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Abstract

In the present study, we tested whether the ongoing differentiation of microglia in the immature
brain results in more robust microglial activation and pro-inflammatory responses than juvenile
brains following hypoxia-ischemia (HI). Under normoxic conditions, microglial activation profiles
were assessed in postnatal day 9 and postnatal day 30 mice (P9 and P30) by analyzing relative
expression levels of CD45 in CD11b*/CD45* microglia/macrophages. Flow cytometry analysis
revealed that the hippocampi of P9 and P30 brains exhibited higher levels of CD45 expression in
CD11b*/CD45+ cells than in the cortex and striatum. In response to HI, there was an early
increase in number of CD11b*/CD45* microglia/macrophages in the ipsilateral hippocampus of
P9 mice. These cells transformed from a “ramified” to an “amoeboid” morphology in the CA1
region, which was accompanied by a loss of microtubule-associated protein 2 immunostaining in
this brain region. The peak response of microglial activation in the ipsilateral hippocampus of P9
mice occurred on day 2 post-HI, which was in contrast to a delayed and persistent microglial
activation in the cortex and striatum (peak on day 9 post-HI). P9 brains demonstrated a 2—3 fold
greater increase in microglia counts than P30 brains in each region (hippocampus, cortex, and
striatum) during day 1-17 post-HI. P9 brains also showed more robust expression of pro-
inflammatory cytokines (tumor necrosis factor-alpha, interleukin-1p) than P30 brains. Taken
together, compared to P30 mice, P9 mice demonstrated differences in microglial activation and
pro-inflammatory responses after HI, which may be important in brain damage and tissue repair.
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INTRODUCTION

In contrast to the adult brain, microglia in the healthy immature brain are activated,
phagocytic cells responsible for removal of cellular debris that occurs during normal brain
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development [1]. Microglia are also important in promotion of axonal growth and neuronal
differentiation and angiogenesis in developing brains [2, 3]. These activated microglia are
abundant in white matter tracts, and have been implicated in the characteristic susceptibility
to white matter injury in premature infants suffering from perinatal asphyxia [4]. In early
infancy microglia transition from a reactive phagocyte to ramified immunosurveillance cell,
a state maintained throughout adulthood [5]. Recent studies have shown that these
“surveying” microglia are extremely dynamic and play a role in neuroplasticity through
phagocytosis of synaptic structures during adult neurogenesis, active remodeling of the
perisynaptic environment, and the release of soluble factors [6].

Neuroinflammation plays an important role in ischemic brain injury, and modulating the
microglia-mediated inflammatory response to ischemia has been considered as a potential
target for neuroprotective intervention. Ischemic insult to the developing brain triggers
microglia activation, proliferation, and secretion of inflammatory cytokines and chemokines
[5, 7, 8], which may be neurotoxic and worsen injury. However, recent research highlights
the importance of microglia in promoting neuronal survival and brain repair after ischemia
by secretion of anti-inflammatory cytokines and growth factors [9]. It remains unclear
whether these contrasting microglial responses to injury vary with neurodevelopment in
immature brains.

In the current study, we determined microglial activation in brains of P9 (immature) and P30
(juvenile) mice under normoxic control conditions as well as at days 1-17 post hypoxia
ischemia (HI). We found that microglia in the hippocampus of P9 and P30 mice exhibited a
more activated microglia phenotype under normoxic conditions. P9 brains exhibited a
vigorous pro-inflammatory microglial response after HI, most notably in the hippocampus
early after injury. In contrast, less intense microglia activation and proliferation were
detected in P30 mice. Therefore, these differential responses may play a role in immature
brain injury and repair after HI.

MATERIALS AND METHODS

Materials

Mouse monoclonal anti-microtubule associated protein 2 (MAP2) antibody was from Sigma
(St. Louis, MO). Monoclonal rat anti-mouse cluster of differentiation molecule 11b (CD11b)
antibody and rat anti-mouse CD45-FITC antibody were from AbD Serotec (Raleigh, NC).
Mouse CD11b- APC conjugated antibody, ToPro-3 iodide, goat anti-mouse, Alexa Fluor
488-conjugated IgG and goat anti-rabbit Alexa Fluor 546-conjugated 1gG were from
Invitrogen (Carlsbad, CA). Vectashield mounting medium were from Vector Labs
(Burlingame, CA). Tissue-Tek O.C.T. compound was from Sakura Finetek (Torrance, CA).
Hanks balanced salt solution (HBSS) was obtained from Mediatech Cellgro (Manassas,
VA). ELISA kits (DuoSet ELISA) for cytokines and cleaved caspase-3 measurements were
purchased from R&D Systems (Minneapolis, MN).

Animal usage

All procedures on animals were carried out in adherence with NIH Guide for the Care and
Use of - Laboratory Animals and approved by the Institutional Animal Care and Use
Committee at the University of Wisconsin-Madison.

