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Hyperglycemia in Stroke Impairs Polarization of Monocytes/
Macrophages to a Protective Noninflammatory Cell Type
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Diego Clemente,” “Peter P. Nawroth,* and ““Markus Schwaninger-°
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Hyperglycemia is common in patients with acute stroke, even in those without preexisting diabetes, and denotes abad outcome. However,
the mechanisms underlying the detrimental effects of hyperglycemia are largely unclear. In a mouse model of ischemic stroke, we found
that hyperglycemia increased the infarct volume and decreased the number of protective noninflammatory monocytes/macrophages
in the ischemic brain. Ablation of peripheral monocytes blocked the detrimental effect of hyperglycemia, suggesting that monocytes are
required. In hyperglycemic mice, a-dicarbonyl glucose metabolites, the precursors for advanced glycation end products, were signifi-
cantly elevated in plasma and ischemic brain tissue. The receptor of advanced glycation end products, AGER (previously known as
RAGE), interfered with polarization of macrophages to a noninflammatory phenotype. When Ager was deleted, hyperglycemia did not
aggravate ischemic brain damage any longer. Independently of AGER, methylglyoxal reduced the release of endothelial CSF-1 (M-CSF),
which stimulates polarization of macrophages to a noninflammatory phenotype in the microenvironment of the ischemic brain. In
summary, our study identified a-dicarbonyls and AGER as mediators by which hyperglycemia lowers the number of protective nonin-
flammatory macrophages and consequently increases ischemic brain damage. Modulating the metabolism of a-dicarbonyls or blocking
AGER may improve the treatment of stroke patients with hyperglycemia.
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Although glucose is the main energy substrate of the brain, hyperglycemia aggravates ischemic brain damage in acute stroke. So
far, clinical trials have indicated that insulin treatment provides no solution to this common clinical problem. This study shows, in
an experimental stroke model, that hyperglycemia interferes with the polarization of monocytes/macrophages to a protective cell
type. Key players are a-dicarbonyls and the receptor for advanced glycation end products (AGER). Deletion of AGER normalized
monocyte/macrophage polarization and reversed the detrimental effects of hyperglycemia, suggesting new avenues to treat stroke

patients.
J

ignificance Statement

Introduction
Hyperglycemia is a common clinical feature in patients with an
acute ischemic stroke. Upon admission, up to 2/3 of stroke pa-
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tients have plasma glucose concentrations >6.1 mmol/L (Scott et
al., 1999). Often, the hyperglycemia is due to preexisting diabetes
mellitus; however, there is now clinical evidence to suggest that
stress induces hyperglycemia in nondiabetic stroke patients
(Kruyt et al., 2010; Dziedzic et al., 2012). Epidemiological data
have shown that high blood glucose concentrations on admission
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are a predictor for enhanced mortality rate and a bad functional
outcome (Melamed, 1976; Kruyt et al., 2010). The predictive
value of acute hyperglycemia is especially strong in nondiabetic
patients, suggesting that the acute hyperglycemia is the causative
factor rather than preexisting vascular damage (Capes et al., 2001;
Kruyt et al., 2010). In support of this view, preclinical studies in
rodents have confirmed that acute hyperglycemia can aggravate
ischemic brain damage (Kruyt et al., 2010). Therefore, current
guidelines from the American Heart Association and the Euro-
pean Stroke Organization recommend treating the hyperglyce-
mia in patients with acute stroke. However, several large clinical
trials have shown that treatment with insulin does not improve
outcome in acute stroke and actually puts the patients at consid-
erable risk for hypoglycemic episodes (Bellolio et al., 2014).

The mechanism(s) by which glucose metabolism aggravates
ischemic brain injury is unknown. Previous studies have shown
that the alternative energy substrate, B-hydroxybutyrate, modu-
lates ischemic stroke by acting on noninflammatory monocytes
and macrophages, also known as M2-type macrophages (Rah-
man et al., 2014). Monocytes/macrophages are plastic cells and
present a wide range of phenotypes. Extremes of this phenotypic
spectrum are, on one side, inflammatory cells, characterized by
the markers Ly—6CHi, iNOS, IL-18, and TNF, and, on the other
side, noninflammatory cells with the markers Ly—6CL°, Argl,
RETNLA, and CHIL3 (Mosser and Edwards, 2008). The current
concept is that inflammatory monocytes are recruited to the CNS
during stroke and differentiate to noninflammatory macro-
phages, which play an important role in protecting the brain after
ischemia (Gliem et al., 2012). Here, we report that acute hyper-
glycemia downregulates protective noninflammatory mono-
cytes/macrophages in ischemic brain tissue. Furthermore, we
provide evidence that a-dicarbonyl glucose metabolites and the
receptor for advanced glycation end products (AGER) are poten-
tial mediators of the glucose effect on noninflammatory macro-
phages, suggesting new treatment strategies for hyperglycemic
stroke.

Materials and Methods

Mice. Mice were age and sex matched between experimental groups.
CD11b-DTR, Ager — /= and Cx3cr1 ™% mice have been described pre-
viously (Jung et al., 2000; Constien et al., 2001; Duffield et al., 2005).
Ager '~ mice were backcrossed for >10 generations on a C57BL/6N
background; therefore, we used C57BL/6N mice as wild-type controls.
The mice were kept in individually ventilated cages in groups of four to
five individuals with ad libitum access to food and water under a 12 h
light/12 h dark cycle at 23°C. Studies were designed according to the
ARRIVE guidelines. Therefore, investigators were blinded to treatment,
genotype, or both in all experiments. All experiments were performed
according to the German animal protection law and were approved by
the local animal welfare authorities (Ministerium fiir Energiewende,
Landwirtschaft, Umwelt und lindliche Rdume, Kiel, Germany).

