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Abstract

Intracerebral hemorrhage (ICH) is a devastating disease lacking an effective treatment. While the
initial injury occurs within minutes, an inflammatory response contributes to ongoing tissue
damage over hours to days. Relatively little is known about leukocyte trafficking into the brain in
the hours after ICH onset. Understanding these events may lead to identification of new
therapeutic targets. Using the blood injection mouse model of ICH, the numbers of leukocytes in
the ipsilateral and contralateral brain were quantified by flow cytometry 12 hours after surgery.
Perihematomal inflammation was confirmed by histology and chemokines and cytokines in the
brain quantified by multiplex ELISA. Few neutrophils were detected in the brain 12 hours after
ICH. The majority of leukocytes consisted of inflammatory macrophages
(CD45.1h!CD3‘LyGG‘CDllc_‘CDllb*Gr1+ cells) and inflammatory dendritic cells
(CD45.1NCD3"Ly6G~CD11c¢MCD11b*Gr1* cells). Microglia numbers did not differ between the
hemispheres. These results indicate that blood-derived monocyte populations traffic into brain
early after ICH and outnumber neutrophils at 12 hours.
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Introduction

Intracerebral hemorrhage (ICH) is a devastating stroke subtype affecting nearly 2 million
patients worldwide each year[1]. While the initial neurological deficit is caused by mass
effect and shear forces on brain tissue, there is increasing recognition that an inflammatory
process contributes to further injury over ensuing days[2]. Therapies that target
inflammation have appeal, as a prolonged treatment window may allow many patients to
benefit.

Peripheral leukocytes migrate from blood to the perihematomal region and may lead to
progressive tissue damage and/or clearance of the hematoma and repair. In a rat model of
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ICH, leukocyte and platelet depletion by whole body irradiation significantly reduced
perihematomal edema[3]. In addition, splenectomy three days prior to ICH reduced cerebral
edema and infiltrating macrophages and neutrophils, further implicating the peripheral
immune response in ICH injury[4]. These studies suggest that inhibition of leukocyte
trafficking into the brain may have therapeutic benefit. However, further work is needed to
clarify which cell populations are migrating into brain, at what time points, and how each
population contributes to injury and recovery.

Most previous studies have focused on quantifying the inflammatory response beginning at
24 hours. Cellular trafficking events occurring earlier after ICH onset have not been well
studied. Many investigations of the early events after ICH have relied on histological
methods, which are limited in the ability to differentiate blood-derived macrophages and
other myeloid cells from the resident microglia. Based on these studies, neutrophils have
been considered first-responders, followed by monocyte/macrophage infiltration days into
the disease. The present study aimed to quantify the perinematomal leukocyte and microglia
populations at 12 hours using flow cytometry in a mouse model of ICH. We determined that
neutrophils comprise fewer than 8% of leukocytes that traffic into the damaged hemisphere
by 12 hours. The majority of leukocytes consisted of inflammatory macrophages and
inflammatory dendritic cells. The appropriate chemokines for recruitment of these leukocyte
populations were elevated in perihematomal brain tissue.

C57BL/6J, which express the pan-leukocyte marker CD45.2, and B6.SJL-Ptprc? Pep3b/
BoylJ, the congenic strain expressing CD45.1, male mice were purchased from Jackson
Labs. All mice were 8-16 weeks old when used for experiments. Animal procedures were
performed in accordance with NIH guidelines for the care and use of laboratory animals and
approved by the Animal Care Committee of the University of Connecticut Health Center.

Intracerebral hemorrhage surgery

Eleven male B6.SJL-Ptprc3Pep3b/BoyJ mice were anesthetized with isoflurane and
subjected to striatal blood injection to model ICH as previously described[5]. 15 pL of
blood from a C57BL/6J donor mouse was injected at 0.5 pL/min by microinfusion pump
(WPI) without anticoagulation at 2.5 mm right of bregma and 3 mm deep while body
temperature was maintained at 37 + 0.5° C. Eight sham surgeries were performed including
all procedures except blood injection.

Tissue harvesting

At 12 £ 1 hour after surgery mice were euthanized, transcardially perfused with 40 mL cold
PBS, and brains harvested. The brainstem and cerebellum were removed and the brain was
divided along the interhemispheric fissure into ipsilateral and contralateral hemispheres.

