
3498

Early after stroke onset, ischemic injury is exacerbated by 
a robust inflammatory response that involves a local reac-

tion as well as an influx of blood-borne cells recruited by cyto-
kines, adhesion molecules, and chemokines.1,2 Among these 
cells, neutrophils are rapidly mobilized from the bone marrow 
to provide an effective innate immune response; they rapidly 
infiltrate into the ischemic brain (a few hours after occlusion), 
reach maximal levels at early time points (days 1–3), and then 
decrease over time.1,3 Because of several inflammatory mecha-
nisms (adhesion to endothelium, reactive oxygen species gen-
eration, protease secretion, etc), neutrophil infiltration into the 

ischemic brain has been associated with increased tissue injury4 
but its exact role in stroke pathogenesis remains under debate.

Neutrophils have functional heterogeneity in vivo and 
a capacity to change their phenotype after in vitro cytokine 
exposure,5 a function that makes them plastic cells, capable 
of responding to extracellular stimuli in a context-dependent 
manner.6–9 Such plasticity has been largely studied in macro-
phages,10–13 and similar to M2 macrophages, neutrophils have 
been proposed to polarize to an N2 phenotype.9

In this context, peroxisome proliferator-activated receptor-γ 
(PPARγ), a ligand-activated transcription factor belonging to 
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the nuclear receptor superfamily, has been shown to orchestrate 
the macrophage phenotype switch,14,15 from the classically 
activated/proinflammatory M1 to the alternatively activated or 
M2 phenotype, thus leading to inhibition of inflammation and 
tissue repair.12,16 To date, the influence of PPARγ activation on 
the neutrophil phenotype has not been explored.

Several groups, including ours, have demonstrated the neu-
roprotective properties of PPARγ agonists in stroke models.17–22 
On activation, this receptor has been reported to decrease both 
markers of microglia/macrophage activation and neutrophil 
infiltration in brain 2 to 3 days after experimental stroke.22–24 
The aim of the present study was to explore whether PPARγ 
agonists are able to induce changes in neutrophil mobiliza-
tion and phenotypes that might influence stroke outcome after 
exposure of mice to middle cerebral artery occlusion.

Materials and Methods
Materials
Rosiglitazone (RSG) maleate was from Enzo Life Sciences 
(Farmingdale, NY) or from Selleck Chemicals (Houston, TX). Other 
reagents were obtained from Sigma (Madrid, Spain) or as indicated 
in the text.

Animals
C57BL mice (8–10 weeks) were obtained from The Jackson 
Laboratory. All experimental protocols adhered to the guidelines of 
the Animal Welfare Committee of the Universidad Complutense (fol-
lowing European Union directives 86/609/CEE and 2003/65/CE). 
Animals were housed individually under standard conditions of tem-
perature and humidity and a 12-hour light/dark cycle (lights on at 
8:00 AM) with free access to food and water.

Experimental Groups
All groups were performed and quantified in a randomized fashion by 
investigators blinded to specific treatment. Mice were subjected to a 
distal permanent middle cerebral artery occlusion (pMCAO) through 
ligation (Material in the online-only Data Supplement). Animals 
received an intraperitoneal administration of either saline (vehicle 
[VEH]-treated group, n=6) or 3 mg/kg of RSG (RSG-treated group, 
n=6) 10 minutes after pMCAO. Two additional groups consisted of 
control animals that received an intraperitoneal injection of either sa-
line or RSG. An additional set of animals was treated for neutrophil 
depletion as described below. Experimental groups for molecular de-
terminations were used as indicated in the text.

Brain Infarct Determination
Infarct volume determination was calculated as described in Material 
and Methods in the online-only Data Supplement.

Immunofluorescence
Free-floating coronal brain slices (30 μm) were processed 24 or 48 
hours after pMCAO (n=4–6 per group), and immunofluorescence, 
confocal microscopy, and image analyses were performed as de-
scribed in Materials and Methods in the online-only Data Supplement.

Brain Dissociation and Cell Suspensions Analysis by 
Flow Cytometry
Twenty-four hours after pMCAO, mice brain were removed, and 
infarct and peri-infarct tissue were dissociated in cell suspensions 
that were further processed for subsequent analysis by flow cy-
tometry as described in Materials and Methods in the online-only  
Data Supplement.

Stereological Analysis
To estimate the number of NIMP-R14+ or double NIMP-R14+/Ym1+ 
cells in the infarct core, 7 coronal sections between −1.94 and −2.46 mm 
posterior to bregma (30 μm per section, 600 μm apart) were quanti-
fied with the optical fractionator approach, an unbiased cell counting 
method that is not affected by either the volume of reference or the size 
of the counted elements25 (Materials and Methods in the online-only  
Data Supplement).

Quantification of Brain Neutrophil Clearance by 
Phagocytosis
To analyze phagocytosis, simultaneous visualization of Iba1, 
NIMP-R14, and Ym1 staining26 was analyzed using a laser-scanning 
confocal imaging system (Zeiss LSM710) as described in Materials 
and Methods in the online-only Data Supplement.

Neutrophil Depletion
To deplete neutrophils, 2 groups of mice (n=8 per group) were in-
jected with either rabbit anti–polymorphonuclear leukocyte anti-
body (Accurate Chemical & Scientific, Westbury, NY; AIAG31140;  
20 mg/kg IV) or control rabbit IgG isotype for 5 days (n=8 each). 
On the third day of injection, mice were subjected to pMCAO. Two 
days after pMCAO, the number of peripheral blood neutrophils 
(May-Grunwald Giemsa)27 and neutrophils infiltrated into the brain 
parenchyma (NIMP-R14+ cells) were counted and the infarct volume 
determined in Nissl-stained sections.

Blood and Bone Marrow Cells Characterization by 
Flow Cytometry
Twenty-four hours after pMCAO, a single-cell suspension from pe-
ripheral blood or bone marrow was prepared for flow cytometry and 
analyzed as described in Material and Methods in the online-only 
Data Supplement. Granulocytes were identified by forward and side 
scatter analysis and confirmed by their expression of CD11b and Gr-1.

