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Objective: Spontaneous intracerebral haemorrhage (ICH) is the
commonest form of haemorrhagic stroke and is associated with a poor
prognosis. Neurosurgical removal of intracerebral haematoma has
limited benefit and no pharmacotherapies are available. In acute ICH
primary tissue damage is followed by secondary pathology, where the
cellular and neuroinflammatory changes are poorly understood.
Methods: We studied histological changes in post-mortem tissue from a
cohort of spontaneous supra-tentorial primary ICH cases (n=27) with
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examined in corresponding regions. Hematoxylin-eosin and microglial
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oedema, tissue neutrophils and macrophages from day 1. Ischaemic
neurons and swollen endothelial cells were common at day 1 and
universal after day 5, as were intra-mural erythrocytes within small
vessel walls. Activated microglia were evident at day 1 post-ICH. There
was a significant increase of Ibal positive area fraction at 0-2 (3-fold),
3-5 (4-fold) and 7-12 days post ICH (9-fold) relative to controls. Giant
microglia were detected peri-haematoma from day 5 and consistently 7-
12 days post ICH.

Interpretation: our data indicate that neuroinflammatory processes
commence from day 1 post-ICH with changing microglial size and
morphology following ICH and up to day 12. From day 5 some microglia
exhibit a novel multiply nucleated morphology, which may be related to
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changing phagocytic function. Understanding the time course of
neuroinflammatory changes post ICH may reveal novel targets for
therapy and brain restoration.
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Abstract

Objective: Spontaneous intracerebral haemorrhage (ICH) is the commonest form of haemorrhagic
stroke and is associated with a poor prognosis. Neurosurgical removal of intracerebral haematoma
has limited benefit and no pharmacotherapies are available. In acute ICH primary tissue damage
is followed by secondary pathology, where the cellular and neuroinflammatory changes are poorly

understood.

Methods: We studied histological changes in post-mortem tissue from a cohort of spontaneous
supra-tentorial primary ICH cases (n=27) with survival of 1-12 days, compared to a matched
control group (n=16) examined in corresponding regions. Hematoxylin-eosin and microglial

(Ibal) immunolabelled sections were assessed at 0-2, 3-5 and 7-12 days post-ICH.

Results: Peri-haematoma, the observed ICH-related changes include oedema, tissue neutrophils
and macrophages from day 1. Ischaemic neurons and swollen endothelial cells were common at
day 1 and universal after day 5, as were intra-mural erythrocytes within small vessel walls.
Activated microglia were evident at day 1 post-ICH. There was a significant increase of Ibal
positive area fraction at 0-2 (3-fold), 3-5 (4-fold) and 7-12 days post ICH (9-fold) relative to
controls. Giant microglia were detected peri-haematoma from day 5 and consistently 7-12 days

post ICH.

Interpretation: our data indicate that neuroinflammatory processes commence from day 1 post-
ICH with changing microglial size and morphology following ICH and up to day 12. From day 5
some microglia exhibit a novel multiply nucleated morphology, which may be related to changing
phagocytic function. Understanding the time course of neuroinflammatory changes post ICH may

reveal novel targets for therapy and brain restoration.
Key Words
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Introduction

Spontaneous intracerebral hemorrhage (ICH) is a devastating cause of morbidity and mortality.
The annual incidence ranges from 16 to 25 per 100,000 worldwide ! with 40% mortality at one
month 2. Risk factors include age (with significant increase in incidence above the age of 55 3),
male gender, hypertension (HTN), and African American or Hispanic race 4. The main age-
related vessel pathologies considered to underlie spontaneous ICH (primary ICH) are small vessel

disease (arteriolosclerosis) and cerebral amyloid angiopathy (CAA) 7

In addition, structural pathological processes associated with secondary ICH include ruptured
aneurysm, vascular malformation, tumours and haemorrhagic infarcts. Systemic factors (e.g.
haematological malignancies, thrombocytopenia and coagulopathies) are of etiologic importance

and an associated ICH may be considered either primary or secondary brain haemorrhage.

Large spontaneous ICH causes instantaneous disruption of surrounding brain, termed mass effect,
and 1s often rapidly fatal. ICH with mass effect and rise in intracranial pressure can be surgically
evacuated to reduce the primary brain injury. Current treatment approaches to spontaneous ICH
include 1) surgical evacuation of accessible haematoma, ii) controlling blood pressure and iii)
reversing anti-coagulation, where applicable '0-13, Although surgical evacuation has the potential
to reduce brain tissue damage, by relieving local ischaemia or removal of noxious chemicals 415,

class I evidence from clinical trials does not demonstrate improved outcomes '%- 13- 16:17 ]

The cellular mechanisms that underlie pathophysiological changes around the haematoma are
poorly understood. Activation of inflammatory cascades and the release of cytotoxic mediators are
implicated '3 ' 19, These cause cell death and functional impairment, and are considered the
hallmark of secondary brain damage 2°. Understanding the inflammatory processes that follow

ICH in humans may offer new therapeutic opportunities.

In healthy adult brain, microglia exhibit ramified morphology ?°. In response to brain injury,
microglia become activated and undergo morphological and functional transformations. Their cell
bodies become enlarged, dense, with thicker processes, inflammatory proteins are upregulated,
and the cells become migratory, proliferative, and phagocytic 1°-23. Activated microglia can have

either neurotoxic or neuroprotective properties and their overall effect depends on the type and
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severity of brain insult 2. Here, we hypothesized that microglial phenotype and morphology are

altered in human spontaneous ICH.

We performed histopathological assessment of tissue obtained from subjects who died from
spontaneous supra-tentorial ICH. We examined tissue from the margin of the haematoma in 27
ICH cases, and analogous tissue samples from 16 control subjects. We report significant changes

in the size and morphology of Ibal labelled microglia in human ICH.
Materials and methods

Human tissue

This is a post-mortem study of spontaneous ICH cases (N=27, M = 13, F = 14, age range 19-90
years old, median = 59 years old; Table 1). Standard tissue blocks (1-2 blocks per case) were taken
from tissue at the border of the haemorrhage and the average results for each case presented. A
group of control subjects (N=16) deceased due to non-neuropathological cause (M=11, F=5, range

26-60, median 51 years old) were also examined in the same anatomical regions.

All ICH cases are of spontaneous supra-tentorial haemorrhage (either lobar ICH or deep ICH
within the basal ganglia or thalamus, Fig. 1 A and B) with no known underlying structural
abnormalities. Post-mortem reports from the brain tissue banks were reviewed for location,
dimension of the haematoma, intraventricular extension, brainstem haemorrhage, and co-
morbidities that include hypertension, inflammatory diseases, Alzheimer’s disease pathology
(Table 1). ICH volume was estimated from the post-mortem report when available. The ABC/2
technique is a known and reliable bedside method for measuring ICH volume from the
computerized tomography (CT) head which has been widely validated 2> 2. In the ABC/2 method,
A = greatest hemorrhage diameter by CT, B = diameter perpendicular to A, C = the approximate

number of CT slices with hemorrhage multiplied by the slice thickness.

Ethics approval

Ethical approval was provided by BRAIN UK (Research Ethics Committee South Central
Hampshire B, reference 14/SC/0098) for the cases sourced from St George’s University Hospital
NHS Foundation Trust, North Bristol NHS Trust, and University Hospitals Plymouth NHS Trust.

The cases provided by the Oxford Brain Bank and University of California, Irvine were covered
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by the ethics reference 12/EM/0028 from Health Authority Service, NRES Committee East
Midlands-Derby.

Immunohistochemistry

Sections of formalin-fixed paraffin embedded tissue were processed for hematoxylin-eosin (H&E)
and immunohistochemistry as described previously 27> 28, Briefly, sections (6um) were de-waxed
and processed for standard immunohistochemical labelling. Endogenous peroxidase activity was
blocked by exposure to H202 (3% v/v, aqueous solution) for 10 min. After high-pressure heat-
induced antigen retrieval (30s, 125°C, in pH7.8 Tris-citrate buffer), non-specific binding was
blocked with PBS supplemented with Triton-X100 (0.1%) and BSA (3%) (PBT-BSA) for 60min
at room temperature and sections were incubated with the primary microglial antibody Ibal (1:800
in PBT-BSA, MP-290-CR0O1, A.Menarini Diagnostics Ltd, UK) at 4°C overnight. Antibody
labelling was visualised using a peroxidase-conjugated secondary reagent (Envision® Kkit,
K500711, Agilent Technologies LDA, UK) and diaminobenzidine (DAB) chromagen, then
counterstained for nuclear chromatin with Mayer’s haematoxylin. As a negative control
neighbouring sections were treated with irrelevant primary antibody (rabbit anti-sheep 1gG; BD-
Pharmingen). Immunolabelling for the T-cell marker CD3 was performed on a VENTANA
BenchMark Immunohistochemistry automated staining machine in St George’s Hospital Cellular
Pathology diagnostic service. The primary antibody is rabbit monoclonal IgG (clone 2GV6,
Ventana-Roche, Tucson, Arizona) raised against a synthetic peptide from the C-terminus of CD3

epsilon chain, found in T-cells and NK cells.

For immunofluorescence, paraffin sections (6um thickness) were processed for labeling as in our
previous work 2% 30, Heat-induced antigen retrieval was performed using a Menarini-Biocare
decloaker, (120°C, 30s, in citrate buffer pH6). Non-specific binding was blocked by incubation
with 6% w/v BSA (Jackson Immunochemicals) in PBS-T for 1h at room temperature. Sections
were incubated overnight in a humidified chamber at 4°C with the same primary antibodylbal
(1:200) diluted in 6% w/v BSA in PBS-T. Sections were incubated with appropriate secondary
antibodies conjugated to Alexa546 or Alexa647, diluted 1:300 in 6% BSA in PBS-T at room
temperature for 1h. After nuclear labeling with DAPI (20 min, 0.3uM in PBS-T) sections were
mounted and photographed with a Nikon A1R confocal microscope. Red fluorescence was viewed

with 543nm excitation and 545-575nm emission bandwidth. Far red fluorescence was viewed with
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640nm excitation and 663-738nm emission bandwidth. DAPI was viewed with 405nm excitation
and 425-475nm emission bandwidth. Neighbouring sections were processed identically in parallel,

but with omission of primary antibodies.

Histopathology assessment

Microscopic examination was performed independently by two neuropathologists (LRB and
MME) on the H&E stained sections from all tissue blocks to identify the pattern of haematoma
and peri-haematoma changes. They were blind to clinical and autopsy data. Quantification, as
absent or present, included the following features, neutrophils, macrophages, oedema, red neurons,
reactive astrocytes, small vessel intramural blood cells and thickened small vessel endothelial cells
(Fig. 2). Inter-rater differences were reviewed and consensus achieved by discussion. Microscopic

examination of T-cells stained sections was performed blindly by neuropathologist (LRB).

Microglial quantification

Ibal immunolabelled slides were digitized at x20 magnification using a slide scanner (Hamamatsu
WEB). From the scanned slide, ten images from the peri-haematoma area were digitally acquired
using NDP View software (Hamamatsu WEB) and analysed with Image J (Version 1.51j8, Wayne
Rasband, NIH, USA). MaxEntropy macro filter was exclusively applied to threshold the images.
Labelled area fraction (%AF) is reported as 100x (number of pixels positive for Ibal)/total number

of pixels.