Stroke model. To induce ischemic strokes, we permanently occluded
the distal middle cerebral artery (MCA) in 10- to 12-week-old male mice
(Lubjuhn et al., 2009). First, mice were anesthetized with pentobarbital
(15 ul of 0.5% pentobarbital/g body weight, i.p.). A skin incision was
made between the ear and the orbit on the left side. After removing the
temporal muscle, a burr hole was drilled to expose the stem of the MCA.
The MCA was then occluded by microbipolar electrocoagulation (Model
ICC 50; Erbe). Finally, the skin incision was sutured and the mice were
placed under a heating lamp until they fully recovered. The surgery was
done under a microscope (Hund) and rectal temperature was main-
tained at 37°C with a heating pad. To determine the infarct volume, mice
were deeply reanaesthetized with tribromoethanol (15 ul of 2.5% tribro-
moethanol/g body weight, i.p.) 48 h after MCA occlusion (MCAO) and
perfused intracardially with 15-20 ml of Ringer’s solution. Coronal cryo-
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sections (20 wm thick) were cut every 400 wm and stained using a silver
technique (Lubjuhn et al., 2009). The infarct volume was determined
using ImageJ and corrected for brain edema as described previously
(Lubjuhn et al., 2009). Mice were only excluded from analysis if they died
before perfusion. Mortality was <10% and did not differ between treat-
ment groups. Mice were randomized to the treatment groups. To induce
hyperglycemia, glucose (50 mgin 0.2 ml of normal saline) or vehicle were
intraperitoneally injected immediately before MCAO.

Flow cytometry. Blood samples (100 ul) were taken before or 48 h after
MCAO. Mice were deeply anesthetized with tribromoethanol (15 ul of
2.5% tribromoethanol/g body weight, i.p.) 48 h after MCAO and per-
fused intracardially with Ringer’s solution. After dissecting the brain and
removing olfactory bulbs and cerebella, left hemispheres were digested in
DMEM (Invitrogen) containing collagenase A (1 mg/ml; Roche) and
DNase (0.1 mg/ml; Roche) for 30 min at 37°C (Rahman et al., 2014).
Then, cells were filtered through a 40 um nylon cell strainer (BD Biosci-
ences) and the red blood cells were lysed on ice with standard erythrocyte
lysis buffer. To separate cells from myelin and debris, a Percoll gradient
(GE Healthcare; 78% and 30%) was used. The cells were carefully col-
lected from the interface of the gradient and washed with 10 ml of PBS
containing 0.5% BSA. After treatment with purified rat anti-mouse
CD16/32 (Fc Block; BD PharMingen, 1:100) for 10 min on ice, cells were
incubated with the antibodies or the respective isotype controls for 45
min on ice as follows: PE-labeled rat anti-mouse CD45 (BD PharMingen,
1:100), APC-labeled rat anti-mouse Ly-6C (BD PharMingen, 1:100),
PerCP-labeled rat anti-mouse CD11b (BD PharMingen, 1:100), and
FITC-labeled rat anti-mouse Ly-6G (BD PharMingen, 1:100). The cells
were then analyzed on the Partec Cube8 with the laser lines 488 and
638 nm.

Immunofluorescence microscopy. Arginase 1 (Argl) staining was per-
formed as reported previously with some modifications (Pomeshchik et
al., 2015). Forty-eight hours after MCAO, wild-type, Ager ™ '~ or
Cx3crl ST > WT mice were deeply anesthetized with tribromoethanol
(15 pl of 2.5% tribromoethanol/g body weight, i.p.) and perfused with
Ringer’s solution and 4% paraformaldehyde (PFA). Brains were post-
fixed in 4% PFA (24 h, 4°C), cryoprotected in 30% sucrose (24 h, 4°C),
and snap frozen in isopentane. Coronal cryosections (20 um thick) were
air-dried for 1 h and rehydrated in PBS for 5 min. After antigen retrieval
in citrate buffer, the slides were incubated overnight at room tempera-
ture with goat anti-mouse Argl (N-20; Santa Cruz Biotechnology,
1:200), together with rabbit anti-mouse Ibal (Wako, 1:100; see Fig. 3) or
with rabbit anti-mouse inducible NO synthase (iNOS; Calbiochem, 1:50)
and chicken anti-GFP (Abcam, 1:2000; see Fig. 4). The next day, the
slides were incubated with Cy3-labeled anti-goat (Jackson Immunore-
search), Alexa Fluor 488-labeled anti-rabbit (Invitrogen), Alexa Fluor
647-labeled anti-goat (Invitrogen), Alexa Fluor 594-labeled anti-rabbit
(Invitrogen), or Cy2-labeled anti-chicken antibodies (Abcam). All sec-
ondary antibodies were used in 1:400 dilutions containing DAPT (1 g/
ml). Imaging was performed on a fluorescence (DMI 6000 B; Leica) or a
confocal microscope (TCS SP5; Leica) using the same settings for the
whole experiment. Immunostained cells were counted in the whole-
brain section or in predefined fields (0.6 mm?) of the motor cortex,
striatum, and insular cortex on 4 coronal sections per mouse (—0.22 mm
relative to bregma) using Image].

Bone marrow transplantation. Cx3cr mice were anesthetized
with isoflurane and decapitated. Femurs and tibias were dissected asep-
tically and the bone marrow was flushed out of the bones and dissolved in
PBS using 23-gauge cannulae. The homogenous cell suspension was
passed through a 40 wm cell strainer. After centrifugation (500 X g, 5
min, 4°C) cells were suspended in PBS and injected retro-orbitally in
8-week-old C57BL/6 mice (100 ul, 5 X 10° cells) that had been lethally
irradiated (10 Gy) 1 d before. Six weeks after transplantation, the MCAO
was performed under normoglycemic or hyperglycemic conditions as
described previously.