Statistical Analysis
Results are expressed as mean±SEM for the indicated number of ex-
periments. Prism4 (GraphPad Software, Inc, La Jolla, CA) was used 
for statistical analysis. Unpaired Student t test was used to compare 
2 groups. One- or 2-way ANOVA was used to compare >2 groups 
or parameters with the Tukey and Bonferroni post hoc tests, respec-
tively. Values of P<0.05 was considered statistically significant.

Results
PPARγ Agonist RSG Reduces Infarct Volume 
Concomitantly With an Accelerated Increase in 
Brain Neutrophil Number in the Ischemic Core
The PPARγ agonist RSG (3 mg/kg) decreased infarct volume 
24 hours after pMCAO in mice (Figure 1A; P<0.05; n=6) as 
previously demonstrated by histological staining 48 hours 
after the occlusion.21 In contrast, we found that RSG-induced 
neuroprotection was concomitant with an accelerated increase 
in the number of neutrophils in the infarcted area (core), as 
shown by a higher number of NIMP-R14+ cells at 24 hours 
(P<0.05; Figure 1B and 1C), but not at 48 hours (P>0.05; 
Figure 1B and 1C), after pMCAO. The increase in paren-
chymal neutrophils at 24 hours was further confirmed as an 
increase in CD11b+, Gr-1hi cells in the RSG-treated animals 
after brain dissociation and flow cytometry characteriza-
tion (Figure I in the online-only Data Supplement). In addi-
tion, double immunofluorescence studies of the neutrophilic 
marker Ly-6G with the pan-laminin antibody 24 hours after 
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ischemia showed that most neutrophils were found infiltrated 
into the brain parenchyma and not within the lumen of blood 
vessels as recently reported28 (Figure 1D). This infiltration 
was increased by RSG at the time studied (Figure 1D).

Neuroprotective Role of the PPARγ Agonist RSG Is 
Abolished After Depletion of Neutrophils
To assess whether RSG-induced increase in neutrophils 
in the ischemic core was involved in subsequent stroke 
outcome, we determined infarct volume after the in vivo 
depletion of the peripheral neutrophilic population with 
an anti– polymorphonuclear leukocyte antibody antibody 
(Figure 2A). Consistent with previous data,29 such treatment 
caused a reduction in circulating neutrophils (>70%; P<0.05; 
n=8; Figure 2B), as well as a decrease in the number of neu-
trophils in the ischemic core (P<0.05; n=8; Figure 2C). In 
accordance with the deleterious role of neutrophils in cerebral 
ischemia,1,4 infarct volume in mice treated with anti–poly-
morphonuclear leukocyte antibody was significantly smaller 
than that found in the IgG isotype-treated group (P<0.05; 
n=8; Figure 2D). In contrast, the administration of the PPARγ 
agonist RSG to neutrophil-depleted animals did not further 
reduce infarct volume (P>0.05; n=8; Figure 2D).

Phenotypic Characterization of Neutrophils Present 
in the Ischemic Core
The finding of a neuroprotective effect associated with an 
increased neutrophilic infiltration rate in RSG-treated ani-
mals, together with the lack of effect of RSG on infarct 
volume after neutrophil depletion, suggested the existence 
of different neutrophil subsets in the ischemic brain. In this 
regard, macrophages are now known to exhibit context-
dependent effector functions, with alternative M2 macro-
phages associated with anti-inflammatory and tissue repair 
functions.12,16 Because similar functional plasticity has been 
recently reported in neutrophils (reviewed in Mantovani30), 
we examined whether neutrophils expressing M2 mark-
ers (such as Ym1, CD206, or arginase I) were present in 
brain after pMCAO. Double immunofluorescence stud-
ies showed the presence of the chitinase Ym1 and of the 
endocytic and phagocytic receptor CD206 (mannose recep-
tor) located mainly in neutrophils (NIMP-R14+ or Ly-6G+ 
cells; Figure 3A and 3B) but not in other cell types, such 
as microglia/macrophages, neurons, and astrocytes of the 
ischemic core (Figure IIA and IIB in the online-only Data 
Supplement). The neutrophilic nature of Ym1+ and CD206+ 
cells present in the ischemic tissue was further confirmed 

Figure 1. The peroxisome proliferator-
activated receptor-γ agonist rosiglitazone 
(RSG) reduces infarct volume concomi-
tantly to an accelerated infiltration on neu-
trophils into the ischemic core. A, Infarct 
volume assessed by MRI 24 hours after 
permanent middle cerebral artery occlu-
sion (pMCAO) in vehicle (VEH)- and 
RSG-treated mice (n=6; *P<0.05 vs VEH). 
B, Representative images of neutrophilic 
(NIMP-R14+ cells infiltration into the isch-
emic core 24 and 48 hours after pMCAO in 
VEH- and RSG-treated mice (P.i. indicates 
peri-infarct; bar=300 μm). C, Quantifica-
tion of neutrophil infiltration, performed 
by sampling NIMP-R14+ cells in 7 coronal 
sections (optical fractionator technique) 
and expressed normalized by infarct vol-
ume (Cavalieri, cubic millimeter; left) or 
as the total number of NIMP-R14+ cells 
(right; n=4–6; *P<0.05 vs VEH. D, Double 
immunofluorescence staining of neutrophils 
(Ly-6G+, red) and the endothelial marker 
laminin (white) in the infarct core of VEH- or 
RSG-treated mice 24 hours after MCAO.
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by flow cytometric analysis of brain-dissociated cells show-
ing that 2 M2 markers are expressed by neutrophils, char-
acterized as CD11b+, Ly-6G+ cells, 48 hours after ischemia 
(Ym1+ cells=33.8±4.7% of CD11b+/Ly-6G+ cells; CD206+ 
cells=21.4±3.9% of CD11b+ Ly-6G+ cells; Figure 3B). In 
addition, we also performed a stereological quantification 
of the number of neutrophils (as NIMP-R14+ cells) express-
ing Ym1 in brain sections 48 hours after pMCAO; our data 
confirm the values obtained by flow cytometry of CD11b+/
Ly-6G+ cells, as 27.7±2.4% of NIMP-R14+ cells were Ym1+, 

showing a good agreement between NIMP-R14 and Ly-6G as 
neutrophil cell markers in this setting.