Induction of neonatal HI

C57BL/6J mice (P9 and P30) were anesthetized with isoflurane (3% for induction, 1.5% for
maintenance), in 30% O, and 70% N,. Since isoflurane has been shown to induce
neurotoxicity, we kept the duration of anesthesia to less than 5 min in each animal,
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minimizing any potential effects of isoflurane on neuronal injury or microglial activation
[10, 11, 12]. The body temperature of the animal was maintained at 37°C with a heating pad.
Under a surgical microscope, a midline skin incision was made and the left common carotid
artery was electrically cauterized as described before [13]. The incision was rinsed with
0.5% bupivacaine and sutured with a 6.0 prolene suture. Animals were returned to their
dams and monitored continuously for 30 min during a 2-hour (h) recovery period. To induce
ipsilateral ischemic injury, the animals were placed in a hypoxia chamber (BioSpherix Ltd,
Redfield, NY) equilibrated with 10% O, and 90% N at 37°C for 50 min. In this model, the
unilateral carotid artery ligation itself induces no injury, as perfusion is maintained through
collateral circulation. However, on subsequent exposure to hypoxia a hemispheric ischemia
occurs as blood flow preferentially decreases to the ligated hemisphere [14]. After HI,
animals were monitored continuously for 30 min and then checked every 30 min for 2 h and
then daily until sacrificed.

Flow cytometry analysis of brain microglia cells

At day 1-17 after HI, mice were deeply anesthetized with 5% isoflurane plus N,O and O,
(3: 2) and decapitated. Immediately after decapitation, cerebellums were removed and
meninges were cleaned. The contralateral and ipsilateral hemispheres were separated, and
the hippocampus, cortex and striatum were dissected from each hemisphere and submerged
into ice-cold HBSS. Samples of each brain region were pooled from 5 mice for analysis.
Brain tissues were cut into small pieces and dissociated into a single cell suspension by
gentle physical disruption and enzymatic digestion using a commercially available tissue
dissociation kit according to manufacturer’s instructions (Miltenyi Biotech Inc. Auburn,
CA). Myelin was removed by centrifugation of the sample in 0.9M sucrose in HBSS at 2200
g for 10 min at 4°C and cells were rinsed in HBSS and collected after passing through a 40
pwm membrane by centrifugation.

For flow cytometry analysis, the cell suspension was first incubated with 10% goat serum in
0.1M PBS (pH 7.4) for 20 min at room temperature. After the incubation, cells were
centrifuged at 200 g for 5 min. After aspirating the supernatant, pellet was suspended in
fixation buffer (4% paraformaldehyde, million cells/Aml) and incubated for 30 min at room
temperature on a rotator. After the incubation, cells were centrifuged at 1000 g for 5 min and
washed with 0.1M PBS to remove excess fixation buffer. Fixed cells (108 cells) in 0.1 ml
PBS were incubated with APC-conjugated rat anti-mouse CD11b and FITC-conjugated rat
anti-mouse CD45 antibodies (25 pL of 0.2 mg/ml) for 30 min in ice. Our previous
immnunofluorescence staining study with antibodies against two microglial marker proteins
CD11b and Ibal illustrated that these two microglial marker proteins were co-localized in
the activated microglia, and indistinguishably exhibited the classical “amoeboid”
morphological changes in these cells [15]. Therefore, in the current study, CD11b was
chosen to quantify activated microglia, and to characterize microglial/macrophage activation
profile by further quantification of CD45 immunofluorescence in the CD11b*/CD45* cells
with flow cytometry analysis [16, 17, 18]. Cells were rinsed with 0.1M PBS by
centrifugation for 5 min at 1000 g and pellets were suspended in 500 .1 of 0.1M PBS and
acquired immediately with a FACSCalibur flow cytometer running CellQuest Pro software
(BD Biosceiences) with the following settings: Forward scatter (FSC) V = E00, gain = 1.0,
mode = Lin; Side scatter (SSC) V =399, gain = 1.25, mode = Lin; FL1 V =572, gain = 1.0,
mode = Log; FL4 V =704, mode = Log. In each experiment, data with equal number of
events (10,000) from contralateral and injured brain regions were acquired for analysis.