Preparation and culture of primary cells. Primary brain endothelial cells
(PBECs) and bone-marrow-derived macrophages (BMDMs) were pre-
pared from 8- to 10-week-old C57BL/6 (Charles River) or Ager '~
mice. The animals were anesthetized with isoflurane and killed by
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decapitation. The preparation of PBECs has been described previously
(Ridder et al., 2011).

For BMDMs, bone marrow was prepared from femurs and tibias as
described above. The cells were suspended in PBS, supplemented with
2% heat inactivated fetal calf serum (FCS; Biochrom), and passed
through a 70 wm cell strainer. To remove red blood cells, 1 volume of
NH,CI (1.2% in PBS) was added and the suspension was incubated for 10
min on ice. After centrifugation (500 X g, 5 min, 4°C), cells were sus-
pended in IMDM (25 mwm glucose; Life Technologies) containing heat-
inactivated FCS (10%), penicillin (100 U/ml), streptomycin (100 pg/ml),
and colony stimulating factor 1 (CSF-1, 10 ng/ml; ProSpec) and seeded
(2 X 10° cells/ml) on 24-well plates. On day 3, the medium was changed
to DMEM (5 mm glucose; Life Technologies) containing the above sup-
plements. On day 7, CSF-1 treatment was stopped and macrophages
were polarized to an inflammatory cell type with lipopolysaccharides
(LPS, E. coli 0111:B4, 100 ng/ml; Sigma-Aldrich) or a noninflammatory
cell type with recombinant murine IL-4 (10 ng/ml; PeproTech) in
DMEM or they were treated with the conditioned medium of methylg-
lyoxal (MG)-challenged PBECs that were subjected to oxygen glucose
deprivation (OGD) with or without goat anti-CSF-1 neutralizing anti-
bodies (1.6 ug/ml; LSBio).

Measurement of a-dicarbonyls. EDTA plasma was collected before
(time point 0) and 30 and 50 min after MCAO. Ipsilateral and contralat-
eral brain tissues were harvested and snap frozen in liquid nitrogen. The
brain tissues were homogenized at 4°C in 100 ul of cold PBS using a
high-throughput tissue homogenizer (Bullet Blender STORM BBY
24M; Next Advance). After homogenization, protein concentrations
were determined in the brain homogenates using Lowry’s method.
a-Dicarbonyls were then measured by LC/MS as described previously
with some modifications (Thornalley and Rabbani, 2014). Proteins were
precipitated by adding 10 ul of ice-cold trichloroacetic acid (20% weight/
volume) to plasma samples (25 ul) or to brain homogenates (300 ug of
protein) together with the isotopically labeled internal standard d4-MG,
followed by centrifugation (20,000 X g, 4°C, 10 min). In the supernatant,
a-dicarbonyls were derivatized to their quinoxaline derivatives by
adding o-phenylenediamine (10 ul, 0.5 mm in 200 mm HCI/500 um
DETAPAC) for 4 h in the dark.

LC/MS analysis was performed on a TSQ Endura triple quadrupole
mass spectrometer coupled to a Dionex Ultimate 3000 UHPLC system
(Thermo Scientific). Derivatized a-dicarbonlys were separated on an
Ascentis Express C18 column (100 mm X 2.1 mm X 5 wm; Sigma-
Aldrich) using 0.1% formic acid in water as mobile phase A and aceto-
nitrile as mobile phase B. The flow rate was set to 0.2 ml/min and the
column temperature was kept at 30°C. The following gradient was used;
0-2 min isocratic gradient of 10% B, which increased to 50% between 2
and 10 min. Afterward, B increased to 100% between 10 and 11 min,
which was followed by a washing step with 100% B between 11 and 15
min. Re-equilibration took place between 15 and 20 min back to 10% B.
The retention times were as follows: derivatized 3-deoxyglucosone (3-
DG), 3.16 min; derivatized glyoxal, 5.43 min; derivatized MG, 6.47 min;
and derivatized d4-methylgyoxal, 6.41 min. A next-generation heated
ion spray ionization source with the following parameters was used:
spray voltage, 4600 V; vaporizer temperature, 100°C; and ion transfer
tube temperature, 300°C. Multiple reaction monitoring was used to
identify and quantify the derivatized a-dicarbonlys with collision-
induced dissociation at 2.5 mTorr using argon and with the following
scan parameters: 3-DG, m/z 235.1 (fragments m/z 145.1, 157.1, 171.1,
and 199.2; CE = 24V, 22V, 22 and 18 V); glyoxal, m/z 131.1 (fragments
m/z 77.2 and 104.1; CE = 30 and 21 V); MG, m/z 145.1 (fragments m/z
77.2 and 118.1; CE = 31 and 23 V), and d4-MG m/z 149.1 (fragments
77.2 and 121.1; CE = 32 and 24 V). Quantification of MG was performed
using the stable isotope dilution method with a calibration curve using
the ratio of the areas under the peaks of equal amounts MG (fragment
m/z 118.1) to d4-MG (fragment m/z 121.1). Recovery was between 90%
and 95% for plasma and brain homogenates and the imprecision (CV%)
was between 2% and 7%. Quantification of other a-dicarbonyls was
done semiquantitatively in relation to the MG calibration curve. Ten
percent of the number of samples were run as duplicates and one quality
control sample was run every 20—30 samples.
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OGD and CSF-1 ELISA. As an in vitro model of ischemia, we exposed
PBECs to OGD. The medium was changed to glucose-free DMEM con-
taining EC growth supplement and 2-deoxy-p-glucose (5 mm). Cells
were treated with MG (500 um) for 1 h before being transferred to an
anaerobic chamber that was flushed with 5% CO, and 95% N, for 15 min
and then sealed. After incubation for 4.5 h at 37°C, cells were switched
back to EC-medium for additional 4 h before being lysed for mRNA
preparation and the medium was collected for BMDM-treatment or
CSF-1 measurement by ELISA (R&D Systems). ELISA was performed
according to the manufacturer’s instructions.

