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Abstract. — OBJECTIVE: The ensuing isch-
emia due to the disruption of blood supply to
the brain is one of the most common causes
of stroke. Evidence suggests a clear associa-
tion of the ischemic injury with vascular demen-
tia and Alzheimer’s disease (AD). In response
to the brain ischemia, a cascade reaction starts
leading to neuronal damage due to oxidative
stress and other inflammatory mediators. A pi-
lot study was done, which showed that following
stroke, monomeric-C-reactive protein (nCRP) is
expressed in large quantities around the infarct-
ed zone and this CRP is able to induce neurode-
generation and inflammation potentially perpet-
uating dementia.

MATERIALS AND METHODS: We examined
both patient brain samples and excised mouse
brain tissue, previously injected with 1.75 mg/
mL mCRP into the CA1 area of the hippocam-
pus through the stereotactic surgical proce-
dures and followed them over a period of over
6 months. The distribution of mCRP was exam-
ined through immunohistochemistry (mouse an-
ti-human mCRP-specific antibodies 8C10).

RESULTS: We observed a novel finding: those
micro vessels close to the injection location
were strongly stained with mCRP only in the
mice that had been injected with mCRP, indi-
cating that this small blood vessel can spread it
throughout the brain.

CONCLUSIONS: mCRP found in the brain
after a hemorrhagic stroke promotes damage
over a large area via the induction of inflamma-
tion and degeneration of perivascular compart-
ments.
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Introduction

There are significant mortality and morbidity
rates associated with intracranial hemorrhage
(ICH) because of the multiple complications
that may emerge. Monomeric-C-reactive pro-
tein is the biologically active form of the na-
tive CRP molecule produced in large quanti-
ties during tissue damage and inflammation'.
The implication of mCRP in inflammation has
been established over the last few years, most
recently, with Thiele et al*> showing that renal
ischemia-reperfusion injury in rats associated
with inflammation could be blocked effectively
using an inhibitor of native pentameric CRP
dissociation [1,6-bis(phosphocholine)-hexane].
We previously showed' its importance in stroke
pathophysiology and its ability to directly stim-
ulate phosphorylation of Tau, a critical molecule
associated with dementia. More than 50% of
people suffer from dementia within a year after
developing moderate to severe stroke and mCRP
secretion is one of the factors causing brain tis-
sue dysfunction and degeneration?.
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Tissue damage or inflammation makes the
native CRP converting to mCRP, which is the
biologically active form of the molecule. This
molecule has been linked to dementia because of
its role in stroke pathophysiology and its ability
to directly stimulate Tau-phosphorylation. Stroke
survivors are twice as likely to develop dementia
within a year from their stroke, and mCRP pro-
duction is one factor contributing to brain tissue
degeneration and dysfunction.

The capability of mCRP to be ‘laid down’ in
tissue after stroke and to become expressed in
regions distant to the injury site is fascinating
and could explain disability and damage within
non-directly affected sites of the brain. Follow-
ing on from our full biological characterization
of mCRP structure and function in neurological
conditions', we performed a detailed ICH struc-
tural and localization analysis.

Recent studies®® have shown the presence of
mCRP in the core and penumbral region of
the infarcted brain in stroke patients. The evi-
dence establishes a clear relationship between
the accumulation of mCRP revascularization in
peri-infarcted regions of stroke patients. In ad-
dition, we demonstrated that where the patient
had co-morbidity and evidence of Alzheimer’s
like plaques, mCRP seemed to co-localize with
neuritic plaques and more developed AP plaques
whilst normal looking tissue was negatively
stained (Figure 1)°.

The objective of this study is to identify the
localization of mCRP in the hypothalamus after
direct intra-hippocampal injection. To see any
other associated features of mCRP-positive tissue
and staining linking to endothelial cells, neurons,
and inflammatory macrophages/immune cells.

Materials and Methods

Eleven archived brain tissue blocks, which
contained both lesioned and non-lesioned regions
from stroke patients and age-matched controls,
were selected for further examination. Necropsy
was conducted after death due to subsequent le-
sions, edema, and brain herniation or cardiovas-
cular arrhythmia.

