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Abstract

Ischemic stroke is the leading cause of death and disability. Although stroke mainly affects aged individuals, animal research
is mostly one on young rodents. Here, we examined the development of ischemic injury in young (9—12-week-old) and adult
(72-week-old) C57BL/6 and BALB/c mice exposed to 30 min of intraluminal middle cerebral artery occlusion (MCAO).
Post-ischemic reperfusion did not differ between young and adult mice. Ischemic injury assessed by infarct area and blood-
brain barrier (BBB) integrity assessed by IgG extravasation analysis was smaller in adult compared with young mice.
Microvascular viability and neuronal survival assessed by CD31 and NeuN immunohistochemistry were higher in adult than
young mice. Tissue protection was associated with stronger activation of cell survival pathways in adult than young mice.
Microglial/macrophage accumulation and activation assessed by F4/80 immunohistochemistry were more restricted in adult
than young mice, and pro- and anti-inflammatory cytokine and chemokine responses were reduced by aging. By means of
liquid chromatography-mass spectrometry, we identified a hitherto unknown proteome profile comprising the upregulation
of glycogen degradation-related pathways and the downregulation of mitochondrial dysfunction-related pathways, which
distinguished post-ischemic responses of the aged compared with the young brain. Our study suggests that aging increases
the brain’s resilience against ischemic injury.
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ROI Regions of interest

G-CSF Granulocyte colony-stimulating factor

GM-CSF Granulocyte macrophage-colony stimu-
lating factor

IL-1p Interleukin 1 beta

IL-1ra Interleukin 1 receptor antagonist

IL-2 Interleukin 2

IL-3 Interleukin 3

IL-4 Interleukin 4

IL-5 Interleukin 5

IL-6 Interleukin 6

IL-7 Interleukin 7

IL-10 Interleukin 10

IL-12p70 Interleukin-12 p70

IL-13 Interleukin 13

IL-16 Interleukin 16

IL-17 Interleukin 17

IL-23 Interleukin 23

IL-27 Interleukin 27

TNF-a Tumor necrosis factor alpha

TREM-1 Triggering receptor expressed on
myeloid cells 1

IFN-y Interferon gamma

1-309 Chemokine (C-C motif) ligand 1

BLC B lymphocyte chemoattractant

CXCLI10 C-X-C motif chemokine ligand 10

CXCLI11 C-X-C motif chemokine 11

CXCL1 C-X-C motif chemokine ligand 1

MIG Monokine induced by gamma-interferon

MIP-1a Macrophage inflammatory protein-1
alpha

MIP-1p Macrophage inflammatory protein-1 beta

MIP-2 Macrophage inflammatory protein 2

RANTES Regulated upon activation normal T cell
expressed and presumably secreted

MCP-1 Monocyte chemoattractant protein- 1

MCP-5 Monocyte chemoattractant protein-5

SDF-1 Stromal cell-derived factor 1

PTEN Phosphatase and tensin homolog

GSK3 Glycogen synthase kinase-3

PARK?7 Parkinsonism associated deglycase

HSPAS Heat shock protein family member 8

Introduction

Ischemic stroke is the leading cause of long-term disability and
a prevalent cause of death worldwide [1]. Each year, approxi-
mately 15 million people worldwide suffer an ischemic stroke
[2], and the number of humans affected is still rising due to
increasing life expectancy [3]. Clinical studies suggest that
the mechanisms of ischemic injury may differ between young
and aged patients [4]. For studying mechanisms underlying
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ischemic brain injury, rodent models are widely used [5]. Intra-
luminal middle cerebral artery occlusion (MCAo) is a widely
used model that allows for inducing reproducible ischemias
followed by standardized reperfusions [6]. Due to surgical
challenges, intraluminal MCAo is mostly performed on young
animals [7, 8]. These studies poorly mimic the situation of
aged patients. Insufficient knowledge regarding the situation
in the aged brain is currently regarded as a major reason that
hampers therapeutic progress in the ischemic stroke field [9].

Only a few studies so far examined age-related mechanisms
of injury in the ischemic brain [10-13]. Existing studies pro-
vide a heterogeneous picture of injury responses. Some studies
showed that ischemic brain injury was more severe in young
than old animals [10, 13, 14], while other studies found no age-
related differences [15, 16] and again other studies, including
an own study, observed that ischemic injury was more severe
in old than young animals [9, 12, 17, 18]. In our own study,
post-ischemic reperfusion, assessed by laser Doppler flowme-
try (LDF), was reduced in adult compared with young mice
[9]. The impaired reperfusion most likely explains the more
severe brain injury. In previous stroke studies, the C57BL/6
mouse was the most common mouse strain. Strain differences
may be determinants of injury responses post-ischemia.

Focal cerebral ischemia initiates an inflammatory cascade
in which cytokines and chemokines are essential mediators
[19]. In the central nervous system (CNS), resident microglia,
the principal brain-derived immune cells, are the first cells
to respond to the pathophysiological alterations induced by
ischemia [20]. Both microglial activation and blood-brain bar-
rier (BBB) degradation enable the brain infiltration of blood-
derived leukocytes including neutrophils, monocytes, and
macrophages [21], which aggravate ischemic brain injury [22].
Injury development after ischemic stroke is directly related to
cell signaling responses [23]. Meanwhile, proteomics is widely
used for studying protein responses to ischemia [23, 24]. Cell
signaling responses have so far not been analyzed systemati-
cally in the aged compared with the young ischemic brain.