Real-time RT-PCR. RNA was isolated from PBECs or BMDM:s using
the NucleoSpin 96 RNA purification kit (Macherey-Nagel) according to
the manufacturer’s instructions. Then, 400 ng of RNA was transcribed to
c¢DNA with the Cloned AMV First-Strand cDNA Synthesis kit (Life Tech-
nologies) and oligo(dT),,, primers. The following primers were used for
quantitative RT-PCR: Csfl forward, 5'-GTG TCA GAA CAC TGT AGC
CAC-3', Csfl reverse, 5'-TCA AAG GCA ATC TGG CAT GAA G-3/,
PCR product 101 bp; Tnf forward, 5'-TGT AGC CCA CGT CGT AGC
AAA-3', Tnfreverse, 5'-GCT GGCACCACT AGT TGG TTG T-3', PCR
product 120 bp; Ager forward, 5'-ATT CAG CTG TTG GTT GAG CCT-
3', Ager reverse 5'-CCA TCC TTT ATC CAG TGG ACC T-3', PCR
product 113 bp; Chil3 forward, 5'-AGC CAG CAG AAG CTC TCC AGA
AGC-3', Chil3 reverse, 5'-TGC CAG ACC TGT GAC AAG AAT GAG
C-3', PCR product 75 bp; Retnla forward, 5'-TCC TGC CCT GCT GGG
ATG ACT GCT A-3', Retnla reverse, 5'-CAG CGG GCA GTG GTC CAG
TCA A-3', PCR product 125 bp; Argl forward 5'-TGG TGT GGT GGC
AGA GGT CCA-3', Argl reverse, 5'-ACT GCC AGA CTG TGG TCT
CCA CC-3’', PCR product 72 bp; Il1b forward 5'-CTG TGA CTC ATG
GGA TGA TGA TG-3', Il1b reverse 5'-GGA GCC TGT AGT GCA GTT
G-3'; PCR product 74 bp; Ppia forward, 5'-AGG TCC TGG CAT CTT
GTC CAT-3', Ppia reverse, PCR product 51 bp. Quantitative RT-PCR
was performed with Platinum SYBR Green qPCR SuperMix (Invitrogen)
at 40 cycles of the following protocol: 2 min at 50°C, 2 min at 95°C, 15 s
at 95°C, and 1 min at 60°C with the ABI PRISM 7000 Sequence Detection
System (Applied Bioscience). Quantified results were normalized to Ppia
using the AACt method.

Statistical analysis. Values are shown as means = SEM. For compari-
son of two groups, t tests were used. For more than two groups, one-way
ANOVA and Tukey’s multiple-comparisons test or two-way ANOVA
followed by Bonferroni post hoc test were used. On the basis of the SD
of infarcts that we had determined in previous experiments (25% of
means), we chose a sample size of n = 911 to detect a 40% reduction of
infarct size with a power of 0.8 and an error of 0.05, depending on specific
experimental conditions, when using two-way ANOVA with four
groups. Data analysis was performed with GraphPad Prism 5 software.

Results

Establishment of a mouse model of hyperglycemic stroke

To analyze the effect of hyperglycemia on ischemic stroke, we
subjected mice to permanent distal MCAO. We used pentobar-
bital for anesthesia because it does not elevate blood glucose lev-
els, in contrast to tribromoethanol or other anesthetic agents
(Fig. 1A; Brown et al., 2005; Muhammad et al., 2008). After in-
jecting glucose (50 mg in 0.2 ml, intraperitoneally) at the time of
vessel occlusion, blood glucose levels were higher than in the
normoglycemic group treated with normal saline (Fig. 1A).
Forty-eight hours after MCAO, infarct volumes were larger in
hyperglycemic mice than in normoglycemic mice (Fig. 1B,C).

Hyperglycemia downregulates noninflammatory
monocytes/macrophages

B-hydroxybutyrate, an alternative energy substrate of the CNS,
modulates ischemic brain damage by acting on monocytes
and/or macrophages (Rahman et al., 2014). To determine
whether this cell population would also mediate the effect of
glucose, we analyzed myeloid cells 48 h after onset of MCAO by
flow cytometry. The percentage of CD45*CD11b" cells corre-
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Figure1.

Hyperglycemia increases the infarct volume. 4, Blood glucose concentrations were significantly increased when mice were treated with 50 mg of glucose. Blood glucose concentrations

were measured in anesthetized mice immediately before (0 min) and 30 min and 50 min after the glucose or normal saline injections. MCAO was performed after the first measurement. Two-way
ANOVA, for glucose F; 36, = 12.52,p = 0.0023.***p = 0.001.**p = 0.01 (Bonferroni posttests, n = 11 mice/group). B, Forty-eight hours after MCAO, the hyperglycemic group had larger infarcts
than the normoglycemic group. Typical silver-stained coronal brain sections showing infarctsin light gray are depicted on top of the panel. Unpaired  test, **p << 0.001 (n = 13 mice/group). Scale
bar, 2.5 mm. C, Distribution of infarcts on coronal sections in normoglycemic and hyperglycemic groups (F; 540) = 13.9, p = 0.0013, repeated-measures ANOVA, n = 11 mice/group). Data are

shown as means == SEM.