General neuropathological investigation at
necropsy indicated encephalomalacia, pericapil-
lary bleeding, or ventricular blood inundation in
more recent lesions, yellowish gliotic regions, and
cavitation in organized lesions. Microscopically,
ischemic lesions were distinguished by the pres-
ence of neuronal eosinophilia, while hemorrhagic
lesions were distinguished by the presence of
mild vasculitis, petechial or massive hemorrhag-
es, and perilesional cortical vacuolation.

After antigen retrieval, a double immunoflu-
orescence procedure was carried out. Sections
were allowed to cool to room temperature and
stored in a 2% hydrogen peroxide solution for 30
minutes after antigen retrieval in 0.01 M sodium
citrate buffer, pH 6, heated to 95°C. Then it had
been incubated for 18 hours at 4°C with the GFAP
antibodies (1:50 in 1% goat serum/0.1% Tween
20/1xPBS). After this, it was again incubated for
another 18 hours with rabbit anti-aquaporin 4 at
4°C.

Using a mixture of goat anti-rabbit CFL 488
and anti-mouse CFL 568 (1:100, Santa Cruz,
Heidelberg, Germany) in 1% Goat serum/0.1%
Tween 20/1xPBS for 4 hours at RT, antigens
were identified the following day. A combination
of anti-mouse mCRP and anti-rabbit aquaporin
4 was utilized, followed by anti-goat histofine

Figure 1. Stained cortical brain sections from stroke patients. Example of co-localisation within two adjacent microvessels
of mCRP (FITC green) and beta-amyloid (TRITC-red) where the colour merges to orange yellow (A); the area is from within
the stroke hemisphere in the stroke-affected cortex. B, Image shows strongly positive mCRP labelled neurons within a
stroked brain region (DAB-brown; x100). C, Contralateral hemisphere tissue showing no mCRP positivity within neurons or
mivrovessels (DAB brown; x40).
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HRP and anti-goat CFL, for aquaporine4/CRP
double staining. mCRP antigens were spotted
using tyramide Cy3 (Perkin Elmer, Germany)
as a development agent. On a Zeiss LSM700
confocal microscope, the slides will be seen with
DAPI applied in ProLong® Gold Antifade reagent
(Life Technologies). DAB staining was used for
the control instances. Using the primary anti-
body as a negative control resulted in no aberrant
cross-reactivity.

There were twelve C57BL/6J mice, six males
each group in two separate groups of six. As
explained by Slevin et al®, stereotactic surgical
procedures were used to administer 1.75 mg/mL
mCRP into the CA1 area of the mouse hippocam-
pus. Throughout the investigation, the weight and
condition of every animal were closely examined.
For gauging the general health of the mice, we
routinely weighed and visually inspected each one.

The distribution of mCRP was examined
through immunohistochemistry (mouse an-
ti-human mCRP-specific antibodies 8C10).
The mCRP-specific monoclonal antibody 8C10
was produced as demonstrated in the study by
Schwedler et al’.

Ethical Approval

Ethical approval was obtained by applying to
the medical research council (MRC) at UK re-
search and innovation website, details of the local
approval are provided in Slevin et al®, Mirra et al®,
Braak et al°, and Montine et al'.

The experiments were performed in accor-
dance with European Union Council Directive
86/609/EEC on the protection of animals used
for research and other scientific experiments and
following the ARRIVE recommendations for the
treatment of experimental animals. All the pro-
cedures for the study have been approved by the
above indicated authorities''.

Results

In the most recent lesions, yellowish gliotic
tissue, cavitation, and tissue appeared soft, dis-
colored, and with the presence of petechial hem-
orrhages was observed. However, the severity of
the lesion did not affect neuronal staining, which
can be seen in all our samples. mCRP in brain
samples did not stain until six hours after the
hemorrhage. After that, in hemorrhagic stroke
areas, neurons showed strong staining in most of
the cortical layers.

Necrotic tissue from the area of a recent isch-
emic event was littered with shrunken red blood
cells, and the effects on the brain’s tissue were
observed (liquefactive necrosis, liquefied necro-
sis, reactive gliosis, ischemic cell death, perile-
sional neuronal lesions, and cortical vacuolation).
Even mild vascular inflammation manifested in
the form of petechiae, hemorrhages, and cerebral
vessel vacuoles.