Flow cytometry

Each hemisphere to be analyzed by flow cytometry was placed in complete RPMI 1640
(Life Technologies) medium and mechanically and enzymatically digested in collagenase/
dispase (1 mg/mL) and DNAse (10 mg/mL)(both Roche Diagnostics). Leukocytes were
harvested from the interphase of a 70%/30% Percoll gradient. Cells were washed and
blocked with mouse Fc Block (BD Biosciences) prior to staining with CD45.2-FITC (BD
Pharmingen), CD45.1-PE, CD11b—PerCp-Cy5.5, CD11c-PE-Cy7, Gr1-APC-efluor780 (all
eBioscience), CD3-v500 and Ly6G-v450 (both BD Horizon). Data were acquired on a
LSRII using FACsDIVA 6.0 (BD Biosciences) and analyzed using FlowJo (Treestar Inc.).
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Donor leukocytes were identified as CD45.2M | host leukocytes CD45.1M T lymphocytes as
CD45.1MCD3*, dendritic cells as CD45.1MCD3~Ly6G~CD11ch, neutrophils as
CD45.1MCD3-CD11b*Ly6G™, macrophages as CD45.1NCD3"CD11c"Ly6G~CD11b*Grl™,
and inflammatory macrophages as CD45.1"CD3~Ly6G~CD11c"CD11b*Gr1*. A separate
CD45.1"MCD3"Ly6G~CD11¢MCD11b*Gr1* population was identified as inflammatory
dendritic cells. A population of cells expressing low to intermediate levels of CD45 and
which were positive for CD11b expression (CD45.1MCD11b*) were identified as microglia.

The perihematomal region of each ipsilateral hemisphere used for cytokine/chemokine
quantification was homogenized and sonicated in RIPA buffer (Cell Signaling) with
protease inhibitors, then centrifuged at 14,000xg. The protein concentration of the
supernatant was determined using the BCA Protein Assay Kit (Thermo Fisher Scientific
Inc.). 100 g total protein were used for cytokine/chemokine quantification by multiplex
ELISA (mouse inflammation panel I, Millipore) according to manufacturer’s instructions.

Immunofluorescence

Brains were immediately frozen in Tissue-tek O.C.T. (Andwin Scientific) and stored at
—80°C. Six-micron thick sections were blocked in normal goat serum and incubated with rat
anti-mouse Ly6G (clone 1A8, 5 pg/mL, BD Biosciences), rabbit anti-mouse GFAP (1:100,
Dako) or rat anti-mouse CD11b (5 pg/mL, eBioscience) followed by Cy3 Affinipure goat
anti-rat 1gG or DL488 goat anti-rabbit IgG (Jackson Immunoresearch) at 1:500. DAPI was
used at 0.25 pg/mL (Roche Diagnostics).

Statistical analyses

Results

Excess numbers of ipsilateral leukocytes were calculated to account for any residual
leukocytes in the circulation of each mouse after perfusion and reported as meanzstandard
deviation. After testing for normality, excess ipsilateral cell counts were compared between
ICH and sham groups by t-test or Mann-Whitney test as appropriate. Microglia numbers
were compared between the ipsilateral and contralateral hemispheres by t-test. Cytokine and
chemokine levels were compared between ICH and sham groups by t-test with the Holm-
Bonferroni correction for multiple hypotheses.

Perihematomal Leukocytes Infiltrate from the Periphery

Blood from a congenic donor mouse expressing the CD45.2 pan-leukocyte marker was used
to create the intracerebral hemorrhage in mice expressing the CD45.1 allele. This approach
allowed leukocytes originating from the circulation of the host mouse (CD45.1h'_ cells) to be
distinguished from any surviving leukocytes within the injected blood (CD45.2Ni cells; Fig.
1a). At 12 hours, approximately 8.2% of live leukocytes identified by flow cytometry
originated from within the hemorrhage itself. There were 1167.2 +579.2 excess blood-
derived leukocytes in the ipsilateral hemisphere 12 hours after ICH, compared to 435.7
+124.1 in shams. Microglia numbers in ICH brains did not differ between hemispheres at
this early time point (Fig. 1b).

Inflammatory Macrophages and Dendritic Cells Dominate the Inflammatory Infiltrate

Once we confirmed the majority of leukocytes identified by flow cytometry had trafficked
into the brain from the host during the inflammatory response, we calculated the excess
ipsilateral numbers of individual leukocyte populations in ICH and sham brains (Table 1).
Inflammatory Gr1* macrophages (I.M¢s) accounted for the largest leukocyte population,
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while there were few Grl™ macrophages (Grl~ Més; Fig. 2a). The inflammatory dendritic
cell population was the second most numerous, while there were many fewer CD11cM
dendritic cells (Fig. 2b). Neutrophils (PMNs) and T cells accounted for 7.3% and 12.0% of
excess ipsilateral leukocytes, respectively (Fig. 2¢, d). The composition of the inflammatory
infiltrate is shown in Fig. 2e.

In order to confirm the flow cytometry results, four mice were euthanized 12 hours after
ICH or sham surgery for analysis by immunohistochemistry. Visualization of the
perihnematomal region confirmed the presence of larger, amoeboid CD11b* cells resembling
macrophages, which was not seen after sham surgery (Fig. 3a, b). Few Ly6G™* cells with
multi-lobed nuclei could be found after ICH and none after sham (Fig. 3c, d).