sponding to resident microglia in the ischemic hemisphere that
were mostly Ly-6C™° were not significantly affected by hyper-
glycemia (Fig. 2A—D,G). CD45"'CD11b" cells were detected
only after MCAO in the ischemic brain and represent bone-
marrow-derived cells, as described previously (Gliem et al.,
2012). Among CD45™CD11b* cells, inflammatory mono-
cytes/macrophages (Ly-6C"Ly-6G ~) and neutrophils (Ly-
6C "Ly-6G ™) did not significantly change in number under
hyperglycemic conditions (Fig. 2E,F,I,J; Mosser and Ed-
wards, 2008). In contrast, hyperglycemia reduced noninflam-
matory monocytes/macrophages (Ly-6C"°Ly-6G~) in the
ischemic hemisphere (Fig. 2H ), although the infarct volume
increased under the same conditions (Fig. 1).

Hyperglycemia reduces the number of infiltrating Argl™
noninflammatory monocytes/macrophages

To verify the effect of hyperglycemia on the myeloid cell
polarization, we stained brain sections for Ibal, a marker of
monocytes/macrophages and microglia, and for Argl, which is
expressed by noninflammatory cells (Mosser and Edwards, 2008;
Hickman et al., 2013). After stroke, hyperglycemia in mice did
not affect the overall number of Ibal™ cells in the periphery of the
ischemic lesion (normoglycemic group, 258 * 16 Ibal™ cells/
mm?; hyperglycemic group, 220 * 16 Ibal™ cells/mm?, p = 0.13,
t test), but did reduce the number of Ibal™ cells that expressed
Argl (Fig. 3A—G), thereby confirming a downregulation of non-
inflammatory myeloid cells by hyperglycemia. In contrast, hyper-
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glycemia did not alter the number of Argl Ibal® cells (Fig.  brain (Fig. 2), we labeled BMDMs by transplanting Cx3crl ¥/
3A-F,H). bone marrow to C57BL/6 mice (Fig. 4A). Hyperglycemia had no

Because flow cytometry had indicated that hyperglycemia af-  effect on the number of Cx3crl “**/* cells that were negative for
fects polarization of monocytes/macrophages in the ischemic  Argl and the proinflammatory marker iNOS (Fig. 4B—]), but did
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Quantification of Arg1" Iba™ and Arg1~ Iba™ cells per square millimeter. Unpaired ¢ test, **p << 0.003 (n = 6—8 mice/group) .Scale bar 100 1um. Data are shown as means % SEM.

reduce the number of Cx3cr1 “**/* Argl "iNOS * inflammatory
cells (53 * 25% reduction; Fig. 4B—I, K) and had a more pro-
nounced effect on Cx3crl “** Argl "INOS ™ cells, representing
a population that presumably switches from a proinflammatory
to a noninflammatory polarization (73 * 4% reduction, Fig.
4B-1, L; Kigerl et al., 2009; Miron et al., 2013; Melero-Jerez et al.,
2016). Furthermore, hyperglycemia significantly decreased the
number of Cx3crl “**'*Argl *iNOS ™~ noninflammatory mono-
cytes/macrophages (53 * 19% reduction; Fig. 4B—I, M) and the
Argl intensity per cell (data not shown). An analysis of the anatom-
ical distribution of Cx3crl1 ™" Argl ™ cells showed that the most
prominent differences between normoglycemic and hyperglycemic
mice were detected in the infarct border located in the motor cortex,
whereas the effect lost its significance in the striatum and was unde-
tectable in the insular cortex (Fig. 4N-Q). Notably, the motor cortex,
where hyperglycemia had the most pronounced effects on mono-
cyte/macrophage polarization, contains most salvageable tissue in
the infarct model used here (Herrmann et al., 2005).

Identifying the role of monocytes/macrophages in
hyperglycemic stroke

BMDMs infiltrate the ischemic brain as monocytes (Gliem et al.,
2012). To elucidate the role of this cell population for hypergly-
cemic stroke, we ablated monocytes by treating CD11b-DTR
mice with diphtheria toxin (DT). Consistent with previous data,
DT had no effect on the blood count of neutrophils (Fig. 5A-G;
Duffield et al., 2005). However, treatment with DT led to a >80%
loss of Ly-6C"° and Ly-6C"™" monocytes in CD11b-DTR mice,
whereas treatment of the wild-type littermates had no effect (Fig.
5A-F). Ablation of monocytes slightly increased the infarct size
under normoglycemic conditions, although this did not reach
statistical significance (Fig. 5H ). Hyperglycemia enlarged the in-
farct size. Post hoc testing showed that this effect was significant in
wild-type animals, but not in CD11b-DTR mice in which mono-
cytes were ablated (Fig. 5H), suggesting that monocytes are re-
quired for the detrimental effect of hyperglycemia. However,
formal proof is missing because two-way ANOVA analysis
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Figure4. Acute hyperglycemia during MCAO modified the polarization of infiltrating monocytes/macrophages. 4, Infiltrating monocytes/macrophages were labeled by transplanta-
tion of Cx3cr7 °* bone marrow. B—1, Forty-eight hours after MCAO, Cx3cr7 S/ cells (green) were stained for Arg1 (white) and iNOS (red). Cx3cr7 5P cells in the peri-infarct area
of the motor cortex were Arg1iNOS™ (white arrowheads), Arg1~iNOS™ (yellow arrows, inflammatory macrophages), Arg1"iNOS™ (white arrows), or Arg1*iNOS™ (yellow arrowheads,
noninflammatory macrophages). Scale bar, 50 wm. J-M, Quantification of the four cell types in coronal sections of the whole brain revealed a lower density of inflammatory
macrophages, but mainly the Arg1iNOS™ and noninflammatory macrophages were reduced. N, To localize the hyperglycemic effect on noninflammatory polarization in the peri-infarct
tissue, three distinct areas where analyzed separately. 0-Q, Cx3cr1 /" Arg1 ™ cells in the targeted regions revealed a significant difference in the motor cortex, whereas there was no
changein the striatum orinsular cortex. Unpaired t test, *p << 0.05, ***p <€ 0.0005, data are shown as means = SEM (n = 4/group for whole section and n = 10 mice/group for targeted
regions).
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Figure 5.  After ablation of monocytes hyperglycemia does not increase the infarct size. A-D, To ablate monocytes, we injected (D11b-DTR and wild-type littermates with DT. Flow
cytometry on blood cells confirmed the ablation. Representative dot plots of the gated (D45 " (D11b" cell population stained for Ly-6C and Ly-6G are shown. E~G, Quantification of
Ly-6C *° monocytes, Ly-6C "' monocytes, and Ly-6G ™ neutrophils (1 = 4 mice/group). Data are presented as a percentage of 50,000 events. H, The detrimental effect of hyperglycemia
on the infarct size 48 h after MCAO was lost when (D11b" cells had been ablated. Two-way ANOVA, for glucose treatment, Fi1, 40) = 7.49, p = 0.0092; for genotype, F(; 40y =0,p =
0.9544; interaction, Fi; 4 = 1.5, p = 0.2289; *p < 0.05 (Bonferroni posttests, n = 11 mice/group). Scale bar, 2.5 mm. Data are shown as means * SEM.
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Figure6.

