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Abstract

Intracerebral haemorrhage (ICH) is a devastating condition with limited treatment
options, accounting for 49% of 6.5 million annual stroke deaths worldwide, and over
half of all disability adjusted life years lost to stroke. Current understanding of
pathophysiology is incomplete, partly due to limitations of the existing pre-clinical
models of spontaneous disease. Here we show that zebrafish larvae can be used to
model spontaneous ICH and exhibit comparable pathological outcomes to human
condition, therefore offering an alternative model for pre-clinical study for ICH.
Zebrafish larvae are associated with several practical advantages including high
fecundity, optical translucency and non-protected status prior to 5 days post
fertilisation. Through live, non-invasive imaging of transgenic fluorescent reporter
lines and behavioural assessment we can quantify pathological outcomes and
neuroinflammation following ICH. Using these assessable outcomes we can quantify
improvement after ICH with targeted drug treatment, to ameliorate primary injury and
secondary neuroinflammatory responses. Due to the spontaneous nature of blood
vessel rupture in this model we can investigate the relationship between clinically
relevant risk factors and ICH in zebrafish.

In this study we show that the zebrafish larvae represent a novel model for pre-clinical
ICH investigation that is appropriate for use in medium throughput drug screening.
The zebrafish larval model has potential to reduce the number of protected animals
used in pre-clinical ICH investigation and to support the advancement of the stroke

field with practical translatable outcomes to directly benefit patients in the clinic.

Lay summary

Brain haemorrhages are the most severe type of stroke; however our understanding of
how and why they occur is limited. In order to understand the disease better in a
laboratory setting, it is currently modelled using rodents however these models differ
vastly from human condition. Here, we model brain haemorrhage in a larval zebrafish,
a small, transparent organism that can mimic aspects of human disease that rodents
cannot. We have shown that brain haemorrhage in zebrafish larvae is similar to
humans and that we can use this model to screen for therapeutic drugs, something that

has never been done before for brain haemorrhage.
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Chapter 1: Introduction

1.1 Stroke

In 2018 more than 100,000 people in the UK suffered from a stroke and disease
prevalence is predicted to double in the next 20 years (The Stroke Association, 2018).
A stroke is a serious neurovascular attack, characterised by a loss of oxygen supply to
the brain, and is very often a life-threatening emergency with consequential disability
adjusted life years. A stroke is usually a result of a multitude of cardiovascular co-
morbidities and diseases, rising in prevalence in an ageing population (British Heart
Foundation, 2017). Strokes are most common in women over the age of 55 (Seshadri
and Wolf, 2007) though are now being reported more frequently in younger patients
(Feigin et al., 2014). Globally, strokes are the third leading cause of mortality and
disability, with higher incidence and fatalities in low-middle income countries
(Johnson et al., 2016). Medications for cardiovascular disease, such as those that lower
cholesterol and blood pressure to reduce stress on the cardiovascular system, are cost
effective and widely prescribed. Despite this, global mortality from cardiovascular
disease has increased over the last decade (Institute for Health Metrics and Evaluation,
2018). In the face of the enormous burden on global health and socio-economic
pressures, there remains a limited approach to standardising post-stroke care
guidelines, strategizing research for preventative measures and making treatments and

rehabilitation accessible globally to benefit the most heavily affected countries.

A stroke is caused by a lack of oxygen to the brain tissue because of disrupted blood
supply, resulting from a blockage in the cerebrovasculature (ischemia) or a vessel
rupture (haemorrhage) and the subsequent leaking of blood into the brain tissue. A
reduction in cerebral blood flow leads to rapid neuronal damage and loss of cerebral
function that spreads as injury goes untreated (Saver, 2006). Presently, the only ways
to treat an ischemic stroke are with a thrombolytic agent to break down the clot or to
physically remove the clot by thrombectomy. In intracerebral haemorrhage (ICH)
treatment options are limited to rapid reversal of anticoagulants in the 10-20% of
patients taking them (Fuh et al., 2017), intensive blood pressure lowering which has
been shown to modestly reduce disability (Butcher et al.,, 2013), and surgical
evacuation of the haematoma in carefully selected cases (Dastur and Yu, 2017; Hanley

et al., 2019). In the period between onset and surgery, as the blood clots and forms a
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haematoma, re-bleeding is common as the damage in the brain causes the rupture of
more vessels surrounding the haematoma. This disease progression and lack of
specific targeted therapies mean that haemorrhagic stroke patients suffer the greatest
severity and disability following the ictus. One million stroke survivors in the UK need
specialised post-acute care, as studies have proven a correlation with decreased
mortality (Parry-Jones et al., 2019), however across England, Wales and Northern
Ireland there is a lack of specialist stroke consultants, senior nurses and stroke units
that can provide professional care (The Royal College of Physicians, 2017). Stroke is
the leading cause of adult disability, causing a loss of motor skills and memory,
dysphagia, aspiration, speech and language problems and direct or indirect
psychological disorders (Ayerbe et al., 2015; Bakheit et al., 2007; The Royal College
of Physicians, 2017; The Stroke Association, 2016). Post-stroke immunosuppression
results in an increase of infection rates and pneumonia cases in patients, contributing
to worse outcomes (Westendorp et al., 2011). Despite this considerable public health
burden, stroke research is less likely to be funded by the UK government and charity
funding than cancer, coronary heart disease or dementia (Luengo-Fernandez et al.,
2016). There is a desperate, immediate need for specific therapies and better
understanding of the underlying disease etiology, in order to benefit the millions of

global stroke patients and improve their clinical outcomes.

1.2 Intracerebral haemorrhage

An intracerebral haemorrhage (ICH) is caused by a bleed in the brain parenchyma,
and to date is the most severe subtype of stroke, fatal in half of patients within one
month after onset, and highest resulting disability in survivors (Caceres and Goldstein,
2012). A bleed directly into the brain tissue can result in immediate death, decreased
consciousness, headache, seizures, vomiting and unilateral weakness (Morgenstern et
al., 2010). Subarachnoid haemorrhage (SAH), bleeds in the space surrounding the
brain, are more commonly resultant of a traumatic head injury (Abraham and Chang,
2016). Intraventricular haemorrhage (IVH), bleeds in the ventricular system, are often
the result of an ICH that has extended into the ventricles noted in about 40% of ICH
cases (Hanley, 2009). Spontaneous ICH accounts for 10-15% of all adult
(Intercollegiate Stroke Working Party, 2012) and 50% of childhood (Lo, 2011) strokes
in the UK with many potential causes. Globally the absolute number of haemorrhagic

stroke cases is on the rise, and the most severely affected populations (80% stroke
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cases) are in sub-Saharan Africa, Central and Southeast Asia (Krishnamurthi et al.,
2014). A recent systematic review suggests that despite better surgical treatments in
Western countries and widely available medical interventions for cardiovascular
disease, there has been no significant change in ICH incidence rate, only a decline in
mortality (Johnson et al., 2019). ICH can only be diagnosed at hospital using brain
imaging, typically a computerised tomography (CT) scan, often combined with
angiography to visualise circulation. Early diagnosis of stroke subtype in low-middle
income countries is still not possible, preventing immediate treatment and thus

resulting in the highest mortality rates (An et al., 2017).

The most common cause of ICH is hypertension as high blood pressure can go
untreated for years until a symptomatic outcome like ICH is detectable (The Stroke
Association, 2017). Increased resistance to blood flow raises outward pressure on
vessel walls. Chronic hypertension causes the blood vessels in the brain to weaken and
sometimes swell to form microaneurysms which are prone to rupture. Hypertensive
haemorrhagic strokes are commonly located in the basal ganglia and the tissues of the
posterior fossa (Zafar and Khan, 2008). Bleeds in this region and the cerebellum
obstruct cerebrospinal fluid (CSF) drainage through the fourth ventricle causing
hydrocephalus which can result in raised intracranial pressure and consequent loss of
consciousness. Pontine haemorrhages carry the potential for the worst prognosis
because of damage to vital brain stem structures. However, size of bleed and patient
level of consciousness upon admission remain the most critical markers of patient

outcome (Shaya et al., 2005).

Less common causes of ICH include traumatic head injury, small vessel diseases
(SVD) such as cerebral amyloid angiopathy (CAA) and hypertensive arteriosclerosis,
and macrovascular causes like arteriovenous malformations (AVMs), aneurysms, and
cavernomas (Keep et al., 2012). There are genetic risk factors for ICH, for example
those associated with conditions like hereditary haemorrhagic telangiectasia (HHT)
and CADASIL which increase the risk of a brain haemorrhage in a younger population

of patients.

Recent studies have shown that haemorrhage risk in aged patients is inversely related
to total cholesterol levels (Y.-W. Chenetal., 2017; Phuah et al., 2016; Sun et al., 2019;

X. Wang et al., 2013). Cholesterol is a major component of cell membranes,
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modulating the fluidity by forming sphingolipid rafts for proteins to anchor into the
bilipid layer (Massey, 2001). It is an essential precursor molecule for the synthesis of
steroid hormones, sex hormones, bile acid and vitamin D. Biosynthesised cholesterol,
and to some extent low-density lipoprotein (LDL) cholesterol in circulation from
dietary sources, is essential for brain cell synthesis, chemical synapse formation and
axonal myelination (Zhang and Liu, 2015). While too much cholesterol is a risk factor
for cardiovascular disease and ischemic stroke, patients with low levels show
increased haemorrhage incidence (Rist et al., 2019; Segal et al., 1999; Valappil et al.,
2012).

Further investigation into risk and causation of ICH is necessary to guide clinical
practice and prevent the severe disability in patients. Yet despite better management
of blood pressure, there has not been any decline in ICH prevalence suggesting a new
strategy is necessary. As yet, there is no specific medical treatment proven by phase
I clinical trials to improve outcome in ICH patients, however clinical evidence
suggests that there are three main targets for managing ICH outcomes: stopping the
bleed, removing the haematoma and controlling perfusing blood pressure (Qureshi et
al., 2009).

1.3 Injury pathology

Initial injury onset due to blood vessel rupture is caused by the toxic effects of
extravasation of blood into the brain tissue. Primary injury causes loss of cell structure
and an assault of toxic blood compounds such as iron, thrombin, and heme from red
blood cell (RBC) lysis (Figure 1.3.1). Bleed location is associated with patient
outcome and potential disabilities, and most common sites for bleeds are cerebral
hemispheres, basal ganglia, thalamus, brainstem and cerebellum. Reduced perfusion
of blood and oxygen causes cell death due to hypoxia in the core of the bleed, the
hematoma. The hematoma is at high risk of expanding for 4-6 hours after initial onset
and large haemorrhages are associated with very poor prognosis (Brouwers and
Greenberg, 2013). Haematoma expansion (HE) in one third of patients (S. Chen et al.,
2017) has been frequently clinically targeted by therapies to improve patient outcome
by lowering blood pressure (Anderson et al., 2013; Qureshi et al., 2016) and medically
initiating clotting (Mayer et al., 2008) however is difficult to predict progression in

patients. In aged patients, normal tissue atrophy makes space to accommodate tissue
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swelling and increased intracranial pressure (ICP) within the skull, however in
younger patients, brain swelling may necessitate a craniotomy and haematoma
evacuation in order to create space and decrease ICP. Oedema at the site of injury from
the damaged blood-brain barrier (BBB) exacerbates raised ICP after bleeding has
stopped, compressing surrounding tissue and further reducing blood flow (Xi et al.,
2006). Surgical intervention trials targeting evacuation of the haematoma (Hanley et
al., 2019; Mendelow et al., 2011; Morgan et al., 2008) have proven to be life-saving
and are current best practice strategies, but success depends largely on the location of

the bleed and patient admittance at a specialist stroke centre.

Thrombin, essential for blood clotting in the haematoma and preventing further HE,
is released into the brain with the initial bleed. The role of thrombin beyond blood
clotting remains controversial as in vitro studies have shown that at low concentrations
thrombin protects against oxidative stress and ischemia, however other works show it
is neurotoxic at high concentrations (Donovan et al., 1997; Striggow et al., 2000;
Vaughan et al., 1995). In vivo, injecting thrombin into the brain following ICH reduces
oedema in rats (Hua et al., 2003) but also increases tumour necrosis factor alpha (TNF-
a) expression which in turn was seen to exacerbate oedema (Hua et al., 2006b). The
overall effect of thrombin on the progression of pathology in humans may be
dependent on haematoma size, location and HE. Complement activation causes
haemolysis in the brain (Hua et al., 2000) releasing free heme which is degraded into
iron and carbon monoxide producing free radicals, causing oxidative damage to lipids,
proteins and DNA in neurons (Garton et al., 2016; Huang et al., 2002). Iron overload
from haemoglobin release is also linked to an increase of oedema as high
concentrations in the brain increase aquaporin 4, the water channel most highly
expressed on astrocyte foot processes that is essential for regulating brain water
content (Qing et al., 2009). Iron can also contribute to long term brain tissue atrophy
(Hua et al., 2006a). There is evidence to suggest that iron accumulation is associated
with other neurological disorders that may follow ICH such as Alzheimer’s disease
and dementia (LeVine et al., 2004; Quintana et al., 2006). Clinical trials thus far
targeting oedema have proven non beneficial (Lyden et al., 2007; Mayer et al., 2008;
Misraet al., 2007; Poungvarin et al., 1987; Yu et al., 1992) and iron chelation recently
proved futile (Selim et al., 2019; Yeatts et al., 2013).
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The hematoma gradually clears over weeks-months however will often leave a fluid-
filled cavity in the brain tissue (G. Wang et al., 2018). Patient rehabilitation has proven
that neuronal plasticity after haemorrhage can be refined through training, and pre-
clinical studies support this showing increased cellular mechanisms mediating
necessary neuronal plasticity (Saulle and Schambra, 2016). Scar formation in the
central nervous system (CNS) is attributed to glial cells, which surround the damaged
area and prevent axonal regrowth by forming a physical and chemical barrier (Stichel
and Mdller, 1998). In two thirds of survivors this damage leads to disability such as
speech and language disorders, hemiparalysis, epilepsy, cognitive impairment, and

secondary psychological conditions (The Stroke Association, 2018).
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Figure 1.3.1 Non-contrast CT scan of an ICH shows extent of bleed damage and
surrounding oedema (image from radiopaedia.org)

Primary injury of spontaneous blood vessel rupture seen on CT scan. ICH in the left
cerebral hemisphere (red line) surrounded by a region of low density oedema (blue
line). Blood has leaked into the lateral ventricle system (1 and 4) restricting normal
CSF flow. Mass effect causes a midline shift (2) and loss of visible gyrated structure

(3).
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Secondary injury mechanisms (Figure 1.3.2), arising from an innate immune response
to the blood compounds and necrotic tissue, are likely to be responsible for patient
disability in cases that do not result in immediate death. Innate immune cells release
pro-inflammatory cytokines promoting leukocyte migration from the periphery and
contribute to overall oedema through extravasation into the brain. Microglia, the brain
resident immune cells, respond to blood compounds and cellular debris within the
injury site to initiate a signalling cascade of cellular recruitment. The innate
inflammatory response has proven to be overall deleterious, for example by increasing
oedema and the concentration of free radicals (Aronowski and Zhao, 2011). However,
innate immunity is also vital for recovery and therefore modulating the immune
response after ICH as a potential therapeutic strategy, needs to retain this fine balance
(Mracsko and Veltkamp, 2014).

During an ICH endothelial cells, neurons, astrocytes and microglia are damaged by
toxic blood factors and mechanical pressure within the swelling tissue, and release
damage-associated molecular pattern molecules (DAMPs) (Veltkamp and Purrucker,
2017). DAMPs from apoptotic cells such as ATP, neurotransmitters and intracellular
compounds (DNA, heat shock proteins, ribosomal proteins and cholesterol) bind
pattern recognition receptors on cells and contribute to a sterile inflammatory reaction
(Chen and Nufiez, 2010). Brain resident microglia are activated by these DAMPs in
the first hour and exhibit a persistent response to the injury, releasing cytokines and
chemokines to trigger further cell activation and migration to the site of injury (van
Rossum and Hanisch, 2004). These molecules are carried in the circulation and
activate more peripheral immune cells from the blood and spleen (Zhang et al., 2017).
Microglia express Toll-like receptors (TLRs) that are stimulated by DAMP ligands
and activate a phagocytic phenotype, removing dead cells and blood debris from the
haematoma (Fang et al., 2013; Lin et al., 2012). Activation of TLR4 leads to the
upregulation of downstream pro-inflammatory genes like nuclear factor-kB (NF-xB)
which drives inflammation through cytokines interleukin (IL)-1a, IL-1p, TNF-o and
IL-6. High expression of TLR4 on patient monocytes upon admission with an ICH has
been associated with a poor outcome (Rodriguez-Yariez et al., 2012) and therefore
modulation of the TLR4 signalling in microglia may present a therapeutic target for
secondary injury following ICH (Y.-C. Wang et al., 2013). Activated microglia and

brain macrophages also release CXCL2 which acts as a chemoattractant for peripheral
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leukocytes. Neutrophil extravasation through the BBB contributes to further oedema
and an overall increase in ICP. Infiltrating leukocytes release more pro-inflammatory
cytokines and matrix metalloproteinases (MMPs) to aid cell migration through tissue
which catalyses the deleterious cascading immune response and peaks 3-4 days after
injury (Xue and Del Bigio, 2000). Neutrophils have also been shown to release more
reactive oxygen species (ROS) during brain injury and contribute to haemorrhage
(Clark et al., 1996). An adaptive antigen-specific immune response is mounted 5-7
days later in which T-helper lymphocytes are seen in the peri-haematomal region.
Evidence is lacking as to whether this delayed response is influential in regeneration
and repair (Klebe et al., 2015). Later events involve the activation of astrocytes to clear

the haemoglobin-derived product haemosiderin (Shivane and Chakrabarty, 2008).

The immune response to ICH can also be neuroprotective and therefore modulating
cellular action must be finely balanced. Microglial phagocytosis of the haematoma is
essential for clearing the mass and has been targeted therapeutically to protect from
cellular damage in rodents (Zhao et al., 2007). Phagocytosis of blood debris and toxic
compounds through scavenger receptor activation can stop the spread of damage and
oxidative species (Taylor and Sansing, 2013). Microglia polarised to a neuroprotective
phenotype by immune regulators IL-4 and IL-10, upregulate neurotrophic factors and
scavenger receptor expression and decrease production of pro-inflammatory markers
(Cherry et al., 2014). Microglia polarisation phenotypes are very plastic and can
fluctuate with a change in cellular environments. Some studies reviewed by Cherry et
al. have shown that in CNS injury or neurodegenerative disease immune modulators
(IL-4, IL-10, galectin-3, TGF-P) that promote a neuroprotective microglial phenotype
have been beneficial. In ICH alternative microglial activation as a therapy has only
been investigated in animal models (Lively et al., 2016; Wu et al., 2016) but has
proven favourable for outcomes and predicted to have beneficial action in patients
(Klebe et al., 2015). Recovery from ICH is dependent on microglial activation and so
inhibiting all responses may be detrimental and therefore must maintain equilibrium
(Taylor and Sansing, 2013). Post stroke patients often exhibit inherent
immunosuppression which leads to increased infection rates and worse outcomes in
the long term (Shi et al., 2018). Immune responses represent a likely therapeutic target
for improving stroke patient’s outcomes, mitigating the deleterious inflammation and

up regulating the neuroprotective and recovery mechanisms.
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Figure 1.3.2 Diagrammatic representation of secondary injury pathology and
immune response in ICH

The haematoma (red) in the brain parenchyma is surrounded by oedemic tissue (blue)
and the spreading damage to healthy tissue (grey). Products of RBC lysis initiate an
innate immune response to the bleed, microglia respond to DAMPs in the haematoma
and release chemoattractant molecules (1). Peripheral neutrophils are recruited to the
injury site contributing to BBB break down (2). Macrophages respond to IL-1 and
migrate from the periphery into the parenchyma (3). Peripheral macrophages migrate
into the tissue and phagocytose the debris in the haematoma (4).
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1.4 Preclinical models of ICH

Over the past 30 years, animal models of ICH have advanced our understanding of
clinical pathology and disease mechanisms. These models have mostly been
developed in rodents as wide usage of these mammals for other biomedical research
make easy accessibility of such a vast genetic and experimental toolbox (Ellenbroek
and Youn, 2016). Practically, rodents are easy to handle, display injury behaviours
like humans, have representative brain anatomy and can be genetically manipulated.
Historically, rodent models have been well characterised in terms of aged co-
morbidities and offer robust measures of neurological disease. The best, most accurate
animal models resemble closely human disease in aetiology, biochemistry,
symptomology and treatment (McKinney and Bunney, 1969). Mimicking all aspects
of disease in one animal model is not feasible, thus leading to a multitude of rodent
models of ischemic stroke being developed (Fluri et al., 2015). Each characterises
different aspects of disease aetiology, to enable answering of specific research
questions, but this development is lacking in the ICH field. Rodent models of
comparable human neuroanatomy are limited in clinical relevance due to the low white
matter content, fewer glial cells and a better capacity to accommodate a larger injury
than humans (Treuting et al., 2017). Validating the use of rodent models is tricky in
cerebrovascular disease because of the lack of translatability and therefore there is

scope to develop new models to further understand ICH pathology.

The most commonly used rodent models for pre-clinical ICH study are direct injection
into the striatum of autologous blood or bacterial collagenase to break down the
basement membrane (Andaluz et al., 2002; Rosenberg et al., 1990), (MacLellan et al.,
2010). A major limitation for these commonly used ICH models is that an invasive
surgical procedure is required to initiate a cerebral bleed, rather than recapitulating the
true spontaneous nature of vessel rupture seen in the human condition. Both
autologous blood and collagenase models fail to exhibit key pathologies of human
disease that would present likely targets for therapeutics. Autologous blood injection
models mimic a mass of blood in the brain but do not involve vessel rupture and
therefore lack HE. Collagenase breaks down basement membrane proteins that causes
vessel rupture however lacks spontaneity and at high doses is directly neurotoxic,

making it difficult to determine whether any neuroprotective strategies are due to the
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presence of collagenase itself. Both models create consistent, hemispherical
haematomas, which are good for evaluating differences in a laboratory setting. A
rigorous battery of standardised behavioural tests can measure the effect of brain
damage in rodents after a stroke (Schaar et al., 2010) but are not entirely comparable
to the Glasgow Coma Scale used to determine severity in humans which uses verbal
responses and eye opening as indicators of alertness (NICE, 2014). Rodents are far
more accommodating of larger brain injuries than humans; with comparably less white
matter volume, injuries can seem milder as there is a less significant loss of
connectivity than in humans (Semple et al., 2013). Additionally, testing for deficits in
humans is far more sensitive and therefore the smallest changes are apparent, as
humans can communicate headache, dizziness, depression etc. that are difficult to
detect in rodents. Also, surgically induced haemorrhages in rodents are not
comparable to the size and position of a typical human haemorrhage (Manaenko et al.,
2011) as they are created consistently in the same region and do not display the same
morphological heterogeneity as human haematomas. Rodent models rarely exhibit
other co-pathologies that contribute to disease in humans such as SVD, CAA or
hypertension. In rodents, haematoma is seen to resolve by 21 days (Zhao et al., 2007)
contrary to humans, in whom the timeline and bleed resolution contributes to much

longer term pathological outcomes (Kitago and Ratan, 2017).

There have been some specific models of spontaneous ICH that do not require surgical
intervention and are argued to reflect human pathology more closely, as summarised
in Table 1.4.1. Unfortunately, although these models are more valid and represent the
co-morbidities seen in humans, they present more practical problems such as increased
variability in haemorrhage timing and location, higher cost, and higher mortality.
Hypertensive models (lida et al., 2005; Wakisaka et al., 2010) require long term
changes to diet, drinking water and drug exposure, which increases the cost of model
development and thus have lacked uptake in the pre-clinical community. Genetic
models of Alzheimer’s (Fisher et al., 2011) SVD (Van Agtmael et al., 2010; Weinl et
al., 2015) CAA (Winkler et al., 2001), and metabolic disorders (Zinnanti et al., 2014)
that exhibit spontaneous haemorrhage as secondary pathology, may present
confounding influential factors over disease progression and are unlikely to make
good ICH models as haemorrhage is inconsistently produced. Other models such as

the neonatal rabbit (Lorenzo et al., 1982) and the aged squirrel monkey brains
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(Elfenbein et al., 2007) are also unpredictable due to heterogeneous haemorrhage
numbers and do not offer widely usable and informative models of ICH. Thus, the
surgical intervention rodent models of ICH have become the most popular and ~100

articles (PubMed search 2019) are published every year investigating these models.
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Table 1.4.1 adapted from Alharbi et al (2016) search terms. A summary of the spontaneous models of ICH, excluding any model that required a
surgical intervention.

Author Species Age ICH pathology Disadvantages Advantages Induction method Outcomes measured
and year
(Elfenbein | Squirrel Aged (15- [Co-morbidity related bleeds |Requires considerable aging |Mimics an aged brain Aged brains CAA AP plaques, number of
etal, monkeys 23years) and natural CAA phenotype bleeds, vasculopathies
2007) development
(Fisher et |Mouse 21mths Microhaemorrhages, amyloid |No HE, no loss of function  [Mimics common co-morbidity | Tg2576 mutation Number of microbleeds
al., 2011) co-pathology tests
(lida et al., | Mouse 4-5mths Location of bleed similar to  |Requires high salt dietand  |Models a common ICH co- Double transgenic Survival, blood pressure,
2005) human, bradykinesia, tremor |Nw-nitro-L-arginine methyl |morbidity/causation hypertensive histology
ester treated drinking water
(Van Mouse Embryonic- | Cerebral haemorrhage in 20% viability at weaning Mimics common co-morbidity | Col4al missense mutants Vessel histology, contractile
Agtmael 9 month pups, focal detachment of strength, hypertension, blood
etal, endothelium from basement volume, ER stress
2010) membrane, reduced vessel
homeostasis
(Kuramoto | Rat 18-36mths |Spontaneous death, more Many co-morbidities, chronic [Mimics an aged brain Homozygous GH-deficiency |Gross pathology, number of
etal., (spontaneous prevalent in females neuropathy, posthumous phenotype in a heterogenous cerebral bleeds
2010) dwarf) analysis population
(Lorenzo |Rabbit Neonatal |Intraventricular bleeds Only a 12.5% bleed rate Mimics a paediatric ICH Premature delivery Survival, body weight, blood
etal, pressure, brain weight,
1982) histology
(Theriault |Rat Neonatal  |Cerebral microbleeds and Ex vivo analysis, no Mimics a paedriatric ICH Intrauterine ischemia at E19 [ Angiogenesis markers,
etal, functional deficits associated |hematoma, sex not recorded and maternal LPS injection  |collagen IV, number of
2017) with vaginal delivery whilst in utero microbleeds, neurofunctional
analysis, myelination
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(Wakisaka | Mouse 8mths Wide distribution of bleeds, |Ischemic lesions, no HE, Models acute and chronic No-nitro-L-arginine methyl  |Blood pressure, stroke
etal., size comparable to human short study duration, no hypertension co-morbidities  |ester treated drinking water  |incidence, ICH size, oxidative
2010) condition, consistent, no use |neurological signs of damage and angiotensinll osmotic stress, MMPs expression
of genetic manipulation. pump
(Weinl et |Mouse P5 pups Multiple cerebral-specific Low survival rate with early |Models SVD co-morbidity Inducible endothelial cell Survival, functional
al., 2015) and 4-6wk [bleeds, found in cortex and  |deletion deletion srf KO mice behaviour, changes long term,
adults deep brain in pups, larger BBB permeability
volume haematoma in adults
with neurodegeneration
(Winkler |Mouse Adultand [Co-morbidities, aneurysm, Ex vivo analysis of bleed Models CAA co-morbidity CAA model of APP23 Size and number of bleeds,
etal, aged (20- |multiple recurrent bleeds, mutation association with CAA
2001) 28mths)
(Zinnanti | Mice 4 weeks Vessel dilation, increased Ischemia Models GAl-related metabolic| Gedh KO (GA1) mutation Neuromorphology,
etal, venous blood pressure stroke independently from and protein-rich/lysine-rich  |cerebrovascular
2014) ischemia diet abnormalities, number of

bleeds.
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It is therefore essential that new spontaneous models are explored, in different
organisms, in order to support the understanding of ICH pathology and enable the

identification of novel targets (Selim et al., 2018).
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1.5 Replacement, reduction and refinement; the 3R’s

In the UK the governmental framework for ethical animal research is defined by the
3R’s; replacement, reduction and refinement. Any experimentation with protected
species adheres to strict guidelines about how the animals are cared for, bred and
applied in scientific investigation (ASPA, 1986 amendments 2012). As technology
advances, where possible, it is essential to reduce the number of animals used for pre-
clinical experimentation, whether by optimising the amount of data from one animal
or using less animals for control and sham conditions with better planned experiments.
Protected animal species can be replaced altogether by using appropriate in vitro and
in silico techniques or by using non-protected species where possible and by
generating directly translatable data from patient samples. In the cases where animal
models are absolutely necessary, such as toxicology studies, then experimental
technique and husbandry must be refined to minimise long term stress and suffering.
Current pre-clinical ICH studies involve surgical procedures, potential suffering as a
result of brain injury and increased likelihood of death. Genetic models require
breeding colonies and result in unused offspring. Rodent studies are usually carried
out in males only, to reduce the confounding factor of hormone differences in females
and thus result in the termination of 50% unused animals. To continue pre-clinical
study with a poor model of ICH, does not align with the 3R’s framework and therefore
development of alternative approaches is essential. This work investigates the validity
of using zebrafish larval models, before protected status, to reduce the number of

animals needed for pre-clinical ICH investigation.