As previously shown for Ly-6G+ cells (Figure 1D), neutro-
phils expressing N2 markers (NIMP-R14+, Ym1+ cells) were also 
found within the brain parenchyma (Figure 3D). In addition, the 
presence of N2 neutrophils (CD11b+, CD45hi, Gr-1hi, Ym1+) was 
also confirmed 24 hours after ischemia by flow cytometry charac-
terization (Figure ID in the online-only Data Supplement).

Interestingly, although CD206 was mostly simultaneously 
coexpressed with Ym1 in neutrophils of the ischemic core, 

Figure 2. Effect of neutrophil depletion on infarct outcome. A, Experimental design of the experiment (see Materials and Methods).  
B, Quantification of blood neutrophils. Percentage of blood neutrophils determined by May-Grunwald Giemsa staining of peripheral blood 
smears 48 hours after permanent middle cerebral artery occlusion (pMCAO) followed by quantification of neutrophils based on their 
nuclear hypersegmentation and pale pink cytoplasm (n=8; *P<0.05 vs isotype vehicle [VEH]; #P<0.05 vs isotype rosiglitazone [RSG]).  
C, Representative micrographs of neutrophil infiltration with or without anti–polymorphonuclear leukocyte antibody (anti-PMN treatment; 
p.i indicates peri-infarct; bar=300 µm). Bottom graph shows the effect of anti-PMN administration on the number of neutrophils in the 
ischemic core after pMCAO (n=8; *P<0.05 vs isotype VEH; #P<0.05 vs isotype RSG) in VEH- and RSG-treated mice. D, Effect of anti-
PMN on infarct volume in VEH- and RSG-treated mice (n=8; *P<0.05; n.s. indicates not significant). Data are shown as percentage of 
infarcted hemisphere after Nissl staining 48 hours after pMCAO.
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some Ym1+, CD206− cells, could be found (Figure 3C). In this 
context, although no detectable expression of Ym1+ was found 
in microglia/macrophages (Iba1+, Figure IIA in the online-only 
Data Supplement), a Ym1+/NIMP-R14−/Ly-6G− cell subpopu-
lation was detected in the ischemic brain (Figure 3D, white 
asterisks; Figure IIC in the online-only Data Supplement).

Finally, arginase I was only scarcely detected in neutrophils at 
the time studied (Figure IID in the online-only Data Supplement).

PPARγ Agonist RSG Increases the Number of  
M2-Like Neutrophils (N2) in the Ischemic Brain
Ym1, a chitinase-like protein, is considered a bona fide marker 
of M2 macrophage polarization (alternative activation) in 
mouse.12 Because Ym1 immunoreactivity was mainly found 
in neutrophils, we selected this marker to explore whether 

PPARγ activation affects the relative proportions of classic 
and N2 neutrophil populations in the ischemic brain.

To that aim, we quantified stereologically the number of N2 
neutrophils as Ym1+, NIMP-R14+ cells in the ischemic core, 
24 and 48 hours after pMCAO, in mice treated with VEH or 
RSG (Figure 4A–4D). At 24 hours, 31% of infiltrated neu-
trophils in both groups were Ym1+ (N2; Figure 4B–4D). At 
48 hours, 72% of NIMP-R14+ neutrophils in brain sections 
were Ym1− in the VEH-treated group, in contrast to the RSG-
treated group in which 77% of neutrophils were N2 (Ym1+; 
Figure 4B–4D). Furthermore, the absolute number of N2 
(Ym1+) neutrophils, determined as either number of cells per 
cubic millimeter (Figure 4C; P<0.05; n=4–6) or total num-
ber (Figure 4D; P<0.05; n=4–6), was remarkably higher in 
RSG-treated animals at both times studied. These values were 

Figure 3. Cellular localization of Ym1 and CD206 in mouse brain neutrophils. A, Double immunofluorescence of Ym1 and CD206 (green) 
in neutrophils (NIMP-R14+ or Ly-6G+ cells; red) located at the infarct core in brain sections of ischemic animals. Right, Orthogonal 
projection of CD206+ and Ym1+ (green) colocalization in neutrophils (red) showing a membrane (CD206) or a vesicular staining (Ym1). 
Arrows indicate colocalization (yellow) of Ym1 and CD206 (green) with neutrophils (red; bar=25 µm). B, Flow cytometric analysis of brain 
neutrophils in sham or ischemic mice brain 48 hours after ischemia. Upper, Gated cells were analyzed for the expression of CD11b and 
Ly-6G to identify neutrophils (CD11b+, Ly-6G+ cells; red box). Brain neutrophils gate was further analyzed to confirm the expression of 
Ym1 (center; green box) or CD206 (bottom; green box). C, Triple immunofluorescence showing double colocalization of CD206 (green) 
and Ym1 (blue) in some neutrophils (red; bar=25 µm). D, Triple immunofluorescence of Ym1 (green), NIMP-R14 (red), and laminin (white) 
showing NIMP-R14+ (red; yellow arrows), Ym1+, NIMP-R14+ (yellow; yellow arrow heads), and Ym1+, NIMP-R14− cells (green, asterisks) in 
the brain parenchyma (bar=50 µm).
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confirmed at 24 hours after pMCAO by flow cytometry quanti-
fication of CD11b+, Gr-1hi, Ym1+ (Figure ID in the online-only 
Data Supplement). These results indicate that RSG increases 
the number of N2 neutrophils (N2) in the ischemic brain.