AGER increases the infarct volume during hyperglycemic stroke and impairs macrophage polarization to a noninflammatory cell type. 4, B, Concentrations of the a-dicarbonyls glyoxal,

MG, and 3-DG were measured before glucose injection (0 min) and 30 min and 50 min after hyperglycemic stroke in plasma. Only 3-DGrevealed a significant increase under hyperglycemic conditions
(A~ for glucose treatment, F; 55 = 107.07, p <<0.0001,***p << 0.001, Bonferroni posttests, n = 8 mice/group). In brain extracts, only glyoxal was elevated significantly by hyperglycemia (D,

E; for glucose treatment, F; 5, = 14.47, p = 0.0007, **p < 0.01, Bonferroni posttests, n = 8 mice/group). , Hyperglycemic Ager ~

/

~ mice had smaller infarcts than wild-type mice 48 h after

MCAQ. Typical silver-stained coronal brain sections showing infarcts in light gray are depicted on top of the panel. Two-way ANOVA, for glucose treatment F; 5, = 4.75,p = 0.0368. *p << 0.05,

**p = < 0.01 (Bonferroni posttests, n = 9 mice/group). Scale bar, 2.5 mm. G, Hyperglycemia did not reduce noninflammatory Arg1* Iba1™ macrophages in the peri-infarct tissue of Ager —

/—

mice, in contrast to wild-type mice, 48 h after MCAQ. The total number of Iba1™ cells did not differ between treatment groups. Two-way ANOVA, for (Figure legend continues.)
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By reducing expression and release of CSF-1in PBECs, MG indirectly impairs noninflammatory polarization of macrophages. 4, MG treatment increased Tnf expression in PBECs under

control conditions and after 0GD. Two-way ANOVA, F; 45, = 8.58, p = 0.0047.%p << 0.05, **p << 0.01,***p << 0.001 (n = 18 with 6 wells in 3 independent experiments, Bonferroni posttests).
B, €, In contrast, MG reduced mRNA levels of (sf7 (Fa, 68y = 23.78,p <<0.0001) and the release of CSF-1from PBECs (Fi, 16 = 134.7,p<<0.0001,n = 18 with 6 wellsin 3 independent experiments).
D, Toinvestigate the crosstalk of PBEC with BMDM by the secretion of CSF-1, BMDMs were treated with the conditioned medium (CM) of PBECs that were stimulated with MG and OGD as indicated.
E, F, In BMDMs, the expression of Retnla and Chil3, typical marker genes of noninflammatory macrophages, was diminished by the (M of MG- and 0GD-challenged PBECs. A comparable effect was
obtained by adding CSF-1-neutralizing antibodies (c-CSF-1) to CM. Expression was normalized to controls that did not receive CM. One-way ANOVA, *p << 0.05, **p << 0.01, ***p < 0.005

(n = 15-28, Tukey's multiple-comparisons test). Data are shown as means = SEM.

showed that the interaction of genotype and glucose treatment
was not statically significant, possibly because of the sample size.

AGER mediates hyperglycemic brain damage during stroke
Glucose degradation leads to the formation of the a-dicarbonyls
MG, glyoxal, and 3-DG (Rabbani and Thornalley, 2015). In hu-

<«

(Figure legend continued.)  interaction between glucose treatment and genotype F; ,3 =
6.03,p = 0.022. *p << 0.05 (Bonferroni posttests, n = 8 mice/group). H—J, After polarization
to a noninflammatory phenotype with IL-4, AGER-deficient macrophages had higher mRNA
levels of the noninflammatory marker genes Arg1, Chil3, and Retlna than wild-type controls. K,
L, Conversely, after polarization using LPS, AGER-deficient macrophages had lower mRNA levels
of the inflammatory marker //7b than wild-type controls, although Tnflevels did not differ. M, In
vitro Ager mRNA expression was higher in inflammatory than in noninflammatory macro-
phages. *p < 0.05, **p << 0.01, ***p < 0.0003 (n = 12 with 4 wells in three independent
experiments, unpaired t test). Data are shown as means = SEM.