Double immunofluorescence staining

Mice were deeply anesthetized with 5% isoflurane plus N,O and O, (3: 2) and transcardially
perfused with 0.9% NaCl solution, followed by 4% paraformaldehyde (PFA) in 0.1 M
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phosphate-buffered saline (PBS, pH 7.4). Brains were post-fixed in 4% PFA for 12 h, and
subsequently cryoprotected with 30% sucrose in 0.1 M PBS for 24-36 h at 4°C. The brains
were frozen in Tissue-Tek O.C.T. compound for 10 min and cut into coronal sections (35
pm thickness) on a freezing microtome (Leica SM 2000R; Buffalo Grove, IL), and stored in
antifreeze solution at — 20°C. Sections at the level of 0.02 mm posterior from bregma,
interaural 3.82 mm; 0.46 mm posterior from bregma, interaural 3.82 mm were selected and
processed for immunofluorescence staining [13]. Sections were rinsed in 0.1 M Tris-
buffered saline (TBS, pH 7.4) for 15 min, and incubated with a blocking solution (0.1%
Triton X-100 and 3% goat serum in 0.1 M TBS) for 30 min at room temperature. To
investigate microglial activation and neurodegeneration, sections were then incubated with
rat anti-mouse CD11b antibody (1:100) and mouse anti-microtubule- associated protein 2
(MAP2, 1:200) in blocking solution overnight at 4°C. After rinsing with TBS for 30 min,
sections were incubated with the following secondary antibodies in blocking solution
(1:200) for 1 h at room temperature, according to the primary antibodies recognized: goat
anti-rat Alexa Fluor 488-conjugated 1gG and goat anti-mouse Alexa Fluor 546-conjugated
IgG. After rinsing with TBS for 30 min, sections were incubated with ToPro-3 iodide in
blocking solution (1:1000) for 15 min at room temperature. Sections were then mounted on
slides with vectashield mounting medium. For negative controls, brain sections were stained
with the secondary antibody only.

Fluorescent images were captured on a Leica DMIRE 2 inverted confocal laser-scanning
microscope using the Leica confocal software (Leica Microsystems Inc., Buffalo Grove, IL).
Samples were excited at 488 nm (argon/krypton), 543 nm and 633 nm, and the emission
fluorescence was recorded at 512-548 nm, 585-650 nm, or 650—-750 nm, respectively.
Identical settings were used to capture the negative control and experimental images.

ELISA for cleaved caspase-3

At 24 h post-HI, mice were anesthetized with 5% isoflurane vaporized in N,O and O, (3: 2)
and decapitated. The contralateral and ipsilateral hemispheres were separated and the
hippocampus, cortex and deep brain regions were dissected from each hemisphere. Samples
of each brain region were pooled from 5 mice for analysis. Brain tissues were cut into small
pieces in a PBS buffer containing phosphatase and protease inhibitors as described
previously [15]. Brain tissues were gently homogenized with a tissue pestle grinder (Kontes,
Vineland, NJ) for 10 strokes in 1 ml of the PBS buffer. The resulting suspension was
sonicated with an ultrasonic cell disrupter (Thermo-Fisher Scientific, Waltham, MA) and
subjected to two freeze-thaw cycles to further disrupt the cell membranes. The homogenates
were centrifuged at 5,000 g at 4°C for 5 min and supernatants were collected for analysis of
cleaved caspase-3 using ELISA Kit. The total protein concentration of each homogenate was
determined using the bicinchoninic acid method. The capture antibody (2.0 pg/ml) was
diluted to the working concentration in PBS. 96-well plates were coated overnight with 100
I per well of the diluted capture antibody. After three washings with wash buffer (0.05%
tween 20 in PBS, pH 7.2), plates were blocked by a block buffer (300 .1 of 1% BSA and
0.05 % NaNg3 in PBS) for 1 h. Then, 100 p.l standards, or homogenate samples (0.6 mg
protein) were added and allowed to incubate for 2 h at room temp. After the incubation, 100
I (150 ng/ml) of the biotinylated detection antibody was added to each well and incubated
for 2 h at room temp. 100 pl of the supplied streptavidin-HRP solution (1:200 dilution) was
added and plates were allowed to incubate for 20 min. Following washing, chromogen was
added. After incubating for 20 min in dark, the reaction was stopped with stop solution. The
optical density of each well at 450 nm was determined immediately using a microplate
reader (Molecular Devices, Sunnyvale, CA). Concentration of cleaved caspase-3 was
calculated with a seven-point standard curve and expressed as pg/mg protein.
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ELISA for cytokines

At day 2 or day 9 post-HI, mice were anesthetized with 5% isoflurane vaporized in N,O and
05 (3: 2) and decapitated. The contralateral and ipsilateral hemispheres were separated and
the hippocampus, cortex and deep brain regions were dissected from each hemisphere.
Samples of each brain region were pooled from 5 mice for analysis. Brain tissues were cut
into small pieces in a PBS buffer containing phosphatase and protease inhibitors as
described previously [15]. Brain tissues were gently homogenized with a tissue pestle for 10
strokes in 1 ml of the PBS buffer. The homogenates were centrifuged at 12,000 g at 4°C for
20 min and supernatants were collected for analysis of TNF-a., IL-1p or IL-10 using ELISA
kits. The total protein concentration of each homogenate was determined using the
bicinchoninic acid method. The respective capture antibodies were diluted to the working
concentration in PBS (TNF-a, 0.8 pg/ml; IL-1pB, 4.0 pg/ml; IL-10, 4.0 pg/ml). 96-well
plates were coated overnight with 100 pl per well of the diluted capture antibodies. After
three washings with wash buffer (0.05% tween 20 in PBS, pH 7.2), plates were blocked by a
block buffer (300 nl of 1% BSA in PBS) for 1 h. Then, 100 pl standards, or homogenate
samples (0.6 mg protein) were added and allowed to incubate for 2 h at room temp. After the
incubation, 100 pl (TNF-a, 200 ng/ml; IL-1B, 600 ng/ml; 1L-10, 400 ng/ml) of the
biotinylated detection antibodies were added to each well and incubated for 2 h at room
temp. 100 pl of the supplied streptavidin-HRP solution (1:200 dilution) was added and
plates were allowed to incubate for 20 min. Following washing, chromogen was added.
After incubating for 20 min in dark, the reaction was stopped with stop solution. The optical
density of each well at 450 nm was determined immediately using a microplate reader.
Concentration of TNF-a, IL-1p, or IL-10 was calculated with a seven-point standard curve
and expressed as pg/mg protein.