In this study, we used young (that is, 9—12-week-old) and
adult (that is, 72-week-old) C57BL/6 and BALB/c mice for
evaluating the effect of age on ischemic brain injury induced
by 30 min intraluminal MCAo. Ischemic brain injury, BBB
integrity, and immunological responses were assessed by
immunohistochemistry. Cytokine and chemokine responses
were examined by a broad cytokine array, and cell signaling
was analyzed by proteome analysis and Western blotting.

Materials and Methods
Ethics Statement

This study has been conducted under the ethics standards
of the EU Guidelines on the Care and Use of Laboratory
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Animals (Directive 2010/63/EU) in agreement with local
guidelines and legislation. The study has been approved by
the Animal Research Ethics Committee of Istanbul Medi-
pol University (approval number: 08062017-33). Experi-
ments were performed using young (9—12-week-old) and
adult (72-week-old) male C57BL/6 and BALB/c mice. All
animals were maintained under a constant 12:12-h light-
darkness regimen with ad libitum access to food and water.
All mice were randomly assigned to experimental groups.

Animal Surgery

Mice were anesthetized with 1% isoflurane (30% O,,
reminder N,O), and rectal temperature was stabilized
between 36.5 and 37°C using a feedback-controlled heat-
ing system. During the experiments, cerebral blood flow
(CBF) was monitored via laser Doppler flowmetry (LDF)
using a flexible 0.5-mm fiber optic probe (Perimed, Sweden)
attached with tissue adhesive to the intact skull overlying
the core of the middle cerebral artery (MCA) territory (2
mm posterior and 6 mm lateral from bregma). Focal cer-
ebral ischemia was induced using an intraluminal filament
technique [25]. Briefly, after a midline neck incision, the
left common and external carotid arteries were isolated and
ligated. A microvascular clip (FE691, Aesculap, Center
Valley, PA, USA) was temporarily placed on the internal
carotid artery. A 7-0 silicon-coated nylon monofilament
(701934PK5Re, Doccol, MA, USA) was inserted through a
small incision into the common carotid artery and advanced
9 mm distal to the carotid bifurcation for MCAo. Thirty
minutes later, reperfusion was initiated by monofilament
removal. Mice were placed back into their home cages and
sacrificed 72 h after the onset of ischemia.

Serum IgG Extravasation Measurement

Brain sections from the bregma level of young and adult
mice were gently rinsed for 10 min at room temperature
in 0.1 M phosphate-buffered saline (PBS) to remove
intravascular IgG and were fixed in 4% paraformaldehyde
(PFA) [26]. Following the blocking of endogenous
peroxidase with methanol/0.3% H,0, and immersion in
0.1 M PBS containing 5% bovine serum albumin (BSA)
and normal swine serum (1:1000), sections were incubated
for 1 h in biotinylated goat anti-mouse IgG (sc-2013; Santa
Cruz Biotechnology, Dallas, TX, USA) and stained with an
avidin peroxidase kit (PK-6100, Vectastain Elite, Newark,
CA, USA) and diaminobenzidine (D6815, Sigma Aldrich,
St. Louis, MO, USA). For reasons of data comparability,
all sections were processed in parallel. Sections were
scanned, and the area of IgG extravasation in the ischemic
hemisphere was analyzed [27].

Determination of Neuronal Survival, Capillary
Density, and Microglial/Macrophage Responses

Brain sections of young and adult mice were fixed in 4%
PFA /0.1 M PBS, washed, and immersed for 1 hin 0.1 M
PBS containing 0.3% Triton X and 10% normal goat serum.
Sections were incubated overnight at 4°C with Alexa Fluor
488-conjugated monoclonal mouse anti-NeuN (Mab377X;
Millipore, Burlington, MA, USA, 1:100), FITC conjugated
monoclonal rat cluster of disease/anti-platelet endothelial
cell adhesion molecule (CD31/PECAM-1; sc-376764, Santa
Cruz Biotechnology, 1:200), and Alexa Fluor 488-conju-
gated monoclonal anti-F4/80 (53-481-82, Thermo Scientific,
Waltham, MA, USA, 1:500) antibody. The next day, sections
were counterstained with 4°,6-diamidino-2-phenylindole
(DAPI; D9542, Sigma Aldrich). Images were acquired on
a confocal Zeiss LSM 780 microscope (Carl Zeiss, Jena,
Germany). Nine different regions of interest (ROIs) in the
striatum, each measuring 62,500 pmz, were evaluated. Mean
numbers of NeuN™ cells were determined in the ischemic
and contralesional striatum. From results obtained in both
hemispheres, the percentage of surviving neurons in the
ischemic striatum was determined [28]. F4/80* microglial
cells/macrophages were determined in the same ROIs. For
quantification of CD31% microvessels profile, ten different
ROISs in the contralesional striatum, each measuring 400.00
um?, were evaluated. We have assigned it as square. A total
of 400 pm? area per point was drawn by a grid. CD317 sig-
nals on the vertical line were counted.