mans, plasma concentrations of these three a-dicarbonyls have
been reported previously to be elevated during acute hyperglyce-
mia (Beisswenger et al., 2003; Maessen et al., 2015). In mice sub-
jected to stroke, hyperglycemia elevated 3-DG concentrations
in plasma (Fig. 6A—C), but had no statistically significant effect on
glyoxal and MG levels, at least 30 and 50 min after stroke, when
glucose levels were high. In extracts of the ischemic hemispheres,
hyperglycemia increased glyoxal, but not MG levels; 3-DG could
not be detected (Fig. 6 D, E and data not shown). The fast metab-
olism of MG may explain why this compound was not elevated
(Rabbani and Thornalley, 2015).

a-Dicarbonyl metabolites of glucose are important precur-
sors of AGEs. To evaluate the role of AGEs in hyperglycemic
stroke, we investigated mice deficient in AGER (also known as
RAGE). Hyperglycemia enlarged the infarct volume in wild-type
but not in Ager /~ animals (Fig. 6F), demonstrating that inter-
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2015), enhanced the expression of the
proinflammatory cytokine Tnf and re-
duced the expression of CsfI (Fig. 7A, B).
CSF-1 has been shown to be neuroprotec-
tive in stroke (Lampron et al., 2013) and
to shift the macrophage polarization to-
ward a noninflammatory cell type (Mia et
al., 2014), suggesting that lower endothe-
lial Csfl expression in response to MG
might impair macrophage polarization to
a noninflammatory cell type. Mimicking
ischemic conditions with OGD stimu-
lated secretion of CSF-1 from PBECs, but
had no statistically significant effect on
mRNA levels (Fig. 7 B, C). Treatment with
MG reduced CSF-1 secretion in both nor-
mal and OGD conditions, consistent with
mRNA expression (Fig. 7 B, C). To test the
functional significance of paracrine fac-
tors released by endothelial cells, we
treated BMDM with the medium condi-
tioned by PBECs (Fig. 7D). Stimulation of
BMDM with conditioned medium of

Blood vessel

Figure 8.

macrophages to a noninflammatory cell type.

action of AGER is required for the effects of hyperglycemia on
ischemic brain damage.

In Ager ~'~ animals, hyperglycemia did not significantly re-
duce the number of Argl"Ibal" noninflammatory cells, in con-
trast to its effect in wild-type mice (Fig. 6G), suggesting that
AGER interferes with the noninflammatory polarization of
monocytes/macrophages in the ischemic brain under hypergly-
cemic conditions (Juranek et al., 2013; Jin et al., 2015). This view
was supported by in vitro experiments. The noninflammatory
marker genes Argl, Chil3 (Ym1), and Retnla (Fizz) were higher in
Ager '~ than in wild-type BMDM:s after polarizing cells with
IL-4 to a noninflammatory phenotype (Fig. 6H-J). Conversely,
the expression of II-13, a marker for inflammatory macrophages,
was lower in Ager ~/ ~ than in wild-type cells after polarization to
an inflammatory cell type by LPS treatment; however, mRNA
expression of Tnf, another proinflammatory gene, did not differ
(Fig. 6K, L). Interestingly, when we polarized wild-type macro-
phages to a noninflammatory cell type, they expressed less Ager
mRNA than after polarization to an inflammatory cell type (Fig.
6M), indicating that the regulation of Ager expression may deter-
mine macrophage polarization.

The reactive glucose metabolite MG interferes with
endothelium-mediated noninflammatory polarization of
macrophages

When infiltrating the ischemic brain, monocytes have to pass
the brain endothelium that expresses AGER. Therefore, we
wondered whether PBECs could modulate the polarization
of infiltrating monocytes/macrophages, potentially in a a-dicar-
bonyl- and AGER-dependent manner. Treating PBECs with
nontoxic concentrations of MG (500 uM, data not shown), the
most widely studied a-dicarbonyl (Rabbani and Thornalley,

In cerebral ischemia, inflammatory monocytes/macrophages (green) infiltrate the brain and polarize in the paren-
chyma to a protective phenotype (red). Hyperglycemia impairs noninflammatory polarization of macrophages. In monocytes/
macrophages, AGER, the receptor for AGEs, inhibits polarization toward a protective phenotype. MG, an c-dicarbony! derivative of
glucose, reduces the expression and release of the cytokine CSF-1 from endothelial cells. The latter promotes the polarization of

PBECs, which had only been treated with
OGD, increased expression of Retnla and
Chil3 compared with treatment with un-
conditioned medium, indicating a shift to
the noninflammatory phenotype (Fig.
7E,F). However, stimulation with the
conditioned medium from PBECs co-
treated with MG and OGD prevented this
shift. Treatment with MG alone did not have an effect (Fig.
7E,F). To test whether the enhanced Retnla and Chil3 expression
depends on CSF-1, we added CSF-1-neutralizing antibodies to
the conditioned medium. This resulted in a similar reduction in
Retnla and Chil3 expression as when the PBECs were cotreated
with MG and OGD. Therefore, by reducing endothelial CsfI
expression, MG interferes with the noninflammatory polariza-
tion of macrophages. When performing these experiments in
Ager~'~ PBECs, the same results were obtained (data not
shown), indicating that the effect of MG in PBECs is independent
of AGER.

Discussion

Hyperglycemia is common in patients with acute stroke and de-
notes poor prognoses. So far, the mechanism(s) by which hyper-
glycemia aggravates ischemic brain damage was unclear, which
poses an obstacle to the rational treatment for hyperglycemic
stroke.