Effect of the PPARγ Agonist RSG on Blood  
and Bone Marrow N1 and N2 Neutrophil  
Subsets After pMCAO
Twenty-four hours after the occlusion, the total number of 
neutrophils in peripheral blood, determined by flow cytom-
etry, was increased when compared with control animals, 
an effect not modified by the PPARγ agonist RSG (n=4–6; 
P<0.05; Figure 5A, upper, and 5C, left). Consistently, at this 
time, pMCAO decreased the total number of neutrophils in 
bone marrow when compared with control animals, with no 
difference between VEH- and RSG-treated mice (n=4–6; 
P<0.05; Figure 5B, upper, and 5C, right), suggesting that the 
ischemic insult increases overall neutrophil mobilization from 
the bone marrow in a PPARγ-independent manner.

Regarding each specific subset, the number of N2 neu-
trophils in VEH and RSG groups was not significantly 

affected in blood after pMCAO versus nonischemic mice 
(n=4–6; P>0.05; Figure 5A, lower, and 5B, middle), 
but they decreased in the bone marrow (n=4–6; P<0.05; 
Figure 5B, lower, and 5D, middle); of note, after pMCAO, 
RSG decreased blood N2 number when compared with 
VEH-treated mice (n=6; P<0.05; Figure 5A, lower, 5B, 
middle). That the decrease in bone marrow neutrophils is 
not reflected by an increase in blood is consistent with a 
preferential infiltration of N2 into the ischemic brain paren-
chyma, an effect enhanced by PPARγ activation. In agree-
ment with this, Ym1+ neutrophils were often found adjacent 
to blood vessel walls (Figure II in the online-only Data 
Supplement). On the contrary, the number of blood Ym1− 
neutrophils was increased after pMCAO, regardless of the 
treatment (n=4–6; P<0.05; Figure 5A, lower, and 5B, right), 
concomitant with their decrease in the bone marrow (n=4–
6; P<0.05; Figure 5C, lower, and 5D, right). Therefore, 
Ym1− neutrophils seem to be equally mobilized by the isch-
emic insult, but in contrast to Ym1+ (N2), their increase in 
blood might suggest that they infiltrate the injured tissue to 
a lesser extent than their Ym1+ counterparts.

Figure 4. Effect of rosiglitazone (RSG) treatment on neutrophil shift toward an N2 phenotype. A, Representative photomicrographs show-
ing Ym1 (green) and neutrophils (red) double immunostaining 24 (upper) and 48 hours (lower) after permanent middle cerebral artery 
occlusion (pMCAO) in vehicle (VEH)- or RSG-treated mice (bar=50 µm). B, Pie charts showing percentage of neutrophils that colocalize 
with the M2 marker Ym1 (striped sectors) 24 and 48 hours after pMCAO in VEH- or RSG-treated animals. Left, Representative images of 
Ym1 (green) immunoreactive neutrophils (red) in combination with Iba1 staining (blue) in the ischemic core 48 hours after pMCAO of VEH- 
vs RSG-treated animals (bar=25 µm). C and D, Ym1+ neutrophils (striped bars) per cubic millimeter (C) or per hemisphere (D) 24 and 48 
hours after ischemia in VEH- (white bar) or RSG-treated mice (red bar). Ym1+ and NIMP-R14+ cells were sampled in 7 coronal sections by 
the fractionator technique and normalized by infarct volume (n=4–6; *P<0.05 vs pMCAO+VEH). p.i. indicates peri-infarct.
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N2 Neutrophils Are Preferentially Phagocytosed by 
Microglia/Macrophages in the Ischemic Core
To decrease damage associated to their inflammatory activ-
ity and therefore contribute to an early and efficient resolu-
tion process, neutrophils should be cleared away as soon as 
they have performed their function as scavengers of injurious 
stimuli. To determine the possible role of the N2 neutrophil 
subset in this process, we measured neutrophil clearance by 
microglial/macrophage phagocytosis in the ischemic core 
with simultaneous visualization of Iba1, NIMP-R14, and 
Ym1. Confocal micrographs show that, in some cases, the 
cytoplasm of mononuclear brain phagocytes (Iba1+) contained 
NIMP-R14+ cells/particles, with or without Ym1 immunore-
activity (Figure 6A and 6B and Figure IIIA in the online-only 
Data Supplement). For quantification, we measured phago-
cytosis as percent of microglia/macrophages (Iba1+ cells) 
engulfing neutrophils (Figure 6A–6C and Figure IIIA in the 
online-only Data Supplement), and neutrophil phagocytic 
clearance as percent of total, Ym1+, or Ym1− neutrophils being 
engulfed by microglia/macrophages (Figure 6A, 6B, and 6D). 
RSG-treated brains showed an increased phagocytosis of total 
neutrophils (n=4–6; P<0.05; Figure 6C) as well as an increased 
neutrophil clearance (n=4–6; P<0.05; Figure 6D) when com-
pared with sections from VEH-treated animals. Specific eval-
uation of Ym1 staining shows, in the VEH-treated group, the 
presence of numerous Ym1− neutrophils that do not undergo 
phagocytosis, whereas in the RSG-treated group, most neu-
trophils are Ym1+ (N2) and are being engulfed by microglia/
macrophages. Quantification shows that the N2 subset of 
neutrophils is the one that is preferentially cleared by microg-
lia/macrophages at the ischemic core in both groups when 
compared with the Ym1− neutrophil subpopulation (n=4–6; 

*P<0.05; Figure 6D). In agreement with these results, neu-
trophil morphology in RSG-treated animals showed increased 
impairment of membrane integrity when compared with 
VEH-treated animals 48 hours after pMCAO (Figure IIIB in 
the online-only Data Supplement).

Discussion
We show here that PPARγ activation with the agonist RSG 
induces a polarization of neutrophils toward an M2-like or 
N2 phenotype, which is associated with neuroprotection and 
resolution of inflammation after experimental stroke, induced 
by pMCAO. Lymphocytes and macrophages have been shown 
to possess the capacity to switch phenotypes, and recent data 
show that neutrophils share this ability (reviewed in Mantovani 
et al5). We presented above the first evidence of neutrophil 
reprogramming in brain inflammation, with modulation by 
activation of the PPARγ nuclear receptor concomitantly with 
an improvement in stroke outcome.