Analysis of Infarct Area and Brain Swelling

To determine the infarct area and brain swelling, coronal
brain sections obtained from striatum were stained with
Cresyl violet [26]. The border between infarcted and non-
infarcted tissue was outlined using an image analysis sys-
tem (Image J; National Institute of Health, Bethesda, USA).
Infarct areas were assessed by subtracting the areas of the
non-infarcted ipsilesional hemisphere from those of the con-
tralesional side. By integrating infarct areas across various
rostrocaudal levels, total infarct area was calculated. Brain
swelling was determined by calculating total area differences
between the ischemic and nonischemic hemispheres.

Cytokine Array

Tissue samples of the ischemic striatum of C57BL/6 mice
were harvested, homogenized, sonicated, and then treated
with a protease/phosphatase inhibitor cocktail (5872, Cell
Signaling Technologies, Danvers, MA, USA) for protein
protection. Cytokine levels were analyzed by the Proteome
Profiler Mouse Cytokine Array Panel A kit (R&D Sys-
tems, Minneapolis, MN, USA). Protein levels for CXCL13/
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BLC/BCA-1, C5a, G-CSF, GM-CSF, CCL1/1-309, CCL11/
eotaxin, ICAM-1, IFN-y, IL-1a /IL-1F1, IL-1p /IL-1F2,
IL-1ra/IL-1F3, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-10,
IL-12 p70, IL-13, IL-16, IL-17, IL-23, IL-27, CXCL10/
IP-10, CXCL11/I-TAC, CXCL1/KC, M-CSF, CCL2/JE/
MCP-1, CCL12/MCP-5, CXCL9/MIG, CCL3/MIP-1a,
CCL4/MIP-1p, CXCL2/MIP-2, CCL5/RANTES, CXCL12/
SDF-1, CCL17/TARC, TIMP-1, TNF-a, and TREM-1 were
densitometrically analyzed using the ChemiDoc MP Sys-
tem (1708280, Bio-Rad, Hercules, CA, USA) by Image J
software. Data were calibrated with values determined on
positive controls.

Sample Preparation for Liquid
Chromatography-Mass Spectrometry

Sample preparation was performed as previously
described [28] using brain tissue samples obtained from
the ischemic striatum of C57BL/6 mice. Tryptic peptides
were generated according to the Filter Aided Sample
Preparation Protocol (FASP) [29]. Brain tissue from the
ischemic striatum was homogenized in 50 mM ammonium
bicarbonate and lysed by heating at 95°C in UPX buffer
(Expedeon, Germany). After incubation at 4°C for 1 h,
samples were centrifuged at 14,000g for 10 min, and the
supernatants were transferred to clean 1.5 ml microcentri-
fuge tubes. The total protein concentration was measured
with a Qubit assay. Tryptic peptides were generated by
the FASP kit (Expedeon, Germany). Briefly, 50 pg pro-
tein was filtered with 6 M urea in a 30 kDa cut-off spin
column, alkylated with 10 mM iodoacetamide in the dark
for 20 min at room temperature, incubated with trypsin
(1:100 trypsin to protein ratio, 90057, Thermo Scien-
tific) overnight at 37°C. The tryptic peptides were eluted
from the columns and lyophilized. The peptides were re-
dissolved in 0.1% formic acid (FA, Sigma Aldrich) and
diluted to 100 ng/pl before injecting into the LC-MS/MS
system [25].

LC-MS/MS Analysis and Data Processing

Subsequent protein identifications with LC-MS/MS were
performed according to a previously published protocol
[25, 30, 31]. The tryptic peptides were loaded onto the
ACQUITY UPLC M-Class coupled to an SYNAPT G2-Si
high-definition mass spectrometer (Waters, Milford, MA,
USA). The columns were equilibrated with 97% mobile
phase A (0.1% FA in UHPLC grade water, Merck, White-
house, NJ, USA), and the temperature was set to 55°C.
Peptides were separated by a 90 min gradient elution
from the trap column (Symmetry C18, 5 pm, 180 pm i.d.
X 20 mm, Waters) to the analytic column (CSH C18, 1.7
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pm, 75 pm i.d. X 250 mm, Waters) at 0.400 pl/min flow
rate with a gradient from 4 to 40% acetonitrile (ACN)
containing 0.1% FA (v/v). Positive ion modes of MS
and MS/MS scans with 0.7 s cycle time were performed
sequentially. Ten volts was set as low collision energy,
while 30 V was set as high collision energy (CE). The
ions were separated by ion mobility separation (IMS).
Wave velocity was ramped from 1000 to 55 m/s over the
full IMS cycle. The release time for mobility trapping
was set as 500 ps, and the trap height was set to 15 V.
IMS wave delay was 1000 ps for the mobility separation
after trap release [32]. Without any precursor ion prese-
lection, all the ions within the 50—1900 m/z range were
fragmented in resolution mode. Additionally, 100 fmol/
pl Glu-1-fibrinopeptide B was infused as lock mass refer-
ence with a 60 s interval. Progenesis-QI for proteomics
software (Waters) was used to identify and quantify the
peptides. At least two unique peptide sequences identi-
fied all proteins, then the p-values and expression ratio of
proteins were calculated [25, 28]. Heat maps were gen-
erated by GraphPad Prism 9. For protein classification
and molecular function analysis, Panther software was
used. Protein-protein interaction was done by STRING
software. The confidence score was set at 0.4. The Inge-
nuity Pathway Analysis (IPA) system (version 42012434,
Ingenuity Systems; Qiagen China Co., Ltd.) was used for
canonical pathway analysis. The —log (p-value) >1.3 was
taken as the threshold for canonical pathway analysis,
and disease and function analysis.

