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Abstract

Intracerebral hemorrhage (ICH) is a stroke subtype with high mortality and severe morbidity.
Hemorrhages frequently develop within white matter, but whether white matter fibers within the
hematoma survive after ICH has not been well studied. The current study examines whether white
matter fibers persist in the hematoma after ICH, fibers that might be impacted by evacuation, and
their relationship to macrophage infiltration in a porcine model. Male piglets had 2.5 ml blood
with or without CD47 blocking antibody injected into the right frontal lobe. Brains were harvested
at from 3 days to 2 months after ICH for brain histology. White matter fibers were detected

within the hematoma 3 and 7 days after hemorrhage by brain histology and myelin basic protein
immunohistochemistry. White matter still remained in the hematoma cavity at 2 months after ICH.
Macrophage scavenger receptor-1 positive macrophages/microglia and heme oxygenase-1 positive
cells infiltrated into the hematoma along the intra-hematomal white matter fibers at 3 and 7 days
after ICH. Treatment with CD47 blocking antibody enhanced the infiltration of these cells. In
conclusion, white matter fibers exist within the hematoma after ICH and macrophages/microglia
may use such fibers as a scaffold to infiltrate into the hematoma and aid in hematoma clearance.
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Introduction

Methods

Spontaneous intracerebral hemorrhage (ICH) affects four million patients worldwide each
year.! It is the second most common cause of stroke and is associated with high mortality
and severe morbidity.2 Mass effect associated with the hematoma and clot components
released into surrounding cerebral tissues contribute to brain injury following ICH3-6,

The initial injury occurs within minutes to hours of the ICH and is primarily induced by
rapidly progressive mass effect leading to decline in cerebral perfusion pressure as well as
mechanical injury to surrounding cerebral tissue.” & Following the initial injury, cellular
debris and clot components initiate secondary injury that takes place over days to weeks.”®
There are currently two major forms of hematoma removal, surgical evacuation and
endogenous clot reabsorption. With respect to surgical evacuation, the STICH and STICH
Il trails failed to prove that operative intervention was superior to conservative management
of ICH.L- 10 The MISTIE trial strived to liquefy the hematoma with recombinant tissue
plasminogen activator (rt-PA) and then perform subsequent aspiration. Though this approach
reduced hematoma size and mortality, it did not improve functional outcome, the primary
endpoint of the study.11

An alternate approach may be to enhance endogenous clot resorption. Resident microglia

or infiltrating macrophages can phagocytize the clot and thus a number of approaches have
been used to accelerate such a process in animal models* 12. Our own lab has utilized CD47
blocking antibody13 14 which neutralizes the CD47 on erythrocytes, a “don’t eat me” signal
to prevent phagocytosis, to enhance phagocytosis of erythrocytes in animal models.

White matter fibers have long been considered to be extremely fragile and a key predictor
of prognosis in various neurological disorders. Clinical neurology has shown that white
matter serves a critical role in the organization and distribution of neural networks,1%: 16
With evidence that more than 77% of ICH patients have white matter injuryl’, attempts
are underway to develop therapeutic agents to reduce white matter injury post ICH, though
without significant success.18 In part, this is due to the fact that white matter accounts

for 10-20% of the rodent brain volume, whereas, in humans, it accounts for up to 50%%°
stressing the need for large animal models.

Previous studies have focused on peri-hematomal white matter damage after ICH20-22;
however, the presence and changes to white matter fibers within the ICH has not been well
studied. In fact, intraclot white matter fibers have the potential of significant injury during
surgical evacuation. We aim to utilize a swine ICH model to study the presence and survival
of intraclot white matter tracts. In addition, we will evaluate the role of such white matter
tracts as a route of microglia/macrophage infiltration into the hematoma core and the effect
of a CDA47 blocking antibody on such infiltration.