1.6 Zebrafish as a model organism

Zebrafish (Danio rerio) are becoming an increasingly popular animal model for
preclinical study of cerebrovascular disease (Walcott and Peterson, 2014). The
cerebral vasculature is comparable in morphology and physiology to humans from
early development. The zebrafish is a small vertebrate and offers many practical and
scientific advantages over mammalian models which suggest this organism is suitable
as an alternative species in which to model ICH. The current rodent models of ICH
are costly, time intensive and are not amenable to large scale drug screening for
identification of new drugs. An alternative approach may therefore elucidate new

mechanisms and pathways to target for treating ICH pathology.
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A single adult zebrafish pairing produces hundreds of offspring, providing a large
sample size of genetically similar siblings suitable for high-throughput drug screening
and assay techniques. Larvae are transparent and external embryogenesis makes
genetic manipulation easy, allowing for the generation of numerous transgenic
reporter lines. Prior to 5 days post fertilisation (dpf) larval zebrafish are not a protected
species in the UK (ASPA, 1986 amendments 2012) so any genetic manipulation or
experimentation is not procedural. Early development occurs rapidly and has been
well characterised (Kimmel et al., 1995). By 24 hours post fertilisation (hpf) there is
bilateral organisation of somites and notochord (figure 1.6.1). In wildtype fish,
pigmentation begins at ~48 hpf at which point the heart, brain, somites and circulating
erythrocytes are all visible by using non-invasive brightfield microscopy. Transparent
adults that carry knock-out mutations to skin pigmentation genes enable non-invasive
internal visualisation past the 48 hpf time point (White et al., 2008). Generating
disease models using morpholino (MO) knockdowns and CRISPR technology to
target orthologous disease specific genes has been exploited to establish a database of
mutants for scientific investigation (Kettleborough et al., 2013). Furthermore, a vast
range of transgenic reporter lines are available within the zebrafish research
community that enable non-invasive in vivo imaging of internal cellular processes
within the larvae. Zebrafish develop an innate immune system during initial
haematopoietic stages to protect against infectious disease as adaptive immunity only
matures 4-6 weeks after fertilisation (Willett et al., 1999). Zebrafish larvae are also
suitable for behavioural studies, as they exhibit reflex reactions from hatching (48hpf)

(Easter Jr and Nicola, 1996), thigmotaxis and hunting behaviours.
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Figure 1.6.1 Visible embryogenesis in a 24 hpf zebrafish larvae

(Reproduced with permission from The Company of Biologists, Retrieved from
http://www.biologists.com/development) Drawings of dorsal, lateral and ventral
views of a 24 hpf developing zebrafish larvae. Structures that are visible with a
compound microscope have been labelled (Haffter et al., 1996).
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Zebrafish larvae are amenable to non-invasive chemical treatment by absorption of
drugs introduced to the water, thus given their small size and abundance enables high-
throughput drug screening (Wang et al., 2015). Non-invasive treatment and
monitoring means pathological progression can be studied in real-time over all
developmental stages. Zebrafish models have already been employed in research into
cancer biology, infection, inflammation, cell biology and neurological disorders (Best
and Alderton, 2008). Small molecule phenotype-based screens in zebrafish have
contributed to drug discovery for a diverse range of diseases and have been utilised in
repurposing existing drugs (MacRae and Peterson, 2015). For example dorsomorphin,
a zebrafish-derived inhibitor of BMP signalling, has been shown in mammalian
studies to treat hyperactive BMP signalling disorders (Paul et al., 2008a; Paul et al.,
2008b). Currently in phase 1l trials, Prohema, a stabilised derivative of prostaglandin
E2, was the first drug developed from zebrafish studies that passed phase I clinical
trials and is used to enhance haematopoietic stem cell production in patients treated

for leukaemia or lymphoma (Cutler et al., 2013; North et al., 2007) .

Thus far zebrafish studies have not been as successful in translational drug discovery
for neurological disorders (Rennekamp and Peterson, 2015). However employing the
advantages of a zebrafish model as a tool for experimentation can prove crucial to
refining experimental technique for studying multi-systemic disease. Recently
zebrafish have been used in a phenotype-based chemical screen to identify an anti-
fungal drug miconazole as a potent brain haemorrhage suppressor (Yang et al., 2017).
Researchers generated data from a large sample size of zebrafish embryos to show
significant anti-haemorrhagic properties of their drug, verified by microscopy and
whole-mount in situ hybridisation. As such, Yang et al (2017) have demonstrated the
potential for zebrafish larvae to replace a rodent model in neurology research in order

to reduce, replace and refine the use of animals in the laboratory.

1.7 Zebrafish preclinical models of human disease

With respect to human disease modelling, zebrafish possess genetic orthologues for
84% of human disease causing genes (Howe et al., 2013; The Wellcome Trust Sanger
Institute, 2001). Zebrafish exhibit comparable biology and physiology with humans,
similar early development and simple body systems (Mueller and Wullimann, 2015).

Mechanisms and pathways are conserved not only across species but through
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developmental stages also, making larvae convenient and valuable tools to model
human diseases. Such models are not without limitations, as the speed of development,
and the innate regenerative properties of zebrafish mean that recovery mechanisms
differ vastly from human condition. The same limitations that separate rodents from
clinical human condition also apply, the limited white matter content allow zebrafish
to accommaodate larger brain injuries than is possible in humans. Small organisms have
practical husbandry advantages over mammals as they can be maintained in-house,
and they are cost effective to house and feed. However, the small size of the zebrafish
larvae means that they can absorb nutrients and water soluble molecules through their
skin (Diekmann and Hill, 2013; Kanungo et al., 2014). The majority of the nutrients
they need are absorbed from the endogenous yolk sac until 5 dpf which also contains
maternal mRNA and is essential for early lipid processing (Fraher et al., 2016). These
developmental features mean that individual microenvironments cannot always be
tightly controlled. Zebrafish are relatively more outbred than lab mice strains, as there
are more offspring from every pairing and have not been used as laboratory animals
for as long. As a result, there is more genetic and experimental variation between
individuals in a clutch. This individual variability more closely resembles the
heterogeneity of the human population, and means much larger sample sizes are
required than typically used in than rodent studies that are now widely recognised as
underpowered (Button et al., 2013). A well powered experiment is essential for a high
probability of detecting a difference from the null hypothesis.

Concerning the zebrafish immune system, there is a temporal separation between
innate and adaptive response development and the fully mature immune system is not
present until 4 weeks post fertilisation. Cells of the innate system are detectable at 1
dpf and larvae are excellent systems for investigating innate responses independent
from adaptive responses to sterile and bacterial inflammation (Renshaw and Trede,
2012). Larval innate immune systems comprise mostly of neutrophils and
macrophages that are capable of phagocytosing cellular particles and bacteria, and
responding to wounds and infection sites (Novoa and Figueras, 2012). Primary
immune responses involve TLRs and the expression of inflammatory cytokines;
signalling pathways that are orthologous to human responses and that are well
characterised (Renshaw and Trede, 2012; Trede et al., 2004; Zou and Secombes,

2016). Analysis of the teleost genome linage shows that a whole-genome duplication
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occurred subsequent to mammalian divergence and retained duplicates of many
immune genes offering functional innovation in zebrafish (Jaillon et al., 2004).
Interleukin-1p, the master pro-inflammatory cytokine, has multiple copies in teleost
fish; however other functional members of the IL-1 family in mammals (IL-1a, IL-33,
etc.) are missing (Secombes et al., 2011). Mammalian IL-1B is made as a precursor
molecule and cleaved for activation by caspase 1, shown to be the same mechanism in
fish, though fish lack the conventional cleavage site for pro-IL-1p (Ogryzko et al.,
2014b). 1t is unclear whether mature IL-1pB in zebrafish is processed the same as in
humans however evidence suggests that the diverse physiological functions
stimulating inflammatory processes are conserved (Zou and Secombes, 2016). A
simple and comparative immune system in early zebrafish larvae offers a useful and
translatable model for pre-clinical ICH investigation of inflammatory consequences

immediately subsequent to an ICH event.

1.8 Zebrafish stroke models

The aim for animal model development is to generate an imitation of the human
pathophysiology via a non-invasive method that would cause the least amount of stress
and suffering in as few animals as possible. Pharmacological agents can be used to
induce a disease model, as they often have a wider range of targets in the organism to
develop more complex phenotypes such as neurological disorders. Genetic mutations
exhibited in human ICH pathologies can be replicated in the zebrafish using genome
editing techniques so the model has an ICH phenotype similar to human disease. Both

approaches to disease modelling can be employed in ICH research in zebrafish.

There have been zebrafish larval models published previously that exhibit defects in
the developing cerebrovasculature that may have potential in ICH pre-clinical
investigation. Zebrafish larvae exposed to atorvastatin (ATV) at 24 hpf display
spontaneous brain-specific blood vessel rupture at the onset of circulation (~33 hpf)
(Eisa-Beyqi et al., 2013). Atorvastatin inhibits the 3-hydroxy-3-methyleglutaryl-CoA
reductase (HMGCR) step in the cholesterol biosynthesis pathway, thus leading to a
reduction in the cell membrane sphingolipid rafts essential for protein anchoring. A
loss of cholesterol in these developing organisms results in a loss of tight junctions
between the neuroendothelial cells and thus vessels are prone to leaking at the onset

of outward haemostatic forces (figure 1.8.1). Specific pathway drug intervention
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studies have employed the ATV model to reduce the risk of haemorrhage by stabilising
the vasculature at early time points, inhibiting the internalisation of VE-cadherin and
stabilising tight junctions (Huang et al., 2017; S. Li et al., 2017). Involved in a similar
mechanism of action, a second, genetic based model of spontaneous cerebral blood
vessel rupture identified by ENU mutagenesis is the bubblehead (bbh) model of
vascular instability (Liu et al., 2007; Stainier et al., 1996). The bbh mutant exhibits a
hypomorphic mutation in arhgef7 (or Spix) that encodes a protein that regulates Rho
GTPases, implicated in cytoskeletal remodelling (figure 1.8.1). Without adequate
modelling of the actin cytoskeleton there is a loss of protein anchoring to the
membrane, resulting in a loss of tight junction cadherin proteins from the cell surface.
A second bubblehead mutant identified (bbh™%) has been employed in similar
intervention studies as the atorvastatin model, identifying miconazole by small
molecule screen as a haemorrhagic suppressor (Yang et al., 2017). Similar to the
bubblehead strain, the redhead zebrafish exhibits a hypomorphic mutation in pak2a,
a kinase downstream of fpix involved in actin remodelling in angiogenesis (Buchner
et al., 2007). Reduced expression of pak2a in rhd™4® mutant zebrafish resulted in
CNS haemorrhages at 2 dpf due to a loss of vascular integrity. Larval notch3 mutant
models of CADASIL syndrome have reduced expression of myelin basic protein and
display stress-associated cerebral haemorrhage due to fewer oligodendrocyte

precursor cells resulting in gaps in the vessel walls (Zaucker et al., 2013).

These models offer spontaneous, cerebral-specific bleed models that can be exploited
in the reference of human ICH as a pre-clinical disease model. Currently there has
been no study into the disease pathology in the zebrafish brain after an ICH, and all
the current drug intervention studies aim to prevent haemorrhage from occurring and
stabilise development rather than ameliorate pathology. Employing all the
experimental advantages of zebrafish models may allow for non-invasive monitoring
of the innate immune system, and large scale, rapid drug screening advancing our

understanding of haemorrhage pathology.
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Figure 1.8.1 Mechanism of action of atorvastatin and the bubblehead gpix

mutation

Statin-mediated HMG-CoA inhibition reduces overall cholesterol production, which
effects tight junctions between endothelial cells by subsequently reducing protein
binding rafts in the cellular membrane. p-pix mutation induces neurovascular
weakness by preventing actin cytoskeleton remodelling and anchoring to the cell
membrane. The weakness in formation of tight junctions results in ‘leaky’ endothelial

junctions in the developing neurovasculature.
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1.9 Summary

An ICH results in a devastating neurovascular attack and contributes substantially to
global mortality and morbidity. Thus far, research carried out in rodent models has not
contributed to an effective therapy for humans in the past 30 years, and experimental
techniques used to create a brain bleed are invasive and classed as moderate
interventions by the Animals (Scientific Procedures) Act (1986 amendments 2012).
Priorities for pre-clinical ICH research outline the need for new spontaneous bleed
models, consistent with human condition (Selim et al., 2018). Zebrafish larval models
of cerebrovascular instability exhibit cerebral haemorrhages spontaneously and
therefore may represent an alternative for a stable and clinically relevant model of
ICH. Such a model will enable exploration of the immediate innate immune response
in the context of ICH secondary injury in vivo as haemorrhage can be rapidly detected
in the see-through animal. Practically, a zebrafish larval model would allow
investigation into potential treatment approaches through non-invasive techniques. A
reliable and reproducible model of spontaneous ICH is essential to understanding the

causes of blood vessel rupture in human condition.

1.10 Aims

The zebrafish larva is a powerful experimental tool for neurological research,
displaying genetic and physiological conservation with human and rodents. Currently
in pre-clinical ICH research many questions remain, such as what other models could
be developed to investigate aetiology? Do we understand the immediate innate
immune pathology of ICH? Are there any therapies that target secondary injury
mechanisms that result in better patient outcomes? Presently the available pre-clinical
models cannot offer answers to these questions and therefore a priority for ICH
research is to develop models of spontaneous ICH consistent with human

characteristics (Selim et al., 2018).

The primary aim of this study is to characterise two of the existing zebrafish models
of impaired vascular development in the context of human ICH, investigating disease
pathophysiology after a bleed event. We hypothesise that by identifying specific
pathologies comparable with human condition we can assay severity. Additionally,
this study may identify pathways and mechanisms involved in causation or recovery
from ICH.
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Specifically, the aims of this work are to:

1.

Validate the atorvastatin and bbh zebrafish larvae models of cerebrovascular
weakness as spontaneous ICH models

Characterise the pathology associated with disease

Employ the model and assayable outcomes in a drug screen, to investigate
whether interventions after a bleed has occurred have beneficial effects on
injury

Investigate the factors in both models that contribute to the spontaneous nature

of blood vessel rupture

The long-term aim is to establish the use of zebrafish larvae as a new model of brain

haemorrhage in the stroke research community, providing an ethically more

acceptable and rapid throughput system for future pre-clinical drug development.
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Chapter 2: Materials and methods

2.1 List of reagents

Name

Protocol

Recipe

E3 Embryo media

Zebrafish husbandry and
embryo collection

4% Instant ocean, 500pl
methylene blue in 1L

Milli-Q H.0

buffered saline (PBS)-

Tween

4% MS222 Larvae termination, light | 2g Tricaine, 10.5ml Tris
sheet microscopy (pH 8.0) in 500mI Milli-Q

H20
0.02% Phosphate 1 tablet PBS per 200ml

Milli-Q H20, and 200ul
Tween-20

4%  paraformaldehyde | Fixing embryonic tissue 10ml 16% PFA (Alfa
(PFA) Aesar) in 30ml PBS
SZL Buffer DNA extraction 25ml 1M KCL, 1.25ml

IM MgClz, 5ml 1M Tris
(pH 8.3), 2.25ml NP40,
2.25ml Tween-20, 50ml
Gelatine 0.1% in 500ml
Milli-Q H20.

Orange G Loading Dye

Gel electrophoresis

4ml 100% glycerol, 1ml
Orange G loading dye in
10ml Milli-Q H20

50X TAE Buffer

Gel electrophoresis

121g Tris base, 50ml
0.5M EDTA (pH 8.0),
28.5ml
500ml Milli-Q H20

acetic acid in

Pigment Bleach

Whole-mount in  situ
hybridisation,
immunofluorescence and

staining protocols

500ul formamide, 3.3ml
of 30% H20., 250ul of
20X SSC
Milli-Q H.0

into 5.eml
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O-dianisidine stain

Haemoglobin stain

6mg o-dianisidine, 4ml of
100% ethanol, 100pl 1M
sodium acetate (pH 4.5),
210pl 30% H20. into
5.69ml Milli-Q H20

Hybridisation + buffer

Whole-mount in  situ
hybridisation

25ml Formamide, 12.5ml
20X SSC, 460ul 1M citric
acid, 250ul Tween 20,
0.5ml 50mg/ml tRNA,
25ul heparin and 11.25ml
Milli-Q H.0

Hybridisation — buffer

Whole-mount in  situ

hybridisation

25ml formamide, 12.5ml
20X SSC, 460ul 1M citric
acid, 250ul Tween 20,
and 11.8ml Milli-Q H20

BCL buffer Whole-mount in  situ | 2.5ml 1M Tris (pH9.5),
hybridisation 500ul 5M NaCl, 1.25ml
1M MgClz, 125ul Tween
20 in 25ml of Milli-Q
H>0
MAB-Tween Whole-mount in  situ | 5ml 1M maleic acid,
hybridisation 1.5ml 5M NaCl, 50ul
Tween 20 in 50ml Milli-
Q H20 (pH 7.5)
Tris-EDTA Immunohistochemistry 1.21g Tris, 0.37g EDTA

in 1L Milli-Q H20 (pH8.6
and pH9.0)

Sodium Citrate

Immunohistochemistry

2.94q trisodium citrate in
1L Milli-Q H20 (pH®6.0)

TNT

Immunohistochemistry

50ml 100mM  Tris
(pH7.5), 15ml 5M NacCl,
250ul Tween 20 in 500ml
Milli-Q H20
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Primary antibody buffer | Immunohistochemistry 1.5ml Triton-X, 5g BSA,

25ul sodium azide into

500ml PBS
PBDT Whole-mount 1% DMSO, 1% BSA, 1%
Immunohistochemistry Triton X, 5% goat serum

in 1X PBS
IL-1Ra vehicle IL-1Ra injection 1.29g sodium citrate,

5.48g sodium chloride,
0.12g disodium EDTA,
0.7g Polysorbate 80 into
1L Milli-Q H20 at pH 6.5

2.2 List of primers

Name Sequence
il-1p F: TGGAGATGTGGACTTCGCAG
R: AGCTTCTGGTTCATGCAGAC
ch25h F: GCATGGATCCATGTTTGGACTACAGCACATCT
(WISH) | R: GGCCGAATTCTCATTCAAAGTGCAGTGTCC
bbh M2%2 | F: GGGACAAGCAGACAGCTCAT
R: CAGATCACCTGGATCCGCTC
il-1p F: ATGGCATGCGGGCAATATGA
(WISH) | R: CTAGATGCGCACTTTATCCT
nephrin | F: TCCGCCCAAACCAAATTCAG
(WISH) | R:GGATCCAATTAACCCTCACTAAAGGGCTCGCAGGTGATTTCG

TCTG
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2.3 Zebrafish

2.3.1 Zebrafish husbandry

Zebrafish were raised and maintained at The University of Manchester Biological
Services Unit under standard conditions as previously described (Westerfield, 2000).
Adult zebrafish are housed in tanks with a recirculating water supply at 28°C under a
14/10 hour light/dark cycle. All adult husbandry was approved by the University of
Manchester Animal Welfare and Ethical Review Board. All experiments were
performed in accordance with U.K. Home Office regulations (PPL:70/9091 and PPL.:
P132EB6D7).

2.3.2 Zebrafish strains

Transgenic lines used in this study include macrophage-specific lineage
Tg(mpegl:GAL4-Vpl6/UAS:nfsB-mCherry) (constructed in-house as previously
described (Ellett et al., 2011)), neutrophil-specific Tg(BACmpo:GFP)™!3 (Renshaw et
al., 2006), erythroid-specific Tg(gatal:dsRed) (Traver et al., 2003), endothelial cell
specific Tg(flil:EGFP)** (Lawson and Weinstein, 2002) and Tg(ubig:secAnnexinV-
mVenus), a reporter for apoptosis (re-derived in house (Morsch et al., 2015)) on wild-
type, nacre (mitfa"?*2) and mutant (bbh™?°2) backgrounds.

2.3.3 Embryo collection

Fertilized embryos were collected from natural spawning and incubated at 28°C in
standard E3 embryo medium and staged according to standard guidelines (Kimmel et
al., 1995). At experiment end zebrafish larvae were terminated prior to protected status
using a lethal dose of MS222 anaesthesia and freezing. Larvae older than 5 dpf were
schedule 1 terminated with a lethal dose of MS222 and death confirmed by

maceration.

2.3.4 Embryo dechorionating

From 24 hpf embryos were dechorionated for drug treatment or injection. Using two
pairs of ultra-sharp dissection forceps (Agar Scientific AG502) the chorion was cut
open and removed from the dish. The embryos were then transferred to drug treatment

plates, or control plates.
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2.3.5 ICH models — Atorvastatin

For the ATV model, nacre or transgenic embryos were dechorionated at 24 hpf and
transferred to clean petri dishes in E3 embryo medium. ATV (Merck PZ0001) was
solubilised in distilled water to a stock concentration of 0.5mM. Embryos (n=60-100)
were treated with a final concentration of 1uM ATV through water bath incubation at
28°C for 24 hours and equivalent numbers were left as untreated controls. A
proportion of ATV-treated embryos did not develop ICH and therefore these animals
were used as controls for the treatment (ICH-) alongside untreated (UNT) siblings.
Embryos with evident brain haemorrhages (ICH+) were separated from non-

haemorrhaged (ICH-) siblings at ~52 hpf for downstream analyses.

2.3.6 ICH models — Bubblehead

For the Bubblehead (bbh) line (Liu et al., 2007), embryos were obtained from adult
in-crosses from heterozygous bbh™?%2 mutant animals (maintained on wild type and
transgenic reporter backgrounds). Embryos with evident haemorrhages (ICH+) were
separated from non-haemorrhaged (ICH-) siblings at ~52 hpf for downstream

analyses.

2.3.7 Experimental powering

Experimental power for the sample sizes were determined assuming 5% significance
and 80% power and 2-sided differences. For cell death investigation the standardised
effect size was found to be 0.8 based on a sample size of n=6-8 for 3 replicates. For
motility assay the standardised effect size was found to be 0.5 based on a sample size

of n=24 for 3 replicates.

2.3.8 Head injury

Larvae at 2dpf were anaesthetised using 0.02% MS222 until cessation of movement.
With a bevelled glass capillary needle a single stab injury was induced into the
midbrain (adapted from (Schmidt et al., 2014). Control larvae groups were
anaesthetised for equivalent time however no injury was induced. Larvae were washed
into fresh E3 embryo media and allowed to recover. At 1, 2 and 5 hours post injury
(hpi) whole larvae were harvested and tissue fixed in 4% paraformaldehyde for 4 hours
at RT or RNA extracted using Trizol protocol (2.9.1).
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2.3.9 Locomotion assay

Locomotion was measured at 120 hpf to determine if ICH resulted in a physical
phenotype. To remove locomotor function bias (ie. always selecting the slowest
moving individuals) larvae were briefly anesthetised at 72 hpf using 0.02% MS222 in
embryo water and selected at random for plating. Following recovery, n=24 larvae
were individually transferred to each well of a 24 well plate in 1 ml of fresh methylene-
blue free E3 medium. Cumulative time spent mobile was measured using the
DanioVision camera chamber and Ethovision XT software (Noldus version XT 11) at
room temperature. Analyses were performed on larvae at 72, 96 and 120 hpf.
Swimming movement of each individual larva was tracked in the x and y plane for 10
minutes using a white light stimulus to initiate a startle response every 60 seconds.

Cumulative time spent swimming was measured from 3 independent replicates.

2.3.10 Light sheet microscopy

Transgenic ICH+ and ICH- larvae were imaged using light sheet microscopy to
analyse apoptotic cell death (ubig:secAnnexinV-mVenus), neutrophils (mpo:GFP)
and macrophages (mpegl:mCherry). At ~72 hpf, randomly selected larvae were
anaesthetised using 0.02% MS222 and mounted in 1.5% low-melt agarose (Promega),
maintained at room temperature. Images were acquired using a W Plan-Apochromat
20X/1.0 UV-VIS objective for light-sheet microscope (Carl Zeiss Lightsheet Z.1) and
processed with ZEN imaging software (version 2.3). Maximum intensity projection
(MIP) composites were generated from z-stack images and brain regions (excluding
the eyes) were analysed for average intensity fluorescence of cells with image
background removal using an ImageJ (version 1.52a) macro (appendix i). Numbers of
fluorescent cells in the brain were also verified by blind manual counts from MIPs.
Data were collected from n=6-12 randomly selected larvae per group from 3
independent replicates for ATV studies and verified in 2 replicates for bbh. For time-
lapse recording, MIP composites were stitched from a series of successive z-stack

images over a period of 18 hours.

2.3.11 Analysis of blood flow

Embryos between 24 and 72 hpf were analysed for blood flow rate following IL-1Ra
treatment. Larvae were anaesthetised in MS-222 and mounted in the light sheet
microscope in 1.5% low melt agarose. Brightfield was used to focus on the blood flow
in the head and a 30s recording was made using OBS Studio screen capture software
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(version 23.0.2). Regions of interest were selected using the DanioScope (Noldus
version 1.1) software over the head circulation (mesencephalic vein) and analysed for

flow percentage and heart rate.

2.3.12 Total cholesterol analysis

Bubblehead embryos were injected with 1nl water and with cholesterol at 1Img/ml at
2 dpf and then taken for total cholesterol analysis using Abcam HDL and LDL/VDL
Colourimetric Cholesterol Assay Kit (Ab65390) according to manufacturer’s
instructions for tissue lysates. 100 embryos were homogenised using Kontes Dounce
tissue grinders (885300-0002) 10 times in 100pl of cholesterol assay buffer and tissue
debris pelleted. 30ul of supernatant for each sample was made to 50ul with assay
buffer and then mixed 1:1 with the assay reaction mix. Samples were plated in
duplicate in a clear bottom 96 well plate (Corning Costar), incubated for 1 hour at
37°C in the dark and absorbance read at 570nm on a FLUOstar Omega plate reader
(BMG labtech).

2.3.13 Statistical analysis
All data was analysed using Graphpad Prism (v7.0) or R (R Core Team, 2018) for
non-parametric data and analysis of batch variation. Data presented as mean +/- s.d.

unless stated otherwise.
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2.4 Drug treatments

2.4.1 Preparation of injection plates

A 4% agarose gel was made in 50ml of E3 embryo media and poured into a 90mm
petri dish (Thermo Scientific). Plastic groove moulds (Adaptive Science Tools) were
placed on the surface of the agarose and left to set at room temperature. For
manipulation of larvae beyond the 1 cell stage, no groves were made in the agarose
and plates were left to dry flat. Once set, E3 embryo media was added to the dish to

prevent the agarose drying out and plates stored at 4°C.

2.4.2 Embryo injection — IL-1Ra

At 72 hpf larvae were injected into the hindbrain with 200mg/ml of IL-1Ra (Anakinra,
Kineret®, SOBI). Larvae were separated into ICH- and ICH+ groups from ~52 hpf.
Larvae were anesthetised using 0.02% MS222 and plated onto a flat agarose mould at
room temperature. Using a glass microneedle, 1nl of IL-1Ra or a water control was
injected into the hindbrain ventricle. Following injection the larvae were moved into

fresh E3 medium to recover from anaesthesia.

2.4.3 Embryo injection — Cholesterol

Fertilised embryos were collected from breeding pairs and mounted on a grooved
injection plate. Using a glass microneedle 0.5-5nl of water soluble cholesterol (C4951
Merck) or a water control was injected into the yolk sac before the 2-cell stage.

Embryos were moved into fresh E3 embryo water.

Larvae from 1 dpf were dechorionated for injection. Larvae were anesthetised using
0.02% MS222 and plated onto a flat agarose mould at room temperature. Excess liquid
was removed to allow water tension to hold the larvae. Using a glass microneedle 0.5-
5nl of water soluble cholesterol (C4951 Merck) or water control was injected into the
yolk sac. Following injection the larvae were moved into fresh E3 medium to recover

from anaesthesia.

2.4.4 Deferoxamine treatment

Deferoxamine (DFO) (Merck) was solubilised in distilled water to make a stock
concentration of 50mg/ml. Larvae were separated for ICH- and ICH+ groups from ~52
hpf and plated in a 6 well plate in 10mls of E3 embryo media. A volume of 13pul of
DFO was added to the media in each well for a final dilution of 200uM.
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2.4.5 Miconazole treatment

Bubblehead heterozygous and homozygous mutants and wildtype (WT) siblings were
treated with miconazole (Fluorochem) at 10 and 12.5umol in 1% DMSO from 6 hpf
until 24 hpf. Larvae were transferred into fresh embryo water. WT larvae were treated
with 1.5uM ATV to induce ICH. RNA was extracted at 2 and 3 dpf for g°PCR analysis
(2.9.3). Remaining larvae (n=9 per group) were stained for haemoglobin. The
experiment was repeated with bbh ubig:secAnnexinV-mVenus in order to analyse

brain cell death and locomotion.

2.4.6 25-hydoxycholesterol treatment

Bubblehead heterozygous and homozygous mutants and wildtype (WT) larvae were
treated with 25-hydoxycholesterol (25-HC) (Sigma) at 50ug/ml in 1% ethanol pre and
post haemorrhage. Larvae were transferred into fresh embryo water. WT larvae were
treated with 1.5uM ATV to induce ICH. RNA was extracted at 2 and 3 dpf for gPCR
analysis (2.9.3). Remaining larvae (n=9 per group) were stained for haemoglobin
(2.7.5) or for dying cells using acridine orange (2.7.6). The experiment was repeated
with bbh ubig:secAnnexinV-mVenus in order to analyse brain cell death using light

sheet.

2.4.7 DMSO dose response

Wildtype AB larvae were treated with increasing doses of DMSO at 24 hpf. Larvae
were plated n=30 per well into a 6 well plate with 10 ml of E3 embryo media. DMSO
was added at 0.001%, 0.01%, 0.1% and 1% and one well left untreated. At 72 hpf

larvae were collected for RNA extraction and gPCR analysis (2.9.3).