Western Blot

As previously described [25, 26], harvested tissue samples
from the ischemic striatum of C57BL/6 mice were pooled,
homogenized, sonicated, and then treated with a protease/
phosphatase inhibitor cocktail (5872, Cell Signaling Tech-
nologies). Total protein content was evaluated using Qubit
3.0 Fluorometer (Q33216, Invitrogen, Waltham, MA,
USA). Equal amounts of protein (20 pg) were size-frac-
tionated using 4-20% Mini-PROTEAN TGX (4561096,
Bio-Rad) gel electrophoresis and then transferred to a
PVDF membrane using the Trans-Blot Turbo Transfer
System (1704155, Bio-Rad). After that, membranes were
blocked in 5% non-fat milk in 50 mM Tris-buffered saline
(TBS) containing 0.1% Tween (TBS-T; blocking solution)
for 1 h at room temperature and washed in 50 mM TBS-T.
Membranes were incubated overnight with the following
primary antibodies: polyclonal rabbit anti-phosphorylated
Akt (9275, Cell Signaling Technologies, 1:1000), mono-
clonal rabbit anti-phosphorylated p44/42 mitogen-activated
protein kinase (MAPK)/extracellular-regulated kinase-1/2
(ERK1/2) (4370; Cell Signaling Technologies), polyclonal
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rabbit anti-phosphorylated phosphatase and tensin homolog
(p-PTEN) (9551, Cell Signaling Technologies), monoclo-
nal rabbit anti-phosphorylated glycogen synthase kinase-3f3
(p-GSK3p) (5558, Cell Signaling Technologies), and poly-
clonal rabbit anti-Bcl-xL (2762, Cell Signaling Technolo-
gies). The next day, membranes were washed with 50 mM
TBS-T and incubated with horseradish peroxidase-conju-
gated goat-anti-rabbit (sc-2004, Santa Cruz Biotechnol-
ogy) antibody (diluted 1:2500) for 1 h at room temperature.
Blots were performed at least three times. Protein loading
was controlled by stripping and re-probing the membranes
with polyclonal rabbit anti-p-actin antibody (4967, Cell
Signaling Technologies). Blots were developed using the
Clarity Western ECL Substrate kit (1705060, Bio-Rad) and
visualized in the ChemiDoc MP System (1708280, Bio-
Rad). Protein amounts were quantified with densitometry
by using Image J. Optical densities were normalized with
values determined on B-actin blots.

Statistical Analysis

For statistical data comparison, GraphPad Prism 9 was used.
Differences between groups were analyzed by unpaired
t-tests followed by Welch’s corrections. All values are given
as means + standard deviations (SD), with n values indicat-
ing the number of samples or animals analyzed. Throughout
the study, p values < 0.05 were considered significant.

Results

Adult Mice Are More Resistant to Ischemic Stroke
Than Young Mice

LDF above the core of the MCA territory revealed no
significant differences in regional CBF between young

A B C
- C57BL/6 adult —A— BALB/cadult
- CS578BL/6 young _¥~ BALB/cyoung BALB/c young BALB/c adult | | BALB/c young BALB/c adult |
120
T
£ 10 Q
]
£
< 80
"
3
g 60 | C578BL/6 adult | [ cs57BL/6young  C578L/6 adult |
T 40 Lo
N
g 20 ; g
S
(<] 5
2 0 :
0 10 20 30 40 50
Time (min)
D E F
C57BL/6 BALB/c | C57BL/6 BALB/c | | C57BL/6 BALB/c
*%
* * *
- - 54 -
6 6 10 15 * 3
K *
& £ 8- 4+
E é N"
E 10+ £ 2
=47 4 § 6 E 31
3 ] ©
= w
£ 24 2 5 5 3
o 3 5 1+
E w?
= 5
o0- 0- 0- 0- 0- 0-
& N o N & > & & % N & N
™ O 3 k) S o O
& ° &P & ® s O &P

Fig.1 Ischemic injury is attenuated in the brains of adult compared
with young C57BL/6 and BALB/c mice. A Cerebral blood flow
(CBF) measured via laser Doppler flowmetry (LDF) during ischemia
and at the onset of reperfusion, B representative Cresyl violet stain-
ings, C representative immunohistochemistries for extravasated
serum IgG, D infarct area assessed in Cresyl violet stainings, E
blood-brain barrier (BBB) leakage assessed by IgG immunostainings,
and F brain edema area assessed by Cresyl violet stainings of young

(9-12-week-old) and adult (72-week-old) C57BL/6 and BALB/c
mice exposed to 30 min middle cerebral artery occlusion (MCAo),
followed by 72 h reperfusion. Note that the severity of ischemias
and post-ischemic reperfusion assessed by LDF (in A) did not differ
between groups. Infarct areas are outlined in B. Note the difference
in infarct size in young and adult mice. Data are mean + SD values
(n=T7 mice/group). *p<0.05/%*%p<0.01 compared with corresponding
young mice
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and adult mice, both in the C57BL/6 and BALB/c strains.
Regional CBF decreased to ~20% during MCAo and was
rapidly restored to baseline after reperfusion (Fig. 1A).
All young and adult BALB/C mice survived within 72
h after MCAo. There were two dead animal in the adult
C57BL/6 group, one of them was in 1 h and the other one
was in the 48th hour. Also, there was one dead animal in