Microglial morphology assessment

In ICH scanned sections, areas of maximal changes, defined as high cell density areas, were
identified adjacent to the haematoma region. The morphology of Ibal labelled cells was assessed
using the zoom in function of NDP.view2 Viewing software (Hamamatsu WEB) at 40x
magnification. For comparison, similar areas in the same section were examined distant from the

haematoma, and in sections from control cases.

Briefly we describe physiological microglia that become activated, then progress to reactive
passing through a transitional stage, with the reactive cells becoming amoeboid/phagocytic before
some start fusing together in a stage we named “fusion stage” to form bi/tri-nucleated giant cell

(Fig. 3). Each microglial morphology was defined as follows:
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Ramified / physiological microglia possess a small (5- 10 um) oval cell body. The nucleus fills
most of the soma leaving a very small volume of cytoplasm. Radiating from the soma are numerous
processes of small diameter. These processes typically extend several times the diameter of the

cell body in length, often branch, and usually exhibit a rough or spiny surface (Fig. 3 A and B) 2>

31-33

Activated microglia are swollen ramified cells and are characterized by a larger and denser cell

body with shorter, and stouter processes (Fig. 3 C and D) 31-33.

Transitional microglia are activated cells that appear to bead off their processes. They have dense
cell body with an irregular shape (Fig. 3 E and F). Some of these description may be in part
resemble dysmorphic microglia. However, dysmorphic microglia has been suggested to be due to

microglial dysfunction as a result of ageing 2* which is not the case in our cohort.

Reactive microglia are typically small, spherical cells, but can also exhibit rod-shaped and

pleomorphic or amoeboid-like morphologies. They lack ramified-type processes (Fig. 3 G and H)

31,32

Amoeboid microglia are spherical in shape, lack processes, and contain numerous phagocytic
vacuoles (Fig. 3G and H). They are also defined as macrophage-like morphology and are

undistinguishable from recruited macrophages.

Early on reactive or amoeboid microglia adhere or fuse together to form giant nucleates cells with
no space between the cells. Some cells presented visible cell walls that were partly degraded in
order to form giant cells. Nuclei are usually located in periphery of the cytoplasm (Fig. 3 I). In this
paper, for the first time, we are reporting the formation of a giant/large cell in the context of human

ICH with cross sectional area ranges between 423-767 pm?.

The cross sectional area of microglial cell body was measured with the processes excluded in the
case of physiological and activated microglia. This was achieved by drawing the margins of the
cell body of Ibal labelled cells using the freehand region function of NDP.view?2 Viewing software

(Hamamatsu WEB) at 40x magnification (Fig. 3J). Ten cells per type per case were assessed.

Statistical analysis

Page 8 of 50
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Descriptive analysis was performed to assess the normality of the data. For some of the analyses,
the ICH cases were split according the time from haemorrhage to death including 0-2 days (N=7);
3-5 days (N=7) and 5-12 days (N=5).

The data were parametric and the Student’s t-test used to assess Ibal AF (%) between ICH and
control cohorts and within the ICH cases divided according age at death or the haemorrhage
location. One-Way ANOVA with Dunnett’s post-hoc test was performed to analyse the temporal
course of microglia and size of the microglial cell body between the different microglial
morphologies identified. Chi-squared test (y?) analysed whether hypertension influenced the
location of ICH. GraphPad Prism software was used to perform the statistical analysis, with p

value considered significant when <0.05.
Results

Gross pathology of spontaneous ICH cases

Among the 27 ICH cases examined, deep ICH was recorded in 12 cases and lobar haemorrhage in
15 cases and (Table 1). Six were known hypertensives (3 deep ICH, 3 lobar ICH; p=0.76, ¥?).
Seven lobar ICH patients were diagnosed neuropathologically with Alzheimer’s disease. The
haematoma dimensions were available for 12 cases (estimated volume 21 - 316 ml). Data about
intraventricular extension of the ICH was available for 19 subjects of whom 14 (74%) had
intraventricular extension of the ICH.] Accurate data about time from ictus to death was available
for 19 ICH cases (range 24 h - 12 days). No AVM or other underlying structural abnormalities
were known or identified on post-mortem examination. The cause of death of all our cases was

reported as spontaneous “acute ICH”.

Histopathological changes in acute spontaneous ICH

On examination of H&E sections from ICH cases, neutrophils were present in the peri-haematoma
area as early as 1 day following the haemorrhage. Neutrophil infiltration was evident within 2 days
of the ICH in most cases (63%), and in all cases by 5 days, up to 12 days, irrespective of whether
the bleed was lobar or deep. Tissue macrophages, ischaemic eosinophilic neurons (“red neurons”),
swollen endothelia and reactive astrocytes were commonly observed at 1-2 days post ICH, and
were universally present at 5-12 days (Fig. 2). Red blood cells within the wall of small vessels

(intra-mural erythrocytes) were observed in 75% of subjects within days 0-2 and in all cases 5-12
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days following the ICH (Fig. 2 E & e). Oedema was observed in the peri-haematoma region from
1 day post-ICH and subsequently in all ICH cases. Five out of eight of ICH cases with Alzheimer’s
disease had thickening of small vessel endothelial cells regardless of the time of death after ICH.
All of the known hypertensive subjects had thickening of small vessel endothelial cells, regardless
of time of death post ICH. None of these histopathological features was observed in the 16 control

casces.

Ibal microglia following acute spontaneous ICH

Neighbouring sections labeled with a microglial marker (Ibal) showed microglial cells adjacent
to the haematoma (Fig. 4, 5). Semi-quantitative assessment of the Ibal positive area fraction
(%AF) confirmed 4-fold greater extent of microglial labelling in ICH compared to controls (10.2
+ 1.3 %, 2.4 + 0.2 % respectively, p <0.0001, Figure 4 A). There was significant change in AF%
with time post ICH (p <0.05, Fig. 4 B). At days 3-5, Ibal AF (%) increased significantly in
comparison with controls (p <0.01) and was 9 times higher in subjects dying between 5 and 12

days post ICH (p<0.001; ICH: 20.92% + 0.1.7% vs controls: 2.4% =+ 0.2%).

To test for age dependence, we dichotomized the cohort to those aged less than 60 y and those
aged 60 or more. There was no significant difference in Ibal AF (%) between these age groups
(Fig. 4 C). We observed a trend towards greater Ibal AF (%) in lobar ICH (12.3% =+ 2.0) compared
with deep ICH (7.5% =+ 1.3%, p= 0.06; Fig. 4 D).

Temporal course of morphological changes of Ibal-microglia

In Ibal labelled sections transitional, reactive and amoeboid microglia were observed within 2 mm
of the haematoma from 24 h post-ICH (Fig. 5). Activated microglia were observed in the
neighbouring 5 mm and white matter tracts (examples in Fig. 5 al). Ramified microglia were also
seen in the same cases, adjacent to the haematoma and in locations distant from the haematoma

(Fig. 5 al, a2).

At 3-5 days post-ICH, reactive and amoeboid microglial cells remained abundant 2-3 mm of the
haemorrhage, as well as clusters of Ibal cells (Fig. 5 B and b). In addition, some large bi- or tri-
nucleated Ibal positive cells were seen. These were much larger than the other microglial cells,

with an overall amoeboid morphology, that we have termed giant microglia (examples in Figure

Page 10 of 50
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6). Ramified microglia were less evident adjacent to the haematoma, while activated and

transitional microglia were seen in the rest of the tissue section.

From day 5 post-ICH, reactive, amoeboid microglia were common within 2-3 mm of the
haemorrhage (Fig. 5 C and D). Clusters of amoeboid microglia were observed around medium
sized blood vessels (Fig. 5 C and c). Bi-/tri-nucleate and occasional multinucleate giant microglia
were also commonly seen adjacent to the haematoma. Within the rest of the tissue section, reactive

and transitional microglia were observed, while ramified microglia were sparse or absent.

The presence and morphology of bi and trinculeated giant microglia were confirmed by orthogonal

and 3D confocal micrographs of Ibal labelled sections using immunofluorescence (Fig. 6).

CD3 labelled T-cells following ICH

CD3-immunopositive T-cells were seen in all cases (control and haemorrhage) in blood inside

vessels. They were also seen in the haemorrhage cases within the blood clots.

T-cells were also seen in all cases (control and haemorrhage) around blood vessels in the Virchow-
Robin space (Fig. S1). The significance of this is uncertain but the numbers of T-cells were few
and not noticeably different between control and haemorrhage cases. It could be that they represent
a response to old non-specific minor insult (they were often associated with a few haemosiderin-

laden macrophages).

None of the controls showed parenchymal T-cells. Assessment of the brain parenchyma in the
haemorrhage cases was done carefully to exclude T-cells which were just part of the blood clot.
In 11 out of 12 acute haemorrhage (1-3 days) cases there were no parenchymal T-cells; the
remaining case (at 3 days) showed appreciable T-cells (Fig. S2). In later haemorrhage cases, scanty
parenchymal T-cells were present in one case each at 7 and 8 days. One case at 12 days (without
obvious organisation — vascularisation - of the clot) showed only a few parenchymal T-cells.
Another case at 12 days (with clear organisation of the clot) showed moderate T-cells in the

organising tissue and the brain parenchyma (Fig. S3).

The cross sectional area of microglia cell bodies

We measured the cross sectional area of microglia cell bodies from the different morphologies
identified. The surface area of activated microglia was significantly larger than ramified microglia

(189.9 um? £ 28.3 um?, 11.23 pm? + 1.8 um? respectively p<0.001, Fig. 5 E). The cross sectional

10



Annals of Clinical and Translational Neurology

area of reactive microglial cells was not significantly different from ramified microglia (Fig. 5 E).
Amoeboid cells had significantly larger cell bodies than ramified cells (p=0.004). However, the
largest among all were the giant/large microglial cells with a mean of 584 um? £+ 33.8 um?
(minimum 423pum? and maximum767um? p=0.0001). These measurements were repeated with 30

day interval and showed good intra-rater agreement (Kappa =0.88).
Discussion

We studied the histological changes in spontaneous ICH and their temporal course in 27
spontaneous ICH cases. Some of the included subjects who presented with ICH may have had
undiagnosed hypertension, as the proportion of known hypertensive subjects in our study is lower
than those reported in the literature 3* 33, Seven ICH cases had neuropathological diagnosis of AD
and in these individuals cerebral amyloid angiopathy (CAA) may be the cause of ICH 3.
Intraventricular extension of ICH, a factor associated with poor prognosis 37, was reported in 74%

of our cases, consistent with the time from haemorrhage to death of our cohort.