2.4.8 Drug screening

Bubblehead homozygous ubig:secAnnexinV-mVenus positive larvae were confirmed
for ICH+ at 2 dpf and dechorionated using ultra fine forceps. The Spectrum Library
(MicroSource Drug Systems Inc.) consisting of 25x 96 well plates with 2.5ul of
2.5mM drugs in DMSO was acquired from the University of Sheffield. Drug plates
were defrosted to room temperature and 1ul removed into clean 96 well plates. 99ul
of embryo water without methylene blue was added to each well and thoroughly
mixed. In columns 1 and 12 1ul of DMSO was added as a control to each well. Larvae
were plated n=3 to wells A2 — H12 and ICH- ubig:secAnnexinV-mVenus nacre
controls plated in Al - A12 (figure 2.4.1). At 3 dpf larvae were screened for cell death
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clusters in the brain, cranial oedema and overall health. Drugs with a positive outcome

were repeated using n=>5 larvae in 150ul with the remaining volume of DMSO.
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Figure 2.4.1 Example plate layout for the Spectrum Library drug plates
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2.5 Designing an antisense RNA probe for ch25h

2.5.1 Primer design
Zebrafish ch25h gene sequence (Ensembl ENSDARG00000045190) was analysed for

forward and reverse primer design for the single exon (appendix ii), using Primer3

(primer3.ut.ee version 4.1.0) and blast ncbi as illustrated in figure 2.5.1.
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BamHI restriction site

GCATGGATCCATGTTTGGACTACAGCACATCT Geon 11
|EXON | - GGACACTGCACTITGAATGACTTAAGGGCC

EcoRI restriction site

Figure 2.5.1. Primer design for ch25h WISH probe.

Forward and reverse primers were designed to flank exon 1, the only coding exon in
ch25h. Restriction sites for BamHI and EcoRI were added to the 5” ends of the forward
and reverse primers respectively in order to isolate the fragment with sticky ends for
ligation into the pcs2+ plasmid.
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2.5.2 Cloning plasmid
A pcDNAS3.1+ plasmid containing the full length ch25h ¢cDNA (GenScript) was

purchased containing ampicillin resistance gene site.

2.5.3 Transformation

A pcDNA3.1 plasmid containing the ch25h gene (GenScript), and the PCS2+ DNA
vector were amplified using a transformation of E.coli cells. One Shot Topl0
chemically competent E.coli (Thermo Fisher #C4040-03) were heat shocked for 45
seconds at 42°C and 1pl of plasmid DNA was added. E.coli were plated on 100ug/ml
ampicillin plates overnight at 37°C according to manufacturer’s protocol. Single
colonies were selected and were cultured in LB broth containing 100ug/ml ampicillin

overnight in a shaking incubator to amplify.

2.5.4 Isolation of DNA (miniprep)

Plasmid DNA was extracted using the GenElute plasmid miniprep kit (Sigma
PLN350) following manufacturer’s instructions, eluted into 30ul dH20 and quantified
using the nanodrop (Thermo Scientific).

2.5.5 PCR amplification and extraction of plasmid DNA

Isolated pcDNA3.1+ ch25h plasmid was used to amplify gene of interest region using
the primers containing BamHI and EcoR1 sites as previously outlined (2.5.1)
(Eurofins). PCR amplification was performed using a 68-58°C Touchdown program
with high fidelity Phusion Taq polymerase (Thermo Fisher) on a thermocycler (G-
Storm) to reduce off target primer binding. PCR product was run on a 1.5% gel using
150ul wells to pool and purify the insert and isolated from the gel using QlAquick gel
extraction and PCR clean up kit (Qiagen)

Step Temperature (°C) | Time (s)

denature 98 40

touchdown anneal | 68-58 40
Repeat 10 cycles

denature 98 40

anneal 63 30

elongate 72 120
Repeat 35 cycles
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6 elongate 72 600
7 hold 10 -

2.5.6 Digest

PCS2+ plasmid and ch25h DNA from PCR product was incubated at 37°C for 1 hour
with restriction enzymes EcoR1 and BamHI (New England Biolabs) to linearise.
Alkaline phosphatase (New England Biolabs) was added for 30 minutes to prevent re-
ligation of sticky ends. Cut plasmid product was run on a 1.5% gel to check for full
linearisation. Digested products were isolated from cut fragments using the QIAquick

gel extraction and PCR clean up kit (Qiagen).

2.5.7 Ligation reaction

PCS2+ plasmid DNA and ch25h complementary DNA (cDNA) insert were incubated
for 1 hour at RT with T4 DNA ligase (Promega, pGEM-T easy vector systems) at
ratios 1:2 to 1:5 to join the cut plasmid to the ch25h fragment. Different restriction
sites ensured correct insertion orientation. Complete plasmid was amplified using a
transformation step and miniprep isolation and sequence verified using Sanger
sequencing with an SP6 primer (Genomic Technologies core facility, The University
of Manchester) (figure 2.5.2).
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2.5.8 Synthesis of DIG-labelled RNA probe for WISH stain

10ug of ch25h pcs2+ plasmid was linearised using BamHI restriction enzyme and
DNA was transcribed to mRNA using a T7 polymerase and labelled with DIG using
manufacturer’s instructions (Sigma) in a 20ul reaction for 2 hours at 37°C (figure
2.5.3). RNase inhibitor was added to prevent immediate degradation of product and
residual DNA was degraded using DNasel for 15 minutes. Reaction was stopped with
2ul of 0.5M EDTA and diluted into 50ul with RNase-free H.O. RNA was purified
using QIAquick gel extraction and PCR clean up kit (Qiagen) according to
manufacturer’s instructions. The final probe was run on a 3% gel and quantified using

the nanodrop (Thermo Scientific).

61



A

BamHI restriction site

GCATGGATCC ATGTTTGGACTAC AGCACATCT |

M’ GGACACTGCACTTTGAATGACTTAAGGGCC

EcoRI restriction site

o~}
BamHI
EcoRI

4095 bp

C
= . _
2 %232 g
M mX X & 7 Z
ch25h ]

SV40 polyA

3’ _ @ GATATCACTCAGCATAAT 5°

T7 promoter

Figure 2.5.3. The process of generating an antisense RNA probe from plasmid
DNA.

(A) PCR amplification isolated the coding region of ch25h with primers designed to
have restriction sites. A digestion reaction resulted in the formation of sticky ends at
the specific cut sites. (B) Sticky ends allow for the fragment to be ligated into the
pcs2+ plasmid, digested with the same enzymes, in the correct orientation. (C) Plasmid
DNA was digested with BamH1 to linearise the DNA and using a T7 specific
promoter, RNA polymerase transcribes an antisense RNA sequence for ch25h.
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2.6 Genotyping

2.6.1 Fin clipping

Adult fish were anaesthetised using 0.02% MS222 and the tip of the caudal fin was
removed using a scalpel. Fish were returned to recover in fresh system water and
monitored for recovery signs. Adult fish were then kept in single housing genotyping

trays for 3-5 days for genotyping results and were subsequently housed accordingly

2.6.2 DNA extraction and amplification

Adult fin clip or single embryos, were collected and DNA extracted using SZL buffer
and Proteinase K at 100ng/ml. DNA was amplified with ready-made Master Mix
(Thermo Fisher) and forward and reverse primers at 10pg/ml (Table 2.2) using a 68-

58°C Touchdown program for 35 cycles in a thermocycler (G-Storm) (2.5.5)

2.6.3 Gel electrophoresis

PCR product was separated on an agarose gel. For products >200bp 1.5% agarose into
100ml of 1X TAE buffer gel was made. SafeView (NBS Biologicals Ltd) dye was
added to enable DNA visibility. Gel moulds were set and samples loaded into wells
using 2X orange G loading dye. Samples were separated for ~30 minutes at 120V and

imaged under a UV transilluminator (Alpha Innotech).

2.6.4 Sequencing

Bubblehead mutants were genotyped by sequencing reaction. PCR product was
purified using ExoSap (Exonuclease 1 ThermoScientific, Shrimp Alkaline
phosphatase Amersham Biosciences) 1:5 and incubated for 15 minutes at 37°C. Big
Dye terminator reaction (Thermo Fisher) was used to sequence PCR product
according to manufacturer instructions and using forward primers only. The reaction
was run for 26 cycles of 96°C, 50°C, 60°C. The reaction was cleaned using 125mM
EDTA and 100% ethanol before adding HI-DI formamide (Thermo Fisher) for the
sequencing reaction using a ABI 3730 Genetic analyser sanger platform at the
Genomic Technologies core facility at the University of Manchester. Sequences were
analysed for heterozygous and homozygous mutations using a reference cDNA

sequence acquired from ensembl.org and GeneScreen software (University of Leeds).
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2.7 Whole-mount stains

2.7.1 Fixing embryos

Staged embryos and larvae were collected with groups of sibling controls and washed
in 1X PBS. To fix the tissue samples were fixed in 4% PFA (Alfa Aesar) for 3 hours
at RT or overnight at 4°C. PFA was removed and samples washed in 1X PBS-Tween
before use. To store samples longer term, embryos were dehydrated into methanol and

stored at -20°C until use.

2.7.2 Bleaching pigment

Pigment was bleached from WT background larvae melanocytes after initial fixation
with 4% PFA for staining, whole-mount in situ hybridisation (WISH) or whole-mount
immunohistochemistry (IHC) protocols. Larvae were washed using PBS-Tween, and
bleaching solution (Table 2.1) was added for 10-12 minutes and monitored carefully.

Solution was removed and larvae washed 3X in PBS-Tween.

2.7.3 Filipin stain

Protocol adapted from Louwette et al. (2012). Larvae were fixed using 4% PFA and
washed into PBS-Tween. Filipin (Merck) was made to 125ug/ml solution in 1% goat
serum in PBS. Larvae were incubated in filipin solution in the dark for 2 hours and
then washed 3X in PBS-Tween. Larvae were mounted into the light-sheet microscope
(Carl Zeiss Lightsheet Z.1) and images were acquired using a W Plan-Apochromat
20X/1.0 UV-VIS objective and processed with ZEN imaging software (version 2.3).
Maximum intensity projection (MIP) composites were generated from z-stack images
and brain regions (excluding the eyes) were analysed for average intensity
fluorescence of cells with image background removal using an ImageJ (version 1.52a)

macro (appendix iii) as a measurement for unesterified cholesterol concentration.

2.7.4 Iron stain

Protocol adapted from Lumsden et al. (2007). Fixed embryos were immersed in 2.5%
potassium ferrocyanide (Merck) solution in 0.25M HCI for 30 minutes at RT and
rinsed 3X in PBS-Tween. Potassium ferrocyanide reacts with ferric iron in the embryo
producing ferric ferrocyanide (Prussian blue). Endogenous peroxide activity was
quenched using 0.3% H>O> in methanol for 20 minutes at RT followed by 2X rinse in
PBS-Tween. DAB (Thermo Scientific) was dissolved in 50mM Tris (pH 7.2) to

1mg/ml concentration and equal volume of 0.02% H>O, was added. Embryos were
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incubated for 7-15 minutes in DAB substrate. Ferric ferrocyanide catalyses the H20--
mediated oxidation of DAB and produces a reddish brown stain. Embryos were
washed 3X in PBS-Tween and mounted in 80% glycerol for microscopy on a Leica
M165FC light stereo microscope with DFC7000T camera and processed using LAS-
X software (version 3.3.3.16958).

2.7.5 Haemoglobin stain

Live, dechorionated embryos were moved into glass vials and E3 media was removed.
500ul of O-dianisidine (Sigma) stain was added and larvae were incubated in the dark
for 30 minutes. Once stain was completed larvae were washed 3X in deionised H20O
and fixed in 4% PFA for at least 2 hours at RT or 4°C overnight. If larvae were
pigmented, bleaching was carried out after fixation (2.7.2). Larvae were mounted in
80% glycerol for imaging on a Leica M165FC light stereo microscope with
DFC7000T camera and processed using LAS-X software (version 3.3.3.16958).

2.7.6 Staining for dying cells

Live, dechorionated embryos were incubated in the dark for 30 minutes at 28°C in
methylene blue-free E3 media containing 2ug/ml of acridine orange (Merck).
Embryos were washed 5X following staining in methylene blue-free E3 media and
imaged using 540nm wavelength absorbance using a Leica M165FC light stereo
microscope with DFC7000T camera and processed using LAS-X software (version
3.3.3.16958).

2.7.7 Whole-mount in situ hybridisation (WISH) protocol

Fixed, bleached embryos were permeabilised using 10ug/ml proteinase K and WISH
stained according to published protocol (Thisse and Thisse, 2008). Embryos were
stained with NBT and BCIP at 50ug/ml in BCL buffer for up to ~6 hours. Stained
embryos were then fixed in 4% PFA and stored in 100% glycerol before imaging using
a Leica M165FC light stereo microscope with DFC7000T camera. Images were

processed using LAS-X software (version 3.3.3.16958).

Age (hpf) Proteinase K incubation time (minutes)
24 5-10

48 25

72 45
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96

60

120

60-90

2.7.8 WISH probes

Probes used for WISH stain include mpegl (Zakrzewska et al., 2010), mpx and il-1/

(Ogryzko et al., 2014a) which were obtained as gifts from Prof Stephen Renshaw’s

lab from the University of Sheffield. Ch25h probe was made in house as described in
2.6.7. Nephrin (nphs1 ENSDARG00000060758) probe was used as a positive control,
made using the primers (Table 2.2) and was gifted from Prof Adam Hurlstone at the

University of Manchester.
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2.8 Immunohistochemistry

2.8.1 Zebrafish adult brain tissue

Adult bubblehead homozygous and WT sibling fish were terminated using lethal
MS222 overdose at 4% at 1 year of age. Following respiratory arrest at stage 4
anaesthesia, fish were washed in 1X PBS for 10 minutes. The heads were then
removed and fixed in 4% PFA for 2 days at 4°C. Heads were washed 3X in PBS for 5
minutes before being transferred into 0.5M EDTA for 5 days to decalcify the bones.
Brains were dissected from the head using surgical scalpel and forceps and tissue
dehydrated in series of 70%, 90% and 100% ethanol for 30 minutes each.

2.8.2 Human brain tissue

Paraffin embedded human patient brain tissue samples were obtained through the
University of Edinburgh Brain and Tissue bank (MTA TR75.17). Tissue was donated
from 3 patients who suffered lethal ICH at acute (45, 51 and 60 hours post ICH) and
subacute time points (10, 43 and 60 days post ICH). Age and region matched control
tissue was donated from 3 sudden death brain healthy volunteers. Patients were
between the ages 63 and 91 at time of death and single haemorrhages were located in
basal or thalamic regions. Human tissue was sectioned using a rotary microtome
(Leica) to 5um thick, mounted on Superfrost glass microscopy slides (Thermo Fisher)

and baked at 60°C to ensure tissue adhesion.

2.8.3 Mouse brain tissue

By-product brain tissue was obtained for histological examination from 5 C57BL/6
mice (Charles River) that underwent bacterial collagenase ICH surgery for
experimental gut analysis . Two stroke, two sham and 1 naive brains were fixed in 4%
PFA overnight at 4°C and dehydrated into a series of 70%, 90%, 100% ethanol. Before
paraffin embedding, tissue was sliced into three parts using a 1mm cutting matrix.
Tissue sections were cut at 5um thick using a rotary microtome (Leica) and mounted

on Superfrost glass microscopy slides (Thermo Fisher).

2.8.4 Larval tissue
Both bubblehead ICH+ homozygotes and ICH- control WT larvae at 3 dpf were fixed
in 4% PFA overnight at 4°C. Tissue was dehydrated in series of 70%, 90% and 100%

ethanol solutions for 30 minutes each.
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2.8.5 Zebrafish tissue embedding and sectioning

Zebrafish larvae were embedded randomly in paraffin at 58°C in the histology core
facility at the University of Manchester. Tissue sections cut at 5um thick using a rotary
microtome (Leica) and mounted on Superfrost glass microscopy slides (Thermo
Fisher).

2.8.6 Haematoxylin and eosin stain

Paraffin embedded slides were deparaffinised using xylene and rehydrated into water
in a sequence of ethanol solutions. Haematoxylin solution (Gill No.1, Merck) was
vacuum filtered before use and slides submerged for 10 seconds. Lithium carbonate
was used as a bluing agent for 10 seconds. If haematoxylin was too dark then stain
was removed using acid alcohol. Eosin counter stain (Merck) was used for 45 seconds
before tissue was dehydrated in an increasing series of ethanol solutions and xylene.
Slides were mounted using DPX (Merck) and images taken using the 3D Histech
Pannoramic-250 Flash Slide Scanner (Bioimaging core facility, The University of

Manchester).

2.8.7 Interleukin-1p immunohistochemistry in zebrafish

Paraffin embedded slides were deparaffinised using xylene and rehydrated into water
in a sequence of ethanol solutions. Slides were incubated at 95°C in Tris-EDTA pH8.6
to break crosslinks and retrieve antigen binding sites. Primary antibody rabbit anti-
zebrafish il-1p (Vojtech et al., 2012) was diluted 1:100 in primary antibody buffer and
added to slides overnight at 4°C. Slides were mounted into the Sequenza coverplates
(Thermo Scientific) under water and washed 3X in TNT. Secondary anti-rabbit
biotinylated antibody (BA-1000, Vector Labs) was made 1:500 in 1% BSA TNT and
incubated for 2 hours. Slides were stained with DAPI 1ug/ml (Merck) for 10 minutes
and mounted using ProLong Diamond Antifade Mountant (P36961 Invitrogen). Slides
were imaged using a Zeiss Axioimager.D2 upright microscope using a 20x / 0.5 EC
Plan-neofluar objective and captured wusing a Coolsnap HQ2 camera
(Photometrics) through Micromanager software v1.4.23. Specific band pass filter sets
for DAPI and AF488 were used to prevent bleed through from one channel to the next.
Images were then processed and analysed using ImageJ

(http://imagej.net/Fiji/Downloads).
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2.8.8 CH25H immunohistochemistry in human tissue

Paraffin embedded slides were deparaffinised using xylene and rehydrated in to water
in a sequence of ethanol solutions. Slides were incubated at 95°C in Tris-EDTA pH9.0
to break crosslinks and retrieve antigen binding sites. Primary antibody rabbit anti-
human CH25H (#OABF01697 Aviva Systems Biology) was diluted 1:100 in primary
antibody buffer and added to slides overnight at 4°C. Slides were mounted into the
Sequenza coverplates (Thermo Scientific) under water and washed 3X in TNT.
Secondary anti-rabbit biotinylated antibody (Vectorlabs) was made 1:500 in 1% BSA
TNT and incubated for 30 minutes. ABC HRP Vectastain reagent (Vectorlabs) was
made 30 minutes in advance and added to slides for 30 minutes. HRP substrate (AK-
5000 Vector Labs) was added for 30 minute incubation in the dark. Slides were
removed from the sequenza, counterstained in haematoxylin and dehydrated through
ascending ethanols into xylene (2.8.6). Slides were mounted using DPX (Merck) and
images taken using the 3D Histech Pannoramic-250 Flash Slide Scanner (Bioimaging

core facility, The University of Manchester).

2.8.9 CH25H and LY6G/IBA1 co-stain immunofluorescence in mouse tissue

Mouse brain slices were deparaffinised using xylene and rehydrated into water using
a sequence of ethanol solutions. Slides were incubated at 95°C in Tris-EDTA pH8.6
to break crosslinks and retrieve antigen binding sites. Primary antibody rabbit anti-
human CH25H (#OABF01697 Aviva Systems Biology) was diluted 1:100 in primary
antibody buffer and added to slides overnight at 4°C. Using the AF555 tyramide
superboost streptavidin Kit (Invitrogen) endogenous peroxidases were quenched using
H>O2 and secondary biotin-conjugated anti-rabbit antibody (Vectorlabs) was added
1:200 in 1% BSA TNT for 30 minutes. Slides were rinsed and HRP-conjugated
streptavidin added for 45 minutes. Slides were incubated with a working solution of
1:200 tyramide AF555 for 8 minutes and reaction was stopped using stop solution.
Slides were rinsed from the sequenza into dH-O and staining checked using an upright
microscope (Zeiss Axio Imager.D2). For the co-stain, antigen retrieval was performed
again and primary rat anti-mouse LY6G antibody (Biolegend #127602) or rabbit anti-
mouse IBA1 (Abcam ab178846) was added 1:500 overnight at 4°C. Secondary donkey
anti-rabbit AF647 (Invitrogen A31573) and goat anti-rat AF647 (Invitrogen A21247)
was added 1:500 for 2 hours at RT before staining with DAPI 1ug/ml (Merck) for 10

minutes and mounting using ProLong Diamond Antifade Mountant (P36961
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Invitrogen). Images taken using the 3D Histech Pannoramic-250 Flash Slide Scanner

(Bioimaging core facility, The University of Manchester).
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2.9 Gene expression analysis

2.9.1 RNA extraction

Into a 1.5ml Eppendorf, 20-30 embryos were collected at the desired developmental
stages (Kimmel et al., 1995) and washed in PBS. To lyse samples, 250ul Trizol
(Thermo Fisher) was added to each tube and samples were manually homogenised
using a microfuge tube pestle (Astral Scientific). A volume of 75l of chloroform was
added and agitated vigorously before centrifugation at 10,000rpm for 15 minutes to
separate the homogenate into a clear upper aqueous layer that contains RNA, an
interphase of debris and a lower organic layer containing DNA and proteins. The upper
RNA layer was transferred to new tubes and precipitated using 0.8 volumes of
isopropanol incubated at -20°C for 30 minutes. Precipitate was pelleted and washed
using 250l of 75% RNase-free filter sterilised ethanol before drying and resuspended
in 30pl RNase-free H2O. RNA was purified with a DNase | (Invitrogen) incubation

before being quantified.

2.9.2 cDNA synthesis

To generate complementary DNA sequence from isolated RNA, 800ng of RNA was
incubated with 1l of reverse transcriptase from the High-Capacity RNA-to-cDNA kit
(Applied Biosystems) for 37°C for 1 hour before reaction was terminated at 95°C for

5 minutes.

2.9.3 Quantitative reverse transcription PCR

Gene expression analysis was performed using RT-qgPCR using sample cDNA and
Tagman Universal PCR Master Mix (Applied Biosystems). Tagman FAM probes
(Thermo Fisher) were used targeting the following genes: irf7 (dr03081134 _g1),
mmp9 (dr03139883_g1), statlb (dr03151121 m1) il-74 (dr03114368_m1), rsad?2
(dr03096955 g1), rig-1 (ZF_DHX58), isg-15 (Kasher et al., 2015), ch25h
(dr03147520_s1), hmgcra (dr03428701 _m1), sqglea (dr03131214 ml), cyp51
(dr03114750_m1), dhcr24 (dr03423142_m1), ebp (dr03076172_ml), msmol
(dr03133463_m1), scbd (dr03115434 ml), srebfl (dr03093012_m1l), relA
(dr03114752_m1) mpx/mpo (dr03075669 m1), mpegl (dr03439207 gl), il-10
(dr03103209_m1). Relative quantities were normalised to the expression of
housekeeper genes, hprtl (dr03095131_gl1) and eeflalb (dr03423920 m1l). Data
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was acquired using the Applied Biosystems StepOne Software (version 2.1) Relative
Quantification evaluated from 244¢; (Livak and Schmittgen, 2001).
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Abstract

Intracerebral haemorrhage (ICH) is a devastating condition with limited treatment
options, and current understanding of pathophysiology is incomplete. Spontaneous
cerebral bleeding is a characteristic of the human condition that has proven difficult to
recapitulate in existing pre-clinical rodent models. Zebrafish larvae are frequently
used as vertebrate disease models and are associated with several advantages,
including high fecundity, optical translucency and non-protected status prior to 5 days
post fertilisation. Furthermore, other groups have shown that zebrafish larvae can
exhibit spontaneous ICH. The aim of this study was to investigate whether such
models can be utilised to study the pathological consequences of bleeding in the brain,

in the context of pre-clinical ICH research.

Here, we compared existing genetic (bubblehead) and chemically inducible
(atorvastatin) zebrafish larval models of spontaneous ICH and studied the subsequent
disease processes. Through live, non-invasive imaging of transgenic fluorescent
reporter lines and behavioural assessment we quantified brain injury, locomotor
function and neuroinflammation following ICH. We show that ICH in both zebrafish
larval models is comparable in timing, frequency and location. ICH results in
increased brain cell death and a persistent locomotor deficit. Additionally, in
haemorrhaged larvae we observed a significant increase in macrophage recruitment to
the site of injury. Live in vivo imaging allowed us to track active macrophage-based
phagocytosis of dying brain cells 24 hours after haemorrhage. Morphological analyses
and quantification indicated that an increase in overall macrophage activation occurs

in the haemorrhaged brain.

Our study shows that in zebrafish larvae, bleeding in the brain induces quantifiable
phenotypic outcomes that mimic key features of human ICH. We hope that this
methodology will enable the pre-clinical ICH community to adopt the zebrafish larval
model as an alternative to rodents, supporting future high throughput drug screening
and as a complementary approach to elucidating crucial mechanisms associated with

ICH pathophysiology.

Key words: Intracerebral haemorrhage, zebrafish, neuroinflammation, animal

models, pre-clinical
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3.1 Introduction

Intracerebral haemorrhage (ICH) accounts for 10-15% of strokes and has the worst
stroke outcomes, with a 1-month case fatality of 40% and disability in most survivors
(Anetal., 2017). The effects of ICH in the brain are biphasic. Primary injury following
an ICH event arises due to an influx of blood into the brain and haematoma expansion
which increases intracranial pressure on cerebral structures causing neuronal death and
cell necrosis (Mracsko and Veltkamp, 2014; Xi et al., 2006). A secondary wave of
injury is induced by the breakdown of blood compounds which activates the immune
system, further exacerbating cellular damage and death in the brain parenchyma and
induces a breakdown in blood-brain barrier integrity (Lok et al., 2011). This
inflammatory component is considered a viable therapeutic target in ICH and other
forms of stroke (Veltkamp and Gill, 2016) and targeting the toxic insult of blood
components after bleed onset is being investigated clinically (Yeatts et al., 2013).
However at present, apart from acute and chronic blood pressure lowering, we have
no specific treatments to prevent ICH or improve patient outcomes once bleeding has

occurred.

Despite representing a significant public health burden (WHO, 2017), an
understanding of the fundamental pathogenesis of ICH is still lacking. Pre-clinical
studies to-date have depended heavily on rodent models of ICH, which have improved
our knowledge of the basic mechanisms associated with the disease (Casals et al.,
2011). However, current rodent models of ICH involve severe surgical intervention,
poorly recapitulating the spontaneous and immediate nature of the human disease and
presenting welfare implications associated with severe experimental procedures in
mammals (ASPA, 1986 amendments 2012). Autologous blood injection and
collagenase injection models (Andaluz et al., 2002) are used worldwide, and typical
experimental groups include 6-8 rats, sacrificed at various time points for ex vivo
histological analysis, which can result in ~150 animals used per publication (J. Wang
et al., 2018) highlighting scope for a change of strategy from a 3Rs perspective.
Unfortunately, this research has not yet resulted in the translation of any specific drugs
to the clinic (Kellner and Connolly, 2010; Kirkman et al., 2011). Potential reasons for
this include difficulties in observing cellular responses in ‘real-time’ within whole
brains of intact live animals, and the invasive and artificial procedures required to

induce cerebral haematomas (MacLellan et al., 2010; Selim et al., 2018). Mammalian
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models of spontaneous ICH models do exist, such as cerebral amyloid angiopathy co-
morbidity studies and use of hypertensive mice, but their usefulness is limited due to
variability in haematoma size, timing and location (Alharbi et al., 2016). Alternative
and complementary approaches are therefore needed to bridge the ‘translational gap’

for novel drug target discovery in ICH.

Zebrafish (Danio rerio) are becoming an increasingly popular tool for studying
cerebrovascular disease (Walcott and Peterson, 2014). Due to the production of
hundreds of offspring from a single adult pairing, zebrafish larvae can be utilised for
high-throughput drug screening, thus offering an attractive model for pre-clinical
research. Larval transparency and the availability of numerous transgenic reporter
lines amount to an extremely powerful system for studying and visualising cellular
responses and disease processes in-vivo in real time. Prior to 5 days post fertilisation
(dpf), larval zebrafish are not a protected species (in the UK) and could therefore
replace a significant number of protected mammals used for pre-clinical study.
Furthermore, spontaneous brain-specific bleeding can be observed in zebrafish larvae
using non-invasive techniques (Eisa-Beygi et al., 2013; Liu et al., 2007), thereby
eliminating specific constraints associated with mammalian models. As such, the use
of larval zebrafish models of ICH could offer critical insight into the immediate
cellular responses after a bleed to support the rodent community and provide a
potential platform for future drug discovery addressing pre-clinical ICH priorities
(Selim et al., 2018).