Statistical analysis

Values are expressed as the mean + SD. Statistical analysis was performed using ANOVA
(Bonferroni post-test) to determine group differences (SigmaPlot, Systat Software, San Jose,
CA). P-values smaller than or equal to 0.05 were considered statistically significant.

RESULTS

HI triggers accumulation of CD11b*/CD45" cells in P9 ischemic brains

We first determined whether HI induced an increase in microglia counts in P9 brain regions.
Flow cytometry was used to quantify cells co-expressing the microglia/macrophage surface
antigens CD11b and CD45. As shown in Figure 1, flow cytometry scatter plots show two
distinct cell populations based on their CD45 and CD11b immunofluorescence staining
(Figure 1, A-C). In contralateral brain regions, the majority of cells were CD11b negative
and CD45 positive cells (CD11b™/CD45™"), clustered in the lower right quadrants (Figure 1,
A-C). These cells most likely represent leukocytes and cellular debris [16, 18]. A small
number of CD11b*/CD45" microglia/macrophage cells were detected in the contralateral
brain regions (upper right quadrants, Figure 1A—-C). In contrast, the ipsilateral hippocampus,
cortex and striatum showed a large population of CD11b*/CD45* cells at day 2 post-HI
(hippocampus) or day 9 post-HI (cortex and striatum), (upper right quadrants, Figure 1A-C).
These data suggest that HI triggers an increase in microglia/macrophage counts in ipsilateral
brain regions of P9 mice.

HI triggers more robust microglia/macrophage response in P9 brains compared to P30

We then monitored changes of the microglia/macrophage population in P9 and P30 brains at
days 1-17 following HI. As shown in Figure 2, the CD11b*/CD45* cell population
remained low (<1000 cell counts) in the contralateral brain regions of P9 brains

CNS Neurol Disord Drug Targets. Author manuscript; available in PMC 2013 June 06.
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(hippocampus, cortex, striatum) post-HI. In contrast, a large increase in the CD11b*/CD45*
population was detected in the ipsilateral hippocampus (Figure 2A) as early as 1 day post-HI
(~2800 cell counts) and peaked at day 2 post-HI (2847 + 605 cell counts). The CD11b*/
CD45™ cells in the ipsilateral hippocampus then decreased gradually to a low level (< 1000
cells) by one week post-HI (714 + 16 cell count). This low level was sustained out to day 17
(Figure 2A). P9 ipsilateral cortex exhibited a less dramatic elevation in CD11b*/CD45* cell
population than in hippocampus. The onset time of the elevation in microglia/macrophage
counts was delayed until day 3 post-HI, was muted compared to hippocampus (1563 + 80
cell count, ~55% of peak hippocampal counts), and was sustained for 12 days post-HI
(Figure 2B). By day 17 post-HI, the CD11b*/CD45* counts were restored to a low level in
the ipsilateral cortex. The ipsilateral striatum of P9 mice demonstrated a distinct time course
of microglial response (Figure 2C), with a delayed onset time at day 4 post-HI and peak
elevation at day 12 post-HI (~ 3500 cell counts). In contrast, P30 mice demonstrated smaller
increases in microglia/macrophage counts while similar regional time-course of microglia
responses was seen. A transient elevation of CD11b*/CD45* population occurred in the
ipsilateral hippocampus of P30 brains at day 2 post-HI (1037 + 196 cell counts). The
ipsilateral cortex and striatum again showed a delayed increase in microglia response,
however the increase was milder in P30 mice with peak CD11b*/CD45* peak at day 9 post-
HI (806 + 50 and 934 + 97 cell counts, respectively) and sustained increase out to day 17
post-HI (750 + 141 and 852 + 4 cell counts, respectively), (Figure 2A’-C”). Because the
microglial responses in P30 brains were not affected dramatically by HI, we only
determined CD11b*/CD45* cell on day 2, 9, and 17 post-HI. In P30 mice, no microglial
activation was detected in the contralateral brain regions throughout the study (Figure 2A"-
C’). Figure 2D-D” summarizes the fold change between ipsilateral and contralateral brain
regions at day 2 and day 9 post-HI. The Hl-induced increase in CD11b*/CD45* cell counts
in the hippocampus at day 2 was significantly higher in P9 brains compared to P30 brains.
Similarly, the delayed increase in CD11b*/CD45* cells at day 9 in cortex and striatum is
significantly higher in the P9 brains. Taken together, the data suggests that HI selectively
triggers an increase in microglia/macrophage population in the ipsilateral brain regions of P9
brains compared to P30, with an earlier response in hippocampus than in the cortex and
striatum.