Oedema in the peri-haematoma region was detected from day 1 post-ICH and was a consistent
feature in all ICH cases. Our observation is consistent with peri-haematoma oedema reported from
head scans of ICH patients within 1 day of the haemorrhage and in association with poorer outcome
19.38 Red neurons indicative of ischemic neuronal damage were present within the peri-haematoma
area in most (88%) of the subjects within 3 days of the ICH and up to 12 days post ICH. Neutrophils
are widely considered to be the earliest leukocyte subtype to infiltrate into the haemorrhagic brain.
As neutrophils are known to produce reactive oxygen species which cause neurotoxicity and
contribute to brain damage in animals 3°, their early presence and leakage of their contents is
associated with brain tissue damage 2°. The temporal course of neutrophil infiltration in human
ICH is relatively unexplored . In our human cohort, we observed neutrophil infiltration within 2
days of the ICH in most cases and in all cases by 5 days post-ictus, with tissue neutrophils evident
up to 12 days. Notably, neutrophils were less numerous than macrophages throughout the course
of the post-ICH inflammatory response in our cohort. Tissue macrophages were observed in most
of the cases (88%) from 2 days post-ICH, and then in all subjects. We saw erythrocytes within the
wall of small vessels with arterial appearance, as well as abnormal and swollen endothelial cells

of small vessels in most of our ICH cases from day 2. This suggests active involvement of small

11
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vessels in the reaction following ICH and perhaps a role in trafficking or clearance of haematoma-

derived debris.

Lymphocytes, in particular T cells, are known to enter brain tissue and have been reported to
accumulate after ischaemic stroke*?. Subtypes of T-cells (including NK cells) that invade brain
tissue are likely to contribute to local inflammation and tissue damage. In sections labelled for the
pan-selective T-cell marker CD3, T-cells were routinely seen in blood inside vessels which is
expected as T-cells are a normal blood complement. We also observed some T-cells in Virchow-
Robin spaces. The significance of this is uncertain but the numbers of T-cells were few and not
noticeably different between control and haemorrhage cases. It could be that they represent a
response to old non-specific minor insult (they were often associated with a few haemosiderin-
laden macrophages). None of the controls showed parenchymal T-cells. Out of 12 ICH cases (1-3
days post ICH) assessed only one case showed some T-cells. We also noted scanty T-cells in 2
cases (day 7 and 8 post ICH) and one case (12 days post ICH). Our data suggests that the main
response we see after ICH is mainly mediated by microglia. Further future studies may explore

any involvement of T-cells following brain haemorrhage.

Secondary brain injury following ICH involves activation of inflammatory pathways !9 21,
Microglia are the resident immune cells of the brain and are the first glial cells to react to brain
haemorrhage 22241, There is very limited information concerning the microglial response in terms
of magnitude, cell morphology and temporal course in spontaneous human ICH. In human ICH
brain tissue labelled with the microglial marker Ibal #>4 and we observed increased Ibal
expression in the peri-ICH region. Ibal expression was increased as early as 1 day post-ICH, in

contrast to animal studies where activated microglia become apparent at day 3 after experimental

ICH 124,

We did not observe a pronounced influence of patient age, when we compared Ibal positive AF%
in people under 60 vs those over 60 years of age. We noted a trend for extensive Ibal positive
AF% in lobar ICH than in deep ICH cases. If this is confirmed it may reflect differences in the

brain location of the haemorrhage or in the underlying vascular pathology.

Microglial activation is defined as the process by which microglia cells change shape, molecular
signature, and cellular physiology #’. In brain tissue of human ICH, we have observed various

microglial morphological changes including activated, reactive, amoeboid microglia, as previously

12
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reported following injuries 23 31> 32,45, 48-30 The morphology of microglia after haemorrhage was
defined more than 20 years ago 3!. We have modified this previous classification to include
morphologies observed in our ICH cohort. Microglia with ramified morphology, assumed to be in
a physiological state, are extremely motile cells 3! and key regulators of neuronal and synapse
function, actively participating to the synaptic activity in the adult brain 3. Morphological changes
are likely to reflect changes in microglial function. Therefore, based on the timescale and the
morphological changes observed (number and size of processes, cell body surface), we
hypothesize the following progression of microglial fate. First, ramified microglia become
activated following ICH, likely due to the blood-brain barrier breakdown progressing through a
transitional stage before they become reactive, then amoeboid, reflecting increased phagocytic

activity to clear the brain from highly toxic components such as blood cells and dead cells.

We report bi- or tri-nucleated giant amoeboid microglia in the peri-hematoma zone, from 5 days
post ICH, which we believe is a novel finding (see Figure 6). Multinucleated giant cell microglia
have been previously reported in association with viral encephalitis and HIV 3357, but not to our
knowledge in human ICH. We speculate that these giant cells represent fusion of neighbouring
activated microglia to attain a greater phagocytic capacity (as previously reported for
multinucleated giant cells 37). Alternatively, they may reflect dysfunctional, dying microglia that
are overwhelmed by the inflammation and cytotoxic environment adjacent to the haematoma. A
third possibility is that rapid proliferation of microglia in response to acute ICH could generate

abnormal, multinucleated cells.

A limitation of our study is that the Ibal marker, though commonly used to identify microglia in
histological studies, does not discriminate subtypes of microglia or distinguish microglia from
monocyte/macrophages. This becomes a pertinent issue in a setting like ICH with robust
infiltration of peripheral leukocytes and we are exploring other markers, to distinguish distinct

subtypes of microglia and macrophages, for a future report.

We conclude that neuroinflammatory changes occur early after ICH in human patients, with tissue
invasion by leukocytes (neutrophils, macrophages) from day 1. Microglia were significantly
activated from day 1 post-ICH, with a characteristic temporal course and changes in cell

morphology up to 12 days post-ictus. Bi- or tri-nucleated giant microglia, possibly resulting from

13
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microglial fusion, are a noticeable feature around the haematoma from day 5 and further study is

required to understand the functional role of these cells in ICH.
Acknowledgements

The authors gratefully acknowledge tissue donors and their families, St George’s University
Hospital NHS Foundation Trust Brain Bank; the North Bristol NHS Trust and University Hospitals
Plymouth NHS Trust as part of the UK Brain Archive Information Network (BRAIN UK) which
is funded by the Medical Research Council and Brain Tumour Research; The Oxford Brain Bank;
and UCI Alzheimer's Disease Research Center (UCI-ADRC), Institute for Memory Impairments
and Neurological Disorders, University of California, Irvine, USA. The authors thank their
colleagues in St George's Healthcare NHS Trust Cellular Pathology Service and St George's
Imaging Resource Facility especially Mr. Gregory Perry.

Funding: This study was funded by Molecular and Clinical Sciences Research Institute, St

George’s, University of London. (Grant number 10717-19 to Anan Shtaya). Anan Shtaya is the
recipient of a Lectureship award from National Institute for Health and Research (NIHR), England,
UK.

Conflict of Interest: The authors declare that they have no conflict of interest.

References

1. Sacco S, Marini C, Toni D, Olivieri L, Carolei A. Incidence and 10-year survival of intracerebral
hemorrhage in a population-based registry. Stroke. 2009 Feb;40(2):394-9.

2. van Asch CJ, Luitse MJ, Rinkel GJ, van der Tweel I, Algra A, Klijn CJ. Incidence, case fatality, and

functional outcome of intracerebral haemorrhage over time, according to age, sex, and ethnic origin: a
systematic review and meta-analysis. Lancet Neurol. 2010 Feb;9(2):167-76.

3. Hanggi D, Steiger HJ. Spontaneous intracerebral haemorrhage in adults: a literature overview.
Acta Neurochir (Wien). 2008 Apr;150(4):371-9; discussion 9.

4, Labovitz DL, Halim A, Boden-Albala B, Hauser WA, Sacco RL. The incidence of deep and lobar
intracerebral hemorrhage in whites, blacks, and Hispanics. Neurology. 2005 Aug 23;65(4):518-22.

5. Woo D, Haverbusch M, Sekar P, et al. Effect of untreated hypertension on hemorrhagic stroke.
Stroke. 2004 Jul;35(7):1703-8.

6. Flaherty ML, Woo D, Haverbusch M, et al. Racial variations in location and risk of intracerebral

hemorrhage. Stroke. 2005 May;36(5):934-7.

14



Annals of Clinical and Translational Neurology

7. Charidimou A, Imaizumi T, Moulin S, et al. Brain hemorrhage recurrence, small vessel disease type,
and cerebral microbleeds: A meta-analysis. Neurology. 2017 Aug 22;89(8):820-9.

8. Sutherland GR, Auer RN. Primary intracerebral hemorrhage. J Clin Neurosci. 2006 Jun;13(5):511-
7.

9. Lammie GA. Hypertensive cerebral small vessel disease and stroke. Brain Pathol. 2002

Jul;12(3):358-70.

10. Hemphill JC, 3rd, Greenberg SM, Anderson CS, et al. Guidelines for the Management of
Spontaneous Intracerebral Hemorrhage: A Guideline for Healthcare Professionals From the American
Heart Association/American Stroke Association. Stroke. 2015 Jul;46(7):2032-60.

11. Kreitzer N, Adeoye O. Intracerebral Hemorrhage In Anticoagulated Patients: Evidence-Based
Emergency Department Management. Emerg Med Pract. 2015 Dec;17(12):1-23; quiz -4.

12. Dastur CK, Yu W. Current management of spontaneous intracerebral haemorrhage. Stroke Vasc
Neurol. 2017 Mar;2(1):21-9.

13. Mendelow AD. Surgical Craniotomy for Intracerebral Haemorrhage. Front Neurol Neurosci.
2015;37:148-54.

14. Nehls DG, Mendelow DA, Graham DI, Teasdale GM. Experimental intracerebral hemorrhage: early

removal of a spontaneous mass lesion improves late outcome. Neurosurgery. 1990 Nov;27(5):674-82;
discussion 82.

15. Mendelow AD. Mechanisms of ischemic brain damage with intracerebral hemorrhage. Stroke.
1993 Dec;24(12 Suppl):1115-7; discussion 18-9.

16. Mendelow AD, Gregson BA, Rowan EN, Murray GD, Mitchell PM. Surgery for cerebral
haemorrhage-STICH Il trial - Authors' reply. Lancet. 2013 Oct 26;382(9902):1402.

17. Werring DJ. Outlook for intracerebral haemorrhage after a MISTIE spell. Lancet Neurol. 2016
Nov;15(12):1197-9.

18. Mackenzie JM, Clayton JA. Early cellular events in the penumbra of human spontaneous
intracerebral hemorrhage. J Stroke Cerebrovasc Dis. 1999 Jan-Feb;8(1):1-8.

19. Wilkinson DA, Pandey AS, Thompson BG, Keep RF, Hua Y, Xi G. Injury mechanisms in acute
intracerebral hemorrhage. Neuropharmacology. 2018 May 15;134(Pt B):240-8.

20. Wang J. Preclinical and clinical research on inflammation after intracerebral hemorrhage. Prog
Neurobiol. 2010 Dec;92(4):463-77.

21. Lan X, Han X, Li Q, Yang QW, Wang J. Modulators of microglial activation and polarization after
intracerebral haemorrhage. Nat Rev Neurol. 2017 Jul;13(7):420-33.

22. Chang CF, Wan J, Li Q, Renfroe SC, Heller NM, Wang J. Alternative activation-skewed
microglia/macrophages promote hematoma resolution in experimental intracerebral hemorrhage.
Neurobiol Dis. 2017 Jul;103:54-69.

23. Boche D, Perry VH, Nicoll JA. Review: activation patterns of microglia and their identification in
the human brain. Neuropathol Appl Neurobiol. 2013 Feb;39(1):3-18.

24. van Rossum D, Hanisch UK. Microglia. Metab Brain Dis. 2004 Dec;19(3-4):393-411.