As previously described, zebrafish larvae exposed to atorvastatin (ATV) at 24 hours
post fertilisation (hpf) exhibit spontaneous cerebral-specific blood vessel rupture at
the onset of circulation (~33 hpf) (Eisa-Beygi et al., 2013; Huang et al., 2017; S. Li et
al., 2017; Shen et al., 2013). Comparably, the ‘bubblehead’ (bbh) mutant line, which
expresses a hypomorphic mutation in the arhgef7 gene, encoding the Rac GEF PBpix,
also exhibit spontaneous ICH and hydrocephalus within a similar time frame to the
ATV model (Liu et al., 2007; ten Klooster et al., 2006). ICH is induced through
comparable mechanistic defects in both ATV and bbh models (Eisa-Beygi and Rezaei,
2016) (figure 1.8.1). Although several groups have utilised these models to study the
development and integrity of the cerebrovasculature (Buchner et al., 2007; Huang et
al., 2017; S. Lietal., 2017; Liu et al., 2007; Yang et al., 2017), they have not yet been
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used to study the pathological and neuroinflammatory consequences of bleeding in the
zebrafish larval brain in the context of human ICH. Furthermore, drug intervention
studies have focussed on preventing cerebrovascular rupture in zebrafish rather than
targeting the disease outcomes, which represent a more realistic therapeutic avenue.
In this study, we show that spontaneous ICH in non-protected zebrafish larvae induces
quantifiable pathological and inflammatory phenotypes that relate to the human
condition. As such, these data support the use of this model species as a valuable

complementary system for pre-clinical ICH research.
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3.2 Methods

Zebrafish (Danio rerio) strains

Zebrafish were raised and maintained at The University of Manchester Biological
Services Unit under standard conditions as previously described (Westerfield, 2000).
Adult zebrafish husbandry was approved by the University of Manchester Animal
Welfare and Ethical Review Board. All experiments were performed in accordance
with U.K. Home Office regulations (PPL:70/9091) and reported according to
ARRIVE guidelines. Transgenic lines used in this study include macrophage-specific
lineage mpegl:mCherry (constructed in-house as previously described (Ellett et al.,
2011)), neutrophil-specific mpo:GFP (Renshaw et al., 2006), erythroid-specific
gatal:dsRed (Traver et al., 2003) and ubig:secAnnexinV-mVenus, a reporter for
apoptosis (re-derived in house (Morsch et al., 2015)) on wild-type, nacre (mitfa“?*?)
and mutant (bbh™2%2) backgrounds. Fertilized embryos were collected from natural
spawning and incubated at 28°C in standard E3 embryo medium and staged according
to standard guidelines (Kimmel et al., 1995). At experiment end, zebrafish larvae were
terminated prior to protected status using a lethal overdose of MS222 anaesthesia and

freezing at -20°C.

ICH models

ICH was modelled using genetic (bbh) and chemical (ATV) approaches. For the bbh
line (Liuetal., 2007), embryos were obtained from adult in-crosses from heterozygous
bbh™2%2  mutant animals (maintained on wild-type and transgenic reporter
backgrounds). For the ATV model, nacre or transgenic embryos were dechorionated
at 24 hpf and transferred to clean petri dishes in E3 embryo medium. ATV (Sigma-
Aldrich, PZ0001) was solubilised in distilled water to a stock concentration of 0.5
mM. Embryos (n=100) were treated with a final concentration of 1 uM ATV through
water bath incubation at 28°C for 24 hours and equivalent numbers were left as
untreated controls. A proportion of ATV-treated embryos did not develop ICH and
therefore these animals were used as controls for the treatment (ICH-) alongside
untreated (UNT) siblings. For both bbh and ATV models, embryos with evident
haemorrhages (ICH+) were separated from non-haemorrhaged (ICH-) siblings at ~52

hpf for downstream analyses.
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Locomotion assay

Locomotion was measured at 120 hpf to determine if ICH resulted in a physical
phenotype. To remove locomotor function bias, larvae were briefly anesthetised at 72
hpf using 0.02% MS222 in embryo water and selected at random for plating.
Following recovery, n=24 larvae were individually transferred to each well of a 24-
well plate in 1 ml of fresh methylene-blue-free E3 medium. Cumulative time spent
mobile was measured using the DanioVision camera chamber and Ethovision XT
software (Noldus version 11) at room temperature. Analyses were performed on larvae
at 72, 96 and 120 hpf. Swimming movement of each individual larva was tracked in
the x and y plane for 10 minutes using a white light stimulus to initiate a startle
response every 60 seconds. Cumulative time spent swimming was measured from

three independent replicates.

Light sheet microscopy

Transgenic ICH+ and ICH- larvae were imaged using light sheet microscopy to
analyse apoptotic cell death (ubig:secAnnexinV-mVenus), neutrophils (mpo:GFP)
and macrophages (mpegl:mCherry). At ~72 hpf, randomly selected larvae were
anaesthetised using 0.02% MS222 and mounted in 1.5% low-melt agarose (Promega),
maintained at room temperature. Images were acquired using a W Plan-Apochromat
20X magnification/1.0 UV-VIS objective for light-sheet microscope (Carl Zeiss
Lightsheet Z.1) and processed with ZEN imaging software (version 2.3). Maximum
intensity projection (MIP) composites were made from z-stack images and brain
regions (excluding the eyes) were analysed for average intensity fluorescence of cells
with image background removal using an ImageJ (version 1.52a) macro (appendix i).
Numbers of fluorescent cells in the brain were also verified by blind manual counts
from MIPs. Data were collected from n=6-12 randomly selected larvae per group from
3 independent replicates for ATV studies and verified in 2 replicates for bbh. For time-
lapse recording, MIP composites were stitched from a series of successive z-stack

images over a period of 18 hours.

Statistical analysis
Experimental sample sizes were determined by using power calculations from
preliminary data using a=0.05 and $=0.80. All statistical analysis was first performed

using GraphPad Prism 7.0 and then verified using R (R Core Team, 2018) for non-
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parametric data and subsequent significance values plotted. Linear mixed modelling
(LMM) was used to evaluate the effects of independent factors on the continuous
dependent variables (Bates et al., 2015). All factors and interactions were modelled as
fixed effects. As there is a lack of independence in fish from the same clutch, “Clutch”
was treated as a random effect, modelled with random intercepts for all models. The
significance of inclusion of an independent variable or interaction terms were
evaluated using log-likelihood ratio. Holm-Sidak post-hocs were then performed for
pair-wise comparisons using the least square means (Lenth, 2016). Homoscedasticity
and normality of the Pearson residuals were evaluated graphically using predicted vs
residual and Q-Q plots, respectively, and transformations were applied when

necessary.

For discrete data and data with non-normal distributions, generalized linear mixed
modelling was used (GLMM) (Bates et al., 2015; Fournier et al., 2012; Skaug et al.,
2013). Again “Clutch” was treated as a random effect modelled with random intercepts
for all models. Appropriate families were selected based on the data distribution.
Numerous families and link functions were evaluated where necessary and the optimal
parameters were selected based on the Akaike information criterion (AIC). For mobile
or non-mobile (yes/no) data, a logistic regression with cloglog link was selected; for
count data (number of dead cells) a negative binomial family was selected. The
significance of inclusion of an independent variable or interaction terms were
evaluated using log-likelihood ratio. Holm-Sidak post-hocs were then performed for
pair-wise comparisons using the least square means (Lenth, 2016). Pearson residuals
were evaluated graphically using predicted vs level plots. All analyses were performed
using R (R Core Team, 2018) (available as supplementary information (Crilly et al.,
2018)).
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3.3 Results

ATV and bbh mutant models show comparable cerebral bleeding phenotypes

It has been shown that both the ATV and bbh models share similar underlying
mechanisms that are responsible for neuroendothelial weakness in the developing
larvae and spontaneous cranial vessel rupture (Eisa-Beygi et al., 2013; Liu et al.,
2012). In this study we compared these models in the context of ICH and characterised
the pathological outcomes of haemorrhage to develop a new platform for pre-clinical
interrogation of post-bleed consequences. Using the translucent nature of the zebrafish
embryo we observed brain-specific bleeding non-invasively, using light and
fluorescent microscopy (Figure 3.3.1A). Bleeds were observed in fore, mid and
hindbrain regions at comparable frequencies, as described by others (Eisa-Beyqgi et al.,
2013; Liu et al., 2007). ATV absorption induced haemorrhages in a dose-dependent
manner when embryos were treated at 24 hpf (Figure 3.3.1B). Homozygous mutant
bbh embryos and ATV-treated embryos both exhibited ICH between 38 and 48 hpf
(Figure 3.3.1C, D). In homozygous mutant bbh embryos, ICH was frequently
accompanied with severe cranial oedema (Liu et al., 2007) (Figure 3.3.2). Wild-type
and heterozygous bbh siblings had no haemorrhages and were utilised as ICH-

controls.

81



A ICH- ICH+

v

— W v B—
a R

C

B
D 1) -
B G
F a0 = 604!
1 =
— P
=) =}
= e ;‘9 04
204 2041
() - ik
o -~ o~ ~ N \ SN
F & K 8 o %ﬁ& \\\\‘ '\"Q 2 08 o
& N A N =
~ “N N “N
o N & °
ICH- Il [CH-
1C1H- Il
D
100
801
@ 60
=
o
=]
R -lo+
204
hE

b\&qh\\ﬁ\\r\&b?p&\\v

| 010 |

Figure 3.3.1 Atorvastatin (ATV)-induced and bubblehead (bbh) mutant
intracerebral haemorrhage (ICH) show comparable models of brain-specific
bleeding.

(A) Brain-specific bleeds were observed at 3 dpf in both ATV and bbh models
maintained on the transgenic RBC gatal:DsRed reporter background using both
brightfield (top panels) and fluorescence (bottom panels) microscopy. Bleeds formed
in both forebrain and mid-hindbrain regions, as described by others (Eisa-Beygi et al.,
2013) (arrows denotes haemorrhages). Bleeds in bbh mutants are frequently associated
with severe cranial oedema making blood pooling more disperse. Images
representative of n=16 per group (B) ATV treatment causes ICH to occur in a dose-
dependent manner. (C) Timeline of ICH development in ATV-treated and untreated
embryos and (D) bbh homozygotes. Scale bar represents 250um.
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Figure 3.3.2 ICH in bubblehead larvae is frequently accompanied by cranial
oedema.

Severe cranial oedema (affected regions denoted by hashtags) associated with cerebral
bleeds at 3 dpf in ‘bubblehead’ homozygous mutants (right panel) and subsequently
exhibit more dispersed bleeds (arrows) compared to heterozygous and wild-type
intracerebral haemorrhage (ICH-) (left panel). Images representative of n=16. Scale
bar represents 250pum
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ICH in zebrafish larvae results in a quantifiable brain injury

To determine the pathological consequences of ICH in zebrafish larvae, we next
assessed brain injury using a transgenic ubig:secAnnexinV-mVenus cell death
reporter line (Morsch et al., 2015). AnnexinV binding was assessed between 48 and
120 hpf, to characterise the timeline of cell death following an ICH event (Figure
3.3.3). We observed peri-haematomal brain-damaged lesions as ‘clusters’ of dying
cells formed by 72 hpf, which had receded before 96 hpf (Figure 3.3.3). We quantified
brain lesions from images taken at 72 hpf (Figure 3.3.4A). In both ATV and bbh
models, bleeding was associated with a significant, two-fold increase in intensity of
fluorescent signal in the brain compared to ICH- controls (Figure 3.3.4B, C). These
data were verified using blinded, manual counts of annexinV-positive cells from MIP
images (Figure 3.3.5) and analysed using a Mann-Whitney U test for non-parametric
data. Large variation between individual data points may be due to number/location
of haemorrhages, ICH size and severity, or whether oedema is present/absent. These
specific details have not yet been investigated. Taken together, these data provide
convincing evidence that ICH in zebrafish larvae induces a reproducible cell death

phenotype that can act as a quantifiable readout of brain injury.
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06 hpf

Figure 3.3.3 AnnexinV binding after ICH between 48 and 120 hpf.
Representative images of the brain injury phenotype in ICH+ larvae (bottom panels),
in comparison to ICH- age-matched siblings (top panels), at 48-120 hpf. Fluorescent
microscopy was performed to visualise cell death in the ubig:secAnnexinV-mVenus
reporter line to determine the timeline of cell injury following an ICH event. White
line denotes cell death ‘clusters’ at 3 dpf that were quantified.
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Figure 3.3.4 Intracerebral haemorrhage (ICH) in zebrafish larvae results in a
guantifiable brain injury.

(A) Representative images of the brain injury phenotype in ICH+ larvae (right panels),
in comparison to ICH- siblings (left panels), at 72 hpf. Brightfield images (bottom
panels, scale bar = 250um) demonstrate the presence of brain bleeds (arrows) in ICH+
larvae. Fluorescent microscopy was performed to visualise cell death in the
ubig:secAnnexinV-mVenus reporter line (top panels, scale bar = 100 um). Clusters of
dying cells were observed in peri-haematomal regions. Images were cropped to brain
only regions and analysed for total green fluorescence intensity in round particles
bigger than 30 pixels in diameter (white line). (B) Quantification of fluorescent signal
in the brains of untreated, ICH- and ICH+ larvae obtained through the ATV model
(n=12 per group; 3 independent replicates) at 72 hpf. Significant differences were
observed when comparing ICH+ with untreated (**p=0.004) and with ICH- (*p=0.03)
siblings. (C) Quantification of fluorescent signal as a read out for annexinV binding
in the brains of ICH- and ICH+ larvae obtained through the bubblehead (bbh) model
(n=12 per group; 2 independent replicates) at 72 hpf. A significant difference in
mVenus fluorescence was observed between ICH+ and ICH- age-matched siblings
when data analysed using a Mann-Whitney U test (**p=0.0182).

86



Al'Y

[ v .

= <A — e

T 2307 | 1 S 25l

v 2 ! '

+

:E, _’,U‘)" ) ?(K"‘ ..l

2 = ;

nw A 5 P

:}. <'q ~ - q - =1 T

% 150 ; 5 150 T

= . =

d° " e

é wod . S 100 i

g s; R

i T -

o :‘l"‘ 3 ")O- o als

E 2 - -

= = * [

5‘ 0 - (’ ] T

Z, < A
A N
N NS

Figure 3.3.5 Counts of dying cells in the brain.

Manual counts of fluorescent cells from blinded analysis of the ubig:secAnnexinV-
mVenus reporter line in atorvastatin (ATV) and bubblehead (bbh) models show a
significant increase in intracerebral haemorrhage (ICH)+. Data analysed using a one-
way ANOVA (ATV) and Mann-Whitney U (bbh) (**p=0.0097, ##p=0.0057).
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ICH-induced brain injury results in a quantifiable locomotor deficit in zebrafish
larvae

To investigate whether ICH-induced brain injury was associated with a locomotor
deficit, as frequently seen in stroke patients (Kloter et al., 2011; Saulle and Schambra,
2016), we tracked swimming behaviour between 72 and 120 hpf. Larvae were
analysed across 3 days to account for the improvement in baseline swimming
performance associated with increasing age. Representative tracks are shown in figure
3.3.6A. ICH+ larvae spent significantly less time swimming in the cumulative time
spent mobile during the 10 minute recording period at both 72 and 96 hpf compared
to ICH- siblings, implying a persistent physical deficit (Figure 3.3.6B). Although a
reduction was observed in ICH+ larvae at 120 hpf, this was not significantly different
to ICH- siblings (p=0.08). However ATV-treated larvae assayed at 120 hpf did show
a significant reduction in swimming in ICH+ larvae and not in controls. Comparable
motility phenotypes in both models imply that the swimming deficit is due to cerebral
bleed and not statin treatment. Reproducing these results in both models suggests that
the impairment in locomotion is not caused by any one mechanistic factor but due to
ICH itself.

88



A 72 hpf 96 hpf
ICH- ICH+ ICH- ICH+

@ 400~ @ 600~
2 %k ok k * % ns 2
S 300 3
g g
= £ 4001
2 2004 2
= g
£ 100 -5
° o 2004
= =
= 0+ =
= =
g £
= =}
©) -100 T T T o 0-
© Q
AV 9 O

-~ [CH- -= ICH+

Figure 3.3.6 ICH-induced brain injury results in a quantifiable locomotor deficit
in bubblehead (bbh) zebrafish larvae.

(A) Representative examples of the swimming tracks in ICH- and ICH+ larvae at 72,
96 and 120 hpf. (B) ICH+ larvae exhibited a significant decrease in the cumulative
time spent mobile during the 10 minute recording period at both 72 and 96 hpf.
Significance was lost at the 120 hpf time point potentially alluding to recovery from
brain injury (n=24 larvae per group; 3 independent replicates; ****p=0.00006;
**p=0.003 ns p=0.08) (C) Quantification of cumulative time spent moving in
untreated and ATV-treated ICH- and ICH+ larvae at 120 hpf. ICH+ larvae exhibited
a significant decrease in the cumulative time spent mobile during the 10 minute
recording period. Data analysed using a one-way ANOVA, three technical replicates
(n=24 larvae per group) were used to calculate s.d from the mean (***p=0.00004,
**p=0.0003).
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ICH-induced brain injury in zebrafish larvae initiates an innate immune response
In order to determine whether ICH in zebrafish larvae initiated inflammation at the
cellular level, neutrophils and macrophages in the brain were quantified using the
mpo:GFP and mpegl:mCherry reporter lines. At 72 hpf, the number of macrophages
increased significantly, doubling in the brains of ICH+ larvae compared to ICH-
siblings (Figure 3.3.7). At the same time point, neutrophil numbers were greater in

ICH+ larvae than ICH- larvae; however, the difference did not reach significance.
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Figure 3.3.7 Intracerebral haemorrhage (ICH) initiates an innate cellular
immune response in the zebrafish larval brain.

Numbers of leukocytes quantified within the brains of mpo:GFP;mpegl:dsRed double
transgenic larvae (n=8 per group; 2 independent replicates) at 72 hpf reveals a
significant increase in macrophages (*p=0.01), but not neutrophils (p=0.5), in
response to ICH.
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Activated macrophage cells show a phagocytic response to the brain lesion

We investigated the phagocytic response of activated macrophages to the brain lesion
sites in ubig:secAnnexinV-mVenus;mpegl:mCherry ICH+ larvae using real time
microscopy. The formation of a new brain lesion site was recorded between 55 and 65
hpf (appendix iv) and macrophages were seen migrating to sites of injury and actively
phagocytosing annexinV positive dying cells (Figure 3.3.8A). We next analysed total
macrophage activity within the brain, using morphology as an indication of phagocytic
activation. Amoeboid, rounded cells were considered phagocytic and ramified cells
considered inactive, as previously defined (Morsch et al., 2015). We found a
substantial increase in the proportion of activated, amoeboid macrophages in the ICH+
brain compared to ICH- siblings (Figure 3.3.8B, C). These results indicate that the
innate immune response to ICH can be examined at the cellular level in zebrafish ICH

models using real-time microscopy.
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Figure 3.3.8 Activated macrophage cells show a phagocytic response to the brain
lesion.

(A) Representative time-lapse stills (from appendix iv) showing a ramified patrolling
macrophage migrating towards an annexinV positive cell (i - vi). Stills are obtained
from a series of images taken of the whole brain using a 20X objective. Scale bar
represents 50 um. The macrophage acquires an amoeboid morphology (v) before
phagocytosing the annexinV-positive cell (vi, vii). After phagocytosis the macrophage
resumes a ramified morphology and migrates away and the annexinV-positive cell can
no longer be seen (viii). Ramified macrophage (#), annexinV positive cell (arrow),
amoeboid macrophage (*). (B) Representative images of mpegl-positive cells in the
intracerebral haemorrhage ICH- and ICH+ larval brain exhibiting amoeboid and
ramified morphologies from n=9. Scale bars represent 50um. (C) An increased
proportion of amoeboid (phagocytic) and decreased proportion of ramified (inactive)
macrophages was observed in ICH+ brains in comparison to ICH- siblings.
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3.4 Discussion

Here, we reveal that ICH in zebrafish larvae induces quantifiable pathological and
inflammatory consequences that mimic aspects of human pathophysiology. Several
groups have previously described the mechanisms underlying neurovascular
instability in zebrafish larval models of ICH (Buchner et al., 2007; Eisa-Beyqgi et al.,
2013; Liu et al., 2007), and drug intervention studies have attempted to identify
compounds that can inhibit cerebral bleeding (S. Li et al., 2017; Yang et al., 2017).
However, the relevance and translational impact of intervention before onset of
haemorrhage is unclear. As such, we focussed our attention on characterising the
pathological and immunological consequences of blood in the brain in zebrafish

models, which we consider to be a more realistic therapeutic target.

In general, ICH can be predominantly considered as a disorder associated with older
age. Consequently, it is remarkable that the phenotypes observed in developing
zebrafish recapitulate those associated with the aged human brain, indicating the
innate injury response to blood in the brain is both evolutionarily conserved between
species and analogous during development and adulthood. Zebrafish models have
been employed in other neurological and neuropsychiatric disease investigation,
including epilepsy, schizophrenia, Alzheimer’s and Parkinson’s disease, because of
these conserved fundamental mechanisms and behaviours (Fontana et al., 2017; Vaz
et al., 2018). Although these models present their own limitations, the use of non-
invasive in vivo imaging, ease of genetic manipulation and availability of large sample
sizes offers new insights and overcomes some of the common restrictions associated
with rodent models. Given that ICH occurs spontaneously using non-invasive
techniques in zebrafish, it can be argued this system more accurately models some
aspects of the human condition than the most commonly used rodent models (Andaluz
et al., 2002; Rosenberg et al., 1990). The use of rodents has not been successful in
terms of identifying translatable therapeutic targets for ICH. As such, we propose that
the post-ICH pathologies presented in this study (Figure 3.4.1) represent an
alternative, complementary platform for pre-clinical ICH research and future drug

discovery.
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Figure 3.4.1 Graphic of experimental timeline to characterise brain injury,
locomotor and neuroinflammatory outcomes.

ICH, intracerebral haemorrhage; bbh, bubblehead.
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The transferability of employing these zebrafish larval models would address the 3Rs
welfare issue of prolonged severe surgical procedures in mammals by replacing some
of these animals with zebrafish larvae of unprotected status. We have used equipment
and procedures that are commonplace and would be relatively simple to adopt in other
labs. We would like to see these models used to determine the translatability of drugs
that prevent cerebral bleeding in zebrafish (Huang et al., 2017; Yang et al., 2017), to
investigate the clinical relevance of post-ICH treatment. We also propose these
endpoint assays can be used to develop medium/high-throughput drug screening to
identify new compounds for pre-clinical investigation.

In humans, an influx of blood into the brain causes primary brain injury through
neuronal death and cell necrosis, inducing a secondary phase of injury triggered by the
production of inflammatory mediators and innate immune cell migration towards the
site of injury (Mracsko and Veltkamp, 2014). We show that cerebral bleeding in
zebrafish larvae causes an increase in cell death in the brain not shown before in
zebrafish haemorrhage models. This lesion was associated with a physical impairment,
as observed by a reduction in swimming ability, which we propose is either due to a
defect in stimulus perception or through a motor deficiency. This impairment is seen
to begin to recover at 3 days post injury, suggesting the zebrafish larval model system
as a useful tool for further investigation to reveal recovery processes responding to
brain cell death. Importantly, these observations mimic outcomes that are exhibited in
rodent models (MacLellan et al., 2008) and ICH patients (Saulle and Schambra, 2016).
In clinical presentation of ICH the initial haematoma mass effect and increase in
intracranial pressure exacerbates brain damage, compressing surrounding structures
(Xi et al., 2006) and increases risk of death following ICH (Yang et al., 2015). In
zebrafish larvae, cerebral oedema is regularly associated with ICH (Kasher et al.,
2015; Liu et al., 2007). However without a fully developed cranium, oedema is
unlikely to result in the same injury severity seen in humans, which may be one

limitation of this particular model system.

An increase in recruitment and activation of macrophages in the brain was also
observed in zebrafish following haemorrhage corresponding to time of cell death. A
trend towards increased recruitment of neutrophils was also observed, but this result
did not reach statistical significance. It is possible that a rapid temporal neutrophil
response was not fully captured during our analytical time frame. However, it has been
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shown that neutrophils are not involved in the clearance of cellular debris in a
zebrafish larval model of brain injury (van Ham et al., 2014), suggesting neutrophils
are less vital to early injury responses in the brain than macrophages. It remains
unclear whether activation of macrophages post ICH is overall beneficial or
deleterious in the short term after injury. Pro-inflammatory cells contribute to the
breakdown of the blood-brain barrier (Abbott, 2000); however, phagocytic cells
promote clearance of red blood cells and tissue debris, which occurs from 7 days post
haemorrhage in rodent models of ICH (Mracsko and Veltkamp, 2014; S.-S. Yang et
al., 2016). Early responses to laser-induced cerebral bleeding in zebrafish have shown
that macrophages are essential for vessel repair (Liu et al., 2016) and in zebrafish stab
wound brain injury models, inflammation is necessary for regeneration and recovery
(Kyritsis et al., 2012). Studies show that polarisation of macrophages to M1-like and
M2-like states change over time in rodent models of ICH in response to brain damage
molecules (Wan et al., 2016; J. Yang et al., 2016) and some drugs in clinical trials
target microglial polarisation in an attempt to prevent the pro-inflammatory phenotype
(Lan et al., 2017). In vivo imaging of ICH-induced inflammatory processes has barely
been explored (Mracsko and Veltkamp, 2014), and so the translucent nature of
zebrafish larvae and availability of transgenic lines offer an accessible model for
further interrogation. Observations of cellular interactions within whole, intact rodent
brains at ongoing time points are currently not possible, therefore utilising the
zebrafish system will allow us to learn more about leukocyte behaviour after
spontaneous ICH. Furthermore, immune responses observed in real time in this system
will have been elicited by spontaneous vessel rupture and not as an artefact of ICH
surgery or ex vivo analysis (Kirkman et al., 2011; Xue and Del Bigio, 2003). For better
translation of therapies from pre-clinical to patients, understanding of early innate
immune responses to spontaneous bleeding needs to be improved, thus zebrafish offer

a powerful resource to facilitate this.

In conclusion, given the advantages associated with zebrafish larvae and the potential
for a 3Rs approach to pre-clinical stroke research, we propose that this model organism
can provide critical insight into ICH pathophysiology during the early phases of injury

and offers a future platform for drug discovery.
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Research Highlights

Scientific benefits e No surgery is required so the models more
accurately recapitulate spontaneous ICH

e Ease of genetic manipulation associated with
zebrafish allows for the use of transgenic and
mutant lines

e Transparency of zebrafish larvae allows for non-
invasive monitoring of cellular processes over time
(live imaging)

3Rs benefits e Unprotected zebrafish larvae (before 5 dpf) can be

used as an alternative to rodent models in pre-

clinical ICH research

Practical benefits e High fecundity of zebrafish pairings means that a
large sample size of genetically comparable siblings
can be produced easily

e Zebrafish are a lower cost organism to host than
rodents

e Experimental timeline is less time consuming than
typical rodent studies which look at long term
outcomes of stroke commonly up to 3 months

Current applications e Elucidating immediate pathological outcomes of

spontaneous ICH in the brain of intact animals

Potential applications e High throughput drug screens for ICH therapies

e Replacing the current rodent models for analysis of
immediate ICH pathology
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Chapter 4: Characterising the zebrafish larval models of ICH
4.1 Introduction

Zebrafish larvae as non-protected organisms, offer a replacement strategy for rodent
usage in the pre-clinical stroke field. The use of adult fish for breeding is considered
a mildly stressful procedure in comparison to the moderate severity of surgery and
potential for lasting harm of stroke in rodents. From a 3Rs perspective, reducing the
number of animals by employing the zebrafish larval model has an ethical benefit in
addition to the scientific advantages highlighted previously that a new model can offer.
If the zebrafish model can be adopted by the wider stroke community, complementary
to the rodents, there is potential for a global reduction of animal usage. The zebrafish
larval model utilises the speed of development and larval transparency to allow for
investigation of brain cell atrophy, functional deficit and neuroinflammation non-
invasively over time after an ICH (Crilly et al., 2018; Crilly et al., 2019). In this study
we continue to characterise different aspects of disease pathology, to draw parallels
with ICH outcomes observed in both rodents and human patients and offer additional

translational comparisons.

In order to generate an ICH model comparable to the widely used in vivo collagenase
model in rodents, we considered the multitude of measureable outcomes of disease
severity in rodents and aimed to develop some equivalents in zebrafish. Fully
characterising the ICH pathology in the zebrafish will provide many parameters by
which to measure severity and improvement. We have observed previously that the
location of haemorrhages, another predictor of clinical severity, is consistent between
ATV and bbh models appearing in the forebrain and hindbrain (figure 3.3.1). We
sought to determine the severity of the injury in zebrafish compared to the human
condition by estimating the haematoma volume. We have monitored the progression
of brain injury after ICH using transgenic larvae to observe cell death in real time
(figure 3.3.3) however the question remains as to which cells are contained in this
apoptotic population and whether they are directly linked to the loss of motility
function. ICH patients and rodent models also exhibit a decrease in cerebral blood
flow following injury which is associated with the prevention of haematoma
expansion and further increase of intracerebral pressure (Gould et al., 2013). Some

clinically relevant measurements are however impossible in zebrafish larvae, such as
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cognitive testing for neuroscore, ICP and brain water content because of their size and

developmental nature.

Zebrafish exhibit regenerative properties in tissues such as the heart (Poss et al., 2002),
fin, skin and nervous tissues (Becker et al., 1997) at larval stages. This improves the
chances of full recovery after injury, which may be explored in terms of ICH in this
model. If the zebrafish larvae recover fully from a haemorrhage, with no long lasting
pathology, then through further investigation it may be possible to exploit these
recovery mechanisms in the adult human tissue to promote faster and fuller recovery

after stroke.
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4.2 ldentification of pathological characteristics of zebrafish larval ICH

Following on from the publication of the motility and cell death assays (Crilly et al.,
2018; Crilly et al., 2019), we aimed here to further investigate whether other
pathologies were conserved between zebrafish and humans, and to further define the

pathological outcomes in the zebrafish ICH model.