Hl induces increased CD45 expression in microglia/macrophage cells of P9 brains

We then used differential CD45 expression to assess microglial activation state. Resident
surveying microglia possess the phenotype CD11b*/CD45/°W; however, as microglia
become activated their CD45 expression is increased to medium or high levels [16, 17, 18].
As shown in Figure 3A-C, the majority of CD11b* cells in contralateral brain regions of P9
brains showed a low CD45 immunofluorescence intensity (FI) (CD45 FI < 102, CD45/0w
population) after HI. This suggests that the contralateral hemispheres contain predominantly
surveying microglia population despite the HI treatment. In contrast, HI induced a rightward
shift in the CD45 FI histograms of CD11b*/CD45" cells (peak FI between 102 — 103, a
CD45™Med population) in all 3 ipsilateral brain regions (Figure 3A—C). Moreover, the
ipsilateral cortex and striatum in P9 brains exhibited a small population of cells expressing
high levels of CD45 (FI > 103, a CD45"9" population), which may represent a small number
of phagocytic microglia or invading peripheral macrophages [16]. The summarized data in
Figure 3D shows the percentage of the CD11b+/CD45+ cell population with low, medium,
or high CD45 expression. The CD11b*/CD45* cell population in the contralateral brain
regions consists of predominantly CD45'°W resting microglia (87 + 6%). P9 mice exposed to
HI demonstrated a shift in the CD11b*/CD45* cell population to predominantly CD45Med
reactive microglia (hippocampus 82 + 4%, cortex 61 + 4%, striatum 65 + 6%). In contrast to
P9 brains, P30 brains demonstrated less rightward shift in CD45 FI after HI (Figure 3A"-C
"). Despite the increased numbers of CD11b*/CD45* cells, the microglia/macrophage
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population remains predominantly CD45!°W in all three ipsilateral brain regions of P30 mice
after HI (Figure 3D"). These results further suggest that HI triggered more robust microglia/
macrophage activation in P9 than in P30 brains. In Figure 3E, E” we show the regional
CD45 FI profile for naive P9 and P30, respectively. As expected, the microglia/macrophage
population was predominantly CD45!°W in all three regions of P9 and P30 brains.
Interestingly, there was a small but significant increase in the level of CD45™d reactive
microglia in the hippocampus of both P9 and P30 mice.

Immunostaining analysis of HI-mediated microglia/macrophage activation in P9 brains

We further investigated activation of microglia in hippocampus, cortex and striatum in P9
and P30 brains using an immunohistochemistry staining approach. At day 2 post HI, the
contralateral hippocampal CA1 region in P9 brains showed a well preserved structure of
pyramidal cell layers with abundant expression of MAP2 (arrowhead, Figure 4A, a). In
contrast, the ipsilateral hippocampus demonstrated decreased MAP2 expression and
disruption of the stratum pyramidale layer structure (open arrowhead, Figure 4A, d).
Additionally, many CD11b* cells were seen in ipsilateral hippocampus. These cells
demonstrated an activated morphology with short, stout processes and intense CD11b
staining (open arrow, inset in Figure 4A, e-inset). On the other hand, despite the loss of
MAP2 expression in P30 ipsilateral hippocampus, CD11b immunostaining remained low,
and the CD11b™ cells retained the ramified microglia morphology at day 2 post-HI (arrow,
Figure 4e").

Flow cytometry revealed that microglial activation in the cortex and striatum of P9 mice
occurred at day 9 post-HI (Figure 3). Therefore, we determined CD11b expression and
transformation of microglia morphology in cortex and striatum at this time post-HI. As
shown in Figure 4B(a,a’ vs d,d"), a loss of MAP2 occurred in the ipsilateral cortex of both
P9 and P30 mice. However, activation of microglial cells was only detected in the ipsilateral
cortex in P9 mice (Figure 4B e-inset, open arrow). Similar findings were observed in the
ipsilateral striatum of P9 mice at day 9 post-HI in Figure 4C (e-inset). Taken together, these
data suggest that P9 brains respond to HI with a more robust activation of microglia than
P30 brains.

Quantification of apoptotic cell death in P9 and P30 brains after Hl

To determine whether differential microglia responses were due to possible different
intensity of HI lesions, apoptotic cell death was evaluated by quantifying cleaved caspase-3
in three brain regions (hippocampus, cortex and striatum) at 24 hours post-HI using ELISA.
As shown in Figure 5, HI induced a significant increase in cleaved caspase-3 in ipsilateral
hippocampus of P9 and P30 brains at 24 hours post HI. A smaller but still significant
increase in the cleaved caspase-3 was detected in the ipsilateral cortex and striatum of P9
and P30 brains at 24 hours post-HI. There was no significant difference in the cleaved
caspase levels of all three regions between P9 and P30. These data suggest that HI induced a
similar amount of apoptotic cell death in these two age groups of mice.