25. Kothari RU, Brott T, Broderick JP, et al. The ABCs of measuring intracerebral hemorrhage volumes.
Stroke. 1996 Aug;27(8):1304-5.
26. Khan M, Baird GL, Elias R, et al. Comparison of Intracerebral Hemorrhage Volume Calculation

Methods and Their Impact on Scoring Tools. ] Neuroimaging. 2017 Jan;27(1):144-8.

27. Hainsworth AH, Minett T, Andoh J, et al. Neuropathology of White Matter Lesions, Blood-Brain
Barrier Dysfunction, and Dementia. Stroke. 2017 Oct;48(10):2799-804.

28. Giwa MO, Williams J, Elderfield K, et al. Neuropathologic evidence of endothelial changes in
cerebral small vessel disease. Neurology. 2012 Jan 17;78(3):167-74.

15

Page 16 of 50



Page 17 of 50

Annals of Clinical and Translational Neurology

29. Hainsworth AH, Lee S, Foot P, Patel A, Poon WW, Knight AE. Super-resolution imaging of
subcortical white matter using stochastic optical reconstruction microscopy (STORM) and super-
resolution optical fluctuation imaging (SOFI). Neuropathol Appl Neurobiol. 2018 Jun;44(4):417-26.

30. Bridges LR, Andoh J, Lawrence AJ, et al. Blood-brain barrier dysfunction and cerebral small vessel
disease (arteriolosclerosis) in brains of older people. J Neuropathol Exp Neurol. 2014 Nov;73(11):1026-33.
31. Davis EJ, Foster TD, Thomas WE. Cellular forms and functions of brain microglia. Brain Res Bull.
1994;34(1):73-8.

32. Walker FR, Beynon SB, Jones KA, et al. Dynamic structural remodelling of microglia in health and
disease: a review of the models, the signals and the mechanisms. Brain Behav Immun. 2014 Mar;37:1-14.
33. Torres-Platas SG, Comeau S, Rachalski A, et al. Morphometric characterization of microglial

phenotypes in human cerebral cortex. J Neuroinflammation. 2014 Jan 21;11:12.

34, Walsh KB, Woo D, Sekar P, et al. Untreated Hypertension: A Powerful Risk Factor for Lobar and
Nonlobar Intracerebral Hemorrhage in Whites, Blacks, and Hispanics. Circulation. 2016 Nov
8;134(19):1444-52.

35. Keep RF, Hua Y, Xi G. Intracerebral haemorrhage: mechanisms of injury and therapeutic targets.
Lancet Neurol. 2012 Aug;11(8):720-31.

36. Wermer MJH, Greenberg SM. The growing clinical spectrum of cerebral amyloid angiopathy. Curr
Opin Neurol. 2018 Feb;31(1):28-35.

37. Hanley DF. Intraventricular hemorrhage: severity factor and treatment target in spontaneous
intracerebral hemorrhage. Stroke. 2009 Apr;40(4):1533-8.

38. Grunwald Z, Beslow LA, Urday S, et al. Perihematomal Edema Expansion Rates and Patient
Outcomes in Deep and Lobar Intracerebral Hemorrhage. Neurocrit Care. 2017 Apr;26(2):205-12.

39. Nguyen HX, O'Barr TJ, Anderson AJ. Polymorphonuclear leukocytes promote neurotoxicity

through release of matrix metalloproteinases, reactive oxygen species, and TNF-alpha. J Neurochem. 2007
Aug;102(3):900-12.

40. Engelhardt B, Ransohoff RM. Capture, crawl, cross: the T cell code to breach the blood-brain
barriers. Trends Immunol. 2012 Dec;33(12):579-89.

41. Mracsko E, Veltkamp R. Neuroinflammation after intracerebral hemorrhage. Front Cell Neurosci.
2014;8:388.

42. Hendrickx DAE, van Eden CG, Schuurman KG, Hamann J, Huitinga I. Staining of HLA-DR, Ibal and
CD68 in human microglia reveals partially overlapping expression depending on cellular morphology and
pathology. J Neuroimmunol. 2017 Aug 15;309:12-22.

43, Fahrenhold M, Rakic S, Classey J, et al. TREM2 expression in the human brain: a marker of
monocyte recruitment? Brain Pathol. 2018 Sep;28(5):595-602.

44, Walker DG, Lue LF. Immune phenotypes of microglia in human neurodegenerative disease:
challenges to detecting microglial polarization in human brains. Alzheimers Res Ther. 2015 Aug 19;7(1):56.
45, Bachstetter AD, Van Eldik LJ, Schmitt FA, et al. Disease-related microglia heterogeneity in the
hippocampus of Alzheimer's disease, dementia with Lewy bodies, and hippocampal sclerosis of aging. Acta
Neuropathol Commun. 2015 May 23;3:32.

46. Taylor RA, Sansing LH. Microglial responses after ischemic stroke and intracerebral hemorrhage.
Clin Dev Immunol. 2013;2013:746068.

47. Kettenmann H, Hanisch UK, Noda M, Verkhratsky A. Physiology of microglia. Physiol Rev. 2011
Apr;91(2):461-553.

48. Yamada J, Jinno S. Novel objective classification of reactive microglia following hypoglossal
axotomy using hierarchical cluster analysis. ] Comp Neurol. 2013 Apr 1;521(5):1184-201.
49. Stence N, Waite M, Dailey ME. Dynamics of microglial activation: a confocal time-lapse analysis in

hippocampal slices. Glia. 2001 Mar 1;33(3):256-66.
50. Streit WJ, Walter SA, Pennell NA. Reactive microgliosis. Prog Neurobiol. 1999 Apr;57(6):563-81.

16



Annals of Clinical and Translational Neurology

51. Nimmerjahn A, Kirchhoff F, Helmchen F. Resting microglial cells are highly dynamic surveillants of
brain parenchyma in vivo. Science. 2005 May 27;308(5726):1314-8.

52. Wake H, Moorhouse AJ, Jinno S, Kohsaka S, Nabekura J. Resting microglia directly monitor the
functional state of synapses in vivo and determine the fate of ischemic terminals. J Neurosci. 2009 Apr
1;29(13):3974-80.

53. Fendrick SE, Xue QS, Streit WJ. Formation of multinucleated giant cells and microglial
degeneration in rats expressing a mutant Cu/Zn superoxide dismutase gene. J Neuroinflammation. 2007
Feb 28;4:9.

54. Dickson DW, Mattiace LA, Kure K, Hutchins K, Lyman WD, Brosnan CF. Microglia in human disease,
with an emphasis on acquired immune deficiency syndrome. Lab Invest. 1991 Feb;64(2):135-56.

55. Michaels J, Price RW, Rosenblum MK. Microglia in the giant cell encephalitis of acquired immune
deficiency syndrome: proliferation, infection and fusion. Acta Neuropathol. 1988;76(4):373-9.

56. Dickson DW. Multinucleated giant cells in acquired immunodeficiency syndrome encephalopathy.
Origin from endogenous microglia? Arch Pathol Lab Med. 1986 Oct;110(10):967-8.

57. Hornik TC, Neniskyte U, Brown GC. Inflammation induces multinucleation of Microglia via PKC
inhibition of cytokinesis, generating highly phagocytic multinucleated giant cells. J] Neurochem. 2014
Mar;128(5):650-61.

Figure legends

Figure 1 CT head and post-mortem brain with ICH.

A) Axial CT head image shows right spontaneous deep thalamic haemorrhage.

B) Axial CT head image demonstrates spontaneous left temporo-parietal (lobar) ICH.

C) Coronal section of a post-mortem human brain with ICH. White arrow shows the haemorrhage
and arrow heads show sampled areas. D) H&E of an ICH human brain section. Arrow locates the

haemorrhage. Arrow head shows the perilesional area that has been quantified and analysed.

Figure 2 Acute cellular changes following spontaneous ICH in human.

A) Presence of neutrophils (arrows), a) and at higher magnification. B) Recruited macrophages,
b) and at higher magnification. C) Red Neurons (black arrows) and vacuoles demonstrating
oedema (yellow arrows), ¢) and at higher magnification. D) Reactive astrocytes (white arrows),
d) and at higher magnification. E) A small vessel with erythrocytes dissecting its wall (arrow), )
and at higher magnification. F) Thickened small vessel endothelial cells (arrow), f) and at higher

magnification. Scale bar 50um.
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Figure 3 Morphologies of Ibal-microglia in human brain tissue from control and spontaneous
ICH cases.

A) Ramified microglia in a control subject defined by a small cell body which is less than 10um
and multiple processes a few times longer than the cell body (arrow). B) Higher magnification of
aramified cell, scale bar =21um. C) Activated microglia following brain haemorrhage, cell bodies
are swollen, denser and larger than ramified microglia, processes are shorter and stouter, (arrows).
D) Higher magnification of activated microglia, scale bar = 50um. E) Transitional microglia,
processes fragments from dense cell body (arrows). F) Higher magnification, scale bar = 50um.
G) Reactive microglia are typically small, spherical cells, but can also exhibit rod-shaped and
pleomorphic or amoeboid-like morphologies; all lack ramified-type processes (red arrows),
amoeboid/phagocytic microglia are larger than reactive cells with fainter cytoplasm and dense
nucleus located at the periphery of the cell body. They display various round and irregular shapes
(green arrows). H) Higher magnification of reactive microglia (red arrows) and amoeboid
microglia (green arrows), scale bar - 50um. I) Fusion stage of amoeboid microglia (green arrows)
to form giant/large microglial cells where we noted bi/tri-nucleate cells or fragmented nucleus or
absence of nucleus, (red arrows). J) Magnified picture of a bi-nucleate giant microglia with an

outlined boundaries to measure the cell surface area. Scale bar = 50 um.

Figure 4 Ibal microglia in control and ICH subjects.

A) Ibal %AF (%) microglia increased significantly in 27 ICH subjects when compared to 18

controls (p<0.0001).

B) Ibal % increased significantly in subjects who died 1 day after ICH and 3-5 days after ICH.

The greatest change was observed in subjects dying 5-12 days post-ICH.

C) Ibal microglial expression did not change when comparing those above 60 years old (n=14)
with those below 60 years old (n=13; p= 0.54).

D) A trends towards increase was detected for Ibal load in lobar ICH (n=15, 12.3%) when
compared to deep ICH (n=12, 7.5%; p= 0.06). * p<0.05, ** p<0.01, *** p<0.00.

E) Ibal microglia in control and ICH subjects (peri-haemorrhage and distant from haemorrhage).
Ibal %AF (%) microglia increased significantly in 27 ICH subjects when compared to 18
controls (p<0.0001). There was no significant difference in Ibal load when comparing distant

from haemorrhage (a lobe from haemorrhage or equivalent contralateral anatomical area)
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quantification to control (n=13, 4.9% vs 2.4% in controls, p =0.52). There was a significant
increase in Ibal %AF in ICH when compared to distant from haemorrhage (10.16% vs 4.9%
p=0.007). One-Way Anova with Bonferroni’s post hoc test. * p<0.05, ** p<0.01, *** p<0.001

Figure 5 Representative images of morphological microglial changes over time.