Estimating the volume of haematoma and the region of cell death

In human ICH location of bleed and haematoma volume are two vital predictors of
disease severity (Shaya et al., 2005). We have observed consistent and comparable
haemorrhage locations in our larval models, in both forebrain and hindbrain,
presenting a heterogeneous population. In order to estimate the volume of the
haematoma in zebrafish larvae we used 3D rendering of images (n=7) acquired from
light sheet microscopy (Broderick et al., 1993; Jordan et al., 2009). Using IMARIS
software (version 9.3) to generate a 3D image from z stacks of flil:GFP;gatal:dsRed
ICH+ larvae at 3 dpf (figure 4.2.1, appendix v) we determined the average
haemorrhage volume to be 9.6x1075 um? (figure 4.2.1B). As an estimate of total brain
volume of the larva we used the X,y and z measurements from the acquired whole
brain images of 3 dpf larvae in Ahrens et al. (2013) to equal 3.1x10"7 pm?
Haematoma volume therefore was found to be 3.1% of the total brain volume. In
comparison to humans, a haematoma volume greater than or equal to 2% (~30cm?) of
the total brain is associated with moderate neurological deficit (Kleinman et al., 2011),
with volumes greater than this increasing the risk of death and vegetative state. In the
mouse collagenase model, average haematoma sizes differ depending on the
concentration of collagenase injected. In one study, characterising the collagenase
double injection model in mice, average lesion volume was measured at 2.0+0.2mm?
(meantSEM), equating a haematoma of 0.39% of the total brain volume
(508.91+23.42mm?) (Badea et al., 2007; Belayev et al., 2003). This implies that in
comparison to the human condition, the representative zebrafish larval haematoma

volume we observe most likely equates to a moderate neurological deficit.
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Figure 4.2.1 3D rendering of the haematoma volume

(A) Images acquired of flil:GFP;gatal:dsRed ICH+ larvae were opened in IMARIS
software and using the surpass tool were rendered to 3D images. A region of interest
was drawn around the dsRed expressing RBCs in the haematoma (right panel) and the
volume selected as the chosen output. Representative image of n=7. (B) Haemorrhage
volume measurements. Boxplot shows maximum/minimum values and interquartile

range.
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To determine the volume of the region of cell death, z stack images (n=8) of
ubiq:secAnnexinV-mVenus ICH+ larvae were made into 3D images (IMARIS 9.3)
(appendix vi). The region of interest was determined to include the most intense
regions of mVenus expression. A 3D image shows that the most concentrated clusters
of dying cells are in the forebrain and in the midbrain right and left optic tectum,
present in all larvae imaged (figure 4.2.2). The average total volume of the annexinV

positive region was 1.2x10"5 um?®which equates to 0.39% of total brain volume.
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Figure 4.2.2 3D rendering of the annexinV positive region of cell death

(A) 3D rendering of the mVenus positive cells in an ubig:secAnnexinV-mVenus ICH+
larvae shows there are 3 regions of interest, the forebrain and two bilateral clusters in
the midbrain denoted by arrows. E-eye. (B) AnnexinV region volume measurements.
Boxplot shows maximum/minimum values and interquartile range.
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Dying cells in the brain after ICH have not been identified

In order to characterise the populations of cells that were expressing annexinV in our
cell death assay, we isolated fluorescent cells from bbh ubig:secAnnexinV-mVenus
ICH+ larvae using FACS to probe for cell type markers by western blot and whole-
mount staining. We expected a mixed population of cells and therefore probed the
blots using antibodies targeting neuronal nuclear antigen (NeuN), apolipoprotein E
(Apoe) indicative of macrophages and myeloperoxidase (Mpo) for neutrophils.
Baseline annexinV expression was too low in ICH- larvae to extract a large enough
cell population for protein analysis in a control. Western blot analysis (not shown) was
inconclusive, perhaps due to polyclonal antibodies and lack of specificity.
Additionally, extracting protein from a small population of dying cells from whole
embryos did not result in adequate concentrations for blotting analysis. Whole-mount
staining for Mpo showed that cells do not localise where we see the annexinV positive
cells in the brain, implying that Mpo positive cells are not part of the cluster population
(figure 4.2.3). No other antibodies were suitable for whole-mount staining and so
results are inconclusive. Future assessment of dying cells could make use of the
transgenic lines for specific cell types and whole mount stains for dying cells like

acridine orange or TUNEL.
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Figure 4.2.3 Immunohistochemical analysis of mpo positive cells after ICH

Whole-mount stains for 3 dpf ICH+ larvae with an antibody detecting Mpo expression
indicates neutrophils do not cluster within the cerebral hemispheres. Images are
representative of n=15. Images processed and inverted on ImageJ. Scale bar represents

250pm.
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Brain haemorrhage decreases local blood flow activity

We next investigated the blood flow rate in larvae with and without brain
haemorrhage. Clinically, a brain haemorrhage reduces local cerebral blood flow (Lee
et al., 1997; Yang et al., 1994), therefore we utilised the transparency of larvae to
measure the local blood flow in live, intact animals. ICH- and both ATV and bbh ICH+
larvae were analysed for blood flow rate in the head through the mesencephalic vein
(figure 4.2.4), and heart rate using the DanioScope (Noldus version 1.1). Compared to
ICH- sibling controls, local blood flow following haemorrhage in both models was
significantly reduced by ~85% at 2 dpf and 3 dpf (figure 4.2.5). Heart rate in all the
groups was unchanged at both time points (figure 4.2.5). At 3 dpf we have observed
an increase in the level of il-14 expression (figure 5.2.1) which we hypothesise is
contributing to the innate immune response and progressing brain damage as is
observed in rodent models and humans (Sobowale et al., 2016). Locally IL-1B can
also act as a vasodilator, to enable the extravasation of immune cells and we
anticipated that the blood flow in the head of the zebrafish larvae would increase at
this time point (Osuka et al., 1997; Plata-Salaman et al., 1995). Our data suggests that
one or two individual larvae may be exhibiting vasodilation and restored blood flow
at 3 dpf (figure 4.2.5 A and B). This sustained reduction in blood flow in the majority
of animals may suggest why peak levels of brain cell death are seen at 3 dpf (~24 hpi).
It may also suggest why regions of annexinV expression do not overlap with the
hematoma location in the head as loss of circulation is damaging secondary to the mass
of the haematoma due to loss of nutrients, sugars, ions etc (figure 4.2.6). Cells within
the haematoma are known to undergo different forms of death such as ferroptosis,
necrosis and necroptosis (Zille et al., 2017) and therefore not observed to be annexinV
expressing. We can utilise the high throughput measurement of blood flow as another

translatable indicator of disease severity.
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Figure 4.2.4 Blood flow was measured through the mesencephalic vein at 3 dpf
Larvae at 2 and 3 dpf were immobilised and filmed for 30 seconds to record blood
flow. The videos were analysed using DanioScope over the mesencephalic vein (MsV,
left panel (Inagawa et al., 2003)) and flow activity over the SO1 region calculated
(yellow highlight).
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Figure 4.2.5 Effect of brain haemorrhage on local blood flow following ICH

(A) Blood flow videos were recorded for ICH- and ATV and bbh ICH+ larvae at 2 dpf
and analysed for blood flow activity % using DanioScope software. Data were
analysed using a one-way ANOVA to show significant reduction in ICH+ larvae
(*p=0.01, #p=0.03, n=7-8 per group, 2 independent replicates). (B) ICH+ larvae show
decreased blood flow activity % in the brain local to the hematoma at 3 dpf (n=7-8 per
group, 2 independent replicates). Data were analysed using a one-way ANOVA to
show significant reduction in ICH+ larvae (****p<0.0001). (C) Heart rate measured
using the DanioScope was analysed as a control for global blood flow and there was
no difference between the ICH- and ICH+ groups at either 2 dpf (left) or 3 dpf (right)
(n=7-8 per group, 2 independent replicates).
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Figure 4.2.6 Analysis of brain cell death region with respect to haematoma
location

ICH+ double transgenic gataldsRed:ubig:secAnnexinV-mVenus larvae were
mounted in the light sheet microscope and time lapse images were taken between 48
hpf and 72 hpf. Green shows annexinV binding and red is gatal positive RBCs. Still
images show the development of a region of annexinV positive cells dying in relation
to the gatal:dsRed positive red blood cells in the head over 6.5 hours (arrow). Scale
bar represents 100pum.
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4.3 Investigating long term outcomes of larval ICH

Following the characterisation of immediate pathology in this model we sought to
determine whether there were longer term outcomes of brain haemorrhage that
occurred during larval stages. Zebrafish demonstrate neuroregenerative properties into
adulthood (Becker et al., 1997; Ghosh and Hui, 2018; Kishimoto et al., 2012) and
further understanding these pathways in this ICH model may provide insight into the
endogenous mechanisms that could potentially be exploited therapeutically. As such
we next investigated whether there was any evidence of lasting pathology in juvenile
and adult zebrafish after an ICH.

Locomotor function recovers after 5 dpf

To determine whether the loss of significance at 5 dpf in the motility assay was
indicative of a rapid recovery process (figure 3.3.6), we tested motility in larvae up to
21 dpf to see if swimming function was recovered following ICH. Untreated ICH-
ATV treated ICH+ and bubblehead ICH+ larvae were assayed for locomotion at 5-21
dpf at daily then weekly intervals. ATV treated larvae at 5 dpf showed a significant
reduction in swimming time compared to untreated and bbh larvae. Data from bbh
larvae suggests that swimming recovers to baseline as juveniles however there is a
trend to show that ATV ICH+ larvae do not fully recover although the differences are
not significant (figure 4.3.1). ATV ICH+ larvae did not live until 21 dpf so this data
point is missing and further investigation could reveal if survival is dependent on
haemorrhage. A Kaplan-Meyer survival curve for both haemorrhage models could

show if ATV ICH+ larvae results in significant loss of larvae.
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Figure 4.3.1. Long term analysis of locomotor function in ICH+ larvae

Untreated ICH-, ATV treated ICH+ and bubblehead ICH+ were assayed for
locomotion at 5-21 dpf (n=24 larvae per group, 1-3 independent replicates). ATV
treated larvae were dead at 21 dpf and therefore data point is missing. Data analysed
using one-way ANOVA with non repeating measures (***p=2e’ATV vs UNT, bbh).
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Adult zebrafish brains exhibit no pathological morphology following larval ICH

To assess whether ICH during larval stages could cause long term neuropathological
changes, adult brains from bbh homozygotes and wildtype siblings were harvested at
~1 year old. Brains were paraffin embedded, sectioned and stained with haematoxylin
and eosin to identify white matter changes, presence of hemosiderin, evidence of
hypoxia, neuronal stretching or gliosis (Finnie, 2016; Perry and Brat, 2010). Both the
ICH+ and ICH- control brains look comparable at 1 year after injury and there was no
evidence of previous haemorrhage and brain damage suggesting that the larvae fully
recover by adulthood (figure 4.3.2). Representative images of sections were chosen to
be as comparable as possible between WTs and homs however challenges with tissue
orientation when sectioning means these are not exact. Additional images are available
in appendix vii. Some evidence of astrocyte stretching and microvacuolisation was
present in the hindbrain of the ICH+ homozygote brains however this could be
attributed to natural ageing as it was identified infrequently and was highly dispersed

throughout the tissue.
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Figure 4.3.2. H and E stains of adult zebrafish brains from WT and bbh ICH+
homozygotes

Homozygous bubblehead adult brains (bottom panels) show no neuropathological
differences associated with larval haemorrhage from wildtype brains (top panels).
Images are representative of n=3. MO — medulla oblongata, CC — cerebellar crest, OT
— optic tectum, Tel — telencephalon, V — ventricle.
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4.4 Discussion

In this study we have further shown characteristics of the zebrafish larval ICH model
that aids analysis of disease processes and may help to elucidate novel therapeutic
strategies. Although zebrafish are more evolutionarily distant from humans, the
compromise made for a faster model in a smaller vertebrate that is amenable to drug
screens enables investigation that is impossible in rodents. Thus far the use of rodent
models has not resulted in successful translatability of drugs to clinic. We hypothesise
that by investigating more broadly in a simpler organism, and by taking advantage of
the spontaneous nature of ICH, we might develop new strategies for therapy and
medication. The zebrafish model has shown that important disease mechanisms are

conserved across species and developmental stages.

There are limitations associated with this model, for first instance, the aquatic
environment zebrafish larvae develop in is very different to that of the adult human
brain. Secondly, due to the lack of calcified bone and a fully developed cranium at this
developmental stage, intracranial pressure is not increased due to the larval head’s
capacity to swell (bubblehead). Additionally, the zebrafish can withstand considerable
injury without exhibiting the equivalent symptoms we would expect in a human
patient due to their regenerative properties. Also, zebrafish larvae are not amenable to
cognitive studies comparable to neuroscore measurements in rodents. Here we show
that the zebrafish models a moderate haemorrhage compared to humans, and they
manage well with this size of haematoma. There have been no cases of haemorrhage
related sudden death recorded in our study, which occurs in 10% of human patients
(Intercollegiate Stroke Working Party, 2012). However, the ability to fully recover
after a haemorrhage offers a unique platform to investigate the biomechanics of swift
recovery from an ICH. Determining the difference between developmental processes
and recovery mechanisms that may be activated in an adult is a contentious subject in
zebrafish biology. Further studies should focus on understanding the developmental
processes that allow for such rapid recovery in the zebrafish model and investigate
whether these pathways, normally dormant in the mature human brain, could be

activated to aid recovery from ICH-induced injury.

AnnexinV binding is not a true accurate measure of total brain cell death following

haemorrhage, as annexinV binds to phosphatidylserine only in apoptotic cells and it
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has been shown that many other cell death processes are active during ICH such as
necrosis, pyroptosis and necroptosis (Zille et al., 2017). However by measuring
programmed cell death, there is a chance that these cells can be rescued, and apoptosis
can be stopped, whereas other mechanisms of cell death are less controlled.
Determining the cell types in this slowly dying population would reveal if the brain
tissue was salvageable if the phagocytic macrophage response could be inhibited.
Future work could elucidate the cell type population by using mass spectrometry on
protein isolated from the annexinV positive cells, or immunofluorescent staining of

the cell extract smeared onto a slide.

Interestingly, annexinV clusters of dying cells always occur in the same bilateral
regions in the mid and fore brain, that do not overlap with the bleed site. This is
potentially because of the sustained reduction in cerebral blood flow which affects the
entire brain, observed in the recordings. Specific brain areas that require high blood
flow for development and function at this time point may suffer due to ischemia caused
by ICH and therefore the regions of cell death are consistently located. Reduced
autoregulation of cerebral blood flow following ICH also occurs in humans (Butcher
et al., 2013) and experimental models (Liu et al., 2011) and leads to the spread of
ischemia and death of hypoxic tissues (Garg et al., 2012). By reducing cerebral blood
flow, expansion of the haematoma is prevented and some suggest this is
mechanistically due to an increase in ICP (Lowell and Bloor, 1971) or perhaps due to
increased interleukin-1p expression (Bray et al., 2016). The global reduction in blood
flow in response to ICH offers a new translatable high throughput assay to quantify
severity of the injury and recovery projection. Effective ICH therapies that improve
pathological outcomes may be acute blood pressure lowering, or by latent restoration
of blood flow to the peri-haematomal area and this assay offers a platform for

measuring that response in zebrafish.

The model is also amenable to further study of the mpegl and mpo positive cells that
respond to the bleed. Previously we showed that ICH results in increased activated
macrophage numbers in the brain. By extracting these populations through FACS and
extracting RNA we can investigate the regulation of genes associated with the immune
recruitment between ICH- and ICH+ in macrophages and neutrophils. This
information could be used to control the ‘switching” between neuroinflammatory and

neuroprotective mechanisms. It would also be useful to determine when cell
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populations are recruited from the periphery by resident immune microglia, as the
transgene mpegl is expressed in both cell types. This could be performed in the fish
using a Hoechst stain injection, as this fluorescent nuclear dye will be phagocytosed
by peripheral macrophages only, as it is unable to cross the BBB (Davis and
Ramakrishnan, 2009). The caveat with the experiment is that the BBB is damaged
following ICH and therefore new transgenic animals, specific for

microglia/macrophage markers are needed.

Additional characterisation shows that the zebrafish larvae fully recover from the ICH
event and do not display any long term pathology in brain morphology. This is vastly
different from the human condition, as even with surgical removal of the haematoma,
the haemorrhage and brain oedema can still be seen 14 days after surgery and
chronically, surrounding tissue undergoes organisation leaving a gliotic cavity that can
be identified post mortem (Love, 2011; Takasugi et al., 1985). The full functional
recovery of swimming ability after 6 dpf in zebrafish larvae implies that the damage
is reversed in the developing organism. These recovery processes require further
investigation, but there may be potential to exploit the regenerative properties of
zebrafish to speed up recovery in humans and restore brain function. The prolonged
presence of RBC lysis debris and hemosiderin after the haematoma clears forms a glial
scar, preventing full repair (Li et al., 2018). Here we have shown that this extensive
damage is not replicated in zebrafish models and 1 year after ICH there is no
neuropathological evidence. Obtaining brains from 3 — 6 month old zebrafish may
show a residual immune response or physical damage from the embryonic bleed

however this is yet to be determined.

Here we have demonstrated how the zebrafish larval models of pre-clinical ICH
exhibit translational pathologies that provide additional high throughout, assayable

outcomes to determine disease severity.
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Chapter 5: Using a zebrafish larval model of ICH for target drug
discovery

5.1 Introduction

Treatment options for ICH patients are limited to anticoagulant reversal, blood
pressure lowering and surgical haematoma evacuation upon admission to hospital.
This requires access to trained, experienced clinicians, neurosurgeons and specialist
stroke care staff. A surgical intervention can only occur once ICH has been diagnosed
from a scan and HE has stopped. Surgery is not always a possibility, especially for
patients from low-middle income countries where ICH prevalence is highest. There is
a requirement for a targeted medical therapy that can be administered to patients as

early as possible to prevent the severe pathological outcomes of ICH.

A widely reported therapeutic research approach in mammalian models of ICH is to
modulate the immediate immune response to blood in the brain. Secondary injury
contributes to considerable decline in patient prognosis as extravasation of active
immune cells results in HE and oedema, meaning it is an ideal target for ICH therapies
(Abid et al.,, 2018). In rodent studies, drug treatments that reduce the
neuroinflammatory responses have enhanced functional outcomes and recovery
following ICH (Kathirvelu and Carmichael, 2015). Microglia, the resident brain
immune cells, are activated by thrombin in the haematoma to release pro-
inflammatory cytokines following ICH (Wu et al., 2008). Thrombin has also been
shown to drive the neuroprotective phenotype in microglia (Rohatgi et al., 2004).
Thrombin activates the proteinase activated receptor 1 (PAR-1) and downstream MAP
kinase signalling to increase the production of tumour necrosis factor alpha (TNF-a),
a deleterious cytokine contributing to neuronal death (Mracsko and Veltkamp, 2014).
In preclinical studies, targeting TNF-o with an antibody to reduce receptor binding
and downstream signalling improved the performance of ICH+ mice in a rotarod task
by reducing oedema and BBB breakdown (Lei et al., 2013). Haemoglobin mediated
pro-inflammatory signalling on microglia through TLR4 also contributes to neuronal
death. Blocking the activation of TLR4 reduced oedema in mouse studies (Fang et al.,
2013; Y.-C. Wang et al.,, 2013) downregulating NFkB and downstream pro-
inflammatory cascades. Neither of these treatments has yet been taken to clinical trial

with human patients.
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Interleukin-1p is an early activator of inflammation and also presents a likely target in
ICH therapy. Cellular release of IL-1p involves pyroptotic mechanisms that contribute
to the release and accumulation of DAMPs in the injury site (Lopez-Castejon and
Brough, 2011). IL-1p binds to interleukin-1 receptors (IL-1R) on the cell surface and
intracellular signalling cascades lead to the formation of the inhibitor of nuclear factor
B kinase (IKK) complex. Active IKK phosphorylates the inhibitor of nuclear factor B
(IxB), targeting it for degradation by the proteasome which allows for p50 and p65
NF-xB subunits to be translocated out of the nucleus and activated. P65 is also called
RelA. NF-xB transcription factor binds conserved DNA motifs to increase the
transcription of IL-1B responsive pro-inflammatory genes (Weber et al., 2010). In
zebrafish, il-1/ gene expression in macrophages is increased following tissue injury,
and blockade of signalling decreases recruitment of leukocytes to the injury site,
perhaps preventing the detrimental consequences of cell migration (Ogryzko et al.,
2014a). In ischemic stroke studies, directly inhibiting the action of the master pro-
inflammatory cytokine IL-1p using an IL-1 receptor antagonist (IL-1Ra, Anakinra) is
neuroprotective (Sobowale et al., 2016) and has since moved into phase Il clinical
trials with significant reduction of downstream IL-6 levels in patients (Smith et al.,
2018). IL-1Ra for ICH is in clinical trials with the primary outcome measure being the
oedema expansion at 72 hours post injury onset (Parry-Jones, 2018). These studies
suggest that the neuroinflammatory secondary injury response that exacerbates BBB
breakdown and oedema is a considerable contributor to neurological damage that can
be inhibited by IL-1Ra with neuroprotective outcomes. Zebrafish II-1B is structurally
conserved in humans and therefore IL-1Ra can be applied in the zebrafish larval model

to investigate therapeutic benefit (Ogryzko et al., 2014a).

In addition to the early innate immune response, other toxic blood compounds released
in the hematoma contribute to brain damage and offer more targets for medical
intervention. Literature suggests that iron influx from RBC lysis and heme breakdown
following an ICH may offer a mechanistic explanation for brain swelling, by
increasing aquaporin expression, a water channel protein (Qing et al., 2009). Metal
chelating drugs bind toxic metal ions and enable excretion from the body. There are
many iron chelating drugs that are safe for medical use, to reduce iron overload from
a blood transfusion, and show potential to be approved for alternative therapeutic

purposes. Deferoxamine (DFO), a bacterial siderophore, binds free iron in the

119



bloodstream enabling excretion in the urine (Summers et al., 1979). Clinical trials
inhibiting iron accumulation after ICH using deferoxamine had progressed to phase Il
at the time of experimentation, though recently published trial data show it to be
ineffective with further investigation deemed futile (Selim et al., 2019). DFO
treatment is associated with unpredictable adverse effects such as hypotension, visual
and auditory changes and acute respiratory distress, all of which could worsen the
haemorrhage outcomes (Kontoghiorghes, 1995). The Hi-DEF trial (high-dose
deferoxamine in ICH) initially treated patients for 5 consecutive days and was
suspended due to pulmonary toxicity (NCT01662895). The modified i-DEF protocol
lowered the dose for 3 days of treatment and proved ineffective, powered based on a
previous Factor VI trial (NCT02175225). There was no difference between treatment
and placebo groups in terms of mortality, long term modified Rankin Scale (mRS)

scores or safety.

Our zebrafish larval model is amenable to drug studies and so using the outcomes
characterised in chapter 3 (Crilly et al., 2018; Crilly et al., 2019) we progressed to
testing for significant improvements with likely therapeutic candidates, IL-1Ra and
DFO. To date, ICH drug studies in zebrafish have focussed on preventing blood vessel
rupture and developmental deformity rather than rescuing the pathology after a bleed
(Huang et al., 2017; S. Lietal., 2017; Yang et al., 2017). We believe that this strategy
lacks translational relevance for human ICH as it is difficult to identify at risk
populations for pre-treatment, to prevent a haemorrhage from occurring. Our approach
to drug screening was to treat larvae after a haemorrhagic event had already occurred,
and monitor outputs at 3 dpf, when we see the most striking pathology. If we can
identify compounds that reduce the severity of pathology after ICH in the larval model,

there may be potential for clinical translation.
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5.2 Investigation of interleukin-1f expression and inhibition as a

therapeutic for ICH

Initially, we focussed on interleukin-1p expression and action as the primary target for
reducing brain cell death and oedema after ICH. If il-78 mMRNA expression displayed
a similar temporal pattern in the zebrafish model to the cell death (figure 3.3.3) then
we could assume that the two may be linked and that by blocking Il-1p receptors, we
would inhibit pro-inflammatory action and subsequent pathology. IL-1Ra is a potent,
competitive, reversible inhibitor of IL-1p (and o) which acts by binding to the receptor
in the active site. It is produced endogenously by immune cells, epithelial cells and
adipocytes as an immune modulator (Arend, 1990). Anakinra, a modified recombinant
human IL-1Ra protein, is used to treat auto-immune inflammatory diseases like
rheumatoid arthritis and is currently in phase Il and Il clinical trials for ICH and
subarachnoid haemorrhage respectively (Galea et al., 2017; Parry-Jones, 2018). The
zebrafish gene illfma encodes a similar functioning protein on chromosome 11,

however structurally is not orthologous to human IL-1Ra (Zou and Secombes, 2016).

Interleukin-1 expression in zebrafish is increased following haemorrhage

It has been previously shown that IL-1p release in response to brain tissue injury is
vital for the inflammatory response cascade (Murray et al., 2015). To determine
whether the same was true in our model of ICH, we sought to detect il-75 mRNA
expression differences in ICH+ larvae compared to ICH- siblings. Using quantitative
PCR (gPCR) analysis in both ATV and bbh models we saw a significant increase in
the relative quantification of mRNA expression levels (RQ) of il-78 24 hours post
injury (hpi) at 3 dpf when compared to ICH- sibling hprtl housekeeper gene
expression (figure 5.2.1). Identifying this increase in expression was inconsistent and
varied between clutch and time of sampling. To investigate the optimum time point
samples were obtained from very early time points after haemorrhage up until 14 dpf
and although detection was irregular, levels were most consistently elevated at 3 dpf.
A trend for increased expression of other innate immune marker genes was also
observed in whole bbh ICH+ larvae although these alterations were not significant
(figure 5.2.1). This time point corresponds to the greatest brain cell death, macrophage

recruitment and activation (figure 3.3.3, 3.3.7).
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Figure 5.2.1 Expression of innate immune markers following ICH

(A) Expression levels of il-1b mRNA in ICH+ larvae, in comparison to ICH- siblings
at 72hpf in both bbh (left panel) and ATV (right panel) models. RQ = relative
quantification. Data from 3-5 independent replicates of RNA pooled from n=30 larvae
(#p=0.022, *p=0.049, “p=0.043). (B) Expression levels of innate immune marker
genes following haemorrhage. Data analysed using a two-tailed Student’s T Test
comparing ICH+ to ICH- data. Large standard deviation from the mean as CT levels
were at the limit of detection (5 independent replicates; *p=0.022).
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Statins are most commonly recognised for their role in cholesterol inhibition, though
they possess several other functions including anti-inflammatory properties (Abeles
and Pillinger, 2006; Bu et al., 2011). ATV is a competitive antagonist of HMG-CoA
reductase, the enzyme that converts HMG-CoA to mevalonate for isoprenoid and
cholesterol synthesis (figure 1.8.1) (Eisa-Beygi et al., 2013). Statins are widely
prescribed to patients with cardiovascular disease (CVD) to prevent secondary events
like ischemia or ICH by reducing cholesterol levels (Westover et al., 2011). It has been
debated whether this reduction in cholesterol increases the risk of ICH in ischemic
stroke patients or increases recurrence of ICH, however this is usually overshadowed
by the overall benefits of statins in CVD (Van Matre et al., 2016; Ziff et al., 2019).
ATV is also known to reduce expression levels of several pro-inflammatory cytokines
including IL-1B (Zhang et al., 2013). We treated bbh ICH+ larvae with 1.5uM ATV
to determine if ATV-mediated anti-inflammatory action was protective in our model.
There was no significant difference seen in brain cell death when compared to
untreated bbh ICH+ however there was more individual variability in this group
(figure 5.2.2A). ATV did show anti-inflammatory properties, by decreasing the level
of il-14 (figure 5.2.2B). However, we also observed a reduction in expression of the
anti-inflammatory cytokine il-10 in contrast to the increase in expression reported to
occur in human responses (figure 5.2.2B) (Jameel et al., 2013). A reduction in il-10
may be related to the cholesterol inhibitive properties of ATV and the modulation of
immune metabolism (Han et al., 2009). Therefore in order to avoid these potentially
confounding effects of ATV as an ICH induction method, assessment of drug

treatment was continued using the bbh model only.
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Figure 5.2.2 Effect of ATV treatment post ICH on cell death analysis and immune
gene expression
(A) Cell death analysis of bbh ubig:secAnnexinV-mVenus ICH+ larvae with and
without treatment with 1.5uM ATV after haemorrhage shows no significant difference
between groups. Data from n=10 larvae. (B) Gene transcript expression analysis
shows a decrease in inflammatory genes il-1p, il-10, mmp9 when compared to bbh
ICH+ larvae without ATV treatment. Data acquired from one independent replicate

with three technical replicates and bars show minimum and maximum RQ values.
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To determine whether increased mRNA expression accurately correlated with an
increase in Il-1B protein we used immunofluorescent staining on 3 dpf ICH- and ICH+
larvae to detect II-1p (figure 5.2.3). Representative images were collected from stained
larvae (n=50) and showed that IlI-1B was detectable in the head following ICH,
however not in all larvae. We hypothesise that this is because of the variability of the
ICH time line and immune response observed in individuals. 1l-1B was not detectable
using western blot or WISH techniques, perhaps because total concentration was too
low and these assays lack sensitivity. In a model of traumatic brain injury (TBI),
known to upregulate IlI-1p expression, we detected il-1f using WISH analysis and saw
that expression is highest at 1 and 2 hours post injury (hpi) and undetectable at 5 hpi
(figure 5.2.4). This suggests that il-/f expression is transient and perhaps why in the
ICH model our detection results are variable. With larvae developing so quickly and
heterogeneity within a clutch, il-74 in the ICH+ larvae was not always consistently

increased at the sampling time.