To date, several groups have shown neuroprotective proper-
ties of PPARγ agonists in stroke models, attributable mainly 
to anti-inflammatory and antioxidant mechanisms.17–22 In the 
present study, we decided to investigate the effects of PPARγ 
activation on the peripheral inflammatory response, specifi-
cally that orchestrated by infiltration of blood-borne neutro-
phils, a process that has been demonstrated to mediate tissue 
injury in stroke as in other diseases.31,32 Although recent stud-
ies have reported the predominant association of infiltrated 
neutrophils at the lumen of the blood vessels after transient 
MCAO,28 in our ischemia model most neutrophils were pre-
dominantly found infiltrated into the brain parenchyma. 
Intriguingly, we found that the PPARγ agonist RSG increased 
the number of infiltrated neutrophils at the earliest times, but 

Figure 5. Effect of permanent middle cerebral artery occlusion (pMCAO) with or without rosiglitazone (RSG) treatment in peripheral blood 
and bone marrow neutrophils. Blood (A and B) and bone marrow cells (C and D) were stained for 3-color flow cytometry with monoclonal 
antibodies against CD11b, Gr-1, and Ym1 24 hours after pMCAO. Dot plots show the characterization of the GR-1hi/CD11b+ neutrophil 
population in blood (A; right upper) and bone marrow (C; left upper). The Ym1+/GR-1hi/CD11b+ blood (A; bottom) and bone marrow (C; 
bottom) neutrophilic population in control and pMCAO animals after vehicle (VEH) or RSG treatment is also shown. Quantification of total 
(left), Ym1+ or N2 (middle) and N1 or Ym1− (right) neutrophils in blood (B) and bone marrow (D) in control and pMCAO animals after VEH 
or RSG treatment (n=4–6; *P<0.05 vs control+VEH; #P<0.05 vs control+RSG; &P<0.05 vs pMCAO+VEH).
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not at the latest time studied, namely 2 days after the ischemic 
injury. To our knowledge, this is the first stereological study, 
confirmed by flow cytometric analysis after brain dissocia-
tion, that evaluates the effect of PPARγ agonists on infiltra-
tion of neutrophils (assessed either as NIMP-R14+ or Ly-6G+ 
cells by immunofluorescence, or as CD11b+, CD45hi, Gr-1hi 
cells by flow cytometry) in brain ischemia. Other authors 
have described a decrease in neutrophil infiltration follow-
ing PPARγ activation based on a reduced myeloperoxidase 
expression and activity22–24 at 2 or 3 days after the occlusion. 
However, myeloperoxidase expression has been detected not 
only in neutrophils, but also in monocytes/macrophages,33 
microglia,34 and even in neurons.35 The different methods for 
identifying neutrophils, together with the different method-
ological approaches used, namely animal models (permanent 

versus transient MCAO) and time windows, may explain these 
differences.

Neutrophil infiltration into the ischemic brain has been 
recognized as an important pathogenic factor,32,36 and indeed, 
our findings show that neutrophil depletion causes a signifi-
cant infarct volume reduction in VEH-treated animals, in 
agreement with previous data.29 However, treatment with the 
PPARγ agonist failed to induce neuroprotection after neutro-
phil depletion suggesting, first, that neutrophils do not play a 
deleterious role in the presence of RSG and, second, that the 
neuroprotective effect of RSG requires neutrophils.

The fact that PPARγ-induced neuroprotection is unexpect-
edly associated with an increased rate of neutrophil infiltra-
tion, together with the lack of effect of the PPARγ agonist on 
infarct volume after neutrophil depletion, led us to hypothesize 

Figure 6. Preferential phagocytosis of N2 
(Ym1+) neutrophils by macrophages/microg-
lia. A, Representative phagocytosis micro-
graph showing a neutrophil (NIMP-R14+, 
red) of the ischemic core is engulfed by 
microglia/macrophage (Iba1+, green; upper). 
Bottom, The engulfed neutrophil is Ym1+ 
(gray; bar=10 µm). B, Double  
(upper) or triple immunofluorescence  
(bottom) of NIMP-R14 (red), Ym1 (gray), 
and Iba1 (green) 48 hours after permanent 
middle cerebral artery occlusion in vehicle 
(VEH)- vs rosiglitazone (RSG)-treated 
animals. Orange arrows show microglia/
macrophages engulfing Ym1+ neutrophils, 
whereas blue arrows indicate microglia/
macrophages engulfing Ym1− neutrophils 
(bar=50 µm). C, Percentage of phagocytic 
microglia/macrophages (n=4–6; *P<0.05 vs 
VEH). D, Quantification of clearance of total 
(left graph) or specific neutrophil population 
(Ym1+/Ym1−, right graph) determined as 
described in Material and Methods  
(n=4–6; *P<0.05).
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the existence of neutrophil subsets with different pathophysi-
ological roles; in this context, PPARγ activation could be act-
ing by favoring a reprogramming toward a phenotype with 
beneficial properties, such as those ascribed to the M2 mac-
rophage phenotype, associated with inhibition of inflamma-
tion and promotion of tissue repair.12,16 In this context, recent 
research in cancer shows that tumor-associated neutrophils 
can acquire a protumor phenotype (N2) characterized by 
the expression of arginase I, CCL2, and CCL5, a polariza-
tion largely driven by the transforming growth factor-β tumor 
microenvironment.9 In the scenario of stroke, we observed 
that neutrophils formed a heterogeneous population, as evi-
denced by the finding of a subset of neutrophils expressing 
well-established M2 markers, namely the chitinase Ym1 and 
CD206 (mannose receptor). Some also expressed arginase I. 
To our knowledge, this is the first evidence of the presence 
of N2 neutrophils in the brain. Transforming growth factor-β 
mRNA expression increased 5 hours after pMCAO (Figure 
IV in the online-only Data Supplement), suggesting its par-
ticipation in this setting.