A)

B)

0

D)

E)

Day one post-ICH. Reactive and amoeboid/phagocytic microglia were observed within 2 mm
of the haemorrhage (red arrow shows the haemorrhage site). Activated microglia were seen
within 5 mm beyond the initial 2 mm zone around the haemorrhage and in white matter tracts
(green arrows), al) shows a higher magnification of activated microglia . Ramified microglia
were observed far from the bleed (black arrow) and a2 shows a higher magnification of
ramified microglia distant from the bleed. Panel A Scale bar = Smm. Panel al scale bar =
50um. Panel a2 scale bar = 50pum.

Day 3 days post-ICH. Mainly reactive and amoeboid/phagocytic microglia cells and
occasional fusion microglia were observed within 2-3 mm of the haemorrhage site. We
observed clusters of reactive and amoeboid microglia (black arrows) within 2-3 mm of the
haemorrhage. Scale bar = 2.5mm. b) Magnified picture of microglia clusters described in B.
Scale bar = 50um.

Day 5 post-ICH. Activated, transitional, reactive, amoeboid, and a few giant microglia were
observed within 2-3 mm of haemorrhage. We noted clusters of reactive/amoeboid microglia
around medium sized blood vessels (black arrow) and at higher magnification in panel c).
Reactive and transitional microglia were seen in the other parts of tissue section. No ramified
microglia was observed. Red arrows represent haemorrhage areas. Panel C Scale bar = Smm.
Panel c scale bar = 50um.

Day 7 post-ICH. Reactive, amoeboid/phagocytic, microglia that started fusing and giant
microglia/macrophages were observed within 2-3 mm of the haemorrhage site (green arrow)
and higher magnification presented in panel d. Reactive and transitional microglia were seen
around the haemorrhage site. No ramified microglia was observed. Red arrows represent
haemorrhage areas. Panel D Scale bar = Smm. Panel d scale bar = 50pm.

Quantification of the cell body cross sectional area in the different microglial morphologies,

**p<0.01; ***p<0.001.
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Figure 6 Confocal and H&E micrographs of Ibal labelled microglia demonstrating the giant/large
morphology.

A) Merged micrograph of far red Ibal labelled microglial cells (red) and DAPI stained cell nuclei
(blue). White arrows show multinucleate (often bi or tri) nucleated giant/large microglia with:
green arrow highlighting a giant cell with a nuclei and fragments of nuclei by the border of the cell
membrane. Yellow arrow shows a giant cell with no nuclei. Scale bar = 50um.

B) A magnified confocal orthogonal micrograph from micrograph C. Scale bar = 10um.

C) and D) are 3D confocal micrographs demonstrating giant multinucleate microglia.

E) H&E micrograph shows a bi-nucleate microglia (arrow), there is also another neighbouring cell

that could be in the process of fusion. Scale bar = 50pm.

F) H&E micrograph demonstrate multinucleate giant microglia (black arrow) and bi/tri-nucleate

microglia (white arrow). Scale bar = 50pm.
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Table 1: Characteristics of the cases

Number | Age/Sex < |‘I;‘;a:’;°(r;;—:::ar * ha:;n;?rflz.:gn; to Known_relev.a nt past Estimated ICH
ganglia/Thalamus)) death (Days) medical history Volume (ml)
1 86/M Lobar NA AD NA
2 90/F Deep NA AD, HTN NA
3 82/M Lobar NA AD, IHD NA
4 82/F Deep NA AD NA
5 90/M Lobar NA None NA
6 76/M Lobar NA AD, CAA NA
7 90/M Lobar NA AD NA
8 90/M Lobar NA AD NA
9 75/F Deep 2 None NA
10 40/F Deep 2 Leukaemia NA
11 52/M Deep 4 None NA
12 79/F Lobar 12 None 42
13 56/F Deep 12 None NA
14 52/F Deep 1 None NA
15 58/F Deep 1 None 27
16 59/M Lobar 7 HTN NA
17 78/M Lobar 10 None NA
18 30/M Lobar 3 HTN 30
19 55/F Deep 5 HTN 67.5
20 19/F Lobar 8 pneumonia 188
21 53/F Lobar 3 None 36
22 53/F Lobar 1 None 67
23 27/F Lobar Within 1 Drug abuser, seizures 67
24 52/F Deep 3 COPD, IHD 35
25 65/M Deep 3 Alcoholism, Leukaemia 80
26 49/M Lobar 3 Alcoholism, HTN 21
27 65/M Deep Within 1 HTN, DMII 316

AD: Alzheimer's disease, HTN: hypertension, CAA: Cerebral amyloid angiopathy, COPD: Chronic obstructive pulmonary

disease, IHD: ischaemic heart disease, DMII: diabetes mellitus type two. NA: not available.
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Figure 1 CT head and post-mortem brain with ICH.
A) Axial CT head image shows right spontaneous deep thalamic haemorrhage.
B) Axial CT head image demonstrates spontaneous left temporo-parietal (lobar) ICH.
C) Coronal section of a post-mortem human brain with ICH. White arrow shows the haemorrhage and arrow
heads show sampled areas. D) H&E of an ICH human brain section. Arrow locates the haemorrhage. Arrow
head shows the perilesional area that has been quantified and analysed.

183x190mm (150 x 150 DPI)



Annals of Clinical and Translational Neurology

Figure 2 Acute cellular changes following spontaneous ICH in human.
A) Presence of neutrophils (arrows), a) and at higher magnification. B) Recruited macrophages, b) and at
higher magnification. C) Red Neurons (black arrows) and vacuoles demonstrating oedema (yellow arrows),
c) and at higher magnification. D) Reactive astrocytes (white arrows), d) and at higher magnification. E) A
small vessel with erythrocytes dissecting its wall (arrow), e) and at higher magnification. F) Thickened small
vessel endothelial cells (arrow), f) and at higher magnification. Scale bar 50um.

1231x584mm (63 x 63 DPI)
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Figure 3 Morphologies of Ibal-microglia in human brain tissue from control and spontaneous ICH cases.
A) Ramified microglia in a control subject defined by a small cell body which is less than 10pum and multiple
processes a few times longer than the cell body (arrow). B) Higher magnification of a ramified cell, scale bar
= 21um. C) Activated microglia following brain haemorrhage, cell bodies are swollen, denser and larger than

ramified microglia, processes are shorter and stouter, (arrows). D) Higher magnification of activated
microglia, scale bar = 50um. E) Transitional microglia, processes fragments from dense cell body (arrows).
F) Higher magnification, scale bar = 50um. G) Reactive microglia are typically small, spherical cells, but can
also exhibit rod-shaped and pleomorphic or amoeboid-like morphologies; all lack ramified-type processes
(red arrows), amoeboid/phagocytic microglia are larger than reactive cells with fainter cytoplasm and dense
nucleus located at the periphery of the cell body. They display various round and irregular shapes (green
arrows). H) Higher magnification of reactive microglia (red arrows) and amoeboid microglia (green arrows),
scale bar - 50um. I) Fusion stage of amoeboid microglia (green arrows) to form giant/large microglial cells
where we noted bi/tri-nucleate cells or fragmented nucleus or absence of nucleus, (red arrows). J) Magnified
picture of a bi-nucleate giant microglia with an outlined boundaries to measure the cell surface area. Scale
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bar = 50 pm.
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Ibal microglia in control and ICH subjects.
A) Ibal %AF (%) microglia increased significantly in 27 ICH subjects when compared to 18 controls
(p<0.0001).
B) Ibal % increased significantly in subjects who died 1 day after ICH and 3-5 days after ICH. The greatest
change was observed in subjects dying 5-12 days post-ICH.
C) Ibal microglial expression did not change when comparing those above 60 years old (n=14) with those
below 60 years old (n=13; p= 0.54).
D) A trends towards increase was detected for Ibal load in lobar ICH (n=15, 12.3%) when compared to
deep ICH (n=12, 7.5%; p= 0.06). * p<0.05, ** p<0.01, *** p<0.001.

E) Ibal microglia in control and ICH subjects (peri-haemorrhage and distant from haemorrhage).
Ibal %AF (%) microglia increased significantly in 27 ICH subjects when compared to 18 controls
(p<0.0001). There was no significant difference in Ibal load when comparing distant from haemorrhage (a
lobe from haemorrhage or equivalent contralateral anatomical area) quantification to control (n=13, 4.9%
vs 2.4% in controls, p =0.52). There was a significant increase in Ibal %AF in ICH when compared to
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distant from haemorrhage (10.16% vs 4.9% p= 0.007). One-Way Anova with Bonferroni’s post hoc test. *
p<0.05, ** p<0.01, *** p<0.001.
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Figure 5 Representative images of morphological microglial changes over time.

A) Day one post-ICH. Reactive and amoeboid/phagocytic microglia were observed within 2 mm of the
haemorrhage (red arrow shows the haemorrhage site). Activated microglia were seen within 5 mm beyond
the initial 2 mm zone around the haemorrhage and in white matter tracts (green arrows), al) shows a
higher magnification of activated microglia . Ramified microglia were observed far from the bleed (black
arrow) and a2 shows a higher magnification of ramified microglia distant from the bleed. Panel A Scale bar
= 5mm. Panel al scale bar = 50um. Panel a2 scale bar = 50um.

B) Day 3 days post-ICH. Mainly reactive and amoeboid/phagocytic microglia cells and occasional fusion
microglia were observed within 2-3 mm of the haemorrhage site. We observed clusters of reactive and
amoeboid microglia (black arrows) within 2-3 mm of the haemorrhage. Scale bar = 2.5mm. b) Magnified
picture of microglia clusters described in B. Scale bar = 50um.

C) Day 5 post-ICH. Activated, transitional, reactive, amoeboid, and a few giant microglia were observed
within 2-3 mm of haemorrhage. We noted clusters of reactive/amoeboid microglia around medium sized
blood vessels (black arrow) and at higher magnification in panel c). Reactive and transitional microglia were
seen in the other parts of tissue section. No ramified microglia was observed. Red arrows represent
haemorrhage areas. Panel C Scale bar = 5mm. Panel c scale bar = 50um.

D) Day 7 post-ICH. Reactive, amoeboid/phagocytic, microglia that started fusing and giant
microglia/macrophages were observed within 2-3 mm of the haemorrhage site (green arrow) and higher
maghnification presented in panel d. Reactive and transitional microglia were seen around the haemorrhage
site. No ramified microglia was observed. Red arrows represent haemorrhage areas. Panel D Scale bar =
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5mm. Panel d scale bar = 50um.
E) Quantification of the cell body cross sectional area in the different microglial morphologies, **p<0.01;
***p<0.001.
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Figure 6 Confocal and H&E micrographs of Ibal labelled microglia demonstrating the giant/large
morphology.