The infarcted tissue displayed structural in-
tegrity but contained large amounts of swelling
and had neurons showing signs of apoptosis and
vessel growth. The tissue just outside the infarct
was well-structured, but it was extremely swollen
and had deformed neurons (some of which had
apoptosis), along with angiogenesis (Figure 2).
Earlier, we proved that after delivering mCRP
in the hippocampus of mice, the injected rodents
displayed dementia-like cognitive and behavioral
deficiencies, such as poor memory and control,
alongside neurodegenerative cellular protein ex-
pression and morphology?®.

We observed a novel finding: those microves-
sels close to the injection location were strongly
stained with mCRP only in the mice that had
been injected with mCRP, indicating that this
small blood vessel can spread throughout the
brain. Furthermore, peripheral hypothalamic and
cortical cells in the cytoplasm showed positive
staining, but this phenomenon was not observed
in the hippocampus or cerebral cortex in control
mice.

Discussion

In this research, we found that ischemic/hem-
orrhagic events trigger the stress response in
neurons, resulting in the expression of mCRP.
Additionally, this implies that mCRP serves as
a conduit for a post-ischemic/hemorrhagic stress
response in the brain. Once the lesion is more ad-
vanced, inflammatory activation of the microglia
occurs, potentially leading to local inflammation.
Even though positive staining was more prevalent
in advanced lesions, late degeneration and a host
of other remote brain regions could be affected
by mCRP.

A possible answer to the lesion’s progression
would be the macrophage or monocyte penetra-
tion of the capillary wall and subsequent local in-
flammation or microglial activation. Further, this
positive staining was noticed in more advanced
lesions and the macrophages/microglia. And in

8715



R.S. Al-Baradie, A. Abdel-Hadi, F. Ahmad, S.A. Alsagaby, et al

Figure 2. Distribution of mouse anti-human mCRP-specific antibodies 8C10 after stereotactic mCRP injection into the CA1
area of the mouse hippocampus. A, and B, CD34 positive cells (red; x100) co-localizing with mCRP cortical positive regions
(brown; x100) indicating active endothelial cells facilitating tissue repair. C, Negative control with no primary antibody.

some cases, mCRP could even have consequenc-
es years later in people, potentially affecting sev-
eral brain areas at once'?.

The number of microbleeds on CT/MRI was
positively correlated with neuronal mCRP ex-
pression and the severity of the cognitive de-
cline in dementia patients’. Cognitive impair-
ment seemed to develop rapidly in survivors of
ICH and the size and location of hematoma were
found to be directly correlated with an increased
risk of early dementia, whereas late-stage demen-
tia did not show an apparent relationship with the
severity of the injury>!,

Though the neuronal expression of mCRP is
delayed in ICH cases, it is still indicative of its
function as a mediator of stress, as well as neuro-
degeneration. Apart from having an association
with inflammatory conditions, CRP levels have
been found to increase the likelihood of de-
veloping neurodegenerative diseases, including
dementia'>!%, In recent years, mCRP has been
hypothesized as a significant pathogenic com-
ponent, with the potential to destabilize athero-
sclerosis and predispose patients to myocardial
infarction'’.

The work of Li and Jia!? supports our idea that
the hypothalamus serves as a brain sensor that is
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coupled to peripheral inflammation. Specifically,
they revealed that when hemorrhagic injuries
were present in the parietal cortex, compensatory
excitement was generated in the hypothalamus,
which frequently resulted in tachyarrhythmia and
sudden death.

Our mouse model and other research have
shown that mCRP can be carried by existing mi-
crovascular structures to remote sites, including
the hypothalamus, after local injection of mCRP
or leaking in cases of hemorrhagic stroke.

Conclusions

mCRP can be found in the brain after a hem-
orrhagic stroke and is linked to the formation of
the metabolic penumbra, as the microcirculatory
system can carry it throughout the cortex and to
the hypothalamus, which promotes damage over
a large area via the induction of inflammation and
degeneration of perivascular compartments.
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