/GFAP/DAPI

e

_Adult Ipsilesional Striatum

Young Ipsilesional Striatum

Fig.2 Cerebral microvasculature is better protected against ischemia
in adult compared with young mice, which is accompanied by better
neuronal survival. A, B Brain microvascular density in the ischemic
striatum was examined by CD31 immunohistochemistry and C, D
NeuN* cells in the ischemic striatum were shown by NeuN immu-
nohistochemistry of young (9-12-week-old) and adult (72-week-old)
C57BL/6 mice exposed to 30 min MCAo, followed by 72 h reperfu-
sion. Representative microphotographs are shown in A and C, and
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the young C57BL/6 group in the 48th hour. Considering
that we had established a well-defined model, in which
the severity of ischemia did not differ between young
and adult mice, we next assessed the ischemic injury and
blood-brain barrier (BBB) integrity on Cresyl violet and
anti-IgG-stained brain sections. Infarct area (Fig. 1B) and
IgG extravasation (Fig. 1C), a marker of BBB leakage

cD31" microvessel profiles
per square

NeuN

Adult Ipsilesional
Striatum

Young Ipsilesional
Striatum

150

100+

50

NeuN" cells per square

quantitative analyses in B and D. For infarct visualization, reactive
GFAP" astrocytes (in red) and cell nuclei (in blue) were colabeled by
GFAP immunohistochemistry and DAPI in A (CD31* microvessels
in green). Infarct borders have been outlined by a dashed line. Data
are mean + SD values (n= mice/group). *p<0.05 compared with cor-
responding young mice. Scale bars: 100 pm (low magnification) and
20 pm (high magnification) images in A and 20 pm (high magnifica-
tion) images in C
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Fig.3 Cell survival pathways are activated more strongly post-
ischemia in adult than young mice. Western blot analysis of proteins
involved in cell survival. A Representative Western blots for phos-
phorylated Akt (p-Akt), phosphorylated ERK-1/2 (p-ERK1/2), phos-
phorylated PTEN (p-PTEN), phosphorylated GSK3f (p-GSK3p),
antiapoptotic Bcl-xL, and the housekeeping protein P-actin in the
ischemic striatum of young (9-12-week-old) and adult (72-week-old)
C57BL/6 mice exposed to 30 min MCAo, followed by 72 h reperfu-
sion. Densitometric analysis revealed that (B) phosphorylated Akt

[33], were less pronounced in adult than young mice;
this effect was not strain-dependent. Indeed, quantitative
analysis revealed that adult mice exhibited significantly
smaller infarct area (Fig. 1D), less IgG extravasation
(Fig. 1E), and smaller edema area (Fig. 1F) in adult than
young C57BL/6 and BALB/c mice. Since we evaluated
that C57BL/6 and BALB/c gave the same response to
ischemic stroke, we continued with C57BL/6 mice in the
rest of the experiments.

Next, we analyzed the microvascular density in the non-
ischemic contralesional striatum by CD31 immunohisto-
chemistry and found that microvascular density was lower
in adult than young mice (Suppl. Fig. 1A, B). However, upon
ischemic stroke, the situation switched, and microvascular
density was higher in the lesion-sided striatum of adult com-
pared with young mice (Fig. 2A, B). We defined the infarct
boundary by GFAP staining in peri-infarct zone and corpus
callosum [34]. This observation indicates that the resilience
of brain microvessels against ischemic injury was higher in
adult than young mice.

We next investigated the effect of intraluminal MCAo on
neuronal survival in the ischemic striatum by NeuN immu-
nohistochemistry. The percentage of surviving NeuN™

(p-Akt) and (C) phosphorylated ERK-1/2 (p-ERK1/2), which medi-
ate cell survival, were increased, while (D) phosphorylated PTEN
(p-PTEN) and (E) phosphorylated GSK3p (p-GSK3p), which are
associated with cell injury, were reduced, while (F) antiapoptotic
Bcl-xL was increased in adult compared with young mice. All data
were normalized to P-actin abundance. Data are mean + SD values
(n=3 independently processed blots per group). *p<0.05/**p<0.01/*
**p<0.001 compared with corresponding young mice

neurons in the ischemic striatum was higher in adult than
young mice (Fig. 2C, D), indicating that adult mice were
better protected against ischemic stroke. We confirmed
that there is no significant difference of NeuN™ cells in the
contralesional striatum of adult and young mice (Suppl.
Fig. 1C).