A) Merged micrograph of far red Ibal labelled microglial cells (red) and DAPI stained cell nuclei (blue).
White arrows show multinucleate (often bi or tri) nucleated giant/large microglia with: green arrow
highlighting a giant cell with a nuclei and fragments of nuclei by the border of the cell membrane. Yellow

arrow shows a giant cell with no nuclei. Scale bar = 50um.
B) A magnified confocal orthogonal micrograph from micrograph C. Scale bar = 10um.
C) and D) are 3D confocal micrographs demonstrating giant multinucleate microglia.
E) H&E micrograph shows a bi-nucleate microglia (arrow), there is also another neighbouring cell that could
be in the process of fusion. Scale bar = 50um.
F) H&E micrograph demonstrate multinucleate giant microglia (black arrow) and bi/tri-nucleate microglia
(white arrow). Scale bar = 50um.
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Figure S1 Control case. T-cells around a vessel in the Virchow-Robin space. Immunohistochemistry for CD3,
x20 magnification, scale bar = 100 microns.
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Figure S2 Haemorrhage case at 3 days. Brain parenchymal T-cells. Immunohistochemistry for CD3, x80
magnification, scale bar = 20 microns.
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Figure S3 Haemorrhage case at 12 days. T-cells in the brain parenchyma and associated with vascularisation
(organisation/repair) response. Immunohistochemistry for CD3, x20 magnification, scale bar = 100 microns
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Abstract

Objective: Spontaneous intracerebral haemorrhage (ICH) is the commonest form of haemorrhagic
stroke and is associated with a poor prognosis. Neurosurgical removal of intracerebral haematoma
has limited benefit and no pharmacotherapies are available. In acute ICH primary tissue damage
is followed by secondary pathology, where the cellular and neuroinflammatory changes are poorly

understood.

Methods: We studied histological changes in post-mortem tissue from a cohort of spontaneous
supra-tentorial primary ICH cases (n=27) with survival of 1-12 days, compared to a matched
control group (n=16) examined in corresponding regions. Hematoxylin-eosin and microglial

(Ibal) immunolabelled sections were assessed at 0-2, 3-5 and 7-12 days post-ICH.

Results: Peri-haematoma, the observed ICH-related changes include oedema, tissue neutrophils
and macrophages from day 1. Ischaemic neurons and swollen endothelial cells were common at
day 1 and universal after day 5, as were intra-mural erythrocytes within small vessel walls.
Activated microglia were evident at day 1 post-ICH. There was a significant increase of Ibal
positive area fraction at 0-2 (3-fold), 3-5 (4-fold) and 7-12 days post ICH (9-fold) relative to
controls. Giant microglia were detected peri-haematoma from day 5 and consistently 7-12 days

post ICH.

Interpretation: our data indicate that neuroinflammatory processes commence from day 1 post-
ICH with changing microglial size and morphology following ICH and up to day 12. From day 5
some microglia exhibit a novel multiply nucleated morphology, which may be related to changing
phagocytic function. Understanding the time course of neuroinflammatory changes post ICH may

reveal novel targets for therapy and brain restoration.
Key Words

Spontaneous intracerebral haemorrhage, lobar, deep, microglia, morphology.
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Introduction

Spontaneous intracerebral hemorrhage (ICH) is a devastating cause of morbidity and mortality.
The annual incidence ranges from 16 to 25 per 100,000 worldwide ! with 40% mortality at one
month 2. Risk factors include age (with significant increase in incidence above the age of 55 3),
male gender, hypertension (HTN), and African American or Hispanic race 4. The main age-
related vessel pathologies considered to underlie spontaneous ICH (primary ICH) are small vessel

disease (arteriolosclerosis) and cerebral amyloid angiopathy (CAA) 7

In addition, structural pathological processes associated with secondary ICH include ruptured
aneurysm, vascular malformation, tumours and haemorrhagic infarcts. Systemic factors (e.g.
haematological malignancies, thrombocytopenia and coagulopathies) are of etiologic importance

and an associated ICH may be considered either primary or secondary brain haemorrhage.

Large spontaneous ICH causes instantaneous disruption of surrounding brain, termed mass effect,
and 1s often rapidly fatal. ICH with mass effect and rise in intracranial pressure can be surgically
evacuated to reduce the primary brain injury. Current treatment approaches to spontaneous ICH
include 1) surgical evacuation of accessible haematoma, ii) controlling blood pressure and iii)
reversing anti-coagulation, where applicable '0-13, Although surgical evacuation has the potential
to reduce brain tissue damage, by relieving local ischaemia or removal of noxious chemicals 415,

class I evidence from clinical trials does not demonstrate improved outcomes '%- 13- 16:17 ]

The cellular mechanisms that underlie pathophysiological changes around the haematoma are
poorly understood. Activation of inflammatory cascades and the release of cytotoxic mediators are
implicated '3 ' 19, These cause cell death and functional impairment, and are considered the
hallmark of secondary brain damage 2°. Understanding the inflammatory processes that follow

ICH in humans may offer new therapeutic opportunities.

In healthy adult brain, microglia exhibit ramified morphology ?°. In response to brain injury,
microglia become activated and undergo morphological and functional transformations. Their cell
bodies become enlarged, dense, with thicker processes, inflammatory proteins are upregulated,
and the cells become migratory, proliferative, and phagocytic 1°-23. Activated microglia can have

either neurotoxic or neuroprotective properties and their overall effect depends on the type and
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severity of brain insult 2. Here, we hypothesized that microglial phenotype and morphology are

altered in human spontaneous ICH.

We performed histopathological assessment of tissue obtained from subjects who died from
spontaneous supra-tentorial ICH. We examined tissue from the margin of the haematoma in 27
ICH cases, and analogous tissue samples from 16 control subjects. We report significant changes

in the size and morphology of Ibal labelled microglia in human ICH.
Materials and methods

Human tissue

This is a post-mortem study of spontaneous ICH cases (N=27, M = 13, F = 14, age range 19-90
years old, median = 59 years old; Table 1). Standard tissue blocks (1-2 blocks per case) were taken
from tissue at the border of the haemorrhage and the average results for each case presented. A
group of control subjects (N=16) deceased due to non-neuropathological cause (M=11, F=5, range

26-60, median 51 years old) were also examined in the same anatomical regions.

All ICH cases are of spontaneous supra-tentorial haemorrhage (either lobar ICH or deep ICH
within the basal ganglia or thalamus, Fig. 1 A and B) with no known underlying structural
abnormalities. Post-mortem reports from the brain tissue banks were reviewed for location,
dimension of the haematoma, intraventricular extension, brainstem haemorrhage, and co-
morbidities that include hypertension, inflammatory diseases, Alzheimer’s disease pathology
(Table 1). ICH volume was estimated from the post-mortem report when available. The ABC/2
technique is a known and reliable bedside method for measuring ICH volume from the
computerized tomography (CT) head which has been widely validated 2> 2. In the ABC/2 method,
A = greatest hemorrhage diameter by CT, B = diameter perpendicular to A, C = the approximate

number of CT slices with hemorrhage multiplied by the slice thickness.

Ethics approval

Ethical approval was provided by BRAIN UK (Research Ethics Committee South Central
Hampshire B, reference 14/SC/0098) for the cases sourced from St George’s University Hospital
NHS Foundation Trust, North Bristol NHS Trust, and University Hospitals Plymouth NHS Trust.

The cases provided by the Oxford Brain Bank and University of California, Irvine were covered
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by the ethics reference 12/EM/0028 from Health Authority Service, NRES Committee East
Midlands-Derby.

Immunohistochemistry

Sections of formalin-fixed paraffin embedded tissue were processed for hematoxylin-eosin (H&E)
and immunohistochemistry as described previously 27> 28, Briefly, sections (6um) were de-waxed
and processed for standard immunohistochemical labelling. Endogenous peroxidase activity was
blocked by exposure to H202 (3% v/v, aqueous solution) for 10 min. After high-pressure heat-
induced antigen retrieval (30s, 125°C, in pH7.8 Tris-citrate buffer), non-specific binding was
blocked with PBS supplemented with Triton-X100 (0.1%) and BSA (3%) (PBT-BSA) for 60min
at room temperature and sections were incubated with the primary microglial antibody Ibal (1:800
in PBT-BSA, MP-290-CR0O1, A.Menarini Diagnostics Ltd, UK) at 4°C overnight. Antibody
labelling was visualised using a peroxidase-conjugated secondary reagent (Envision® Kkit,
K500711, Agilent Technologies LDA, UK) and diaminobenzidine (DAB) chromagen, then
counterstained for nuclear chromatin with Mayer’s haematoxylin. As a negative control
neighbouring sections were treated with irrelevant primary antibody (rabbit anti-sheep 1gG; BD-
Pharmingen). Immunolabelling for the T-cell marker CD3 was performed on a VENTANA
BenchMark Immunohistochemistry automated staining machine in St George’s Hospital Cellular
Pathology diagnostic service. The primary antibody is rabbit monoclonal IgG (clone 2GV6,
Ventana-Roche, Tucson, Arizona) raised against a synthetic peptide from the C-terminus of CD3

epsilon chain, found in T-cells and NK cells.

For immunofluorescence, paraffin sections (6um thickness) were processed for labeling as in our
previous work 2% 30, Heat-induced antigen retrieval was performed using a Menarini-Biocare
decloaker, (120°C, 30s, in citrate buffer pH6). Non-specific binding was blocked by incubation
with 6% w/v BSA (Jackson Immunochemicals) in PBS-T for 1h at room temperature. Sections
were incubated overnight in a humidified chamber at 4°C with the same primary antibodylbal
(1:200) diluted in 6% w/v BSA in PBS-T. Sections were incubated with appropriate secondary
antibodies conjugated to Alexa546 or Alexa647, diluted 1:300 in 6% BSA in PBS-T at room
temperature for 1h. After nuclear labeling with DAPI (20 min, 0.3uM in PBS-T) sections were
mounted and photographed with a Nikon A1R confocal microscope. Red fluorescence was viewed

with 543nm excitation and 545-575nm emission bandwidth. Far red fluorescence was viewed with
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640nm excitation and 663-738nm emission bandwidth. DAPI was viewed with 405nm excitation
and 425-475nm emission bandwidth. Neighbouring sections were processed identically in parallel,

but with omission of primary antibodies.

Histopathology assessment

Microscopic examination was performed independently by two neuropathologists (LRB and
MME) on the H&E stained sections from all tissue blocks to identify the pattern of haematoma
and peri-haematoma changes. They were blind to clinical and autopsy data. Quantification, as
absent or present, included the following features, neutrophils, macrophages, oedema, red neurons,
reactive astrocytes, small vessel intramural blood cells and thickened small vessel endothelial cells
(Fig. 2). Inter-rater differences were reviewed and consensus achieved by discussion. Microscopic

examination of T-cells stained sections was performed blindly by neuropathologist (LRB).

Microglial quantification

Ibal immunolabelled slides were digitized at x20 magnification using a slide scanner (Hamamatsu
WEB). From the scanned slide, ten images from the peri-haematoma area were digitally acquired
using NDP View software (Hamamatsu WEB) and analysed with Image J (Version 1.51j8, Wayne
Rasband, NIH, USA). MaxEntropy macro filter was exclusively applied to threshold the images.
Labelled area fraction (%AF) is reported as 100x (number of pixels positive for Ibal)/total number

of pixels.

Microglial morphology assessment

In ICH scanned sections, areas of maximal changes, defined as high cell density areas, were
identified adjacent to the haematoma region. The morphology of Ibal labelled cells was assessed
using the zoom in function of NDP.view2 Viewing software (Hamamatsu WEB) at 40x
magnification. For comparison, similar areas in the same section were examined distant from the

haematoma, and in sections from control cases.