Hematoma fluid acquired from human patients enrolled in the MISTIE Il trial for
minimally invasive hematoma evacuation was analysed for pro-inflammatory immune
markers as part of the INFLAME-ICH trial. Data were collected to identify a time
point where IL-1B was targetable by IL-1Ra treatment. Data show that IL-1f is
increased in n=47 surgical patients until 4-5 days post randomisation (medical or
surgical interventions) before returning close to baseline (Parry-Jones et al,
unpublished, IRAS 163606). These data indicate that a comparable time line in

zebrafish may draw parallels with human patients.
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Figure 5.2.3 Detection of 1I-1p in ICH+ larvae

At 3 dpf, ICH- and ICH+ bbh larvae were fixed and paraffin embedded before
sectioning into 5um sections. Tissue was stained using an antibody specific for
zebrafish 11-1p and a blue DAPI counter stain for cell nuclei. Fluorescent images were
acquired at 20X magnification (top panels, scale bar = 100um). ICH- larvae show a
high background for the secondary antibody as there was no specific binding or
detection of II-18. Images from ICH+ larvae show cell populations in the hindbrain
expressing IlI-1B (green) in response to haemorrhage (*). Yellow boxes indicate
regions imaged in bottom panels at 40x magnification, scale bar = 50um.
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control

Figure 5.2.4 il-1p expression in a model of traumatic brain injury

At 2 dpf larvae were anesthetised and injured using a glass needle and a stab injury to
the brain. Sibling controls were anesthetised without injury. Larvae were fixed and il-
1/ expression analysed using WISH staining. 1l-78 mRNA expression is detectable in
the head in distinct cells at 1 hpi (*). Images are representative of n=12-14, scale bar
represents 250pum. TBI — traumatic brain injury, hpi — hours post injury.
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In an attempt to worsen brain cell damage and confirm that Il-1p is detrimental to
zebrafish post ICH, we injected human recombinant IL-1p (hrIL-1p) into the hindbrain
ventricle of ICH+ larvae at 2 dpf (figure 5.2.5). Larvae were injected with 1nl of a low
(200ng/ml) or a high (10ug/ml) dose of hriL-1p or a water control. Larvae were then
assayed for cell death by measuring annexinV expression at 3 dpf. We saw no
difference in the total fluorescence of dying cells in the brain at this time point
compared to uninjected and water controls. This suggests that either the cell death
response is an ‘all-or-nothing’” measurement and cannot be worsened further than the

damage already present, or that Il-1B is not driving the cell death response in the fish.
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Figure 5.2.5 Effect of hrlL-1p on cell death following ICH

HrlL-1p was injected into the hindbrain ventricle of ubig:secAnnexinV-mVenus ICH+
larvae at 2 dpf at a high (10pg/ml) and a low (100ng/ml) dose. Water was injected as
a control. Larvae were then assayed at 3 dpf for cell death (n=6) and images analysed
for intensity fluorescence.
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Inhibition of Il-1p with Anakinra has no effect on pathological outcomes of ICH

IL-1Ra was administered to bbh larvae before a spontaneous haemorrhage occurred
(24 hpf) in order to replicate the protection seen in rodent studies, however this was
not a successful approach as we observed an increase in mortality. Administration of
the drug post haemorrhage recreates a more realistic translational treatment window.
IL-1Ra (100mg/ml) was therefore injected into the hindbrain ventricle of bbh
homozygous and WT control animals early 2 dpf (~52 hpf) after all the homozygous
animals had haemorrhaged. Cell death was analysed in bbh ubig:secAnnexinV-
mVenus animals at 3 dpf and motility assayed at 5 dpf (figure 5.2.6). Although there
was a significant haemorrhage effect in both vehicle and treated groups as observed
previously (figure 3.3.4) there was no effect of IL-1Ra treatment on cell death or
motility (figure 5.2.6). IL-1Ra treatment appears to increase the locomotor deficit
between ICH- and ICH+ siblings and worsen outcomes but this was not significantly
different to vehicle treated ICH+ groups. The loss of significant haemorrhage effect
seen on locomotion at 5 dpf in untreated larvae when data from 3 independent
replicates is pooled may be due to variation in individual recovery time, as this has
been seen to differ between clutches and experimental replicates (figure 3.3.6). Using
R to carry out further statistical analysis considering independent repeats (‘clutch’) as
a random variable, there was a significant overall haemorrhage effect, but a non-

significant effect of treatment (appendix viii).
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Figure 5.2.6 1L-1Ra treatment outcomes on cell death and motility

(A) ICH+ larvae showed an increase in brain cell death compared to ICH- siblings
however treatment with IL-1Ra at 2 dpf showed no reduction in intensity fluorescence
analysis. Data acquired from 3 independent replicates of n=6-7 larvae and analysed
using a two-way ANOVA (*p=0.01) (B) IL-1Ra treatment showed no longer term
beneficial response in motility assayed at 5 dpf. Data from 4 independent replicates of
n=24 and analysed using a multi linear model analysis in R (**p=0.001).
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Treatment with Anakinra modulates the innate immune response to ICH

We sought to investigate the cellular innate immune response to IL-1Ra treatment to
determine whether it was having an inhibitory effect on cell migration and activation.
Double transgenic mpo:GFP;mpegl:mCherry bbh larvae were treated with IL-1Ra and
live imaged using the light sheet microscope to analyse the number of immune cells
in the head. Neutrophils (mpo:GFP) are the most numerous innate immune cell in
developing zebrafish larvae (Ellett et al., 2011). When characterising the model, it was
noted that there was a significant increase in the number of macrophages
(mpegl:mCherry), not neutrophils, as a result of ICH (figure 3.3.7). IL-1Ra treatment
increased the number of neutrophils in the head in ICH+ larvae when compared to
treated ICH- siblings (figure 5.2.7A). This increase was not significantly different
from the haemorrhage effect in vehicle treated ICH+ controls (figure 5.2.7A). There
was no increase in the number of macrophages following IL-1Ra treatment, in contrast
to the increase seen in vehicle treated animals, suggesting that blocking Il-1p modifies
cell migration (figure 5.2.7B). We analysed the morphology of the macrophages in the
head in response to ICH after IL-1Ra treatment and found there were less activated
cells with amoeboid morphology than in vehicle controls (figure 5.2.7C). These results
taken together suggest that inhibiting the 1l-1 response in the zebrafish with IL-1Ra
modulates the immune response but does not rescue the neuropathological
consequences of ICH.

132



A neutrophils B macrophages

ns

]
o
*
*
*
(o]
o
1

[N
(=)
1

number of cells
P&

o
number of cells
I8
(]

5 . . 0
>
&-\\o\“ Ng
L Y
ICH- = ICH+ e [CH- = ICH+
C
* ns
p— La—
1001 =

50+

% of cells

vehicle IL-1Ra

ICH- = ICH+

Figure 5.2.7 IL-1Ra treatment effect on the neuroinflammatory response

The number of mpo:GFP positive neutrophils and mpegl:mCherry positive
macrophage cells were counted in head from images taken of ICH- and ICH+ double
transgenic larvae. (A) With IL-1Ra treatment, the number of mpo positive neutrophils
was significantly increased compared to ICH- larvae however not significantly
different from vehicle treated ICH+ larvae. Data analysed using a two-way ANOVA
(3 independent replicates of n=5, ***p=0.0001). (B) The number of mpegl positive
cells was not significantly increased in ICH+ larvae with IL-1Ra as seen in vehicle
treated larvae however we observed a large variability in response within the assayed
group. (3 independent replicates of n=5, *p=0.049) (C) Macrophage morphology %
analysis in larvae treated with IL-1Ra shows less activated ‘amoeboid’ cells than in
vehicle treated groups. Data from 2 independent replicates n=8-11, analysed with one-
way ANOVA (*p=0.016).
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Anakinra treatment increases both il-1p and relA transcript expression

We analysed relA expression (the p65 subunit of NF«B) in conjunction to il-/5
expression using qPCR in IL-1Ra treated larvae to estimate whether there was any
activation of the 1l-1 receptor. We observed a significant increase in both il-74 and
relA mRNA expression in IL-1Ra treated ICH- and ICH+ groups (figure 5.2.8).
However, we also did not observe a haemorrhage-associated increase in il-18
expression despite observing previously, and so control levels of relA activation may
be not be accurate and this should be investigated further (figure 5.2.1). Increased
transcription of il-7f implies that blocking the receptors may cause a compensatory
over-expression (figure 5.2.8A). Downstream relA signalling increases with IL-1Ra
treatment suggesting that there is incomplete inhibition of the receptors by the human
recombinant protein (figure 5.2.8B). From this data it appears that IL-1Ra is effecting
transcript levels however it is not known whether this translates to proteins translation

and effective inhibition of the receptor.
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Figure 5.2.8 qPCR analysis of relA and il-1p expression with IL-1Ra treatment
(A) Expression of il-1/ was analysed using gPCR with vehicle and IL-1Ra treatment.
(B) Expression of relA with vehicle and IL-1Ra treatment to show downstream
receptor activation. RNA pooled from larvae (n=30) and data collected from 2
independent replicates. Data analysed using a one-way ANOVA.
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Here we have observed that IL-1Ra can modulate the innate immune response to ICH,
as reported previously (Mazon-Moya et al., 2017). However, these data also suggest
that targeting 11-1p is not adequate to rescue cell death caused by ICH. It may suggest
that IL-1Ra is not the best way to inhibit zebrafish I1-1 receptors and these experiments
could be verified by using a caspase inhibitor. Physiologically, the cascade of
neuropathic events, mass effect, cerebral oedema, cellular debris build up and toxic
compounds causes widespread cell death in the brain that is too severe to rescue by
modulating the immune response alone. We hypothesised that by targeting iron

accumulation to reduce cerebral oedema could lead to improved outcomes.
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5.3 Investigation of iron accumulation and inhibition following ICH

With a view to modulating the pathological outcomes associated with brain
haemorrhage in zebrafish larvae in conjunction with IL-1Ra treatment we sought to
investigate iron accumulation as a therapeutic target. Reducing iron accumulation
following ICH may prevent the severe oedema associated with worse outcomes in

patients.

Iron is present and sustained in the head following ICH

Following an ICH, free ferric iron in tissue is invariably detectable as haemosiderin.
Ferric iron in the zebrafish larval head was detected using a potassium ferrocyanide
reaction to develop a Prussian blue complex (Lumsden et al., 2007). Further
enhancement of the stain requires Prussian blue catalysis of H.O»-dependent oxidation
of 3’-diaminobenzidine (DAB) leaving a brown stain. Tissue bound ferric iron was
detectable in bbh homozygotes at 72, 96 and 120 hpf following a haemorrhage (figure
5.3.1). Areas of dark reddish brown were seen around the common bleed areas in the
fore and hindbrain, and at later time points when the haematoma clears, in the
hindbrain ventricle. Staining in the otolith bone in ICH- larvae acted as a procedural

control.
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Figure 5.3.1 Detection of free iron in the head following ICH

Catalysis of DAB substrate shows presence of iron by increased reddish/brown stain
(*) at 24, 48 and 72 hpf. Staining correlates to the common bleed areas in the midbrain
and hindbrain ventricle. At 120 hpf iron is seen concentrated in the otoliths (#) in both
ICH- and ICH+ larvae. Representative images from n=12 are shown, scale bars =
250pm.
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Inhibition of iron accumulation alone has no effect on pathological outcomes of
ICH

Deferoxamine (DFO) is soluble in water and therefore amenable to studies with
zebrafish larvae (Nasrallah et al., 2018). It has been reported in rodent models of ICH
to have efficacious outcomes on neurobehaviour, ICP and brain water content (Cui et
al., 2015). We treated ICH- and ICH+ bbh larvae after haemorrhage event on 2 dpf
(~52 hpf) with 100uM DFO and analysed cell death and motility as before. We
observed a significant haemorrhage effect on total brain cell death between ICH- and
ICH+ larvae in the DFO treated group (figure 5.3.2). However there was no significant
decrease in cell death observed from untreated ICH+ groups compared to DFO treated
ICH+ larvae showing that the drug had no effect. We aimed to investigate whether the
variability between clutch repeats was affecting our independent replicates and
therefore statistical analysis was performed using R taking clutch number as a random
variable and fitting a multi linear model (appendix ix). This confirmed lack of

significance in treated groups and therefore determined that DFO was ineffective.

Motility was assayed in treated larvae at 5 dpf. ICH- controls were ubig:secAnnexinV-
mVenus nacre larvae on a wildtype background instead of bbh WT siblings. Data
showed that untreated ICH+ larvae moved more than ICH- controls, perhaps due to
the different genetic background between fish groups (figure 5.3.3). In DFO treatment
groups overall motility in ICH+ larvae was decreased compared to ICH-. There was
no significant difference between DFO treated ICH- and ICH+ larvae however
because of the inconsistency seen between groups, from using two different strains,
data was analysed comparing ICH+ groups to identify a drug effect. DFO treated
larvae still moved significantly less than untreated ICH+ larvae implying no benefit

of drug treatment and implies that there is a deleterious effect of the drug.
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Figure 5.3.2 DFO treatment effect on cell death following ICH

Macro analysis of cell death in bbh homozygous ubig:secAnnexinV-mVenus larvae at
3 dpf. No significant reduction in the level of cell death was associated with ICH,
however haemorrhage did not significantly increase the intensity fluorescence
compared to ICH- siblings in treated groups. Data acquired from n=6-8 from 3
independent replicates and analysed using a multi linear model in R (***p<0.0001).
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Figure 5.3.3 Effect of DFO treatment on locomotor function

Untreated and DFO treated larvae were analysed for locomotor function at 5 dpf. Data
shows no significant differences between ICH- and ICH+ larvae in untreated or DFO
treated groups. Comparing ICH+ groups, there is a significant decrease in motility in
DFO treated groups compared to untreated, implying there is no benefit of treatment.
Data collected from one replicate, analysed using a two-way ANOVA, n=24
(*p=0.025).
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5.4 Development of a medium-throughput drug screen to identify novel

therapeutics

One of the key advantages of the zebrafish model is the small size of larvae and speed
of experiments, making it amenable to high-throughput drug screening (Margiotta-
Casaluci et al., 2019). A large scale in vivo drug screen for targeted ICH therapies has
never been possible before using the current surgical and spontaneous models in large
mammals. This approach may identify targets that have not yet been tried in human
ICH and may open an entirely new avenue of investigation. We devised an assay
protocol to screen bbh ICH+ larvae for a reduction in annexinV positive cell death
clusters using the Spectrum Collection library of drugs (MicroSource Discovery
systems). The Spectrum collection contains 2000 drugs comprising 50% approved
compounds from the US and international drug collections, 30% natural compounds
and 20% novel bioactive compounds. We acquired 25 drug plates from the zebrafish
facility at The Bateson Centre within The University of Sheffield to screen using our
model. Haemorrhage was confirmed in bbh homozygotes and larvae were plated n=3
into 200l embryo water in each well containing 10uM of drug in 1% DMSO at 2 dpf.
We then assayed cell death at 3 dpf after 24 hours of incubation at 28°C, screening
manually under a fluorescent microscope (figure 5.4.1). This presents a translatable
treatment timeline, as human therapies are more likely to be administered after a
haemorrhage has occurred, rather than as a preventative strategy. Drugs that showed
a reduction in clusters of annexinV positive cells, cerebral oedema and good overall
health of the larvae were repeated using n=5 larvae at the same concentration and
outcomes recorded (appendix x). Functionalities of positive drug hits with beneficial
outcomes in both repeats are outlined below in table 5.4.1. Currently we have
identified 32 compounds from the 480 screened in 6 plates, resulting in a 6.7% success
rate. Compounds target a range of pathways and the mechanism of action by which
programmed cell death is prevented is unclear. These drugs selected from initial
screening need further investigation to validate the positive outcome on cell death. We
will treat larger sample numbers of larvae and assay the functional motility and the
inflammatory response to see if there is a true beneficial effect on all pathological
outcomes. Once validated in the animal, in vitro studies in neuronal cell lines or co-
cultures with endothelial cells may help to deduce the mechanism of action by
examining cell death responses. RNAseq analysis can be used from larval tissue to
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identify targeted genetic pathways and we can identify whether these patterns in gene
expression is the same in human post-mortem tissue acquired from the Edinburgh

Brain Bank. Funding from the Stroke Association has recently been secured to

continue this study.

143



1 Collect embyros
bbh -/- ubiq:secAnnexinV-mVenus

S

— e O

bbh -/- ubiq:secAnnexinV-mVenus

i

2 Confirm ICH+

3 | Plate n=3 in Spectrum library

5 Confirm positive hits

Figure 5.4.1 The drug screen protocol

Larvae from bbh -/- ubig:secAnnexinVV-mVenus transgenic adults were confirmed for
ICH+ at 2 dpf before being plated (n=3) into a 96 well plate containing 10uM drug
concentration in 1% DMSO. ICH+ and ICH- larvae were also plated in 1% DMSO
alone as controls. At 3 dpf larvae were screened for cell death annexinV expression,
oedema and overall health. Positive hits were screened again with n=5 larvae. Drugs
with positive outcomes in both repeats were selected for further investigation.
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Table 5.4.1 Drugs identified from the Spectrum Collection Library which were
associated with positive outcomes on brain cell death in the zebrafish larval ICH
model. Data acquired from plates 1-6. Full list of positive hits in appendix x.

Drug Name Formula MolW | Bioactivity Source
T
(g/mol)
Naphazoline C,,H,,CIN, |246.74 | adrenergic synthetic
hydrochloride agonist, nasal
decongestant
Norepinephrine C.H, NO, 169.18 | adrenergic synthetic
agonist,
antihypotensive
Orphenadrine citrate | C,,H; NOg | 461.52 | muscle relaxant | synthetic
(skeletal),
antihistaminic
Phthalylsulfathiazole | C,,H,;N;O, |403.44 | antibacterial synthetic
S,
Oxolinic acid C,;H;\NO, |261.24 | antibacterial synthetic
Clomipramine C,,H),CLN, | 351.32 | antidepressant | synthetic
hydrochloride
Gluconolactone C¢H,,04 178.14 | chelating agent | synthetic
Levalbuterol C;H,,CINO | 275.78 | bronchodilator, | synthetic
hydrochloride 3 tocolytic
Sparteine sulfate C,sHN,O, |332.47 | oxytocic Leguminosae
S plant family
Sanguinarine sulfate | C20H1sNOsS | 429.41 | antineoplastic, | Sanguinaria
antiplaque canadensis plant
agent
Mitomycin C CisH1sN4Os | 334.33 | antineoplastic Streptomyces
verticillatus
bacteria
Temefos Ci16H2006P2S | 466.47 | insecticide synthetic
3
Clidinium bromide C2oH26BrNO | 432.36 | anticholinergic | synthetic
3
Clonidine CoH10CI3N3 | 266.56 | antihypertensiv | synthetic
hydrochloride e
Daunorubicin C27H290NO1o | 527.53 | antineoplastic Streptomyces
peucetius
bacteria
Deferoxamine C26H52N6O11 | 656.80 | chelating agent | Streptomyces
mesylate S (Fe & Al) pilosus bacteria
Digoxin C41H64014 780.96 | cardiac Digitalis and
stimulant Lamiaceae
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plant families

Disopyramide C21H32N305 | 437.48 | antiarrhythmic | synthetic
phosphate P
Adrenaline bitartrate | Ci3H19NOo | 333.30 | adrenergic Portulaca
agonist, grandiflora
bronchodilator, | plant
Gentamicin sulfate C21H4sNsO11 | 575.68 | antibacterial Micromonospor
S a bacteria
family
Halazone C7HsCI2NO4 | 270.09 | Anti-infectant | synthetic
S
Lincomycin C1gH3sCIN2 | 443.01 | antibacterial Streptomyces
hydrochloride OsS bacteria family
Nitrofurazone CeHsN4O4 198.14 | Anti-infectant | synthetic
(topical)
Oxidopamine CsH12CINO3 | 205.64 | adrenergic synthetic
hydrochloride agonist
(opthalmic)
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5.5 Discussion

The aim of these studies was to determine whether the zebrafish model and assays for
measuring the pathological outcomes could be utilised for drug screening to identify
a specific therapeutic for ICH. Initially, we selected drugs based on clinical trials for
ischemic stroke and early phases for ICH. We showed that IL-1Ra-mediated II-1
inhibition modulated the immune response to blood in the brain however this did not
show any efficacy when assayed for cell death and locomotion. Iron chelation
treatment with DFO did not lead to better outcomes for ICH+ larvae. Applying the
model to a large scale drug screen will identify new potentially therapeutic compounds
that have not been investigated in ICH before. The novelty of this study is that the
small size of zebrafish larvae allows for assaying in 96 well plates, screening large
numbers of drugs for relatively simple outcome analysis, an approach which is
impossible using the current rodent models. We hope that from this study, there can
be further investigation into the mechanisms of the drug candidates identified and that

with more rigorous testing some hold the potential for clinical trial.

In our study we found that ATV treatment in the bbh ICH+ larvae decreased il-10
transcript expression rather than increasing expression as previously reported in a rat
model of myocardial ischemia and human T cell studies (Jameel et al., 2013; Li and
Fang, 2005). qPCR analysis only shows the temporal mRNA transcript levels and is
not always indicative of protein levels. 1I-10 expression may appear lower in ATV
treated larvae because transcription spiked at treatment time (2 dpf) and when samples
were measured (3 dpf), subsequent high protein levels negatively regulated further
transcription of il-10 expression detected by gPCR. For a more robust analysis, protein
could be detected temporally using western blot to ascertain the effects of ATV on

inflammation.

We tried exacerbating damage by increasing the levels of hrlL-1f in the brain
following ICH however we did not observe an increase in response severity. This
could be due to cell death being an ‘all or nothing’ response to blood in the brain, but
further investigation is necessary. It may be that zebrafish Il-1f is not driving the cell
death response after haemorrhage, as we have seen that by antagonising the receptors
there is no beneficial response. In order to test this hypothesis we could inject ICH-

siblings with hrIL-1p to increase the baseline cell death response, or into the TBI
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model larvae. However from IL-1Ra experiments we can now conclude that II-1p
mediated neuroinflammation is not the driving cause of the brain cell death and loss

of locomotor function in this model.

Throughout this study we used motility at 5 dpf as a pathological outcome of ICH
based on the study in chapter 3, however drug intervention assays with IL-1Ra and
DFO show that there was no significant loss of motility in vehicle treated groups.
When first characterising the bbh response in chapter 3, we found that although
variable between clutches, 5 dpf gave the most consistent quantifiable response, as
larvae exhibit little spontaneous swimming at 3 and 4 dpf. Practically, at these early
time points it is difficult to detect the larvae using the DanioVision software. Once we
pooled the data from three independent clutch repeats, significance was lost. When
considering ‘clutch’ as a random variable, statistical analysis showed a significant
overall effect of haemorrhage and a non-significant difference between treatment
(appendices vii and viii). Retrospectively, in order to clarify the functional outcomes
of DFO and IL-1Ra treatment on bbh larvae and strengthen this study, motility should
have been recorded at 4 dpf as well. Without confirming a true haemorrhage effect in
vehicle treated groups, we cannot be certain whether locomotor function was restored

or worsened by the drug treatment.

The drug interventions tested here that were anticipated to be neuroprotective failed
to show efficacy in our zebrafish model. There are many reasons why IL-1Ra
treatment did not result in the neuroprotection seen in other stroke models. Firstly, the
protein is human recombinant, which differs structurally from zebrafish protein and
therefore may not bind as completely to receptors preventing full inhibition of II-13
signalling as we observed through increased relA expression. Practically, treatment
was difficult; IL-1Ra protein is prone to precipitation out of suspension and
accumulates in the microneedle upon injection, and so dosage is not always consistent
which may have contributed to the varied individual response. A dose response may
have helped to optimise IL-1Ra treatment however no benefit at the high dose of
100mg/ml implied that this would be futile. IL-1Ra treatment was seen to modulate
immune cell responses in larvae, increasing neutrophils at the site of injury in contrast
to the macrophages in vehicle treated. We hypothesise that this could be due to
neutrophils responding the CXCL2 recruitment marker released by endothelial cells
and migrating to the brain (Wu et al., 2015). Macrophages are inhibited by IL-1Ra and
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cannot activate in response to subsequent injury-mediated Il-1p release and therefore

there might be a neutrophil compensation occurring at this time.

Inhibition of 1I-1p in this model may not be beneficial because IL-1p has a plethora of
biological roles within the organism (Sobowale et al., 2016). IL-1p-mediated
activation of microglia is beneficial for recovery and repair following brain injury (Liu
and Quan, 2018; Spulber et al., 2009). 1l-1p is also a potent vasodilator which may
imply that release following an ICH has an important role in restoring blood flow to
the brain, and inhibition could be detrimental (Essayan et al., 1998). On the contrary,
reduction of blood pressure in patients after an ICH is beneficial and reduces the
precipitation of ischemia in the peri-haematomal region (Butcher et al., 2013).
Inflammation is a necessary part of regular zebrafish developmental processes
(Rangasamy et al., 2018). II-1p is expressed at low levels in the zebrafish without any
inflammatory stimuli during early development (Thisse, 2005). Early studies using an
Il-1B mutant knockout fish from collaborators at the University of Sheffield showed
delayed development and decreased larval survival, suggesting that this model might
not be suitable to investigate 11-1 inhibition therapeutically. However, IL-1f inhibition
has also been indicated as detrimental to the overall function in rodents following ICH
(Barrington et al. in preparation) and so clinical trial results will determine the
efficacy of IL-1Ra in ICH.

As discussed in the introduction to this chapter, TNF-a release and TLR4 signalling
also play a role in ICH pathology however have not been investigated in this study.
The TLR signalling pathway in fish differs vastly from mammalian cascades for
example, zebrafish TLR4 is non-responsive to LPS stimulation and signalling does
not require accessory proteins CD14 and Myd88, suggesting unique roles in PAMP
responses from TLR4 stimulation exist in zebrafish (Y. Li et al., 2017). Zebrafish
possess a number of fish specific TLRs that may also be active during DAMP
recognition and due to these reasons we decided not to pursue TLR4 inhibition as a
therapeutic strategy in our model. TNF-a expression has been attenuated in mouse

models of ICH with no benefit to outcomes (Matsushita et al., 2014).

The results from the initial drug screening of the Spectrum collection have indicated
some interesting compounds with beneficial outcomes on ICH larvae. Broadly, drugs

can be grouped together by therapeutic action into adrenergic agonists, sodium
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channel blockers, metal chelators and anti-bacterial compounds. It is not immediately
clear how these mechanisms prevent cell death after haemorrhage, and further
investigation is required to determine whether they result in positive outcomes with
the other pathological assays. Five compounds were identified as adrenergic receptors
agonists;  norepinephrine, levabuterol, adrenaline bitartrate, naphazoline
hydrochloride and clonidine hydrochloride. Sympathomimetic actions are complex as
different subtypes of adrenoreceptors have opposing action. At low doses, activation
of o adrenoreceptors is sympatholytic however at higher doses hypertensive action is
the dominant response, causing contraction and vasoconstriction of smooth muscle
surrounding blood vessels (Kamibayashi and Maze, 2000). The dominant action on
heart tissue is to decrease heart rate resulting in hypotension (Kamibayashi and Maze,
2000). In the heart, P1 adrenoreceptors activation increases intracellular cyclic
adenosine monophosphate (CAMP) and raises the heart rate (Stiles et al., 1984).
Depending on the specificity of the drug, a combination of these actions causes a raise
in blood pressure. Furthermore, seven drugs were identified as muscarinic
acetylcholine receptor antagonists and sodium channel blockers; sparteine sulfate,
disopyramide phosphate, clomipramine, clidinium bromide, digoxin, sanguinarine
sulfate and orphenadrine citrate. Muscarinic acetylcholine receptor antagonists reduce
parasympathetic nervous activity. Sodium channel blockers are commonly used as
anti-arrhythmic drugs to decrease CAMP and decrease cardiac activity. Overall these
drugs have antihypertensive effects reducing cardiac output and blood pressure. The
beneficial outcomes on cell death after ICH may be due to the reduction of HE and
oedema, hypothesised by Butcher et al (2013) who showed that lowering blood
pressure in human patients modestly reduced disability.

One consideration of the drug screen is the use of DMSO as a drug vehicle. All of the
drugs in the Spectrum Library are solubilised in DMSO and it is a widely used solvent
frequently used in zebrafish studies. Despite this, a range of studies have shown that
DMSO can have unwanted effects on zebrafish larvae and is not an inert drug vehicle.
We performed a dose response to determine DMSO effect on pro-inflammatory
factors and found it to be proinflammatory at 1%, however cell death control
experiments in the drug screen show this has no effect on cell death. In vivo studies
that use DMSO as a solvent do not always report using a vehicle control. Although

there is no related lethality or teratogenicity at low doses (Maes et al., 2012) DMSO
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has been shown to modify the permeability of the egg chorion, increase hyperactivity,
modulate gene expression, supress inflammatory responses, increase cell death in the
CNS and induce developmental abnormalities at increasing concentrations in
zebrafish (Chen et al., 2011; Elisia et al., 2016; Hallare et al., 2006; Hanslick et al.,
2009; Kais et al., 2013). Alternatives to DMSO are not much better for zebrafish
studies as solvents like ethanol, acetonitrile and dimethyl formamide are not well

tolerated through developmental stages (Maes et al., 2012).