Chemokines for Recruitment of Myeloid Cells Increase by 12 Hours

Once the composition of the inflammatory cellular infiltrate was determined, we sought to
determine whether the appropriate chemokines were increased in the brain after ICH at this
early time point. Chemokines for neutrophils (CXCL1/KC), inflammatory monocytes
(CCL2/MCP-1), mononuclear and Tyl T cells (CXCL10/IP10), as well as the pro-
inflammatory cytokine 1L-6 were increased in the ipsilateral hemisphere after ICH compared
to sham (Fig. 4). Unexpectedly, tumor necrosis factor (TNF) levels were reduced in
ipsilateral ICH brain when compared to sham at 12 hours.

Discussion

Blood-derived leukocytes begin to migrate to the perihematomal region within hours after
ICH. Interestingly, inflammatory macrophages and inflammatory dendritic cells, rather than
neutrophils, comprised the majority of leukocytes 12 hours after ICH. Other studies of the
perihematomal leukocyte populations using immunohistochemistry describe neutrophils as
rarely observed beginning at 4 hours after ICH and increasing in numbers until 48
hours[6,7]. This is consistent with our finding of few neutrophils at 12 hours. However,
these and other studies have found macrophages did not appear until 48 and 72 hours[6,8],
which contrasts with our finding of robust numbers of these populations at 12 hours when
examining the brains by flow cytometry.

Research on monocyte biology focuses on two distinct populations of circulating
monocytes: “Inflammatory” monocytes, characterized by high expression of Ly-6C(Gr1)
and the CC chemokine receptor 2 (CCR2), and “resident” monocytes, which express low
levels of Ly-6C(Gr1) and CCR2 but express high levels of CX3CR1 (reviewed in[9]). The
Gr1* inflammatory monocytes are thought to be responsible for the M1-type macrophage
response, characterized by phagocytosis, proteolysis, and inflammation and are able to
differentiate into TNF-a/iNOS-producing dendritic cells (tip-DCs) in inflamed tissue[10].
Inflammatory monocytes are involved in pathogenesis during experimental autoimmune
encephalomyelitis[11] and ischemic stroke[12,13] and may be responsible for neurological
deficits in the first three days after ICH[14]. The Gr1™ monocytes patrol blood vessels and
migrate quickly into tissues at the site of injury[15], differentiating into the M2-type
“healing” macrophages in both the myocardium and L/steria-infected peritoneum[16,17].
We found the numbers of ipsilateral Gr1™ macrophages were low 12 hours after ICH while
Gr1* inflammatory macrophages were increased 5-fold. The roles of these macrophage
populations in the hours after ICH have not yet been investigated.

Interestingly, we also found inflammatory (Gr1*) dendritic cells in the brain. These cells are
derived from Gr1* monocytes that have migrated to peripheral tissues and stimulate Ty1
responses after infection[18]. Whether these cells are functioning to stimulate the T cells in
the brain after sterile injury is unclear. Some blood-derived dendritic cells have recently
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been shown to limit inflammation and aid in remodeling of the myocardium after
experimental myocardial infarction[19]. In our model higher numbers of CD11c dendritic
cells, as well as other myeloid populations, are found at 72 hours[20].

The prototypical chemokine for inflammatory monocyte recruitment (CCL2/MCP-1) was
increased in the brain, consistent with their high numbers in brain. Dendritic cells are also
known to cross the blood-brain barrier in response to CCL2[21]. Not surprisingly, CXCL1
(KC), the chemokine for neutrophil recruitment was also increased, as was the pro-
inflammatory chemokine 1L-6. However, TNF levels were unexpectedly lower in ipsilateral
ICH brain versus sham. The TNF response after ICH has been studied by several groups. In
some studies, TNF levels peaked by 4 hours and returned to baseline within the first day
after ICH[22,23], while others have shown increased TNF protein or mRNA levels
persisting for days after ICH[24,25]. In a human study, no difference was found in TNF
MRNA levels between ICH samples evacuated within 24 hours of onset and control
brains[26]. It is possible that the TNF response is multiphasic or that the species, model, and
method of quantification of TNF contribute to the varying results. Our data represent one
snapshot of TNF levels measured by multiplex ELISA after 15 L blood injection.

These studies used a blood transfer model in which blood from a CD45.2-expressing mouse
was used for the intracerebral hemorrhage in a CD45.1-expressing host. CD45.2-expressing
leukocytes from within the hemorrhage could therefore be distinguished from the CD45.1-
expressing leukocytes recruited to the area from the host’s circulation during the
inflammatory response. Surprisingly few leukocytes originating from within injected blood
were alive and recoverable from the brain at 12 hours.