Our data suggest that hyperglycemia exerts its detrimental
effect through monocytes. Inflammatory monocytes infiltrate the
ischemic brain tissue and polarize under normoglycemic condi-
tions to noninflammatory Argl™ Ly-6C"™ macrophages that have
neuroprotective properties (Gliem et al., 2012; Rahman et al.,
2014; Gliem et al., 2016). Hyperglycemia interferes with this pro-
cess, as shown by lower numbers of noninflammatory Argl™ or
Ly-6C"° macrophages in the ischemic brain of hyperglycemic
mice (Figs. 2F, 3G, 4M). In contrast, effects of hyperglycemia on
inflammatory Ly-6C™ or iNOS" cells were more variable (Figs.
2G, 4K). Interestingly, hyperglycemia also reduced the number
of macrophages expressing both noninflaimmatory (Argl*) and
inflammatory (iNOS™) markers. These Argl "iNOS™ cells
might be caught in transition from an inflammatory to a
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noninflammatory phenotype (Kigerl et al., 2009; Miron et al.,
2013). However, without cell fate studies, this interpretation is
hypothetical. Alternatively, Argl"iNOS* cells might represent
myeloid-derived suppressor cells, a heterogeneous cell popula-
tion that has been reported in other CNS diseases (Melero-Jerez
et al., 2016).

In addition to their neuroprotective effects, noninflammatory
monocytes/macrophages promote tissue repair and regenera-
tion. Ablation of these cells elevates the risk of hemorrhages after
ischemic stroke (Gliem et al., 2012). Lower numbers of nonin-
flammatory macrophages in hyperglycemic stroke are a likely
cause of the higher rate of symptomatic intracerebral hemor-
rhages that has been found in hyperglycemic stroke patients
treated with thrombolysis (Ahmed et al., 2010; Gliem et al.,
2015).

By interfering with polarization toward a noninflammatory
cell type, hyperglycemia may also obstruct endogenous protec-
tive mechanisms outside of the CNS. Noninflammatory macro-
phages are involved in tissue repair after myocardial infarction,
kidney injury, or in limiting early stages of atherosclerosis (Nah-
rendorfetal., 2007; Ricardo et al., 2008; Shah et al., 2011; Brenner
et al., 2015). On this background, it is even more important to
know how hyperglycemia and glucose metabolism affect polar-
ization of macrophages. Acute hyperglycemia increases plasma
levels of the reactive a-dicarbonyl metabolites (Beisswenger et al.,
2003; Maessen et al., 2015). In our mouse model, we observed
elevated levels of 3-DG in plasma and glyoxal in ischemic brain
tissue, but we might have missed an increase of MG by investigating
only two time points. a-Dicarbonyls are the main precursors of
AGEs that activate AGER. Accordingly, hyperglycemia did not in-
crease ischemic brain damage in Ager /~ mice, providing evidence
for the essential role of AGER in the damage induced by acute hy-
perglycemia (Fig. 6C). In support of this concept, AGER deficiency
also reduced ischemic brain damage when hyperglycemia was in-
duced as a side effect of tribromoethanol anesthesia during MCAO
surgery (Brown et al., 2005; Muhammad et al., 2008). Under nor-
moglycemic conditions, however, infarct volumes did not differ be-
tween Ager/ ~ and wild-type mice (Fig. 6C).

AGER is expressed by both BMDMs and PBECs that form the
microenvironment in which monocytes polarize to protective
noninflammatory macrophages (Vlassara et al., 1985; Deane et
al., 2003). Consistent with previous studies, our data show that
AGER inhibits noninflammatory polarization of BMDMs (Fig. 8;
Juranek et al., 2013; Jin et al., 2015). Inhibition of noninflamma-
tory polarization by AGER explains why AGER deficiency exclu-
sively in bone marrow-derived cells reduced the infarct size under
hyperglycemic conditions (Muhammad et al., 2008).

In addition, our data reveal an AGER-independent mechanism
by which the glucose metabolite MG can disturb the microenviron-
ment that is responsible for noninflammatory polarization of
macrophages in the brain. In cerebral ischemia, inflammatory
monocytes infiltrate the ischemic brain and polarize to noninflam-
matory macrophages (Gliem et al., 2012). However, the mecha-
nism(s) that triggers noninflammatory polarization in the brain was
unclear. A key factor that promotes noninflammatory polarization is
CSF-1 (Hamilton, 2014), which is expressed in PBECs and is up-
regulated by cerebral ischemia (Ryan et al., 2001; Schmidt-Kastner et
al., 2002; Daneman et al., 2010). Our data show that ischemia in-
duces the release of CSF-1 from PBECs (Fig. 7C). By releasing CSF-1,
PBECs polarize macrophages toward a noninflammatory pheno-
type under ischemic conditions (Fig. 7D,E). MG can reduce the
expression of Csfl, thereby preventing macrophage polarization
(Fig. 7). In summary, we have identified two mechanisms by which
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glucose metabolites could interfere with macrophage polarization
and ischemic brain injury. One comprises a cell-autonomous
process in macrophages that depends on AGER and the other
is AGER independent and relates to the crosstalk of PBECs and
BMDMs (Fig. 8).

By increasing glucose degradation (Foufelle and Ferré, 2002),
insulin may promote the intracellular production of a-dica-
rbonyls. Due to their detrimental effect, it may be questionable
whether insulin is the correct choice in the treatment of patients
with hyperglycemic stroke. Indeed, insulin was not effective in
clinical trials of hyperglycemic stroke (Bellolio et al., 2014). Other
treatment strategies that lower a-dicarbonyls are available (Beis-
swenger et al., 1999; Bierhaus et al., 2012) and should be tested to
reverse the toxic effects of hyperglycemia in stroke.
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