Hl induces higher pro-inflammatory cytokine expression in P9 than in P30 brains

We next examined whether the robust microglial activation in P9 brains causes stronger pro-
inflammatory responses in P9 compared to P30 brains. On day 2 post-HI, the contralateral
hemispheres (hippocampus, cortex, striatum) of P9 brains expressed low levels of TNF-a
(Figure 6A). In contrast, the ipsilateral hippocampus initially exhibited a transient elevation
of TNF-a (277 = 39 pg/mg protein) at day 2 post-HI, which returned to the contralateral
levels at day 9 post-HI (Figure 6A). A similar transient expression pattern for IL1-p (237 +
20 pg/mg) was also detected in hippocampus (Figure 6B). Interestingly, the anti-
inflammatory cytokine 1L-10 remained elevated in the hippocampus on day 9 post-HI (90 =
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6 pg/mg on day 2 vs 92 + 12 on day 9, Figure 6C). Both cortex and striatum in P9 mice
exhibited a delayed expression of TNF-a and IL1-f at 9 day post-HI (183 + 2 pg/mg and
142 + 11 pg/mg, respectively, Figure 6A, B). The regional (hippocampus, cortex, striatum)
and temporal (day 2 vs. day 9 post-HI) pattern of cytokine increases that we observed in P9
brains match the changes seen in microglia proliferation and CD45* expression (see Figure
2), confirming the activation state of these cells.

In P30 hippocampus, a smaller rise in TNFa (123 £ 18 pg/mg) and IL-1p (138 + 7 pg/mQ)
expression compared to P9 brains was demonstrated on day 2 post-HI (Figure 6A”, B”). The
increases were ~ 55% and 42% less, respectively, than that in P9 hippocampus. The
ipsilateral P30 cortex and striatum also showed a smaller increase in TNF-a and IL-1p
expression (Figure 6A”, B”). Interestingly, 1L-10 levels were elevated at day 2 in P30
hippocampus at a level similar to the P9 hippocampus, and remained elevated at day 9 post-
HI. In P30 cortex and striatum, IL-10 levels were increased at day 9 post-HI (Figure 6C”).
Taken together, these results indicate that HI triggers a more robust pro-inflammatory
cytokine response in P9 brains compared to P30 brains, which is consistent with the
microglial activation profiles in these brains.

DISCUSSION

The role of microglial in the developing brain

Microglia are derived from myeloid precursor cells which invade the brain during early
embryonic development [3]. Immature microglia are ameboid, phagocytic cells that
phagocytose the cellular debris which occurs during brain development [2, 3]. These
ameboid cells migrate through the brain along developing white matter tracts, and spread
throughout grey matter regions by 30 weeks of gestation in human fetus [19]. During late
fetal development, microglia transition from activated phagocytic cells into a resting
immunosurveillance cell with a highly ramified morphology, a process which continues
post-natally in humans and rodents [5]. During this transition, microglia remain activated,
and play a role in synaptic pruning, neuronal differentiation, and astrocytic proliferation [2,
3]. The activated phenotype and preferential location in developing white matter tracts
suggest that microglia may contribute to the characteristic white matter injury which occurs
after perinatal ischemia [20]. Regional variations within the developing brain in the time-
course of microglial down-regulation are poorly understood.

In this study, we first investigated regional differences in baseline activation state of
microglia in P9 and P30 brains. We found increased CD45 expression in hippocampus of
both P9 and P30 mice, suggesting a more activated microglial phenotype in this region. This
activated microglia phenotype may be related to ongoing synaptic remodeling or
neurogenesis in the hippocampus. It has been shown that neurogenesis in the subgranular
zone of the dentate gyrus is associated with microglial phagocytosis of apoptotic
neuroprogenitor cells throughout the first year of life in mice [21], and mice deficient in the
microglial fractalkine receptor demonstrate decreased hippocampal microglia, deficient
synaptic pruning, and persistence of immature brain circuitry [2]. Interestingly, we found
that this regional increase in baseline microglia activation state in the hippocampus
correlated with an early increase in microglia activation and proliferation after HI in both P9
and P30 mice.

HI triggers more microglial activation and pro-inflammatory cytokine release in P9
compared to P30 brains

A number of studies have shown that HI results in proliferation of resident microglia and
migration of microglia into denervated zones, with variable contribution from blood-derived
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macrophages [22, 23, 24, 25, 26, 27]. In the current study we investigated whether the
microglial response is influenced by the age at which injury occurs. We found that HI
triggers a much larger increase in microglia counts in P9 ipsilateral brain regions than in P30
mice. This finding is consistent with the report of greater BrdU labeled microglial in P9
cortex compared to P21 mice after HI [28]. These data suggest that the expansion of
CD11b*/CD45" cells after Hl is largely due to microglial proliferation.