Animal Preparation

Approval of all animal procedure protocols was obtained from the University Committee
on Use and Care of Animals, University of Michigan, and all experiments were conducted
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in accordance with United State Public Health Service’s Policy on Humane Care and Use
of Laboratory Animals. A total of 25 male piglets (8-10 kg; Michigan State University,
East Lansing) were used in this study. One piglet was excluded because of high fever after
surgery. The ICH models were performed as previously described?3. Pigs were sedated

with ketamine (25 mg/kg, IM) and anesthetized with 2% isoflurane via nose cone. The
isoflurane concentration was maintained at 1.0 to 1.5% during the surgical procedures. Core
body temperature was maintained at 37.5 + 0.5 °C by a feedback-controlled heating pad.

A polyethylene catheter (PE-160) was inserted into the right femoral artery to obtain blood
for injection and to monitor arterial blood pressure, blood gases, and glucose concentrations.
A cranial burr hole (1.5 mm) was drilled at a point 11 mm lateral to the sagittal suture

and 11 mm anterior to the coronal suture. An 18-mm-long 20-gauge sterile plastic catheter
was placed stereotactically into the right frontal cerebral white matter. Two consecutive
injections were performed with an infusion pump: first 1.0 mL of autologous arterial blood
was infused over 10 min and then, after a 5 min break, 1.5 mL blood was injected over 10
min. The needle was removed and the skin incision was closed with sutures.

Experimental groups

There were two parts of experiments. In the first part, piglets had 2.5 ml autologous blood
injected into the right frontal lobe. Brains were harvested at 3 days, 7 days and 2 months
after ICH for brain histology (n=4 for each time point). In the second part, piglets had 2.5
ml autologous blood with CD47 blocking antibody (Invitrogen, 16-0479-85, 10 pg/ml, final
concentration in blood). Brains were then harvested at days 3 and 7 for brain histology (n=6
for each time point).

Brain histology

Piglets were re-anesthetized 2% isoflurane via nose cone and transcardially perfused /n situ
with 10% formalin at 3 days, 7 days or 2 months after ICH onset. Paraffin embedded brain
was cut into 10 pm thick coronal sections.

Hematoxylin and eosin (H&E) staining

Regular H&E staining of brain sections was performed to detect the morphology of the
white matter fibers in the hematoma. The paraffin brains sections were de-paraffinized,
stained with hematoxylin and eosin sequentially and washed with tap water.

Immunohistochemistry

Immunohistochemistry staining was performed as described previously23. In brief, the
sections were deparaffinized in xylene and rehydrated in a graded series of alcohol
dilutions. Antigen retrieval was performed by the microwave method with citrate buffer
(10 mmol/L, pH 6.0). Immunohistochemistry studies were performed with avidin-biotin
complex techniques. The primary antibodies were polyclonal rabbit anti-heme oxygenase-1
(HO-1, Enzo, ADI-SPA-895-F, 1:400 dilution), rabbit anti-macrophage scavenger receptor
1 (MSR1) (NOVUS, NBP1-00092, 1:200 dilution), and mouse anti-myelin basic protein
(MBP) (Abcam, ah62631, 1:1000 dilution). Secondary antibodies were horse anti-mouse
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(1:500 dilution, Vector Laboratories Inc.) and goat anti-rabbit (1:500 dilution, Invitrogen).
Eliminating primary antibodies were used as negative controls.

HO-1 positive cells were counted on high-power images (40x magnification) taken using

a digital camera. Counts were performed on three randomly selected regions in the center
of the hematoma without white matter fibers and three regions in the hematoma with
white matter fibers (1 mm? frame). Measurements were performed by personnel blinded to
treatment groups.

Statistical analysis

Results

Quantitative data are presented as the mean = SD. Comparisons were performed by Student
ttest. A p-value of <0.05 was considered to be statistically significant.

There was no mortality in this study. The process of hematoma absorption after ICH in the
porcine model is depicted in Figures 1 and 2. White matter fibers (white arrows) were noted
within the blood clot at 3 and 7 days after ICH in brain sections (Figure 1A). H&E staining
also supported the existence of white matter fibers within hematomas 3 and 7 days after ICH
(Figure 1B).