Interestingly, PPARγ participates in the polarization of 
macrophages toward the M2 (alternative) phenotype,14,15 
which is associated with anti-inflammatory actions and tissue 
repair. We, therefore, postulated that PPARγ activation could 
induce a switch toward an N2 phenotype of neutrophils that 
could explain the neuroprotection found despite an increased 
number of these cells in the brain parenchyma. Among these 
molecules, Ym1 is a chitinase considered a bona fide marker 
of M2 polarization (alternative activation) of macrophages in 
the mouse, and its expression has also been reported in neu-
trophils37 and in brain under inflammatory conditions.38 Ym1 
has been implicated in matrix reorganization, wound healing, 
downregulation of inflammation, and its brain expression has 
been associated with neuroprotection.16,39–41 It could be that, 
because of its extracellular action on matrix reorganization, 
Ym1 expression and secretion by neutrophils are playing roles 
in neuroprotection after brain ischemia. Regarding CD206, 
little is known about its functions in neutrophils; however, it is 
also a distinctive antigen of the alternatively activated or M2 
state on macrophages.16 Furthermore, its expression has been 
associated to perivascular macrophages (Iba1− cells) in brain.42 
In agreement with this, we have found that CD206 protein is 
expressed in homogenates from control cortex of sham mice, 
likely by perivascular macrophages, being upregulated fol-
lowing ischemia (data not shown), an effect in which neutro-
phils are important contributors as indicated by our present 
findings. After RSG-induced PPARγ activation, we did not 
find an increased expression of transforming growth factor-β 
mRNA (Figure IV in the online-only Data Supplement); fur-
ther studies at different times would be required to ascertain 
transforming growth factor-β implication in PPARγ-induced 
neutrophil polarization.

In addition, a Ym1+/CD11b+/NIMP-R14−/Ly-6G− cell sub-
population was detected in the ischemic brain; because no 
detectable expression of Ym1+ was found in Iba1+ microglia/
macrophages, these data suggest that this population might 
correspond to infiltrating monocytes, although more studies 
are required to ascertain this issue.

Because CD206 is shed by metalloproteases, especially 
under inflammatory conditions, its interstitial presence could 
hinder immunofluorescence analysis; therefore, we selected 
Ym1 as the N2 neutrophil marker for our study. To this aim, 
we performed a quantitative stereological quantification of the 
Ym1− (N1) and Ym1+ (N2) neutrophilic subsets in the isch-
emic brain and we explored whether PPARγ activation was 
affecting their phenotypic balance. Counting of neutrophils 
showed that 24 hours after the occlusion, one third of the neu-
trophils in the ischemic core were Ym1+, and that this per-
centage was not significantly affected by RSG, although its 
total number was remarkably increased, thus suggesting that 
the PPARγ agonist increases infiltration into the injured tissue 
independently of the neutrophilic phenotype. Interestingly, at 
48 hours, the vast majority of brain neutrophils were positive 
for this chitinase in RSG-treated animals. The increased num-
ber of N2 neutrophils after PPARγ activation in the ischemic 
brain is likely attributable to an increased infiltration of blood-
borne cells, as indicated by the observed reduction in blood 
N2 neutrophils after pMCAO in RSG-treated mice, despite its 
similar bone marrow mobilization. Interestingly, Ym1− neu-
trophils were similarly mobilized from bone marrow but, in 
this case, their number increased in blood, independently of 
the treatment, what could imply a lesser ability to infiltrate the 
tissue. However, further studies are needed to clarify whether 
this Ym1− population is homogeneous or whether, on the con-
trary, consists of different neutrophilic subsets as well. Other 
authors have shown that RSG increases the infiltration of M2 
macrophages into adipose tissue,43 suggesting that PPARγ 
may promote infiltration of certain cell types to inflamed tis-
sue, in agreement with our data. Our findings represent the 
first demonstration of a PPARγ-induced reprogramming 
of neutrophils toward an N2 phenotype and their increased 
recruitment by the ischemic brain tissue concomitant with a 
neuroprotective effect.

Because disposal of apoptotic neutrophils is an important 
step in the resolution of inflammation and the restoration of tis-
sue homeostasis (reviewed in Mantovani et al5 and Soehnlein 
and Lindbom44), it could be argued that N2 reprogramming 
is designed to increase its own clearance by phagocytosis. In 
support of this idea, confocal microscopy examination reveals 
that neutrophil morphology in RSG-treated animals 48 hours 
after pMCAO shows an increased impairment of membrane 
integrity when compared with the VEH-treated group. Indeed, 
we have found that treatment with RSG increases the phago-
cytic clearance of neutrophils, shown by an increased number 
of total neutrophils being engulfed by macrophage/microglia. 
This is consistent with data in the literature showing that RSG 
increases phagocytosis in the ischemic brain.45 Interestingly, 
our data demonstrate that it is the N2 population that is pref-
erentially cleared by microglia/macrophages of the ischemic 
core, with a percentage almost 3-fold higher than that found 
for the Ym1− population. Although we cannot discard that 
microglial/macrophage phagocytic activity could be also be 
increased by RSG, it is noteworthy that our results showing that 
the percentage of Ym1+ neutrophils does not change with the 
treatment indicates that RSG affects phagocytosis by modu-
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lating the neutrophilic phenotype without affecting microglia/ 
macrophage activity, at least at the times studied.

Taking into account that dying neutrophils ultimately disin-
tegrate, release phlogistic cargo (eg, serine proteases and cat-
ionic proteins), and contribute to ongoing inflammation and 
tissue destruction, the effect of RSG on N2 polarization of 
neutrophils could be an important mechanism to reduce acute 
inflammation after stroke. Furthermore, phagocytosis pro-
motes secretion of anti-inflammatory mediators, thus likely 
contributing to create an optimal scenario favorable for the 
process of brain recovery after stroke.44

In summary, our data strongly support the implication of 
PPARγ activation by RSG on myeloid modulation after stroke 
and demonstrate for the first time the existence of M2-like, 
N2, or alternatively activated neutrophils in brain ischemia. 
The heterogeneity of neutrophil populations and the ability of 
RSG to promote a selective entry of these cells to the ischemic 
tissue is a novel process for the modulation of acute inflam-
mation. Moreover, we present the first demonstration of an 
association between N2 polarization of neutrophils and their 
increased ability to undergo phagocytosis, thereby increasing 
the removal of debris from the inflamed tissue, most likely 
contributing to the restoration of tissue homeostasis and ame-
liorating stroke outcome.