Briefly we describe physiological microglia that become activated, then progress to reactive
passing through a transitional stage, with the reactive cells becoming amoeboid/phagocytic before
some start fusing together in a stage we named “fusion stage” to form bi/tri-nucleated giant cell

(Fig. 3). Each microglial morphology was defined as follows:
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Ramified / physiological microglia possess a small (5- 10 um) oval cell body. The nucleus fills
most of the soma leaving a very small volume of cytoplasm. Radiating from the soma are numerous
processes of small diameter. These processes typically extend several times the diameter of the

cell body in length, often branch, and usually exhibit a rough or spiny surface (Fig. 3 A and B) 2>

31-33

Activated microglia are swollen ramified cells and are characterized by a larger and denser cell

body with shorter, and stouter processes (Fig. 3 C and D) 31-33.

Transitional microglia are activated cells that appear to bead off their processes. They have dense
cell body with an irregular shape (Fig. 3 E and F). Some of these description may be in part
resemble dysmorphic microglia. However, dysmorphic microglia has been suggested to be due to

microglial dysfunction as a result of ageing 2* which is not the case in our cohort.

Reactive microglia are typically small, spherical cells, but can also exhibit rod-shaped and

pleomorphic or amoeboid-like morphologies. They lack ramified-type processes (Fig. 3 G and H)

31,32

Amoeboid microglia are spherical in shape, lack processes, and contain numerous phagocytic
vacuoles (Fig. 3G and H). They are also defined as macrophage-like morphology and are

undistinguishable from recruited macrophages.

Early on reactive or amoeboid microglia adhere or fuse together to form giant nucleates cells with
no space between the cells. Some cells presented visible cell walls that were partly degraded in
order to form giant cells. Nuclei are usually located in periphery of the cytoplasm (Fig. 3 I). In this
paper, for the first time, we are reporting the formation of a giant/large cell in the context of human

ICH with cross sectional area ranges between 423-767 pm?.

The cross sectional area of microglial cell body was measured with the processes excluded in the
case of physiological and activated microglia. This was achieved by drawing the margins of the
cell body of Ibal labelled cells using the freehand region function of NDP.view?2 Viewing software

(Hamamatsu WEB) at 40x magnification (Fig. 3J). Ten cells per type per case were assessed.

Statistical analysis
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Descriptive analysis was performed to assess the normality of the data. For some of the analyses,
the ICH cases were split according the time from haemorrhage to death including 0-2 days (N=7);
3-5 days (N=7) and 5-12 days (N=5).

The data were parametric and the Student’s t-test used to assess Ibal AF (%) between ICH and
control cohorts and within the ICH cases divided according age at death or the haemorrhage
location. One-Way ANOVA with Dunnett’s post-hoc test was performed to analyse the temporal
course of microglia and size of the microglial cell body between the different microglial
morphologies identified. Chi-squared test (y?) analysed whether hypertension influenced the
location of ICH. GraphPad Prism software was used to perform the statistical analysis, with p

value considered significant when <0.05.
Results

Gross pathology of spontaneous ICH cases

Among the 27 ICH cases examined, deep ICH was recorded in 12 cases and lobar haemorrhage in
15 cases and (Table 1). Six were known hypertensives (3 deep ICH, 3 lobar ICH; p=0.76, ¥?).
Seven lobar ICH patients were diagnosed neuropathologically with Alzheimer’s disease. The
haematoma dimensions were available for 12 cases (estimated volume 21 - 316 ml). Data about
intraventricular extension of the ICH was available for 19 subjects of whom 14 (74%) had
intraventricular extension of the ICH.] Accurate data about time from ictus to death was available
for 19 ICH cases (range 24 h - 12 days). No AVM or other underlying structural abnormalities
were known or identified on post-mortem examination. The cause of death of all our cases was

reported as spontaneous “acute ICH”.

Histopathological changes in acute spontaneous ICH

On examination of H&E sections from ICH cases, neutrophils were present in the peri-haematoma
area as early as 1 day following the haemorrhage. Neutrophil infiltration was evident within 2 days
of the ICH in most cases (63%), and in all cases by 5 days, up to 12 days, irrespective of whether
the bleed was lobar or deep. Tissue macrophages, ischaemic eosinophilic neurons (“red neurons”),
swollen endothelia and reactive astrocytes were commonly observed at 1-2 days post ICH, and
were universally present at 5-12 days (Fig. 2). Red blood cells within the wall of small vessels

(intra-mural erythrocytes) were observed in 75% of subjects within days 0-2 and in all cases 5-12
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days following the ICH (Fig. 2 E & e). Oedema was observed in the peri-haematoma region from
1 day post-ICH and subsequently in all ICH cases. Five out of eight of ICH cases with Alzheimer’s
disease had thickening of small vessel endothelial cells regardless of the time of death after ICH.
All of the known hypertensive subjects had thickening of small vessel endothelial cells, regardless
of time of death post ICH. None of these histopathological features was observed in the 16 control

casces.

Ibal microglia following acute spontaneous ICH

Neighbouring sections labeled with a microglial marker (Ibal) showed microglial cells adjacent
to the haematoma (Fig. 4, 5). Semi-quantitative assessment of the Ibal positive area fraction
(%AF) confirmed 4-fold greater extent of microglial labelling in ICH compared to controls (10.2
+ 1.3 %, 2.4 + 0.2 % respectively, p <0.0001, Figure 4 A). There was significant change in AF%
with time post ICH (p <0.05, Fig. 4 B). At days 3-5, Ibal AF (%) increased significantly in
comparison with controls (p <0.01) and was 9 times higher in subjects dying between 5 and 12

days post ICH (p<0.001; ICH: 20.92% + 0.1.7% vs controls: 2.4% =+ 0.2%).

To test for age dependence, we dichotomized the cohort to those aged less than 60 y and those
aged 60 or more. There was no significant difference in Ibal AF (%) between these age groups
(Fig. 4 C). We observed a trend towards greater Ibal AF (%) in lobar ICH (12.3% =+ 2.0) compared
with deep ICH (7.5% =+ 1.3%, p= 0.06; Fig. 4 D).

Temporal course of morphological changes of Ibal-microglia

In Ibal labelled sections transitional, reactive and amoeboid microglia were observed within 2 mm
of the haematoma from 24 h post-ICH (Fig. 5). Activated microglia were observed in the
neighbouring 5 mm and white matter tracts (examples in Fig. 5 al). Ramified microglia were also
seen in the same cases, adjacent to the haematoma and in locations distant from the haematoma

(Fig. 5 al, a2).

At 3-5 days post-ICH, reactive and amoeboid microglial cells remained abundant 2-3 mm of the
haemorrhage, as well as clusters of Ibal cells (Fig. 5 B and b). In addition, some large bi- or tri-
nucleated Ibal positive cells were seen. These were much larger than the other microglial cells,

with an overall amoeboid morphology, that we have termed giant microglia (examples in Figure
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6). Ramified microglia were less evident adjacent to the haematoma, while activated and

transitional microglia were seen in the rest of the tissue section.

From day 5 post-ICH, reactive, amoeboid microglia were common within 2-3 mm of the
haemorrhage (Fig. 5 C and D). Clusters of amoeboid microglia were observed around medium
sized blood vessels (Fig. 5 C and c). Bi-/tri-nucleate and occasional multinucleate giant microglia
were also commonly seen adjacent to the haematoma. Within the rest of the tissue section, reactive

and transitional microglia were observed, while ramified microglia were sparse or absent.

The presence and morphology of bi and trinculeated giant microglia were confirmed by orthogonal

and 3D confocal micrographs of Ibal labelled sections using immunofluorescence (Fig. 6).

CD3 labelled T-cells following ICH

CD3-immunopositive T-cells were seen in all cases (control and haemorrhage) in blood inside

vessels. They were also seen in the haemorrhage cases within the blood clots.

T-cells were also seen in all cases (control and haemorrhage) around blood vessels in the Virchow-
Robin space (Fig. S1). The significance of this is uncertain but the numbers of T-cells were few
and not noticeably different between control and haemorrhage cases. It could be that they represent
a response to old non-specific minor insult (they were often associated with a few haemosiderin-

laden macrophages).

None of the controls showed parenchymal T-cells. Assessment of the brain parenchyma in the
haemorrhage cases was done carefully to exclude T-cells which were just part of the blood clot.
In 11 out of 12 acute haemorrhage (1-3 days) cases there were no parenchymal T-cells; the
remaining case (at 3 days) showed appreciable T-cells (Fig. S2). In later haemorrhage cases, scanty
parenchymal T-cells were present in one case each at 7 and 8§ days. One case at 12 days (without
obvious organisation — vascularisation - of the clot) showed only a few parenchymal T-cells.
Another case at 12 days (with clear organisation of the clot) showed moderate T-cells in the

organising tissue and the brain parenchyma (Fig. S3).

The cross sectional area of microglia cell bodies

We measured the cross sectional area of microglia cell bodies from the different morphologies
identified. The surface area of activated microglia was significantly larger than ramified microglia

(189.9 um? £ 28.3 um?, 11.23 pm? + 1.8 um? respectively p<0.001, Fig. 5 E). The cross sectional

10
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area of reactive microglial cells was not significantly different from ramified microglia (Fig. 5 E).
Amoeboid cells had significantly larger cell bodies than ramified cells (p=0.004). However, the
largest among all were the giant/large microglial cells with a mean of 584 um? £+ 33.8 um?
(minimum 423pum? and maximum767um? p=0.0001). These measurements were repeated with 30

day interval and showed good intra-rater agreement (Kappa =0.88).
Discussion

We studied the histological changes in spontaneous ICH and their temporal course in 27
spontaneous ICH cases. Some of the included subjects who presented with ICH may have had
undiagnosed hypertension, as the proportion of known hypertensive subjects in our study is lower
than those reported in the literature 3* 33, Seven ICH cases had neuropathological diagnosis of AD
and in these individuals cerebral amyloid angiopathy (CAA) may be the cause of ICH 3.
Intraventricular extension of ICH, a factor associated with poor prognosis 37, was reported in 74%

of our cases, consistent with the time from haemorrhage to death of our cohort.

Oedema in the peri-haematoma region was detected from day 1 post-ICH and was a consistent
feature in all ICH cases. Our observation is consistent with peri-haematoma oedema reported from
head scans of ICH patients within 1 day of the haemorrhage and in association with poorer outcome
19.38 Red neurons indicative of ischemic neuronal damage were present within the peri-haematoma
area in most (88%) of the subjects within 3 days of the ICH and up to 12 days post ICH. Neutrophils
are widely considered to be the earliest leukocyte subtype to infiltrate into the haemorrhagic brain.
As neutrophils are known to produce reactive oxygen species which cause neurotoxicity and
contribute to brain damage in animals 3°, their early presence and leakage of their contents is
associated with brain tissue damage 2°. The temporal course of neutrophil infiltration in human
ICH is relatively unexplored . In our human cohort, we observed neutrophil infiltration within 2
days of the ICH in most cases and in all cases by 5 days post-ictus, with tissue neutrophils evident
up to 12 days. Notably, neutrophils were less numerous than macrophages throughout the course
of the post-ICH inflammatory response in our cohort. Tissue macrophages were observed in most
of the cases (88%) from 2 days post-ICH, and then in all subjects. We saw erythrocytes within the
wall of small vessels with arterial appearance, as well as abnormal and swollen endothelial cells

of small vessels in most of our ICH cases from day 2. This suggests active involvement of small

11
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vessels in the reaction following ICH and perhaps a role in trafficking or clearance of haematoma-

derived debris.