Cell Survival Pathways Are More Strongly Activated
in the Ischemic Brain of Adult Compared with Young
Mice

To further determine the underlying mechanisms of cell
survival, we determined the responses of cell survival-
associated proteins. The expression of phosphorylated
Akt, phosphorylated ERK1/2, phosphorylated PTEN,
phosphorylated GSK3f, and Bcl-xL proteins were
measured by Western blotting. Protein levels of
phosphorylated Akt and phosphorylated ERK1/2, which
are associated with cell survival [35], were significantly
higher in the ischemic striatum of adult than young
mice (Fig. 3B, C); whole phosphorylated PTEN and
phosphorylated GSK3f, which are associated with cell
injury, were significantly lower in adult compared with
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«Fig. 4 Microglia/macrophage responses are more restricted and
cytokine/chemokine levels attenuated in the ischemic brain of adult
compared with young mice. A Immunohistochemistry for the micro-
glia/macrophage marker F4/80, counterstained with DAPI, in the
ischemic striatum of young (9-12-week-old) and adult (72-week-old)
C57BL/6 mice exposed to 30 min MCAo, followed by 72 h reperfu-
sion. B Quantitative analysis revealed that microglial/macrophage
activation was reduced in ischemic brain tissue of adult compared
with young mice. Analysis by a cytokine/chemokine array revealed
that (C) the colony-stimulating factors G-CSF and GM-CSF were
reduced in the ischemic striatum of adult compared with young
mice, as were several (D, E) proinflammatory and anti-inflamma-
tory cytokines and (F, G) chemokines. MCP-1 and SDF-1 were
unchanged, whereas the MCP-5 level was higher in adult than young
mice. Data are mean + SD values (=3 independent measurements
per group). *p<0.05/%*p<0.01/¥**p<0.001 compared with corre-
sponding young mice

young mice (Fig. 3D, E). Moreover, anti-apoptotic Bcl-xLL
protein levels were significantly higher in the ischemic
striatum of adult compared with young mice (Fig. 3F).
Taken together, these studies exhibited a cell signaling
response pattern favoring post-ischemic tissue survival.

Microglia/Macrophage Responses Are More
Restricted in the Brain of Adult Than Young Mice,
Resulting in Attenuated Cytokine and Chemokine
Levels

Microglial cells are first-line defenders against ischemic brain
injury, which sense danger-associated molecular patterns fol-
lowing stroke [36]. We thus compared the density of activated
F4/80+ microglia/macrophages in the ischemic striatum of
young and adult mice. We saw that the density of F4/807-
activated microglia/macrophages was significantly lower in
the ischemic striatum of adult than young mice (Fig. 4A,
B). Hence, we next determined the level of G-CSF and GM-
CSF, which are growth factors that induce the prolifera-
tion and differentiation of microglia/macrophages [37]. We
observed significantly decreased levels of G-CSF and GM-
CSF in the ischemic striatum of adult compared with young
mice (Fig. 4C). We next evaluated the levels of inflammatory
cytokines and chemokines. We observed that the pro -and
anti-inflammatory cytokines IL-1f, IL-1ra, IL-3, IL-4, IL-5,
IL-6, IL-7, IL-10, IL-12p70, IL-13, IL-16, IL-17, IL-23, and
IL-27 were significantly lower in the ischemic striatum of
adult than young mice, as were TNF-a and TREM-1 (Fig. 4D,
E). Also, the chemokines I-309, BLC, eotaxin, CXCL10,
CXCL11, CXCL1, MIG, MIP-1a, MIP-1f, MIP-2, and
RANTES were significantly lower in the ischemic striatum
of adult than young mice (Fig. 4F, G). Levels of MCP-1 and
SDF-1 did not differ between young and adult mice, while
MCP-5 levels were significantly higher in adult than young
mice (Fig. 4G). Overall, immune responses were attenuated
in the brains of adult compared with young mice in response
to focal cerebral ischemia.

Proteome Analysis Identifies Pathways Involved

in Glycogen Degradation and Mitochondrial
Dysfunction, Which Are Differentially Regulated
Post-Ischemia in the Brains of Young and Aged Mice

As ischemic stroke dramatically damaged the striatum and
changed its protein expression [38], we identified several
proteins that were similarly altered by the stroke in both age
groups. In LC-MS/MS, all identification data were reliable and
accurate. When comparing proteome changes, 111 proteins
were differentially abundant in the ischemic striatum of young
and adult mice, when selected based on the —log (p-value) >1.3
(that is, p-value <0.05) cutoff. To understand the biological
functions of altered proteins we performed Gene Ontology
analysis using the Panther tools. Proteins were associated with
the following classes: chaperone, cytoskeletal protein, enzyme
modulator, hydrolase, membrane traffic protein, oxidore-
ductase, transferase, and transporter (Fig. SA). Few proteins
belonged to ligase, transcription factor, and transfer/carrier pro-
tein. Molecular function analysis showed that most proteins
were involved in the following pathways: catalytic activity,
binding, signal transducer activity, structural molecule activ-
ity, and transporter activity (Fig. 5B). Among 111 proteins, 80
proteins were elevated and 31 proteins reduced in adult mice
according to fold change (Fig. 5C, D). We showed the visa
verse results in young mice (Suppl. Fig. 2).