We characterized CD45 expression profiles to further investigate microglial activation state
after HI and to differentiate reactive microglia from invading peripheral monocytes. Blood-
borne macrophages and parenchymal cells of monocytic lineage (including quiescent or
activated resident brain microglia) can be distinguished in rodent brains based on differential
CD45 expression levels: CD45M3M expression levels in blood-born monocytes, in contrast to
CD45!oW expression in quiescent microglial and CD45Medium expression levels in activated
microglia [16, 17, 18, 29]. We found that expansion of the microglia population after HI in
P9 mice was accompanied by a shift to a predominantly activated CD45™¢d profile. At day 2
post-HI, there was a marked increase in CD11b*/CD45™ed expressing cells in P9
hippocampus, while no increase in CD11b*/CD45"9" macrophages was detected. These
results imply that the early inflammatory response to HI in P9 mice consists of activation
and proliferation of microglia rather than invasion of peripheral monocytes. This is in
agreement with the finding that the macrophage population is derived from resident
microglia rather than peripheral monocytes after neonatal stroke [16]. However, we did find
a small population of CD11b*/CD45M9" cells in the P9 cortex and striatum at post-HI day 9,
suggesting that peripheral macrophage invasion may occur late after HI.

In contrast, P30 mice retained a predominantly resting CD45!°W profile after HI. We did not
detect any CD11b*/CD45N9 cells in any brain region at any time-point in P30 mice,
suggesting that peripheral macrophage invasion may not play an important role in the
inflammatory response to HI at this age. Invasion of peripheral monocytes into injured tissue
frequently accompanies breakdown of the blood-brain barrier [30]. Age-dependent
differences in the integrity of the blood-brain barrier, and its susceptibility to breakdown
after injury have been described previously and may account for the greater contribution of
peripheral macrophages to the late inflammatory response to HI in immature brains [5, 31].

In this study, we chose to expose P9 and P30 mice to the same duration of hypoxic exposure
to evaluate age-dependent differences in the microglial response to HI. Age and strain
dependent differences in susceptibility to HI have been described, and the microglial
response varies with severity of injury [32, 33]. In order to determine whether the 50 minute
of 10% O, exposure in this study indeed produced a similar degree of insult in P9 and P30
mice, we measured apoptotic cell death at 24 hours post-HI. Both p9 and p30 mice exhibited
significant cleavage of caspase-3 at 24 h of HI and we did not detect any difference in all
three tested brain regions between P9 and P30 mice. Taken together, these data suggest that
the lessened microglial activation in P30 mice is not due to milder apoptotic cell death in
these mice.

Our assessment of pro- and anti-inflammatory cytokines after HI provides additional insight
into age-dependent differences in the microglial response to HI. We found an early increase
in the inflammatory cytokines in the hippocampus of P9 and P30 mice, and a delayed
increase in in cortex and striatum. This regional time-course of cytokine release parallels the
profile of microglial activation in our flow cytometry analysis. Interestingly, TNF-a and
IL-1b levels were ~2—3 fold higher in P9 mice compared to P30 mice. Additionally, in P30
mice the pro-inflammatory cytokine expression was balanced by a comparable increase in
expression of the anti-inflammatory cytokine IL-10. IL-10 is a pleiotropic CNS cytokine
which limits macrophage accumulation and can reverse IL-1b and TNF-a mediated
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excitotoxic injury when administered exogenously [34]. In summary, our data demonstrate
that the microglial response to HI in P9 brains is characterized by vigorous microglial
activation and a predominantly pro-inflammatory cytokine response, while P30 brains
exhibit less microglial activation and a more balanced pro- vs. anti- inflammatory response.

Implications of age-dependent microglial responses on targeting the neuroinflammatory
response for neuroprotective strategies after Hl

Microglia have a dual function after ischemia. On the one hand, microglia respond to injury
by activation and proliferation, and secretion of pro-inflammatory cytokines, chemokines,
and reactive oxygen species. These inflammatory mediators are toxic to neurons, astrocytes,
oligodendrocytes and endothelial cells, worsening injury [35, 36, 37]. On the other hand,
microglia also secrete growth factors and anti-inflammatory mediators which may support
neuronal differentiation and survival after injury [38, 39]. In addition, microglial
phagocytosis of cellular debris after injury is important for remyelination [40]. Therefore,
therapeutic strategies which limit the cytotoxic microglial response and/or augment the
regenerative response hold great potential for improving outcomes after HI.

