strainer. Cells were incubated with ACK erythrocyte lysis buffer on ice and separated frommyelin

and debris by PercollTM PLUS (Cytiva) gradient centrifugation (33% with PBS). For the analysis of brain infil-

trating leukocytes cells were stained for 30min at 4�Cwith surface antibodies against CD11b (FITC;M 1/70),

CD45 (PE-Cy7; 30-F11), gd T cell receptor (APC; eBioGL3), Ly6G (AF700; 1A8), CD3e (BV421; 17A2), CD8a

(BV650; 53–6.7), CD4 (BV605; RM4-5) and Ly6C (PerCP-Cy5.5, HK1.4) at a concentration of 1:100 and live/

deadTM fixable near-IR dead cell staining (Invitrogen). For the analysis of CD73 expression on oligodendro-

cytes the following antibodies were used: anti-CD45 (PerCP; 30-F11) and anti-CD73 (BV421; TY11.8) at a

concentration of 1:100 and anti-O4 (PE; O4) at a concentration of 1:50.

After staining, cells were washed with FACS buffer and transferred to BD TruCountTM tubes (BD Biosciences)

for absolute cell quantification of infiltrating leukocytes. Data was acquired with a BD FACSCelestaTM Cell

Analyzer (BD Biosciences) and analyzed by FlowJoTM version 10.8 (BD Life Sciences).

FACS sorting of microglia

One day after stroke induction, mice were deeply anesthetized with isoflurane and perfused via the left

ventricle with PBS. Brains were harvested and only animals with a visible cortical infarct were included

for subsequent FACS sorting. Ipsilateral and contralateral hemispheres were dissected separately,

digested for 30 min at 37�C (24 U/ml Papain (Worthington) for 20 min and 1 mg/mL collagenase,

0.1 mg/mL DNAse I in DMEM for additional 10 min) and pressed through a 100 mm cell strainer. Cells

were separated from myelin and debris by two phase Percoll gradient centrifugation and stained with

surface antibodies (30min, 4�C) against CD45 (APC-eF780; 30-F11) and CD11b (PE-CF594; M 1/70) at a con-

centration of 1:100. After doublet exclusion microglia were sorted as CD45 intermediate and CD11b

positive at a BD FACSAriaTM Fusion Flow Cytometer (BD Biosciences).

Isolation of cortical microvessels

Cortical microvessels were collected according to a protocol previously published by Lee et al. (2019) with a

slight modification regarding Dextran centrifugation. C57BL/6J wildtype mice were deeply anesthetized

with isoflurane and killed by cervical dislocation one day after tMCAO. Brains were harvested and rolled

on cellulose chromatography paper to remove the meninges. Brains (excluding olfactory bulb and cere-

bellum) were sliced sagitally (2 mm) and cortices were isolated by removing all deep brain structures.

Cortical tissue was homogenized in MCDB 131 medium (Gibco) using a tissue grinder (10 strokes in

1 mL medium, additional 2 strokes in 2 mL medium), centrifugated (2.000 g, 5 min, 4�C) and separated

from myelin and debris by 15% (w/v PBS) Dextran (Thermo Fisher Scientific) density centrifugation (4.500

g, 15 min, 4�C). Microvessels were retrieved from the final red pellet with a 40 mm cell strainer in MCDB

131 medium containing 0.5% (w/v) BSA.

RNA isolation and real time quantitative PCR

RNA from sorted microglia was isolated using the RNeasy Micro Kit (Qiagen) according to the manufac-

turer’s protocol. RNA from cortical microvessels was isolated using the RNeasy Mini Kit (Qiagen). RNA con-

centration and integrity were determined with the Agilent Bioanalyzer System.