At 2 months, hematomas resolved leaving a small hematoma cavity (Figure 2A). In the
cavity, there were many hemosiderin positive cells and white matter fibers (Figures 2B &
2C). The white matter fibers that had survived through the hematoma absorption process
showed evidence of significant hemosiderin deposition.

To further confirm the presence of white matter in the hematoma, MBP (one of the major
constituents of myelin) immunohistochemistry was performed. Survived MBP positive
fibers were found within the hematoma at days 3 and 7 (Figure 3).

To examine the role of intra-hematomal white matter fibers in macrophages/microglia
infiltration, HO-1 and MSR1 positive cells in regions of the hematoma either with or
without white matter fibers were quantified (Figure 4). The number of HO-1 positive cells
in hematoma regions with white matter fibers was significantly higher at days 3 (340 + 43/
mm?2) and 7 (333 + 60/mm?2) compared to those without white matter fibers (69 + 6/mm? at
day 3, p<0.01; 63 + 20/mm? at day 7, p<0.01; Figure 4A). The morphological characteristics
of the HO-1 positive cells were similar to microglia/macrophages. The number of MSR1
positive cells in the hematoma with white matter fibers was also significantly higher at day
3 (501 £27/mm2) and day 7 (195 + 101/mm?2) compared to that without white matter fibers
(75 + 34/mm? at day 3, p<0.05; 41 + 43/mm? at day 7, p<0.05; Figure 4B). The majority of
the microglia/macrophages were centered around the white matter fibers.

To further examine the relationship between hematoma white matter fibers and infiltration of
macrophages/microglia into the hematoma, therapeutic grade CD47 blocking antibody was
co-injected with autologous blood at the time of ICH. In the presence of the CD47 blocking
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antibody, the number of microglia/macrophage-like HO-1 positive cells that infiltrated into
the hematoma in regions with white matter fibers was significantly higher at day 3 (544 +
95/mm?) and day 7 (611 + 220/mm?) after ICH compared to areas without white matter
fibers (67 + 17/mm? at day 3, p<0.01; 56 + 27/mm? at day 7, p<0.01; Figure 5). The
infiltration of HO-1 positive cells into the hematoma areas with white matter fibers was
enhanced by using CD47 blocking antibody at days 3 and 7 after ICH compared to control
ICH pigs (day 3, p<0.01; day 7, p<0.05; Figure 6). Similar results were found in MSR1
positive macrophages/microglia. The MSR1 positive cells infiltrated into the hematoma with
white matter fibers was significantly higher at day 3 (a 5.4-fold increase, p<0.01) and day 7
(a 14-fold increase, p<0.05) compared with that without white matter fibers existing.

Discussion

The major findings of this study include: (1) survived white matter fibers exist in the
hematoma core during the 2-month period after ICH examined; (2) HO-1 positive cells
(microglia/macrophages) infiltrating into the hematoma core are associated with surviving
intraclot white matter fibers; (3) a CD47 blocking antibody increased the infiltration of
HO-1 and MSR1 positive cells into the hematoma via the white matter fibers, which may
enhance the process of erythrophagocytosis post ICH.

Over the past few decades, the majority of ICH preclinical studies have focused on grey
matter and neurons, 0 with very little research on white matter and its injury progression.2!
In general, white matter functions in the transfer of information within distributed neural
networks, while gray matter performs information processing.2# Previous research in rodent
ICH animal models showed absence white matter fibers within the hematoma and mainly
focused on injury in the peri-hematomal region. However, this may be secondary to the fact
that rodent brains have a lower percentage of white matter compared with humans (10-20%
vs. 50%).19 To date, there is no literature discussing the white matter change inside the
hematoma after ICH. This study, via the porcine model, reveals that morphologically normal
white matter fibers are present within the hematoma core post ICH and that these fibers
survive even after the hematoma resolves at 2 months after ICH.