Interestingly, gluconolactone and DFO both metal chelating agents, resulted in a
positive decrease in the cell death response to ICH, despite earlier experiments
implying that deferoxamine treatment was ineffective. This may be due to DMSO used
as a solvent in the drug screen plates, which ensures the drug is fully dissolved and
increases absorption and bioavailability. Further analysis of the i-DEF clinical trial
data shows that DFO treatment results in better outcomes for populations of women,
younger patients and particularly for African Americans. These populations also have
higher heme oxygenase 1 (HO-1) expression, the enzyme required for heme
breakdown, and thus higher iron release in the haematoma (unpublished data from i-
DEF trial). However there requires further investigation into how safe and efficacious
DFO treatment would be in these ICH patients and if genomic testing for HO-1 would
be feasible in a clinical setting. One could speculate that the dose of DFO needed to
counteract endogenous mechanisms of free iron in the remaining population is too
high and thus result in the adverse effects associated with the Hi-DEF trial. Targeting
the removal of heme itself before degradation and release of iron and biliverdin may
have potential to reduce damage in ICH, or prevent action of HO-1 by reducing free
radicals which promote upregulation.

Additionally, drugs known to have completely unrelated functions also had a positive
reduction on brain cell death after ICH. Toxic compounds like nitrofurazone,
oxidopamine hydrochloride, daunorubicin and mitomycin C all had a positive effect
however without any translational potential will not be taken for further investigation.
Oxolinic acid, gentamicin, phthalylsulfathiazole and lincomycin hydrochloride are
both reported to have prokaryotic targets, likewise temefos and halazone which are

used for water purification. Future experiments will investigate whether these drugs
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have a beneficial outcome on the functional deficit associated with ICH in the larval

model.

This study has shown that the zebrafish larval model is amenable to drug intervention
studies in pre-clinical ICH investigation and therefore offers a complementary tool to

identify novel therapeutics from a high-throughput screen.
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Chapter 6: Investigating cholesterol biosynthesis and metabolism in

ICH using a zebrafish larval model

6.1 Introduction

Literature suggests that low serum cholesterol increases the risk of an ICH (Y.-W.
Chen et al., 2017; Phuah et al., 2016; Rist et al., 2019; Valappil et al., 2012; X. Wang
et al., 2013). Conversely, high cholesterol levels upon hospital admission with ICH
decreases HE and stroke-associated mortality (Chang et al., 2018). There is also a
correlation between low cholesterol and an increased risk of fatal stroke (Prospective
Studies Collaboration, 2007). Low cholesterol is one of the many conditions that have
been linked with ICH risk including age, gene-associated pathological morphology
and chronic hypertension (An et al., 2017). The complex interactions between these
factors make pre-clinical modelling of human co-morbidities difficult, and
experimental models often over simplify the disease. Due to the lack of spontaneity in
the current ICH rodent models, investigation into causative mechanisms is currently
impossible. Here we utilise the spontaneous ICH in zebrafish larvae to investigate the

link between cholesterol and ICH pathology.

Cholesterol is an essential component in brain cells from development to adulthood.
The brain contains 25% of the total cholesterol in the body and biosynthesis occurs
independently of peripheral tissues due to the BBB. Cholesterol from dietary sources
is carried in the blood by low-density lipoprotein (LDL) and this is the main source of
cholesterol synthesised in peripheral tissues. Some brain cholesterol can be made from
LDL transport across the BBB by LDL receptors expressed on brain endothelial cells
but to a much lesser degree (Dehouck et al., 1997; Méresse et al., 1989). Within brain
tissue, cholesterol is found in myelin sheaths that surround the axons of nerve cells,
and provides protein anchoring points and fluidity to the bilipid layer of the cell
membrane. Cholesterol made in the brain is maintained for a long period of time in
myelin and cell membranes and is then recycled within the organ (Morell and Jurevics,
1996). In patients cholesterol levels are measured from peripheral blood. High
cholesterol is usually a result of poor diet and has been linked with increased risk of
CVD and ischemic stroke (NCEP, 2001). Low cholesterol has been linked with cancer
risk, psychological disorders and gestational problems in addition to ICH (Edison et
al., 2007; Tedders et al., 2011; Tornberg et al., 1989).
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Primarily, cholesterol is made de novo from acetyl CoA (figure 6.1.1). HMG-CoA
reductase (HMGCR) catabolises the rate limiting step to generate mevalonate and
subsequently cholesterol through a series of enzymatic steps. HMGCR is the main
target in regulating cholesterol levels in the brain and transcription is modulated by
the sterol response element binding protein (SREBP) (DeBose-Boyd and Ye, 2018).
SREBP is normally inactive and anchored to intracellular membranes however when
cholesterol levels are low, SREBP undergoes proteolytic activation where it drives the
transcription of many of the cholesterol biosynthesis pathway enzymes (figure 6.1.1)
(Berg et al., 2002).

About 1% of cholesterol made in neuronal cells is stored as esterified lipid droplets,
or excreted as oxysterols (Zhang and Liu, 2015). Oxysterols can cross the BBB to be
carried to the liver for catabolism into bile acids and hormones and are involved
peripherally in a wide range of physiological processes (Kulig et al., 2016). One such
oxysterol, 25-hydroxycholesterol (25-HC) is implicated in controlling cholesterol
biosynthesis and the immune system. 25-HC inhibits SREBP from driving further
synthesis of cholesterol in a negative feedback loop. SREBP is expressed abundantly
in macrophages and acts as a transcription factor for the NLRP proteins that make up
the inflammasome (Chen et al., 2014). The inflammasome is essential for the cleavage
of pro-1L-1p to the mature form IL-1p that initiates a pro-inflammatory response (Im
etal., 2011). Thus it has been shown that 25-HC can inhibit the activation and release
of IL-1B through SREBP in response to viral infection (Reboldi et al., 2014) (figure
6.1.1). Additionally, 25-HC increases the expression of IL-10 in T cells, an immune
regulatory cytokine (Perucha et al., 2019). On the other hand studies have shown that
in autoimmune conditions, 25-HC can exacerbate the immune system (Jang et al.,
2016) by increasing the intracellular signalling cascades of TLRs (Gold et al., 2014).
This supports previous literature that shows hypercholesterolemia promotes an
inflammatory phenotype (Tall and Yvan-Charvet, 2015).

25-HC is synthesised through cholesterol hydrolysis by cholesterol 25-hydroxylase
(CH25H) enzyme. Although homeostatic expression is usually very low, CH25H is an
interferon stimulated gene and transcription is activated in dendritic cells and
macrophages in response to viral infection (Blanc et al., 2013; Park and Scott, 2010).
CH25H has been shown to inhibit viral entry and replication (Xiang et al., 2015; Zhang
etal., 2019) and knockout mutations increase infection susceptibility (Liu et al., 2013).
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It has also been implicated in other neurological conditions such as multiple sclerosis
diagnosis, and is over-expressed in Alzheimer’s disease brain tissue (Bertram and
Tanzi, 2008; Crick et al., 2017; Papassotiropoulos et al., 2005). In other parts of the
body, studies have shown that CH25H is important for increasing insulin sensitivity
(Noebauer et al., 2017), and so may link cholesterol and glucose dysmetabolism.
Glucose metabolism is essential for brain function and both cholesterol and glucose
metabolism influence the immune response (Jung et al., 2019; Reboldi and Dang,
2018). The links between CH25H, 25-HC and the pathological outcomes of ICH have
not yet been studied experimentally, however understanding the mechanisms further
could shed more light on how and why a haemorrhage occurs and the pathological

outcomes.
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Figure 6.1.1 Cholesterol biosynthesis and downstream 25-hydroxycholesterol
action in the brain

A simplified diagrammatic representation of the cholesterol biosynthesis pathway in
brain endothelial cells from acetyl CoA. HMGCR is the enzyme that catalyses the rate-
limiting and non-reversible step to cholesterol by making mevalonate. Cholesterol can
be made from subsequent pre-cursors squalene and lanosterol from different entry
points. Enzymes of interest in biosynthetic pathway in blue. CH25H hydrolyses
cholesterol to oxysterol 25-hydroxycholesterol which has negative feedback on
cholesterol synthesis and IL-1B activation. SQLE — squalene epoxidase, CYP51 -
lanosterol  14a-Demethylase Cytochrome P450, MSMO1 - Methyisterol
Monooxygenase 1, DHCR24 - 24-dehydrocholesterol reductase, EBP - 3B-
hydroxysteroid-A8,A7-isomerase, SC5D - Sterol-C5-Desaturase.
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Interestingly, we have shown that exposure of zebrafish larvae to ATV, a known
inhibitor of cholesterol synthesis, causes an ICH which is associated with an increase
in 1l-1B expression. Despite the clinical link between low cholesterol and ICH risk,
there has been no experimental work thus far to elucidate the mechanisms involved.
Here we investigate the link between cholesterol biosynthesis, brain haemorrhage and
neuroinflammation to determine whether our zebrafish model can offer mechanistic

insight into the complex relationship in humans.
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6.2 Investigating cholesterol biosynthesis and regulation in a zebrafish
model of ICH

The ATV model of ICH in zebrafish larvae works mechanistically by inhibiting
HMGCR catalysis of acetyl CoA. This inhibits the rate limiting production of
mevalonate and reduces the total production of cholesterol, an essential part of cell
membrane rafts that allow for protein anchoring. It also prevents the farnesyl
pyrophosphate production necessary for the prenylation of Racl that allows for an
anchoring point for actin remodelling. Without cytoskeleton remodelling and
anchoring points in cholesterol rafts, there is a lack of tight adherens junctions between
neuroendothelial cells thus leading to ‘leaky vasculature’ that is prone to rupture (Eisa-
Beygi et al., 2013). Considering that ATV affects the cholesterol biosynthesis pathway
directly, we sought to investigate cholesterol levels in bbh larvae and characterise any
changes associated with brain haemorrhage and if there was any correlation to human
disease.

Cholesterol biosynthesis gene expression is dysregulated following an ICH

To determine the expression of cholesterol biosynthesis genes we collected RNA from
bbh homozygous mutants pre (1 dpf) and post (2 and 3 dpf) haemorrhage for g°PCR
analysis. Gene expression levels from bbh heterozygous ICH- samples were
normalised to hprtl expression. Relative quantification of transcript levels in ICH+
samples were compared to ICH- samples from bbh heterozygous siblings (figure
6.2.1). Before a haemorrhage (1 dpf) ICH+ homozygous mutants have regular
expression of cholesterol synthesis genes however post-haemorrhage (2 and 3 dpf),
gene expression appears dysregulated and there is a significant (~70%) reduction in
ch25h transcript (figure 6.2.1C). Srebfl levels remain constant implying that it is not

a negative feedback mechanism.
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Figure 6.2.1 Cholesterol biosynthesis gene expression pre and post haemorrhage
(A) Relative quantification (RQ) of enzymatic genes involved in cholesterol
biosynthesis pathway in sequential order. At 1 dpf, pre-haemorrhage, bbh
homozygous mutants show no difference in expression compared to bbh heterozygous
ICH- mutant siblings. (B) At 2 dpf immediately post haemorrhage there is a trend
towards dysregulation in cholesterol gene expression in ICH+ larvae although no
significant differences were found. CT values are close to limit of detection. (C) At 3
dpf, 24 hours post haemorrhage there is a significant decrease in ch25h gene
expression. RNA collected from n=30 larvae from 3 independent biological replicates
and analysed using a two-tailed Student’s T Test to compare ICH+ levels to ICH-
(***p<0.0001).
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Unesterified cholesterol is decreased in haemorrhaged larvae

In order to determine whether dysregulation of the biosynthesis genes translates to a
loss of cholesterol, we investigated free cholesterol levels using a filipin stain at pre
(1 dpf) and post (2 and 3 dpf) haemorrhage time points. Filipin is a naturally
fluorescent molecule that binds free cholesterol and not esterified sterols (Maxfield
and Wustner, 2012). Intensity fluorescence was analysed using a macro (appendix iii)
and comparisons made to bbh wild-type (WT) ICH- siblings. At 1 dpf no difference
in filipin intensity between homozygotes and WTs was observed however at 2 and 3
dpf there was a significant decrease in total staining in the ICH+ mutants (figure 6.2.2).
Between 1 and 3 dpf, larvae showed a ~30% reduction in unesterified cholesterol.
Cholesterol was also analysed using a colourimetric assay however this was not

sensitive enough to produce an accurate reading.
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Figure 6.2.2 Quantification of unesterified cholesterol after ICH in the bbh larvae
(A) Unesterified cholesterol was stained using a filipin stain and images take from
n=12 larvae per group on the lightsheet microscope. WT and homozygous mutant
show comparable levels of staining at 1 dpf. At 2 and 3 dpf there is a reduction in the
staining in ICH+ homozygous siblings compared to ICH- WT. Scale bar = 250um (B)
Comparison of intensity fluorescence between ICH+ bbh -/- and ICH- WTsat 1, 2 and
3 dpf and data analysed using a two-tailed Student’s T Test (**p=0.0031,
***p=0.0006). (C) Percentage of total filipin fluorescence shows a 20% reduction
immediately after haemorrhage (2dpf) and 30% reduction in homozygous mutants 24
hours after an ICH (3dpf) when compared to WT ICH- controls.

Injecting cholesterol into the yolk sac has no effect on preventing ICH
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Considering the studies that show an association between low cholesterol and
increased ICH risk and severity (Chang et al., 2018; Phuah et al., 2016), we decided
to investigate increasing cholesterol in the larvae as a preventative measure. It has
been shown that zebrafish larvae are a good model of fatty acid absorption from the
yolk sac due to the hydrophilic/phobic structure (Miyares et al., 2014). Sterol lipids
also have a hydrophobic and a hydrophilic end. We continued this investigation using
the ATV model of ICH as a proof of principle; if our experimental method of
increasing cholesterol worked, then the ATV treated larvae would exhibit less

haemorrhages, as a direct counteraction of cholesterol lowering.

Initially, water soluble cholesterol at 1mg/ml or a water control was injected into the
yolk sac at 1 cell stage. At this early injection time point all the treated larvae died
before 2 dpf so we decided to treat at a later time. To investigate the ATV inducible
model of ICH, cholesterol at 1mg/ml or a water control was injected at 1 dpf, into the
yolk sac of WT nacre larvae. Nacre larvae treated and untreated groups were then
incubated with 1.0uM ATV to induce a haemorrhage. Cholesterol injections were then
carried out using bbh homozygous and WT groups to investigate the effect on a genetic
model. All cholesterol injected larvae in both ATV treated and bbh homozygous
groups exhibited ICH at 2 dpf, implying that the cholesterol into the yolk sac was not
effective at improving vascular stability (figure 6.2.3).
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Figure 6.2.3 Cholesterol injections and the frequency of haemorrhages in ATV
and bbh models

O-dianisidine staining at 2 dpf shows the presence of brown haemoglobin (*) in the
heads of all cholesterol treated. (A) ATV ICH+ larvae and (B) bbh ICH+ larvae.
Representative images shown (n ratio) from 3 independent replicates of n=4-15. Scale
bar = 250um.
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High doses of miconazole can reduce haemorrhage size in ATV but not bbh ICH

and has no effect on pathological outcomes

In humans, brain cholesterol is made de novo and acetyl Co-A synthetases have been
shown to be expressed in the CNS from early development (Quinlivan and Farber,
2017). This led us to hypothesise that stimulating the intracellular biosynthesis of
cholesterol might be more effective for regulating brain cholesterol levels rather than
injecting the lipid. Previous studies have shown that miconazole, an antifungal
compound, reduces haemorrhage rates in a different Spix allele mutation (bbh™%) by
increasing vascular stability (Yang et al., 2017). Miconazole increases the
transcription of genes in the cholesterol biosynthesis pathway through activation of
SREBF (Ashikawa et al., 2016). We sought to replicate this in our ICH model, to
increase cholesterol biosynthesis and prevent haemorrhages in the bbh -/- larvae. The
ATV model was also used to confirm that treatment was effective at increasing

cholesterol.

Larvae were incubated with miconazole in 1% DMSO and stained using o-dianisidine
to show presence of bleeds. We analysed the treated larvae for haemorrhage numbers
and size. There was no difference in haemorrhage prevalence in either of the models;
however there was a considerable reduction in the size of haemorrhages seen in ATV
treated ICH+ larvae (figure 6.2.4). Haemorrhages in 100% of the ATV treated larvae
were restricted to one hemisphere, smaller and only located in the forebrain. This
proved that the miconazole treatment was effective in the ATV model, perhaps by an
adequate increase in cholesterol; however increasing cholesterol did not prevent

haemorrhages in the bbh model.

ICH+ larvae were then analysed for cell death (figure 6.2.5) and locomotion (figure
6.2.6). We observed no significant increase in cell death in miconazole treated ICH+
groups compared to ICH- however; there was also no difference seen in DMSO
vehicle control animals. The locomotion assay also showed that motility was not
significantly different from ICH- groups in either miconazole treated or DMSO
control groups. This data suggests that miconazole is not effective in alleviating ICH
associated pathology and functional deficit, but that the DMSO vehicle may be

affecting outcomes.
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Figure 6.2.4 Miconazole treatment and the frequency of haemorrhages in the
ATV and bbh ICH models

Haemoglobin stains in larvae that have been treated with 12.5umol miconazole, or a
DMSO control in both ATV and bbh models of ICH. Haemorrhages denoted by (*).
Miconazole treatment prevented the large, midbrain haemorrhages in 100% of ATV
treated larvae, which were observed in DMSO and untreated controls. Miconazole
treatment showed no effect on bbh -/- mutants haemorrhage size or prevalence. Images
are representative (n ratio) of n=14 per group, scale bar = 250um.
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Figure 6.2.5 Effect of miconazole treatment on cell death in bbh ICH+ larvae
Cell death analysis data from bbh homozygous ubig:secAnnexinV-mVenus
miconazole treated groups. Intensity fluorescence data (n=6) was analysed using a
two-way ANOVA. No significant increase was seen in DMSO controls (p=0.315) or
the highest dose of miconazole (p=0.333). No significant differences were seen
between miconazole and DMSO groups (**p=0.0046 *p=0.01).
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Figure 6.2.6 Effect of miconazole treatment on locomotor function of bbh ICH+
larvae

Motility analysis from bbh homozygous miconazole treated groups. Data from ICH-
and ICH+ groups (n=24 per group) was analysed using a two-way ANOVA and a
significant decrease in motility seen in untreated groups. Haemorrhage effect deficit
was non-significant in treated (10pumol p=>0.9, 12umol p=0.59) and DMSO control
groups (p=0.052). There was no difference found between ICH+ miconazole treated
and ICH+ DMSO control groups (***p=0.0006).
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Treating larvae with 25-hydroxycholesterol does not improve brain cell atrophy and

does not inhibit il-1p expression

Increasing cholesterol biosynthesis with miconazole showed no definitive positive
outcomes on ICH pathology in zebrafish. We decided to treat the bbh -/- larvae with
25-HC, an oxysterol that is produced by Ch25h mediated hydrolysis of cholesterol.
Ch25h expression is decreased in ICH+ larvae (figure 6.2.1) and therefore we
hypothesise that this translates to a lack of 25-HC. We anticipated that by increasing
25-HC levels we could perhaps mediate the loss of cholesterol reported earlier (figure
6.2.2) by substituting the downstream product, and modulate the neuroinflammatory
response (Gold et al., 2014; Reboldi et al., 2014).

We included a pre ICH treatment (1 dpf) to investigate whether intervention with 25-
HC before a haemorrhage event was protective. A post treatment (2 dpf) was intended
to see if there were any benefits of modulating the neuroinflammatory response after
a haemorrhage. 25-HC has been shown to increase expression of IL-10, an immune
regulatory cytokine (Perucha et al.,, 2019). Cell death analysis in bbh
ubig:secAnnexinV-mVenus larvae treated with 25-HC at 50ug/ml in 1% ethanol
(Pereiro et al., 2017) showed a slight increase of the response compared to ICH+
untreated controls however this was not significantly different (figure 6.2.7). Time of
treatment did not have an effect on the brain cell atrophy, implying that 25-HC
treatment was ineffective and neither protective nor recovery promoting. Ethanol is
reported to cause developmental defects in zebrafish larvae at high doses however 1%
is generally considered to be low, and is widely used as a drug vehicle. In this study
we found that 1% ethanol vehicle control and 25-HC treated larvae presented with a
high rate of microcephaly and subsequent lower frequency of haemorrhage that we

attributed to malformed heads and immature brain vasculature.
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Figure 6.2.7 Cell death analysis with 25-HC treatment

Cell death analysis at 3 dpf following pre- or post- treatment with 25-HC or ethanol
vehicle control. Data collected from two independent replicates of ICH+ larvae groups
and analysed using a one-way ANOVA. No significant differences between groups.

169



To determine whether 25-HC treatment had an effect on immune gene expression and
early cholesterol biosynthesis, gene expression levels were analysed using gPCR
(figure 6.2.8). In comparison to ICH- groups, untreated ICH+ bbh larvae show a
variable increase in il-/p expression and no detectable expression of il-10. We
hypothesised whether 25-HC might have a stimulating effect on il-10 as has been
shown in human T cells (Perucha et al., 2019). Ethanol vehicle appears to increase the
inflammatory stimulation of il-/5 expression and also shows an increase in il-10
levels; however without repeating the results no firm conclusions can be drawn.
Treatment with 25-HC proved to increase il-14 transcription slightly, and also showed
il-10 expression. No differences were seen between treatment and vehicle groups
implying that the treatment was ineffective in the water. We hypothesise that a genetic
approach to increasing 25-HC levels may show more benefit, due to the teratogenic
effects of ethanol we observed. Alternatively, to investigate this intervention in an

ATV-induced model of ICH, which we know has a direct impact on cholesterol levels.
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Figure 6.2.8 Immune gene expression qPCR data from 25-HC treated ICH- and
ICH+ larvae

Data shows that there is no change in il-// expression between treatment or vehicle
groups implying that 25-HC is not blocking transcription. 1l-/f is up-regulated in
ICH+ larvae due to the effect of haemorrhage seen previously and is exacerbated by
treatment. 11-10 expression is unchanged between treatment groups implying that 25-
HC treatment is ineffective at regulating the immune response following ICH. Data
was collected from one experimental repeat and bars show minimum and maximum
RQ values.
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6.3 Investigating the expression of ch25h in ICH

Protein expression for CH25H in humans is most highly expressed in cerebral cortex,
lungs, oesophagus and adipose tissue ((Uhlén et al., 2015) Human Protein Atlas

available from www.proteinatlas.org). We have seen that in response to ICH, ch25h

gene expression is down regulated, and it is unclear whether this is in response to a
low level of cholesterol (figure 6.2.2) or due to the increased IlI-1p expression that
negatively regulates the block on transcription (Reboldi et al., 2014). Understanding
the reason why ch25h expression is reduced, and how this links to cholesterol may
elucidate the importance of cholesterol in either causation of ICH, or roles in recovery

following haemorrhage.

Ch25h expression in the zebrafish and the relationship with il-1§

Data in this study alludes to a potential relationship between the expression of ch25h
and il-1 in zebrafish following ICH. We have seen in both haemorrhage models that
il-18 expression is highest at 3 dpf, 24 hours after injury (figure 5.2.1) and this

correlates to a decrease in ch25h expression at 1 and 2 days post ICH (figure 6.2.1).

To determine a time line of expression of the two genes, we collected ICH- and ICH+
larvae from both ATV and bbh models at 1-5 dpf in order to represent pre-
haemorrhage (1 dpf), hyper acute (2-3 dpf) and subacute (4-5 dpf) injury phases
(figure 6.3.1). Expression of ch25h in both models is lower than ICH- larvae before a
haemorrhage. There appears to be a slight increase in ch25h expression at 4 dpf in
ATV treated ICH+ larvae however the large spread of data implies that this may not
be a reliable conclusion and does not reach significance (figure 6.3.1A). ATV directly
decreases the cholesterol levels in the zebrafish by inhibiting hmgcr and so ch25h
expression changes may be a consequence of ATV treatment rather than of ICH. Data
shows that haemorrhage causes an increase in il-14 expression in the ATV model and

trends in bbh larvae, which decreases over 4 and 5 dpf (figure 6.3.1B).
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Figure 6.3.1 The temporal expression of ch25h and il-1# in both ATV and bbh
models

(A) Relative quantification of expression levels of ch25h determined by gPCR in both
ATV and Bbh models compared to ATV untreated ICH- controls. (B) Expression
levels of il-1p determined by gPCR in both ATV and Bbh models compared to ATV
untreated ICH- controls show increase in inflammation in response to ICH at ~2 dpf.
Data collected by Miss Annabel Chadwick, from 3-5 independent replicates of each
time point and data from each time point analysed using a two-tailed Student’s T Test
(*p=0.04).
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We next investigated the spatial expression of ch25h using WISH in larvae collected
at 1-5 dpf (figure 6.3.2). Untreated (UNT) ICH- controls show that the ch25h
expression is high in the brain, and at later time points is visibly expressed in cranial
vessels. There appears to be an overall decline in the expression between 2-5 dpf
however this is not quantifiable. Larvae with ATV induced haemorrhages also show
similar expression to the untreated groups, which is comparable to the gPCR data
(figure 6.3.1). Expression pattern is seen in the primordial hindbrain channel and is
visible from 2-5 dpf. Bbh ICH+ larvae show less staining at 2-5 dpf than ICH- controls,
implying that there is reduced expression of ch25h, as observed previously from gPCR
data (figures 6.2.1 and 6.3.1).
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Figure 6.3.2 Spatial analysis of ch25h expression in 1-5 dpf ICH- and ICH+ larvae
by WISH analysis

Spatial expression of ch25h measured by WISH analysis in UNT, ATV ICH+ and bbh
ICH+ larvae at 1-5 dpf. UNT ICH- (left column), ATV ICH+ (middle column) and
Bbh ICH+ (right column) larvae show expression of ch25h in the primordial hindbrain
channel (PHBC) denoted by arrow. Images are representative acquired from 3
independent replicates of n=4-13 larvae from all days. Practical work was performed
and images were acquired by Miss Annabel Chadwick. Scale bar represents 250um.
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At acute time points CH25H is reduced after stroke in mouse and human brain
tissue

In order to investigate the translatability of the CH25H expression pattern in zebrafish
we acquired mouse collagenase-induced ICH and human ICH brain tissue for
immunofluorescent analysis of protein expression. Mouse brain tissue was acquired
24 hours after collagenase-induced ICH and was stained for CH25H expression. In
sham and naive conditions (n=2) CH25H expression was seen in blood vessels (figure
6.3.3A). In ICH (n=2) there is no observed CH25H expression in either immune cells
or vessels corresponding to what is observed in the zebrafish model (figure 6.3.3B).
RBCs show high auto fluorescence in the 555nm channel and appear purple. IBA1
positive macrophage cells are seen to be activated with amoeboid morphology, closer
to the haematomal regions. There were no neutrophils present in the brain detected by
a Ly6G marker.

We acquired human brain tissue from ICH patients (n=3) at acute (48 hours - 3 days
post haemorrhage) time points and age/region matched control tissue from the
Edinburgh Brain Bank. CH25H was detected in control tissue at very low levels
similar to the mouse tissue (figure 6.3.4A) however was not detectable in the ICH+
slices (figure 6.3.4B). At this acute time point, we see the highest expression of IL-13
in the peri-hematomal tissue (Barrington et al. in preparation). In zebrafish, mouse
and human tissue we have shown that CH25H expression is impaired after a
haemorrhage. This correlates to a time where IL-1B expression is high, potentially

implying they are inversely expressed.
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Figure 6.3.3 Immunofluorescent staining of CH25H and IBA1 macrophages in
mouse ICH and sham brains at 24 hpi

(A) In control sham tissue CH25H (red) is expressed in blood vessels (arrows) and
IBAL positive cells (green) have a resting ramified morphology. Image in right panel
is 60X magnification of yellow box (B) In ICH+ tissue CH25H expression is lost and
IBAL positive cells adopt a rounded activated morphology closer to the haematoma
(white line). RBCs auto fluorescence appears purple. Image in right panel is 60X
magnification of yellow box.
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Figure 6.3.4 Histological stain for CH25H in acute human ICH tissue

Tissue acquired from ICH patient and age/region-matched control tissue was stained
with HRP for CH25H (A) Control brain tissue shows basal levels of detection
throughout the slice (B) ICH+ tissue shows a loss of CH25H expression. RBCs are
brown, Haematoxylin was used as a counterstain. Images are representative of tissue
sections and acquired at both 10X (left panels) and 40X magnification (right panels)
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CH25H expression is detectable at subacute time points in human tissue

As was observed in the zebrafish, we confirmed that CH25H expression is reduced
after haemorrhage in both mouse and human at acute injury time points. We acquired
subacute (>10 days post haemorrhage) human tissue samples (n=3) from 10, 43 and
60 days post haemorrhage from the Edinburgh Brain Bank. At 60 days post ICH, but
not at 10 or 43, strong CH25H signal was observed in human tissue in the haematoma,
expressed by cells identified morphologically as macrophages (figure 6.3.5). Tissue
stained for IL-1p was negative at this time point (not shown). Close observations show
that the cells expressing CH25H are also positive for hemosiderin, orange/brown in

the haematoxylin counter stain.

Comparing the expression across zebrafish, mouse and human tissue with data thus
far we can hypothesise that there may be a similar pattern in all three species (figure
6.3.6). We still require evidence in order to support our predictions however we
hypothesise that ch25h expression might be linked to recovery due to loss of

expression at ICH event and a high expression in subacute human tissue.
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Figure 6.3.5 Histological staining for CH25H in human peri-haematomal brain
regions

Tissue acquired from basal ganglia of an ICH patient in the subacute time frame (60
days post stroke) was stained using HRP for CH25H expression in the peri-
haematomal tissue. Strong expression (red) seen in cells morphologically identified as
macrophages also containing hemosiderin (orange). Haematoxylin was used as a
counter stain. Images are representative of tissue section and acquired at 10X (top
panel) and 40X magnification (bottom panel).
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Figure 6.3.6 Timeline of CH25H expression in zebrafish larvae, mouse and
human tissue.