To further evaluate the proteome profile of the ischemic
striatum, we next plotted log twofold changes against the 7 test-
derived negative log 10 p-values for all proteins differentially
expressed in young and adult mice (Fig. 6A). We now defined
the cut-off based on a >1.3-fold change in addition to the —log
(p-value) >1.3 selection criterion and continued subsequent
analysis with 64 proteins, of which 45 proteins were elevated
and 19 reduced in adult mice. Then, we investigated the pro-
tein-protein interaction and identified 2 independent networks,
in which HSPAS (heat shock protein family A member 8; also
known as heat shock protein-70, Hsp70) and PARK?7 (Parkinson
disease protein-7; also known as protein deglycase DJ1) had the
most interactions with other proteins (Fig. 6B). We confirmed
that PARK?7 protein expression was higher in the ischemic stria-
tum od adult mice than young mice (Suppl. Fig. 3). Ingenuity
Pathway Analysis (IPA) showed that among the most strongly
regulated canonical pathways, the two top pathways upregu-
lated in adult mice were associated with glycogen degradation,
whereas the only pathway downregulated in adult mice was
associated with mitochondrial dysfunction (Fig. 6C).

Although intraluminal MCAo most strongly affected
the ischemic striatum, the contralesional striatum also
exhibited proteome changes. Thus, we determined 27
proteins that were differentially abundant in the contral-
esional striatum of young and adult mice (Suppl. Fig. 4).
Compared with young mice, 9 proteins were increased
and 18 proteins were decreased in adult mice.
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«Fig.5 Aging profoundly alters proteome composition assessed
by liquid chromatography-mass spectrometry (LC-MS/MS). Pro-
teome analysis by LC-MS/MS in the ischemic striatum of young
(9-12-week-old) and adult (72-week-old) C57BL/6 mice exposed to
30 min MCAo, followed by 72 h reperfusion. The most represented
(A) protein classes and (B) molecular functions were categorized
using Panther software. According to Gene Ontology enrichment
analysis, results are shown as the percentage of proteins in pie charts.
C, D Heatmaps of 111 differentially abundant proteins were selected
based on a —log (p-value) >1.3 cutoff criterion, which was listed as
log twofold changes. Eighty proteins were elevated and 31 proteins
were reduced in adult compared with young mice. For protein rep-
resentation, pseudocolors were used, dark red representing the high-
est protein abundance and dark blue the lowest protein abundance in
adult compared with young mice

Discussion

By exposing young (9-12-week-old) and adult (72-week-
old) BALB/c and C57BL/6 mice to 30 min of intraluminal
MCAo, we herein show that although post-ischemic
reperfusion, assessed by LDF, did not differ between young
and adult mice, ischemic injury assessed by infarct area and
IgG extravasation was smaller in adult than young mice.
Microvascular survival and integrity assessed by CD31
immunohistochemistry and the neuronal survival shown
by NeuN immunohistochemistry were higher in ischemic
brain tissue of adult than young mice. Tissue protection was
associated with stronger activation of cell survival pathways
in adult than young mice. Microglial/macrophage activation
assessed by F4/80 immunohistochemistry was reduced in
adult compared with young mice. Interestingly, pro- and
anti-inflammatory cytokine and chemokine responses were
attenuated in adult mice. By means of LC-MS/MS, we
identified a hitherto unknown proteome profile exhibiting
the upregulation of glycogen degradation-related pathways
and the downregulation of mitochondrial dysfunction-related
pathways that distinguishes post-ischemic responses of the
aged compared with the young brain. Our study suggests that
aging increases the brain’s resilience against ischemic injury.

A number of studies, including an own study, have pre-
viously shown that age increases the severity of ischemic
injury in the mouse and rat brain [9, 12, 17, 18]. Two of
these studies examined transient proximal (that is intralu-
minal) MCAo [9, 17] and two of these studies permanent
distal MCAo [12, 18]. In our own study using the intralu-
minal MCAo model, we observed that post-ischemic reper-
fusion assessed by LDF was significantly reduced in adult
compared with young mice [9]. Importantly, none of the
other three studies reported LDF recordings or CBF meas-
urements. The less complete reperfusion was likely respon-
sible for the more severe injury in adult MCAo mice. In the
present study, post-ischemic reperfusion assessed by LDF
was not reduced in adult compared with young mice. The

lack of hemodynamic disturbances in adult mice enabled us
to study post-ischemic injury development. We show that the
severity of the ischemic injury was reduced in adult com-
pared with young mice. This effect was strain-independent.
Both C57BL/6 and BALB/c mice exhibited reduced infarct
area, BBB leakage, and brain edema post-MCAo.

Microvascular density decreases during normal aging
[39] confirmed this observation by demonstrating that the
density of CD31" brain microvessels was reduced in the
non-ischemic striatum of adult compared with young mice.
In response to MCAo, however, this situation switched and
microvascular density was higher in the ischemic striatum of
adult than young mice. These findings indicate that micro-
vascular resistance to ischemia increased with aging. The
increased microvascular viability and integrity were accom-
panied by increased neuronal survival, as shown by NeuN
immunohistochemistry in the ischemic striatum, which rep-
resents the core of the MCA territory.

In Western blotting studies, we found that signaling
pathways associated with cell survival were more strongly
activated in the ischemic brain of adult than young mice.
Under conditions of ischemic stroke, the phosphatidylino-
sitol 3-kinase (PI3K)/Akt and ERK1/2 signal transduction
pathways crucially control cell viability and homeostasis
[35, 40]. In the ischemic striatum, the abundance of phos-
phorylated (that is, activated) Akt and phosphorylated (that
is, activated) ERK1/2 was higher in adult than young mice,
while the abundance of phosphorylated (that is, inactive)
PTEN and phosphorylated (that is, inactive) GSK3p, which
are inhibitory regulators of the PI3K/Akt signaling pathway
[41], was reduced in adult mice. Bcl-xL is an antiapoptotic
protein belonging to the Bcl-2 family that provides neuro-
protection in ischemic stroke [42]. Bcl-xL abundance was
significantly higher in the ischemic striatum of adult than
young mice, in line with the enhanced survival of neurons
in adult compared with young animals.