CONCLUSIONS

Our findings of differential microglial responses to HI in P9 and P30 mice suggest that age-
dependent differences in microglial responses may impact the efficacy of anti-inflammatory
treatment strategies after HI. The P9 brains demonstrated a dramatic increase in microglia
activation and a predominantly pro-inflammatory cytokine response early after HI,
suggesting that inhibition of microglia may provide benefit in immature brains when
administered soon after injury. In contrast, despite similar levels of apoptotic cell death early
after injury, the P30 mice demonstrated less microglia activation and a more balanced pro-
vs. anti- inflammatory response after HI, suggesting that inhibition of microglia in juvenile
brains may be less effective or possibly worsen the outcome after HI. Future studies are
needed to assess the impact of age-dependent microglial responses on the neuroprotective
efficacy and therapeutic window of microglial inhibition after HI.
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Figurel. HI triggers accumulation of microglia/macrophage in P9 ischemic brains

A-C. Representative flow cytometry scatter plots of CD11b*/CD45* cells in different brain
regions (hippocampus, cortex, and striatum). Data were collected from the contralateral

(CL) and ipsilateral (IL) hemispheres in P9 mice at 2 days post-HI (A) or 9 days post-HI (B;
C). Y-axis: number of CD11b™ cells. X-axis: number of CD45™" cells. Dashed red line in the
upper right quadrants: CD11b*/CD45™" cell population gated for further analysis in Figure 2—
3.
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Figure 2. Comparison of microglia/macrophage activation in P9 and P30 brains after HI

The number of CD11b*/CD45* microglia/macrophage in hippocampus, cortex, or striatum
was analyzed at day 1-17 post-HI via flow cytometry. A-D: P9 brains. A’—D’: P30 brains.
The relative change of microglia/macrophage in the three brain regions of the ipsilateral
hemisphere was normalized with the contralateral hemispheres (D and D”). Brain samples
were pooled for this analysis (five animals for P9 and four animals for P30). Values are
expressed as mean (A—-C, A’~C’) and mean +S.D. (D, D’),n =3-4.*=p < 0.05 vs

corresponding P30.
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Figure 3. Selective elevation of CD45" expression in microglia/macrophage of P9 brains after Hl
Representative FACS plots showing HI triggered selective elevation of CD45 expression in
the CD11b*/CD45* microglia from the ipsilateral hippocampus, cortex, and striatum in P9
mice. A-D: P9 brains. A’—D’: P30 brains. Data were collected at the peak level of the
microglial activation in each brain region (day 2 post-HI for hippocampus, day 9 post-HI for
cortex and striatum). Dotted red box: CD45 medium expression histograms. Expression of
CD45 in the CD11b* microglial cells in P9 brains shifted from a low (<102) to medium
(10%-103) or higher level (> 103) after HI (reflected in the right shifted, broadened histogram
curve). The proportion of the CD11b*/CD45* cell population with low, medium, and high
CDA45 expression in each brain region are shown for P9 (D) and P30 (D”) mice. Values are
expressed as mean = S.D. (n = 3). * = p < 0.05 vs corresponding contralateral. # = p < 0.05
vs. corresponding P9. E. E’. The proportion of the CD11b*/CD45* cell population with
low, medium, and high CD45 expression in each brain region from naive P9 (E) and P30 (E
") mice.. ND: not detectable. Values are expressed as mean + S.D., n = 3. * = p < 0.05 vs.
corresponding low, # = p< 0.05 vs. either corresponding cortex or striatum.
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Figure 4. Immunostaining analysis of HI-mediated microglia/macrophage activation in the
hippocampus, cortex and striatum of P9 and P30 brains

Double immunostaining of CD11b and MAP2 proteins were examined in the CAL region of
the hippocampus (A), the cortex (B) and the striatum (C) of the contralateral and ipsilateral
hemispheres of P9 (top panels) and P30 brains (bottom panels) at 2 days following HI.
Neurons were stained for MAP2 (red) in A (a,a’,d,d’); B(a,a’,d,d’); C(a,a’,d,d").
Microglia were stained for CD11b (green) in A (b, b’,d,d”); B (b,b”,d,d’); C(b,b’,d,d
"). Nuclei were stained with ToPro3 (blue) in the overlay images in A—C (e, f, €', f"). The
left column of panels is contralateral while the right column of panels is ipsilateral. Inset:
magnified image. Scale bar: 75 pm. Arrow head: neurons with abundant MAP2 expression.
Open arrowhead: loss of MAP2 expression. Open arrow: a reactive phenotype of microglia
with short, stout processes and intense CD11b staining.
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Figure 5. HI triggersapoptosisin P9 and P30 brains

Cleaved caspase-3 was determined via ELISA in hippocampus (H), cortex (C), and striatum
(S) from contralateral (CL) and ipsilateral hemispheres (IL) of P9 and P30 brains 24 hours
following HI. Cleaved caspase-3 content are expressed in picograms per milligram protein
(pg/mg). Data are mean + SD, n = 3, * p < 0.05 vs. corresponding CL hemisphere.
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Figure6. HI selectively triggers pro-inflammatory cytokine expression in P9 brains

TNF-a, IL-1B, and IL-10 in hippocampus (H), cortex (C), and striatum (S) in contralateral
and ipsilateral hemispheres were determined via ELISA. A—C: P9 brains (day 2 post-HI and
day 9 post-HI). A"~ C”: P30 brains (day 2 post-HI and day 9 post-HI). Cytokine content are
expressed in picograms per milligram protein (pg/mg). Data are mean £ SD,n =3, *p <
0.05 vs. corresponding contralateral hemisphere; # p > 0.05 ipsilateral P30 vs. corresponding
ipsilateral P9.
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