Neuroinflammation is an important component of many forms of injury including stroke,
traumatic brain injury, and neurodegenerative diseases. Microglia/macrophages constitute
5% to 20% of the total glial population in the central nervous system. In ICH, microglia/
macrophages are activated as the primary inflammatory cells of the brain. After activation,
these cells can release a variety of neurotoxic products such as cytokines, nitric oxide and
other potentially toxic factors, which lead to secondary brain injury.2> However, therapeutic
strategies aiming at dampening the inflammatory process have not always resulted in
protective effects. In fact, several studies have shown the potentially beneficial role of

an inflammatory response, including physically confining the damage, producing trophic
factors, and removing cellular debris.26-28 Microglia/macrophages are phagocytes that
have an important role in preserving tissue integrity and function by engulfing old and
damaged cells including erythrocytes as a contributor to hematoma clearance.29: 304, 31, 32
The transformation of inactive microglia/macrophage into phagocytes is associated with
alterations in cell surface receptors.33 These activated cells infiltrate white matter fibers
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following axonal damage, suggesting that they are responding to, rather than initiating,
damage after ICH.20:34 |n the current study, many microglia/macrophage-like HO-1

and MSR1 positive cells infiltrated into the hematoma along the white matter fibers.

HO-1 is an enzyme for heme degradation associated with blood clearance by enhancing
erythrophagocytosis after stroke.% 3% MSR1 is a key phagocytic receptor for the uptake

of lipids and cell debris in macrophages.36 Based on these results, intra-hematomal white
matter fibers may act as a scaffold for the infiltration of microglia/macrophages throughout
the hematoma and enhance the process of erythrophagocytosis. These white matter fibers
may be playing an important role in creating a conducive microenvironment for microglia/
macrophages migration to the damaged zones for hematoma clearance.

This study also indicates that CD47 blocking antibody enhances the infiltration of microglia/
macrophage-like HO-1 and MSR1 positive cells into the hematoma along white matter
fibers. The dose of CD47 blocking antibody was adopted from our previous mouse
study13. CD47, as a “don’t eat me” signal, is expressed on red blood cells, and can

inhibit phagocytosis via interaction with an inhibitory receptor, SIRP-a., on microglia/
macrophages.3’ Recently, it was noted that intra-hematomal CD47 levels decrease with
time in pigs.23 Depleting CD47 in blood had an effect of increasing hematoma clearance
in mice,38 and CD47 blocking antibody can increase hematoma clearance and reduce
brain injury in mice by increasing microglia/macrophages activation3. In this study, the
CDA47 blocking antibody increased the infiltration of microglia/macrophage-like HO-1 and
MSR1 positive cells into the blood clot along the intra-hematomal white matter fibers.

It further demonstrates the important role of white matter fibers inside the hematoma in
erythrophagocytosis after ICH.

At present, surgical intervention for spontaneous ICH remains controversial although
MISTIE 11 reveals a trend to positive outcome in those who had the greatest volume of
hematoma evacuated*. Although some studies have reported that early hematoma evacuation
improved functional recovery in a certain subgroup of patients with spontaneous ICH, most
randomized trials comparing surgery to conservative management have not demonstrated
improved outcome with surgical treatment. The STICH trial, which represents the largest
international, pragmatic, multicenter randomized trial to date, failed to prove a statistically
significant difference in functional outcome between operative treatment and conservative
management. MISTIE 111 was recently completed with some evidence of reduced mortality
with hematoma removal but no evidence of improved functional outcomes.! On the
contrary, a case-control study on fibrinolytic therapy with rt-PA demonstrated that
fibrinolytic therapy had beneficial short-term outcomes with reduced 30-day mortality. The
mortality rate ranges from 15% to 25% with fibrinolytic therapy whereas it is 40% to 60%
with craniotomy for hematoma evacuation in ICH.39 It could be hypothesized that during
the surgical approach, in order to reach the hematoma, healthy cerebral tissue needs to be
dissected and furthermore, any intra-hematomal white matter fibers may be disrupted.
Even after surgical evacuation, there is always a residual hematoma, which can be a source
of injurious clot derived factors like hemoglobin and iron*L. In fact, even with minimally
invasive catheter evacuation approach, the intra-hematomal white matter fibers observed

in this study are vulnerable and easily damaged. This could lead to a negative impact on
cellular trafficking, regeneration, and clot clearance, whereas undisrupted brain tissue and
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white matter fibers overlying and within the blood clot could contribute to axon regeneration
and hematoma clearance.