Immune responses critically influence ischemic injury in
the reperfused ischemic brain [43]. Microglia are the first-
line responders following ischemic injury, which release
proinflammatory cytokines and chemokines that attract
blood-derived leukocytes, including neutrophils, mono-
cytes, and macrophages, to accumulate in the ischemic
brain tissue [21]. By means of F4/80 immunohistochemis-
try, we observed a decreased number of activated microglia/
macrophages in the ischemic brain of adult compared with
young mice. Interestingly, levels of pro-and anti-inflamma-
tory cytokines and chemokines were similarly reduced in the
ischemic brain of adult compared with young mice, indicat-
ing an overall attenuation of immune responses associated
with aging. Of note, alterations in the immune responses
and immune cell compositions of aged compared with
young brains have previously been shown after transient
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intraluminal MCAo. Thus, in line with a reduced infarct
area, reduced total leukocyte numbers were noted in the
ischemic brain of old compared with young mice [13]. The
leukocyte reduction particularly affected monocyte numbers,
while brain-infiltrating neutrophils, which were increased
in the peripheral blood of old compared with young mice,
were relatively increased in the ischemic brain of old mice
[13]. Monocytes and macrophages of old mice exhibited
reduced phagocytic activity, as revealed by fluorescent bead
uptake [13]. Although we did not evaluate brain leukocyte
infiltrates in this study, our findings of attenuated microglia/
macrophage accumulation and activation together with the
reduced pro- and anti-inflammatory cytokine and chemokine
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Fig.6 Proteome profile distinguishes post-ischemic responses of the
adult compared with the young brain. Computational pathway analy-
sis of proteomic profiles of young and adult mice. A The log twofold
change was plotted against the ¢ test-derived negative log 10 p-value
for all proteins differentially expressed in the striatum of young and
adult mice. Elevated proteins in adult mice are indicated in red and
reduced proteins are indicated in blue. B STRING protein-protein
interaction network of 64 significantly elevated and reduced proteins
selected based on a >1.3-fold change cutoff in addition to the —log
(p-value) >1.3 criterion. Two independent modules were observed;
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levels strengthen the idea that immune responses are attenu-
ated post-ischemia in the adult brain.

Thirty minutes MCAo enable the investigate of cell signaling
and protein chancing analysis since it is mild model of focal
ischemia. We performed a large-scale proteomic analysis using
LC-MS/MS to identify the changes in the protein profile of
young and adult mice’s ischemic and non-ischemic striatum.
Thus, we identified 111 proteins that were differentially
abundant in the young and adult brains. The proteins mostly
belonged to chaperone, cytoskeletal protein, enzyme modulator,
hydrolase, membrane traffic protein, oxidoreductase,
transferase, and transporter classes. They were involved in
catalytic activity, binding, signal transducer activity, structural
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shown in blue. Note that the two top pathways upregulated in adult
mice are associated with glycogen degradation and the only pathway
downregulated in adult mice is associated with mitochondrial dys-
function
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molecule activity, and transporter activity. Eighty proteins were
increased in adult compared with young mice, and 31 proteins
were reduced in adult mice. By means of protein-protein
interaction analysis, we identified two independent networks,
in which HSPA8 and PARK?7 were found to have the most
interactions with other proteins. HSPAS (also known as Hsp70)
is a heat shock protein acting as a chaperone in the ischemic
brain [44] whereas PARK?7 is a multifunctional protein with
essential functions in mitochondrial homeostasis and cellular
antioxidant responses [45]. It is noteworthy that both proteins
were increased in the aged compared with the young ischemic
brain, although HSPAS8 was not significantly related to any
canonical pathway in IPA. IPA showed that among the most
strongly regulated canonical pathways, the two top pathways
upregulated in adult mice were associated with glycogen
degradation, whereas the only pathway downregulated in adult
mice was associated with mitochondrial dysfunction. Glycogen
storage and degradation have recently been recognized as key
processes providing neuroprotection in ischemic stroke [46,
47]. Their role in age-related resilience against ischemic brain
injury has so far been unknown. Further studies on age-related
mechanisms of ischemic brain injury are warranted.

Conclusion

The pathophysiology of ischemic stroke is a highly complex
process followed by secondary neuroinflammation involving
oxidative stress and inflammatory reaction to promote further
injury. We established the MCAo model using 72-week adult
BALB/c and C57BL/6 mice to study the direct effect of aging.
We revealed that adult mice were more resistant to ischemic
stroke and developed better cell survival via signaling trans-
duction. Besides, adult mice presented fewer cytokines and
chemokines due to restricted microglia/macrophages in the
ipsilesional striatum. Importantly, we showed alteration pro-
tein profiles between adult and young mice after ischemic
stroke for the first time and concluded that age-related changes
in energy metabolism might help diagnose and treat stroke.
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