To isolate RNA from brain tissue mice were sacrificed by isoflurane overdose and cervical dislocation three

days after stroke induction. Only animals with a visible cortical and striatal infarct after slicing the brain into

1 mm sections were included for subsequent RNA extraction. Brains were homogenized in 1 mL TRIzol re-

agent per 50-100 mg tissue (Ambion) using a tissue grinder and IKA� Ultra Turrax�, chloroform (Sigma-

Aldrich) was added, samples were centrifuged at 12000g for 15 min at 4�C and the upper aqueous phase

was collected. RNA was precipitated by addition of isopropyl alcohol, washed with 75% ethanol and dis-

solved in Tris-EDTA buffer solution (Sigma-Aldrich). RNA concentration and quality (260/280 ratio) were

quantified using NanoDrop 2000c spectrophotometer (peqlab). For subsequent real time quantitative

ll
OPEN ACCESS

16 iScience 25, 104470, June 17, 2022

iScience
Article



PCR (RT-qPCR) on selected cytokines and chemokines whole brain RNA was purified using the RNeasy Mini

Kit (Qiagen).

Complementary DNAwas transcribed using theMaxima First Strand cDNASynthesis Kit for qRT-PCR (Thermo

Fisher Scientific). RT-qPCR primers (Actb Mm00607939_s1, Sdha Mm01352366_m1, Nt5e Mm00501910_m1,

Tnc Mm00495662_m1, Il1b Mm00434228_m1, Il6 Mm00446190_m1, Tnfa Mm00443258_m1, Cxcl1

Mm04207460_m1) and probe mixtures (Maxima Probe qPCR Master Mix) were obtained from Thermo Fisher

Scientific. RT-qPCR analysis was performed on a LightCycler96 from Roche.

Relative gene expression data were obtained with the DCt method using an appropriate housekeeping

gene (Sdha for microglia and whole brain RNA, b-Actin for microvessels) and by normalizing 2-DCt values

of the control group to 1.

NanoString analysis

The NanoString nCounter�mouse glial profiling panel was used to evaluate the expression of 770 prede-

fined genes involved in glial cell biology in both homeostasis and disease. 50 ng of whole brain mRNA from

sham surgery CD73fl/fl mice, stroked CD73fl/fl mice and stroked CD73�/� mice (n = 4 / group) were hybrid-

ized to the cartridge and the chip was run on a nCounter SPRINT profiler by the NanoString core facility at

the the University Medical Centre Hamburg-Eppendorf. Raw count data were analyzed using the advanced

analysis module for nSolver version 4.0 (NanoString� Technologies Inc.). A cutoff for background signal

was introduced at 50 counts as the value of the highest negative control present on the chip plus 30 counts.

All samples passed the quality controls for positive control normalization and imaging, four samples

showed a binding density above the default threshold of 1.8 and led to a quality control warning, but pos-

itive control linearity was not affected. One sham sample was excluded from further analysis due to low

binding density. Using the geNorm algorithm 11 out of 13 housekeeping genes were selected for normal-

ization (Ccdc127, Mto1, Aars, Lars, Tada2b, Fam104a, Xpnpep1, Csnk2a2, Tbp, Cnot10, Supt7l), the

normalization factor ranged between �0.2 and 0.1 with a mean squared error of reference mRNAs from

mean profile between 0.02 and 0.1. Differential gene expression between each of the two experimental

stroke groups and the control group (sham surgery) was calculated with an algorithm consisting of

the simplified negative binomial model and the linear regression method. p-values were false discovery

rate (FDR)-adjusted with the Benjamini-Yekutieli method to correct for multiple testing. For differ-

entially expressed genes, we performed a gene set enrichment analysis with g:Profiler (version

e104_eg51_p15_3922dba) (Raudvere et al., 2019). The background set was limited to the genes analyzed

with the NanoString nCounter� mouse glial profiling panel (statistical domain scope: custom over anno-

tated genes) and the default g:SCS algorithm was used to correct for multiple testing applying a signifi-

cance threshold of 0.05.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are reported as meanG standard deviation (SD) or meanG standard error of the mean (SEM) as indi-

cated in figure legends. Statistical analyses were performed with the appropriate test indicated in the figure

legends using GraphPad Prism version 9.2.0 (GraphPad Software). Briefly, the Student’s t-test was used to

compare infarct volumes and immune cell counts between two groups of interest and ordinary one-way

ANOVA was performed for multiple comparisons with Tukey’s correction for multiple testing.

p-values < 0.05 were considered statistically significant. Figures were designed with Illustrator version

25.2 (Adobe).
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