Sources of Funding
This work was supported by grants from Spanish Ministry of 
Economy and Competitiveness (MINECO) SAF2009-08145 and 
SAF2012-33216 (Dr Moro) and SAF2011-23354 (Dr Lizasoain), 
CSD2010-00045 (Dr Moro), from Fondo Europeo de Desarrollo 
Regional (FEDER) RETICS-RD12/0014/0003 (Dr Lizasoain), and 
from the Local Government of Madrid S2010/BMD-2336 (Dr Moro) 
and S2010/BMD-2349 (Dr Lizasoain). Drs Cuartero and Ballesteros 
are fellows of MINECO.

Disclosures
None.

References
 1. Jin R, Yang G, Li G. Inflammatory mechanisms in ischemic stroke: role 

of inflammatory cells. J Leukoc Biol. 2010;87:779–789.
 2. Yilmaz G, Granger DN. Leukocyte recruitment and ischemic brain 

injury. Neuromolecular Med. 2010;12:193–204.
 3. Kriz J. Inflammation in ischemic brain injury: timing is important. Crit 

Rev Neurobiol. 2006;18:145–157.
 4. Segel GB, Halterman MW, Lichtman MA. The paradox of the neutro-

phil’s role in tissue injury. J Leukoc Biol. 2011;89:359–372.
 5. Mantovani A, Cassatella MA, Costantini C, Jaillon S. Neutrophils in 

the activation and regulation of innate and adaptive immunity. Nat Rev 
Immunol. 2011;11:519–531.

 6. al-Essa LY, Niwa M, Kohno K, Nozaki M, Tsurumi K. Heterogeneity of 
circulating and exudated polymorphonuclear leukocytes in  superoxide- 
generating response to cyclic AMP and cyclic AMP-elevating agents. 
Investigation of the underlying mechanism. Biochem Pharmacol. 
1995;49:315–322.

 7. Chakravarti A, Rusu D, Flamand N, Borgeat P, Poubelle PE. 
Reprogramming of a subpopulation of human blood neutrophils by pro-
longed exposure to cytokines. Lab Invest. 2009;89:1084–1099.

 8. Puellmann K, Kaminski WE, Vogel M, Nebe CT, Schroeder J, Wolf H, 
et al. A variable immunoreceptor in a subpopulation of human neutro-
phils. Proc Natl Acad Sci U S A. 2006;103:14441–14446.

 9. Fridlender ZG, Sun J, Kim S, Kapoor V, Cheng G, Ling L, et al. 
Polarization of tumor-associated neutrophil phenotype by TGF-beta: 
“N1” versus “N2” TAN. Cancer Cell. 2009;16:183–194.

 10. Tambuyzer BR, Ponsaerts P, Nouwen EJ. Microglia: gatekeepers of cen-
tral nervous system immunology. J Leukoc Biol. 2009;85:352–370.

 11. Perry VH, Nicoll JA, Holmes C. Microglia in neurodegenerative disease. 
Nat Rev Neurol. 2010;6:193–201.

 12. Mosser DM, Edwards JP. Exploring the full spectrum of macrophage 
activation. Nat Rev Immunol. 2008;8:958–969.

 13. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The 
chemokine system in diverse forms of macrophage activation and polar-
ization. Trends Immunol. 2004;25:677–686.

 14. Bouhlel MA, Derudas B, Rigamonti E, Dièvart R, Brozek J, Haulon S, 
et al. PPARgamma activation primes human monocytes into alterna-
tive M2 macrophages with anti-inflammatory properties. Cell Metab. 
2007;6:137–143.

 15. Odegaard JI, Ricardo-Gonzalez RR, Goforth MH, Morel CR, 
Subramanian V, Mukundan L, et al. Macrophage-specific PPARgamma 
controls alternative activation and improves insulin resistance. Nature. 
2007;447:1116–1120.

 16. Gordon S, Martinez FO. Alternative activation of macrophages: mecha-
nism and functions. Immunity. 2010;32:593–604.

 17. Allahtavakoli M, Shabanzadeh AP, Sadr SS, Parviz M, Djahanguiri B. 
Rosiglitazone, a peroxisome proliferator-activated receptor-gamma 
ligand, reduces infarction volume and neurological deficits in an embolic 
model of stroke. Clin Exp Pharmacol Physiol. 2006;33:1052–1058.

 18. Collino M, Aragno M, Mastrocola R, Gallicchio M, Rosa AC, Dianzani 
C, et al. Modulation of the oxidative stress and inflammatory response 
by PPAR-gamma agonists in the hippocampus of rats exposed to cerebral 
ischemia/reperfusion. Eur J Pharmacol. 2006;530:70–80.

 19. Pereira MP, Hurtado O, Cárdenas A, Alonso-Escolano D, Boscá L, 
Vivancos J, et al. The nonthiazolidinedione PPARgamma agonist 
L-796,449 is neuroprotective in experimental stroke. J Neuropathol Exp 
Neurol. 2005;64:797–805.

 20. Pereira MP, Hurtado O, Cárdenas A, Boscá L, Castillo J, Dávalos A, et al. 
Rosiglitazone and 15-deoxy-Delta12,14-prostaglandin J2 cause potent 
neuroprotection after experimental stroke through noncompletely over-
lapping mechanisms. J Cereb Blood Flow Metab. 2006;26:218–229.

 21. Sobrado M, Pereira MP, Ballesteros I, Hurtado O, Fernández-López 
D, Pradillo JM, et al. Synthesis of lipoxin A4 by 5-lipoxygenase medi-
ates PPARgamma-dependent, neuroprotective effects of rosiglitazone in 
experimental stroke. J Neurosci. 2009;29:3875–3884.