There are several limitations to this study. These include that the overall sample size for
each time point is relatively small. Piglets were all male, reducing the generalizability

of these results to the female population. Finally, the CD47 experiments were carried

out as either autologous blood with CD47 blocking antibody or without the antibody.

A more appropriate control group would have involved autologous blood with a non-
blocking antibody. Although our previous study found that CD47 blocking antibody speeded
hematoma clearance and reduced neurological deficits in a mouse model of ICH3, the
effects of CD47 blocking antibody on hematoma clearance and functional outcomes were
not determined in the current study. Despite the limitations of this study, it serves as an
excellent proof of concept that white matter fibers exist within the hematoma and serve an
important purpose in macrophages/microglia infiltration, which may be negatively impact if
disrupted with surgical evacuation.

Conclusion

This study indicates that white matter fibers exist within the hematoma post ICH and that
microglia/macrophages may utilize these intraclot fibers as a scaffold for infiltrating the
hematoma core for erythrocyte clearance. Once present, these macrophages likely play

a significant role in erythrophagocytosis and hematoma clearance. Further experiments
are needed to evaluate the molecular mechanisms involved in the interaction between the
hematomal white matter fibers and macrophages/microglia as well as clinical studies to
develop more targeted methods for hematoma evacuation avoiding damaging such fibers
when treating ICH patients.
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Figure 1.
White matter survival in the hematoma. A) Coronal sections of perfused piglet brain

showing hematomas with white matter inside (arrows) at 3 and 7 days. Scale intervals in (A)
=1 mm. B) H&E staining of white matter fibers (arrows) inside the hematoma at 3 and 7
days after ICH. Scale bar in the contralateral and the ipsilateral hemisphere = 1 mm; Scale
bar in the hematoma = 50 pum.
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Figure 2.
White matter survival in the hematoma cavity 2 months after ICH. A) A brain section

showing hematoma cavity formation in the brain. B, C) H&E staining showing hemosiderin
deposition and white matter in the cavity. Arrows indicate survived white matter. Scale
intervals in (A) = 1mm, scale bar (B) = 100 pm, scale bar in (C) = 20 um.
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Figure 3.
MBP staining of white matter fibers inside the hematoma at days 3 and 7 after ICH. The

asterisk indicates the hematoma. Scale bar in the contralateral and the ipsilateral hemisphere
=1 mm; Scale bar in the hematoma = 50 pm.
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HO-1 (A) and MSR1 (B) immunoreactivity and numbers of positive cells in the hematoma
in areas without (w/0) white matter fibers vs. with white matter fibers (with) at 3 and 7 days
after ICH. Values are mean + SD, n=4, *p<0.05, #p<0.01 vs. w/o white matter fibers. Scale

bar=20 um.
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Figure 5.

HO-1 immunoreactivity and numbers of positive cells in the hematoma in areas without
(w/0) white matter fibers vs. with white matter fibers (with) at 3 and 7 days after ICH in
animals treated with CD47 blocking antibody. Values are mean + SD, n=6, #p<0.01 vs. w/o
white matter fibers. Scale bar=20 pm.
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Figure 6.
Numbers of HO-1 positive cells in the hematoma in areas with white matter fibers at 3 days

(A) and 7 days (B) in pigs with ICH or ICH + CD47 blocking antibody (ICH+CD47Ab).
Values are mean + SD, n=4 in ICH and n=6 in ICH+CDA47 blocking antibody, *p<0.05,
#0<0.01 vs. ICH.
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