Lymphocytes, in particular T cells, are known to enter brain tissue and have been reported to
accumulate after ischaemic stroke*?. Subtypes of T-cells (including NK cells) that invade brain
tissue are likely to contribute to local inflammation and tissue damage. In sections labelled for the
pan-selective T-cell marker CD3, T-cells were routinely seen in blood inside vessels which is
expected as T-cells are a normal blood complement. We also observed some T-cells in Virchow-
Robin spaces. The significance of this is uncertain but the numbers of T-cells were few and not
noticeably different between control and haemorrhage cases. It could be that they represent a
response to old non-specific minor insult (they were often associated with a few haemosiderin-
laden macrophages). None of the controls showed parenchymal T-cells. Out of 12 ICH cases (1-3
days post ICH) assessed only one case showed some T-cells. We also noted scanty T-cells in 2
cases (day 7 and 8 post ICH) and one case (12 days post ICH). Our data suggests that the main
response we see after ICH is mainly mediated by microglia. Further future studies may explore

any involvement of T-cells following brain haemorrhage.

Secondary brain injury following ICH involves activation of inflammatory pathways !9 21,
Microglia are the resident immune cells of the brain and are the first glial cells to react to brain
haemorrhage 22241, There is very limited information concerning the microglial response in terms
of magnitude, cell morphology and temporal course in spontaneous human ICH. In human ICH
brain tissue labelled with the microglial marker Ibal #>4 and we observed increased Ibal
expression in the peri-ICH region. Ibal expression was increased as early as 1 day post-ICH, in

contrast to animal studies where activated microglia become apparent at day 3 after experimental

ICH 124,

We did not observe a pronounced influence of patient age, when we compared Ibal positive AF%
in people under 60 vs those over 60 years of age. We noted a trend for extensive Ibal positive
AF% in lobar ICH than in deep ICH cases. If this is confirmed it may reflect differences in the

brain location of the haemorrhage or in the underlying vascular pathology.

Microglial activation is defined as the process by which microglia cells change shape, molecular
signature, and cellular physiology #’. In brain tissue of human ICH, we have observed various

microglial morphological changes including activated, reactive, amoeboid microglia, as previously

12
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reported following injuries 23 31> 32,45, 48-30 The morphology of microglia after haemorrhage was
defined more than 20 years ago 3!. We have modified this previous classification to include
morphologies observed in our ICH cohort. Microglia with ramified morphology, assumed to be in
a physiological state, are extremely motile cells 3! and key regulators of neuronal and synapse
function, actively participating to the synaptic activity in the adult brain 3. Morphological changes
are likely to reflect changes in microglial function. Therefore, based on the timescale and the
morphological changes observed (number and size of processes, cell body surface), we
hypothesize the following progression of microglial fate. First, ramified microglia become
activated following ICH, likely due to the blood-brain barrier breakdown progressing through a
transitional stage before they become reactive, then amoeboid, reflecting increased phagocytic

activity to clear the brain from highly toxic components such as blood cells and dead cells.

We report bi- or tri-nucleated giant amoeboid microglia in the peri-hematoma zone, from 5 days
post ICH, which we believe is a novel finding (see Figure 6). Multinucleated giant cell microglia
have been previously reported in association with viral encephalitis and HIV 3357, but not to our
knowledge in human ICH. We speculate that these giant cells represent fusion of neighbouring
activated microglia to attain a greater phagocytic capacity (as previously reported for
multinucleated giant cells 37). Alternatively, they may reflect dysfunctional, dying microglia that
are overwhelmed by the inflammation and cytotoxic environment adjacent to the haematoma. A
third possibility is that rapid proliferation of microglia in response to acute ICH could generate

abnormal, multinucleated cells.

A limitation of our study is that the Ibal marker, though commonly used to identify microglia in
histological studies, does not discriminate subtypes of microglia or distinguish microglia from
monocyte/macrophages. This becomes a pertinent issue in a setting like ICH with robust
infiltration of peripheral leukocytes and we are exploring other markers, to distinguish distinct

subtypes of microglia and macrophages, for a future report.

We conclude that neuroinflammatory changes occur early after ICH in human patients, with tissue
invasion by leukocytes (neutrophils, macrophages) from day 1. Microglia were significantly
activated from day 1 post-ICH, with a characteristic temporal course and changes in cell

morphology up to 12 days post-ictus. Bi- or tri-nucleated giant microglia, possibly resulting from
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microglial fusion, are a noticeable feature around the haematoma from day 5 and further study is

required to understand the functional role of these cells in ICH.
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Figure legends

Figure 1 CT head and post-mortem brain with ICH.

A) Axial CT head image shows right spontaneous deep thalamic haemorrhage.

B) Axial CT head image demonstrates spontaneous left temporo-parietal (lobar) ICH.

C) Coronal section of a post-mortem human brain with ICH. White arrow shows the haemorrhage
and arrow heads show sampled areas. D) H&E of an ICH human brain section. Arrow locates the

haemorrhage. Arrow head shows the perilesional area that has been quantified and analysed.

Figure 2 Acute cellular changes following spontaneous ICH in human.

A) Presence of neutrophils (arrows), a) and at higher magnification. B) Recruited macrophages,
b) and at higher magnification. C) Red Neurons (black arrows) and vacuoles demonstrating
oedema (yellow arrows), ¢) and at higher magnification. D) Reactive astrocytes (white arrows),
d) and at higher magnification. E) A small vessel with erythrocytes dissecting its wall (arrow), )
and at higher magnification. F) Thickened small vessel endothelial cells (arrow), f) and at higher

magnification. Scale bar 50um.
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Figure 3 Morphologies of Ibal-microglia in human brain tissue from control and spontaneous
ICH cases.

A) Ramified microglia in a control subject defined by a small cell body which is less than 10um
and multiple processes a few times longer than the cell body (arrow). B) Higher magnification of
aramified cell, scale bar =21um. C) Activated microglia following brain haemorrhage, cell bodies
are swollen, denser and larger than ramified microglia, processes are shorter and stouter, (arrows).
D) Higher magnification of activated microglia, scale bar = 50um. E) Transitional microglia,
processes fragments from dense cell body (arrows). F) Higher magnification, scale bar = 50um.
G) Reactive microglia are typically small, spherical cells, but can also exhibit rod-shaped and
pleomorphic or amoeboid-like morphologies; all lack ramified-type processes (red arrows),
amoeboid/phagocytic microglia are larger than reactive cells with fainter cytoplasm and dense
nucleus located at the periphery of the cell body. They display various round and irregular shapes
(green arrows). H) Higher magnification of reactive microglia (red arrows) and amoeboid
microglia (green arrows), scale bar - 50um. I) Fusion stage of amoeboid microglia (green arrows)
to form giant/large microglial cells where we noted bi/tri-nucleate cells or fragmented nucleus or
absence of nucleus, (red arrows). J) Magnified picture of a bi-nucleate giant microglia with an

outlined boundaries to measure the cell surface area. Scale bar = 50 um.

Figure 4 Ibal microglia in control and ICH subjects.

A) Ibal %AF (%) microglia increased significantly in 27 ICH subjects when compared to 18

controls (p<0.0001).

B) Ibal % increased significantly in subjects who died 1 day after ICH and 3-5 days after ICH.

The greatest change was observed in subjects dying 5-12 days post-ICH.

C) Ibal microglial expression did not change when comparing those above 60 years old (n=14)
with those below 60 years old (n=13; p= 0.54).

D) A trends towards increase was detected for Ibal load in lobar ICH (n=15, 12.3%) when
compared to deep ICH (n=12, 7.5%; p= 0.06). * p<0.05, ** p<0.01, *** p<0.001.

E) Ibal microglia in control and ICH subjects (peri-haemorrhage and distant from haemorrhage).
Ibal %AF (%) microglia increased significantly in 27 ICH subjects when compared to 18
controls (p<0.0001). There was no significant difference in Ibal load when comparing distant

from haemorrhage (a lobe from haemorrhage or equivalent contralateral anatomical area)
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quantification to control (n=13, 4.9% vs 2.4% in controls, p =0.52). There was a significant
increase in Ibal %AF in ICH when compared to distant from haemorrhage (10.16% vs 4.9%
p= 0.007). One-Way Anova with Bonferroni’s post hoc test. * p<0.05, ** p<0.01, ***
p<0.001.

Figure 5 Representative images of morphological microglial changes over time.

A) Day one post-ICH. Reactive and amoeboid/phagocytic microglia were observed within 2 mm

B)

0)

of the haemorrhage (red arrow shows the haemorrhage site). Activated microglia were seen
within 5 mm beyond the initial 2 mm zone around the haemorrhage and in white matter tracts
(green arrows), al) shows a higher magnification of activated microglia . Ramified microglia
were observed far from the bleed (black arrow) and a2 shows a higher magnification of
ramified microglia distant from the bleed. Panel A Scale bar = Smm. Panel al scale bar =
50um. Panel a2 scale bar = 50um.

Day 3 days post-ICH. Mainly reactive and amoeboid/phagocytic microglia cells and
occasional fusion microglia were observed within 2-3 mm of the haemorrhage site. We
observed clusters of reactive and amoeboid microglia (black arrows) within 2-3 mm of the
haemorrhage. Scale bar = 2.5mm. b) Magnified picture of microglia clusters described in B.
Scale bar = 50pum.

Day 5 post-ICH. Activated, transitional, reactive, amoeboid, and a few giant microglia were
observed within 2-3 mm of haemorrhage. We noted clusters of reactive/amoeboid microglia
around medium sized blood vessels (black arrow) and at higher magnification in panel c).
Reactive and transitional microglia were seen in the other parts of tissue section. No ramified
microglia was observed. Red arrows represent haemorrhage areas. Panel C Scale bar = Smm.

Panel c scale bar = 50um.

D) Day 7 post-ICH. Reactive, amoeboid/phagocytic, microglia that started fusing and giant

E)

microglia/macrophages were observed within 2-3 mm of the haemorrhage site (green arrow)
and higher magnification presented in panel d. Reactive and transitional microglia were seen
around the haemorrhage site. No ramified microglia was observed. Red arrows represent
haemorrhage areas. Panel D Scale bar = Smm. Panel d scale bar = 50um.

Quantification of the cell body cross sectional area in the different microglial morphologies,

*#p<0.01; ***p<0.001.
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Figure 6 Confocal and H&E micrographs of Ibal labelled microglia demonstrating the giant/large
morphology.

A) Merged micrograph of far red Ibal labelled microglial cells (red) and DAPI stained cell nuclei
(blue). White arrows show multinucleate (often bi or tri) nucleated giant/large microglia with:
green arrow highlighting a giant cell with a nuclei and fragments of nuclei by the border of the cell
membrane. Yellow arrow shows a giant cell with no nuclei. Scale bar = 50um.

B) A magnified confocal orthogonal micrograph from micrograph C. Scale bar = 10pum.

C) and D) are 3D confocal micrographs demonstrating giant multinucleate microglia.

E) H&E micrograph shows a bi-nucleate microglia (arrow), there is also another neighbouring cell

that could be in the process of fusion. Scale bar = 50um.

F) H&E micrograph demonstrate multinucleate giant microglia (black arrow) and bi/tri-nucleate

microglia (white arrow). Scale bar = 50um.
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