 22. Tureyen K, Kapadia R, Bowen KK, Satriotomo I, Liang J, Feinstein 
DL, et al. Peroxisome proliferator-activated receptor-gamma agonists 
induce neuroprotection following transient focal ischemia in normoten-
sive, normoglycemic as well as hypertensive and type-2 diabetic rodents.  
J Neurochem. 2007;101:41–56.

 23. Chu K, Lee ST, Koo JS, Jung KH, Kim EH, Sinn DI, et al. Peroxisome 
proliferator-activated receptor-gamma-agonist, rosiglitazone, pro-
motes angiogenesis after focal cerebral ischemia. Brain Res. 
2006;1093:208–218.

 24. Luo Y, Yin W, Signore AP, Zhang F, Hong Z, Wang S, et al. 
Neuroprotection against focal ischemic brain injury by the peroxi-
some proliferator-activated receptor-gamma agonist rosiglitazone.  
J Neurochem. 2006;97:435–448.

 25. West MJ, Slomianka L, Gundersen HJ. Unbiased stereological estima-
tion of the total number of neurons in thesubdivisions of the rat hippo-
campus using the optical fractionator. Anat Rec. 1991;231:482–497.

 26. Denes A, Vidyasagar R, Feng J, Narvainen J, McColl BW, Kauppinen 
RA, et al. Proliferating resident microglia after focal cerebral ischaemia 
in mice. J Cereb Blood Flow Metab. 2007;27:1941–1953.

 27. Houwen B. Blood film preparation and staining procedures. Clin Lab 
Med. 2002;22:1–14, v.

 28. Enzmann G, Mysiorek C, Gorina R, Cheng YJ, Ghavampour S, Hannocks 
MJ, et al. The neurovascular unit as a selective barrier to polymorphonu-
clear granulocyte (PMN) infiltration into the brain after ischemic injury. 
Acta Neuropathol. 2013;125:395–412.

 29. Murikinati S, Jüttler E, Keinert T, Ridder DA, Muhammad S, Waibler Z, 
et al. Activation of cannabinoid 2 receptors protects against cerebral isch-
emia by inhibiting neutrophil recruitment. FASEB J. 2010;24:788–798.

 30. Mantovani A. The yin-yang of tumor-associated neutrophils. Cancer 
Cell. 2009;16:173–174.

 31. Wang Q, Tang XN, Yenari MA. The inflammatory response in stroke.  
J Neuroimmunol. 2007;184:53–68.

 32. del Zoppo GJ, Gorelick PB. Innate inflammation as the common path-
way of risk factors leading to TIAs and stroke. Ann N Y Acad Sci. 
2010;1207:8–10.

 by guest on November 26, 2013http://stroke.ahajournals.org/Downloaded from 

http://stroke.ahajournals.org/
http://stroke.ahajournals.org/


3508  Stroke  December 2013

 33. Nauseef WM. Myeloperoxidase deficiency. Hematol Oncol Clin North 
Am. 1988;2:135–158.

 34. Reynolds WF, Rhees J, Maciejewski D, Paladino T, Sieburg H, Maki RA, 
et al. Myeloperoxidase polymorphism is associated with gender specific 
risk for Alzheimer’s disease. Exp Neurol. 1999;155:31–41.

 35. Green PS, Mendez AJ, Jacob JS, Crowley JR, Growdon W, Hyman 
BT, et al. Neuronal expression of myeloperoxidase is increased in 
Alzheimer’s disease. J Neurochem. 2004;90:724–733.

 36. Wang Q, Tang XN, Yenari MA. The inflammatory response in stroke.  
J Neuroimmunol. 2007;184:53–68.

 37. Harbord M, Novelli M, Canas B, Power D, Davis C, Godovac-
Zimmermann J, et al. Ym1 is a neutrophil granule protein that crystal-
lizes in p47phox-deficient mice. J Biol Chem. 2002;277:5468–5475.

 38. Hung SI, Chang AC, Kato I, Chang NC. Transient expression of Ym1, a 
heparin-binding lectin, during developmental hematopoiesis and inflam-
mation. J Leukoc Biol. 2002;72:72–82.

 39. Tada S, Okuno T, Yasui T, Nakatsuji Y, Sugimoto T, Kikutani H, 
et al. Deleterious effects of lymphocytes at the early stage of neu-
rodegeneration in an animal model of amyotrophic lateral sclerosis.  
J Neuroinflammation. 2011;8:19.

 40. Ponomarev ED, Maresz K, Tan Y, Dittel BN. CNS-derived  interleukin-4 
is essential for the regulation of autoimmune inflammation and 
induces a state of alternative activation in microglial cells. J Neurosci. 
2007;27:10714–10721.

 41. Ohtaki H, Ylostalo JH, Foraker JE, Robinson AP, Reger RL, Shioda S, 
et al. Stem/progenitor cells from bone marrow decrease neuronal death 
in global ischemia by modulation of inflammatory/immune responses. 
Proc Natl Acad Sci U S A. 2008;105:14638–14643.

 42. Hawkes CA, McLaurin J. Selective targeting of perivascular macro-
phages for clearance of beta-amyloid in cerebral amyloid angiopathy. 
Proc Natl Acad Sci U S A. 2009;106:1261–1266.

 43. Stienstra R, Duval C, Keshtkar S, van der Laak J, Kersten S, Müller M. 
Peroxisome proliferator-activated receptor gamma activation promotes 
infiltration of alternatively activated macrophages into adipose tissue.  
J Biol Chem. 2008;283:22620–22627.

 44. Soehnlein O, Lindbom L. Phagocyte partnership during the onset and 
resolution of inflammation. Nat Rev Immunol. 2010;10:427–439.

 45. Zhao X, Grotta J, Gonzales N, Aronowski J. Hematoma resolution as a 
therapeutic target: the role of microglia/macrophages. Stroke. 2009;40(3 
suppl):S92–S94.

 by guest on November 26, 2013http://stroke.ahajournals.org/Downloaded from 

http://stroke.ahajournals.org/
http://stroke.ahajournals.org/