Microglia are notoriously difficult to distinguish from macrophages by
immunohistochemistry as both myeloid cell populations express CD11b, Ibal, CD68, and
others[27], but have traditionally been separated from peripheral leukocytes in flow
cytometry experiments by differential CD45 expression[28]. Here, the population identified
as microglia are cells expressing low to intermediate levels of CD45.1 and high levels of
CD11b. While we are confident the majority of microglia are included by these criteria, it is
possible that some activated microglia may upregulate CD45, thus falling into the CD45.1Ni
classification.

Our findings of large numbers of the inflammatory macrophage and inflammatory dendritic
cells in the brain by 12 hours after ICH challenge existing concepts of the kinetics of
leukocyte infiltration after ICH. In addition, these findings may be relevant to ischemic
stroke and other acute sterile brain injuries, in which neutrophils are also thought to be the
earliest infiltrating cell population[29]. If these monocyte populations significantly
contribute to the inflammatory cascade and injury, the time window for interference with
this process may be shorter than previously considered.
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Microglia and blood-derived leukocytes can be distinguished from injected leukocytes. a
Representative plots from ipsilateral brain samples showing few donor CD45.2* cells at 12
hours. The CD45.11" population (black gate, center) is 99.7% CD11b* and are classified as
microglia. The blue gate (lower right corner) represents the host-derived CD45.1M leukocyte
population. b Total microglia numbers are not different between hemispheres. n=5
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Representative plots showing leukocyte populations present after ICH. a Inflammatory
macrophages (1.M¢s) and Gr1~ macrophages (Gr1~ M¢s) are both present in brain, but the
inflammatory macrophages are much more numerous. This plot is gated on
CD45.1MCD3"Ly6G™CD11c™ cells. b Plot showing CD11c!™ (blue gate, center) and
CDllch'_dendritic cell populations (DCs, black gate, right) is gated on
CD45.1MCD3"Ly6G™ cells. The majority of CD11c!t cells express Grl (inset) and are
termed inflammatory dendritic cells. ¢ Few neutrophils (PMNs) are found in brain at 12
hours. The plot is gated on CD45.1MCD3". d T cells are found in the ipsilateral hemisphere
by 12 hours. The plot is gated on CD45.1M cells. e Pie chart showing the distribution of
leukocyte populations expressed as the mean percentage of infiltrating cells from 5 mice.
“Other” indicates CD45.1M cells that do not fall into any of the aforementioned gating
strategies
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Fig. 3.

Immunofluorescence staining demonstrates local inflammation. Representative
perihematomal sections from 12 hours after ICH or sham surgery are shown in a—d. a-b
Staining for CD11b, a marker for myeloid cells, demonstrates most CD11b+ cells after sham
surgery (a) have branched cytoplasmic processes consistent with resting microglia. b
Arrows indicate larger, spherical CD11b+ cells consistent with macrophages at the border of
the ICH that were not found after sham surgery. Astrocytic processes, identified by GFAP+
staining, were difficult to identify after sham surgery but became more evident after ICH. c—
d Neutrophils, identified by staining with Ly6G, could not be found after sham surgery and
were found in small numbers around the ICH at 12 hours (arrowhead). Scale bar indicates
10 um
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TNF

chemokines CCL2, CXCL1, and CXCL10 are significantly higher in ipsilateral ICH (n=4)
brain versus ipsilateral sham (n=3) brain. The pro-inflammatory cytokine IL-6 is also
elevated, but TNF is lower in ipsilateral ICH brain. All values are shown in pg/g brain
protein. * p<0.05 by t-test after Holm-Bonferroni correction for multiple hypotheses
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Table 1

Brain leukocyte counts 12 hours after ICH or sham surgery as detected by flow cytometry. The number of
excess ipsilateral leukocytes for each population quantified is shown.

Leukocyte population Gating Sham (Mean + SD) | ICH (Mean + SD)
Inflammatory macrophages | CDA45.1"CD3 Ly6G"CD11c"CD11b*Gri* 71+22 422 +333*
Inflammatory dendritic cells | CD45.1"CD3 Ly6G"CD11c™CD11b*Gr1* 71+39 243 + 205

Dendritic cells CD45.1MCD3 Ly6G-CD11ch 52 +22 108 + 50
T cells CD45.1MCcD3* 75+ 67 141 +£53
Neutrophils CD45.1"CD3 CD11b*Ly6G* 43x12 86+ 101
Macrophages CD45.1"CD3 Ly6GCD11¢"CD11b*Gr1~ 17+21 26 £ 26

Inflammatory macrophages were significantly higher in ICH brain versus sham (*p<0.05 by Mann-Whitney test). n=3-5/group
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