Hypothesised time line of CH25H expression after an ICH event. Zebrafish data from
pre-injury and acute periods are based on mRNA expression detected by gPCR and
WISH. Human and mouse data are based on protein detection from histological
staining evidence in brain tissue.
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6.4 Discussion

Here we show that cholesterol metabolism is dysregulated in the zebrafish larval
haemorrhage models and try to elucidate the relationship between zebrafish, mouse
and human tissue. The advantage of spontaneous haemorrhage models is that we can
investigate some of the co-morbidities that cause blood vessel rupture, with a view to
exploiting preventative measures. Low total cholesterol levels are a risk factor for ICH
(Y.-W. Chen et al., 2017; Phuah et al., 2016; Rist et al., 2019; Valappil et al., 2012;
X. Wang et al., 2013). If we can understand more about how low cholesterol levels
contribute to the loss of vascular stability, and whether this can be reversed, we may

understand more about at-risk populations and how to prevent haemorrhage.

Our data shows that cholesterol gene synthesis is dysregulated in the 24 hours after
haemorrhage, resulting in overall decrease of cholesterol in the bbh mutants. We
sought to rescue this phenotype by increasing cholesterol levels; however this had no
preventative or beneficial effect on haemorrhage outcomes. This may be due to the
injected cholesterol not being taken up into the larvae, as previous studies have shown
that lipids are metabolised in the yolk sac prior to absorption (Fraher et al., 2016). It
may also be that there is not a large enough demand for absorption into the blood, or
that brain cholesterol made de novo in the developing organism that is important in
tight junction formation, cannot be influenced by injecting cholesterol in this way
(Quinlivan and Farber, 2017). We might be targeting the wrong time point, cholesterol
is important for nerve cell regeneration and therefore increasing levels in the zebrafish
larvae immediately after ICH rather than before, may speed up the recovery process
(Heacock et al., 1984). By treating larvae with miconazole we targeted cholesterol
biosynthesis, upregulating the genetic pathway that we know to be dysregulated in
ICH. Miconazole treatment was successful in reducing the size of the haemorrhages
seen in the ATV model. We hypothesise that this was due to treatment counteracting
the effect of ATV of reducing cholesterol however this has not been confirmed. Future
studies may be carried out in transgenic animals to measure the volume of the bleeds
and determine the reduction in size when treated with miconazole. Contrary,
miconazole has also been widely reported to inhibit cholesterol biosynthesis, as part
of the antifungal mechanism (Gupta et al., 1990). This implies we do not fully
understand the mechanism in the zebrafish. We saw no effect of miconazole treatment

in the bbh larvae, inconsistent with the Yang et al (2017) study who observed a
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reduction in haemorrhage rates in the bbh™% homozygotes. Yang et al did not study
the bbh™?% mutant because they found the homozygotes to be embryonic lethal.
Miconazole did change the gene expression pathway however did not restore ch25h
levels to normal in ICH+ larvae (not shown). Despite modulating cholesterol levels,
miconazole did not result in any functional or pathological benefit in the zebrafish

larvae. This may have been due to a sustained loss of ch25h.

In order to further investigate CH25H expression and role in haemorrhage we took a
translatable approach to investigate expression in mouse and human ICH tissue. This
Is the first time that CH25H has been investigated in terms of human ICH pathology.
In the zebrafish we have shown that the transcript levels are low after a haemorrhage
compared to ICH- controls. We confirmed this in mouse tissue that normal expression
in the cerebrovasculature was absent 24 hours after a haemorrhage, and in human
tissue which at the equivalent acute time point CH25H was not detectable. At a much
later time point CH25H expression was increased dramatically in the human tissue
however we do not have data from an equivalent time point in mice or zebrafish. Our
data suggests that ch25h and il-1p are expressed at different time points and the
increased expression of il-1p at the early time point may cause a reduction of ch25h
as a negative feedback mechanism (Simon, 2014). Future experiments may investigate
modulating ch25h expression in the zebrafish through genetic manipulation, a MO
knockout or over-expression of mRNA. We may also investigate how effective ch25h
over-expression is when cholesterol is also increased by either injection or

simultaneously over-expressing hmgcr.

We aimed to decrease inflammation with 25-HC treatment. 25-HC has been reported
to both activate and suppress IL-1p expression, and increase anti-inflammatory IL-10
(Gold et al., 2014; Perucha et al., 2019; Reboldi et al., 2014). We aimed to determine
the relationship in zebrafish in the context of ICH. It was surprising to see that 25-HC
treatment had no effect on the levels of il-/4 and il-10 gene expression however we
did not continue with these experiments because the larvae were affected by the
ethanol vehicle. This may suggest that our method of administering treatment was
ineffective and that we did not observed the true effect of 25-HC treatment. 25-HC
also drives the expression of ch25h and inhibits the expression of hmgcr reducing
overall cholesterol levels, which may not be a beneficial strategy of reducing

neuroinflammation (Liu et al., 2018).
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The links between cholesterol and inflammation are numerous and complex.
Cholesterol has been implicated in regulating immune cell proliferation, migration and
intracellular signalling (Reboldi and Dang, 2018). It has been long known that cellular
glucose metabolism and glycolysis effects cholesterol biosynthesis (Siperstein and
Fagan, 1957) and recent studies are revealing the links to immune responses
(Ganeshan and Chawla, 2014). In normal conditions glucose is converted to pyruvate
by the process of glycolysis which is then used to drive the Krebs cycle for succinate
and oxidative phosphorylation. In anaerobic conditions pyruvate is converted to
lactate and removed from the cell. Without the oxidative decarboxylation of pyruvate,
there is no production of acetyl CoA and a loss of cholesterol and fatty acid
biosynthesis. Glycolysis is blocked in conditions such as hypoxia, cancer and viral
infection (Buck et al., 2015). Viruses drive aerobic glycolysis to make pyruvate and
increase lactate production as this rapidly produces ATP for synthesis of materials
(Sanchez and Lagunoff, 2015). This may explain why viral infection has also been
associated with increased risk of ICH as there is a subsequential inhibition of
cholesterol (Tseng et al., 2015). Interferonopathies have also been linked to high ICH
incidence rates (Meuwissen et al., 2016; Ramesh et al., 2010) as the cellular response
and activation of the immune system mimics viral infection. Increased interferon
stimulation drives CH25H expression as a defensive mechanism to prevent viral entry
by depletion of cholesterol (Liu et al., 2013; Raniga and Liang, 2018). Loss of
glycolysis in haemorrhage due to the hypoxic environment surrounding the

haematoma may cause the sudden loss of cholesterol we observed after a haemorrhage.

This data has shown some interesting novel findings, that ch25h loss in the zebrafish
model is also identified in the mouse and human brains, however more work is needed
to conclude our hypothesis of how cholesterol is involved in ICH. Practical issues with
using zebrafish limit this study. Measuring total cholesterol by filipin stain means that
the quantification is not brain specific and also includes the cholesterol in the skin
covering the head. We attempted to quantify cholesterol using a colourmetric assay
however this was not sensitive enough to detect the small changes we observed by
filipin measurement. In order to get a more robust quantification, cholesterol could be
measured by gas chromatography or mass spectrometry however it is very difficult to
isolate the brain tissue at this time point in large enough quantities for analysis.

Additionally, when making comparisons between zebrafish and mouse and human

184



tissue, we could not perform the same experiments in all three tissues, and therefore
are estimating the conclusions between them for example comparing genetic analysis
and protein expression in histological stains. Despite confirming the loss of ch25h at
acute time points across species, we have not yet obtained zebrafish and mouse data
from a time point that reiterates the large increase of CH25H expression we observe

in the human tissue which may allude to an important recovery process.

Future experiments may investigate making haemorrhage worse, by decreasing
cholesterol levels further and see if this causes repetitive, or sustained haemorrhaging
in the larvae. We could do this by knocking out or inhibiting proprotein convertase
subtilisin/kexin type 9 (pcsk9) enzyme, responsible for the degradation of LDL
receptors and thus inhibition increases cholesterol uptake into the liver. Additionally,
in order to prove the translatability of the cholesterol mechanism of haemorrhage, we
could test our hypothesis in rodents, to see if a low cholesterol diet and/or a genetic
mutation in pcsk9 decreases cholesterol sufficiently to cause spontaneous cerebral
haemorrhages. Alternatively we could test the protective outcomes of increasing
cholesterol through raising zebrafish on a high-cholesterol diet, to determine whether
this prevents haemorrhage or the associated pathologies as our current methods are
not robust (Progatzky et al., 2014).

High cholesterol is a risk factor for ischemia, however it may be apparent now that too
low cholesterol causes haemorrhage and therefore there is an optimal level of
cholesterol to maintain (Krel et al., 2019). Further investigation into the causative
mechanisms of ICH and how cholesterol biosynthesis pathway is involved in needed,
as understanding these processes may allow for better ICH prevention in at risk

populations.
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Chapter 7: General discussion
7.1 Key findings

The work presented in this thesis has addressed the primary aims to 1. validate a
zebrafish larval model for pre-clinical ICH investigation, 2. to characterise the
associated disease pathology, 3. to employ the model in drug intervention studies and
4. to investigate the role of cholesterol in contributing to spontaneous ICH. In this
work we have shown that both genetic and chemically-inducible models of blood
vessel rupture in zebrafish larvae offer valuable platforms for pre-clinical ICH
investigation. Both models exhibit comparable haemorrhage size and location, brain
cell death, loss of cerebral circulation and a subsequent loss of mobility that is
recovered 3 days post injury. This study has demonstrated that zebrafish larval models
exhibit pathological outcomes that mimic human disease, which can be quantified to
measure severity. Adult genetic mutants are viable breeders and exhibit no histological
evidence of brain injury due to haemorrhage. There is an increase in
neuroinflammation in the bbh model, and we have observed, for the first time to our
knowledge, active macrophages responding to the dying cells and phagocytosing the
ICH debris from the site of injury in whole, live, intact organisms. We have
investigated specific drug interventions in the zebrafish model, to modulate the
neuroinflammatory response and to ameliorate the iron load following an ICH. We
verified the model can be used in a medium throughput screen for targeted ICH
medications with potential for translation to clinical application. Utilising the
spontaneous nature of ICH we have shown that cholesterol biosynthesis is
dysregulated in the zebrafish larvae, which can be further interrogated to understand

the link between hypocholesteraemia and ICH in patients.

These findings demonstrate that zebrafish larvae offer a novel, valid pre-clinical model
of ICH that will hopefully be accepted by the stroke research community as an
alternative approach to complement rodent studies. Incorporating the zebrafish model
into the drug development pipeline will provide increased reliability to experiments,
and speed up initial screening processes. The model can also be used to elucidate the
specific mechanisms that trigger blood vessel rupture due to the spontaneous nature
of disease. Rodent ICH studies typically use 6-8 animals per experimental group

totalling around 50 per publication (Lim et al.,, 2019), and when longitudinal
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experiments include multiple sample times and endpoints, a study can easily exceed
100 animals (Zhao et al., 2019). With ~120 and ~150 studies published annually
reporting the use of mouse and rat models of ICH respectively (Pubmed search, 2019),
a shift to using unprotected zebrafish larvae has potential to reduce this number of
animals significantly. Publications sometimes fail to report the true number of animals
used, as some die before data can be acquired (Dagistan et al., 2019). The zebrafish
model offers a crucial new perspective on a vitally important field of medical research.
Overall, the use of zebrafish models will allow for the future investigation of other
risk factors for ICH, lend further insights into disease mechanisms and help understand

the target outcomes from drug screening (Eisa-Beygi and Rezaei, 2016).

7.2 Targeting secondary injury in ICH

The secondary injury processes following an ICH present many therapeutic targets, to
inhibit the activation of immune cells, reduce the release of toxic ROS and to
upregulate the reparative properties of microglia. Clinically, IL-1Ra has been
successful in reducing inflammatory markers in phase Il trials for ischemic stroke
(Smith et al., 2018) and subsequently has advanced in clinical trials for SAH and ICH
patients (Galea et al., 2017; Parry-Jones, 2018). In this study, IL-1Ra showed no
positive outcomes in the zebrafish model and may even worsen the condition. This
correlates with pre-clinical data seen using the mouse collagenase model, which show
ICH mice have a worse neurological deficit measured using the rotarod post IL-1Ra
treatment (Barrington et al. in preparation). It should be noted that in this study IL-
1Ra was administered both prior to and after ICH surgery and such a treatment regime
lacks clinical relevance. The failure of IL-1Ra in the zebrafish and mouse collagenase
models may be due to ICH being vastly different from other subtypes of stroke, and
the success from ischemic stroke trials has yet to be demonstrated in clinical ICH
(Parry-Jones, 2018).

Investigation into DFO therapy in this study also showed no overall benefit to the
ICH+ larvae. Interestingly, DFO with DMSO did show positive reduction of cell death
in initial drug screen assays and so ideally would warrant further investigation. Despite
recently stopping the clinical trial there could be a link with HO-1 expression and
response to DFO, previously identified in IVH that could be elucidated pre-clinically

(LeBlanc et al., 2016). Other metal chelating agents that were identified by the drug

187



screen include gluconalactone, sparteine sulfate and aminolevulinic acid (appendix x).
Aminolevulinic acid is presently used for cancer diagnosis and photosensitising
therapy, and so may present an alternative strategy of breaking down the haematoma
without the use of surgery (Jichlinski et al., 2003; Tetard et al., 2014; Yew et al., 2016).
Sparteine is not currently approved for medical use however has function as an
antiarrhythmic agent, such as digoxin and disopyramide also identified in the screen
(Campbell and Williams, 1998). Drugs like sparteine, that offer potential translational
leads, may be eliminated from the pipeline due to lack of mechanistic understanding
or Medicines and Healthcare products Regulatory Agency (MHRA) approval.
Screening in zebrafish larvae, on pre-regulated animals, means that these drugs can be

tested further for clinical effect with minimal impact on animal welfare.

7.3 The role of cholesterol in ICH

In order to elucidate the real impact of low cholesterol on ICH risk and whether it can
be targeted therapeutically more research is required. Currently, despite the clinical
association studies, there is a lack of pre-clinical research into the causative
mechanisms of hypocholesterolaemia and ICH. Future experiments will hopefully
clarify the temporal expression of CH25H across species and determine why it is so
highly expressed at late subacute time points in humans. Our preliminary RNASeq
data from isolated zebrafish leukocytes at early time points after ICH, show reduced
expression of ch25h in macrophages 24 hours after haemorrhage (unpublished). We
have yet to understand the links between cholesterol pathways and the potent
immunostimulator IL-1f in these specific cell types. Literature suggests that there is
an inverse relationship between expression of IL-1 and CH25H within the
macrophage (Simon, 2014). Previous studies have shown that when CHZ25H
expression is knocked out, there is an increase in neutrophil recruitment to the injury
site in a model of intestinal fibrosis, perhaps because the block on IL-1( transcription

is removed (Raselli et al., 2018).

The link between type 1 interferon and ch25h has also not yet been investigated in the
bbh model and the literature is conflicting (Raniga and Liang, 2018). It is still
uncertain as to how the bleed event and the loss of cholesterol metabolism are linked.
Low cholesterol may be due to overall cell loss and damage caused by the haematoma;

however it may also be part of a recovery mechanism that can be exploited
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therapeutically (Soriano et al., 2019). If cholesterol biosynthesis can be up-regulated
clinically, immediately after haemorrhage, an overall increase in cholesterol levels
may protect against neuronal damage or speed up regeneration (Hussain et al., 2019).
There may be a link to viral infection, loss of cholesterol and interferon signalling
which may contribute to the triggering point of a haemorrhage (Tseng et al., 2015).
The interferon signalling pathway defends against viral infection has been shown to
decrease cholesterol to prevent viral replication and budding, perhaps contributing to
vessel weakening and rupture (Xiang et al., 2015; Zhang et al., 2019). It would be
interesting to investigate whether ICH patients reported having a viral infection, or if

viral load is detectable prior to ICH onset.

With regards to cholesterol as a risk factor for ICH, it is unlikely that this can be
controlled in the wider population. Dietary cholesterol intake is variable amongst a
human sample population and public health information for patients is currently to
reduce cholesterol intake to reduce risk of CVD and ischemic strokes. The risk
associated with hypocholesterolaemia needs to be clarified, particularly for vulnerable
populations such as the aged, malnourished and those from low-middle income
countries (Lewis and Tikkanen, 1994). Aggressive statin treatment to lower
cholesterol has shown to increase the likelihood of haemorrhagic transformation after
an ischemic attack, and increase ICH occurrence (SPARCL, 2006). One side effect of
statin treatment is easy bruising, implying vulnerable vasculature is not only observed

in the brain.

Despite a correlative relationship with ICH risk and serum cholesterol levels (Phuah
et al., 2016; Rist et al., 2019) brain cholesterol is synthesised locally (Bjorkhem and
Meaney, 2004) and peripheral samples do not directly indicate levels of brain
cholesterol. This relationship has not been investigated in pre-clinical models due to
lack of spontaneous ICH. Is low serum cholesterol the cause of ICH or a product of
dysregulated biosynthesis? Thus far in experimental animal models, reducing
cholesterol levels has not been investigated in terms of ICH risk, only to inhibit
inflammation through 25-HC (Tall and Yvan-Charvet, 2015).

The zebrafish models offer a unique insight into the relationship between cholesterol
and ICH. The ATV model decreases cholesterol biosynthesis in order to cause a

haemorrhage. The bbh model has revealed that a loss of cholesterol occurs after ICH.
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Thus far there have been no studies or clinical investigation into the immediate loss of
cholesterol after ICH; the only links have been from the perspective of risk. We have
associated this decrease in cholesterol with a loss of CH25H across species implying
a novel pathological mechanism. However, because cholesterol is vital for a range of
other bodily functions, targeting production for therapeutic purposes may result in
unwanted side effects, especially in young patients. There have been recent advances
in delivery techniques for brain specific therapies such as using liposomes, viral
vectors and nanoparticles as vehicles (Dong, 2018). If we can understand more about
the temporal control over CH25H this might help determine a therapeutic window for

targeting cholesterol.

7.4 Drug screening

We have highlighted the merit of the zebrafish larval model in a drug screen, as we
have been able to identify effective compounds that may never have been selected for
clinical investigation otherwise. Drugs that are not MHRA approved, have unknown
mechanism of action, or are current treatments for other cardiovascular diseases like
arrhythmia, have been identified as advantageous in the zebrafish model of ICH
(appendix x). The advantage of screening so many compounds at once will provide
the stroke field new avenues of investigation, though further confirmatory studies of
efficacy are required in zebrafish before any compound can be moved along the

translational pathway.

We believe our drug screen strategy to be clinically translatable as we have
investigated a potential benefit to brain cell death after ICH. Thus far, experiments
investigating protection in the zebrafish larval models of neurovascular instability
have attempted to prevent blood vessel rupture (Huang et al., 2017; S. Li et al., 2017;
Yang et al., 2017). However, mechanisms for preventing blood vessel rupture in a
developing zebrafish larva at onset of circulation are not equivalent to protecting the
mature cerebrovasculature in an adult human. In the context of developing a therapy
to reduce the impact of ICH that has already occurred, then it is more relevant to
investigate reducing the damage after ICH, rather than stopping the bleed. We hope to
identify medical therapies that can be administered to patients as early as possible after

the ICH to prevent escalating primary and secondary injury processes.
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7.5 Limitations of the model

As previously highlighted, the zebrafish model offers practical, scientific and ethical
benefits compared to the rodent models of ICH. The zebrafish is proving to be a
valuable tool for modelling neurological diseases as the early transparency and ease
of genetic manipulation allow for real time non-invasive imaging as we have utilised
in our work to perform a longitudinal study. Working with zebrafish models however
has certain common limitations. Compared to rodents, zebrafish as model organisms
are relatively new and understanding of the unique biology is not as complete, and so
there is not the same availability of species specific reagents and resources. As a less
inbred species, there are genetic differences between fish strains and single nucleotide
polymorphisms (SNPs) in the genome that have not yet been outbred or mapped
(Stewart et al., 2014). This generates a more heterogeneous group that more closely
simulates human populations but can also generate more variability in experimental
data. Using a developing organism to model a disease typical of old age, often
clinically accompanied by many co-morbidities, may not seem immediately relevant.
A juvenile organism may more closely represent childhood stroke, and by using the
zebrafish at this stage we can exploit the transparency and spontaneous ICH onset that
is not possible in older animals. Expected experimental disease related phenotypes
often present in larvae as common developmental defects, that can occur randomly
even in a wildtype clutch. Pericardial and yolk sac oedema, bent body axis, small eyes
and loss of pigmentation are often used to screen for mutant phenotypes however can
occur randomly as a result of a large clutch. Lack of a developed skull in larval stages
mean that ICP is not affected in the same way as mammals, as the head can swell with
increasing oedema. These factors may inhibit the wider uptake of the models amongst
stroke pre-clinical researchers. On the other hand the large numbers of animals
collected for larval studies means that experimental n numbers provide more
confidence in identifying true results. It has been acknowledged amongst rodent
researchers that the small n numbers used for sample sizes, often results in
underpowered experiments, contributed to by random deaths (Holman et al., 2016).
The regenerative properties of zebrafish offer a unique opportunity to investigate
recovery after injury (Gonzalez-Rosa et al., 2017). Adopting the zebrafish model in

the pre-clinical stroke community will hopefully increase the availability of species
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specific tools, provide increased validity to drug studies and will reduce the use of

protected species used in experimentation.

7.6 Future experiments

Despite the common limitations with zebrafish, we have shown that they present a
suitable model for ICH, however to gain a more robust understanding of the zebrafish
pathology, further interrogation of the model is needed. There are questions that have
arisen from this study that have not yet been addressed. Why do the annexinV positive
cell populations always appear in the same cluster patterns? Are the dying cells motor
neurons, or visual sensory neurons, that could have a direct link to the loss of motility
we observe associated with ICH? Understanding more about the
recovery/developmental processes in the zebrafish larvae to recover from
haemorrhage would also be interesting and potentially offer new therapeutic
opportunities. Can we activate these developmental pathways in the adult human brain
in order to initiate full recovery as is observed in the zebrafish? In adult bbh zebrafish
although we do not observe any morphological evidence of brain damage, there is still
a visible difference between adult homozygotes that haemorrhaged in larval stages and
sibling controls, such as a smaller body frame. Further investigation could determine
why this might be, perhaps due to a developmental defect previously unrecorded,

which may offer a chronic model of ICH pathology.

The zebrafish larval model may be used to further investigate the role of innate
immune factors in ICH injury. Another pro-inflammatory molecule of interest TNF-
a, increases after ICH and has been associated with severity of oedema (Hua et al.,
2006b). Physiological roles of TNF-a alongside immunostimulation include driving
inflammation induced apoptosis (Beyaert and Fiers, 1994) and mediating cell cycle
arrest (Ott et al., 2007). Inhibition of TNF-a signalling in the developing zebrafish
impairs blood circulation (Espin et al., 2013). Clinically, TNF-a has been highlighted
as a peripherally detectable marker for oedema formation (Rendevski et al., 2018)
however mediating the response after ICH has not been investigated in humans.
Despite a single study suggesting blockade in ICH is not beneficial to outcomes in
mice (Matsushita et al., 2014) TNF-o has a similar functional role to IL-1B in
exacerbating the immune response and offers a relevant target to further understand

the role in ICH pathology and repair. Using the zebrafish larval model we could
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investigate the effect of inhibiting TNF-a signalling on pathological outcomes to see
if there is a reduction in apoptosis and neuroinflammatory activation. Further
inhibition of 1l-1p in the zebrafish could be explored using a caspase inhibitor, YVAD,
to ensure complete inhibition of II-1p activation without using human recombinant
protein. A novelty of the bbh larval model is ease of testing combination therapies, as
we could introduce compounds to the water and through direct injection. If inhibiting
[I-1B in combination with DFO treatment, or TNF-a inhibition in the larval model
were successful at modulating the secondary injury response in ICH then this strategy

could hold translational promise that has not yet been clinically investigated.

The transgenic leukocyte larvae can be used to identify the live immune response to
blood breakdown compounds and inflammatory signals. Live imaging could
determine the response to thrombin or heme, and elucidate the specific impact of these
blood products. Injecting the animals with thrombin exclusively, we could determine
whether it is driving the neuroprotective phenotype in microglial cells in this model
(Rohatgi et al., 2004; Striggow et al., 2000).

Future in vivo experiments in the zebrafish model may include genetic manipulation
and over-expression of proteins ho-1 (hmoxla) and ch25h. Over-expression of
hmox1a may increase the effect of DFO treatment at ameliorating iron load in the brain
after ICH and result in better outcomes. If DFO shows a true effect in a genetically
distinct sub-population then this holds promise for those specific patients. Controlling
expression of ch25h in larvae using a macrophage specific promotor and inducible
expression using tamoxifen will enable us to modulate cholesterol levels in a temporal
manner and we could determine the effect of expression on Il-1p release (Hans et al.,
2009). Observing late subacute expression in humans poses the question of whether
the role of CH25H is to inhibit the immune response at this late point, or is a result of
an increase in cholesterol biosynthesis in recovery. We hypothesise whether ch25h
over-expression in the zebrafish at a specific, early time point can speed up recovery
by inhibiting the immune mediated secondary injury. In tamoxifen treated animals,
where ch25h expression is driven, is there less IlI-1B release? Does increased ch25h
expression in macrophages affect endothelial cells, where loss of cholesterol would
impact tight junctions? We could also over-express hmgcra globally in the bbh
zebrafish to effect downstream cholesterol production and subsequent ch25h
expression. Experimentally, increasing ch25h either by drug treatment or genetic
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manipulation could produce more 25-HC for immunosuppression after ICH but it is
not clear whether feedback mechanisms would result in increased cholesterol
synthesis. In a zebrafish model, cholesterol levels in the larvae can be increased by
feeding the parent fish a high cholesterol diet (Progatzky et al., 2014). We could use
this model to investigate how cholesterol affects haemorrhage outcomes and
frequencies in our bbh model as high cholesterol has been shown to be clinically
protective (Chang et al., 2018).

In order to determine a mechanistic link between the release of blood products and
cholesterol biosynthesis, we could use in vitro cultures of human endothelial,
leukocyte or neuronal cells. By addition of blood break down products to these
cultures, we may be able to determine which contribute to the dysregulation of
cholesterol biosynthesis. We could also investigate CH25H over-expression by
transfecting these in vitro leukocyte cultures to determine the impact on release of pro-

inflammatory factors.

Realistically, to bypass the rodent models and progress the outcomes of our drug
screen straight into clinical trial, we will require more evidence beyond the zebrafish
model. If we could identify drug target pathways in zebrafish and confirm that they
are dysregulated in human ICH tissue samples it would provide translational validity
to our study. Next steps include proving that initial target drugs of interest show
beneficial outcomes on locomotion and neuroinflammation in the zebrafish larvae in
addition to preventing brain cell death. These results then need to be replicated in much
larger groups of animals. Efficacy in mammals may need to be confirmed in a single
rodent study (Paul et al., 2008b). Following the pre-clinical work, we need to prove a
translational lead from clinical data. Previously published RNASeq data from studies
of patient blood samples offer pre-existing databases to draw comparisons with
interesting targets (Sang et al., 2017). Likewise, using human post mortem tissue will
further allow us to analyse the links between humans and zebrafish. Many drugs
identified thus far in our screen have already been approved by the MHRA and

therefore could bypass phase I trials (appendix x).

7.7 The future of pre-clinical ICH research

With regards to the wider research field, pre-clinical ICH research is, in comparison
to ischemic stroke, understudied and underfunded (NINDS ICH Workshop
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Participants, 2005). Haemorrhagic stroke subtypes are very different from each other
in causation and pathology, however are often grouped together in pre-clinical
research. The blanket term ‘stroke’ implies that ischemia and haemorrhage are more
similar than reality (Gorelick, 2019). Ischemic strokes are more prevalent in Western,
developed countries, where most of the money for research funding is directed,
meaning that the true global burden of ICH is overlooked. All subtypes of stroke have
common lifestyle risk factors however as more research into blood lipids develop it

may become apparent that there are unique differences (Ma et al., 2016).

Medications and therapies that are trialled for ICH have often been previously trialled
for ischemia as it is easier to model pre-clinically, for example blood pressure lowering
(Ahmed et al., 2009), IL-1Ra administration, and tissue plasminogen activator (tPA)
for thrombolysis of the haematoma. Clinical trials have suggested that prevention of
HE (FAST) (Mayer et al., 2008), removing the haematoma (STITCH and MISTIE)
(Hanley et al., 2019; Mendelow et al., 2013) and blood pressure lowing (ADAPT)
(Butcher et al., 2013) are successful in improving patient recovery following ICH.
None of these interventions have shown efficacy in large scale trials and so have not
been approved for use. There has been no clinical investigation thus far into
combination therapies; surgical strategies and medical therapies together. Following
minimally invasive haematoma evacuation, can we fill the haematoma cavity? Should
it be filled or should the tissue be allowed space to close the gap to rebuild
connections? Some pre-clinical studies suggest injectable hydrogel scaffolds stimulate
endogenous stem cell migration for CNS repair increase healing after ICH (Lim et al.,
2019). Utilising the cavity left after surgical haematoma extraction may be a way to
administer any anti-inflammatory, iron chelating drugs directly to the brain cells,
bypassing the BBB obstruction. These therapeutic options are unique to ICH condition

and offer exciting advances for future pre-clinical research.

Pre-clinical ICH work could benefit from distancing from ischemic stroke research
groups, for unique funding opportunities and different perspectives (Selim et al.,
2018). Therefore the zebrafish larval model of ICH offers a unique approach to
understanding disease in a new organism. The development of this model has
addressed the pre-clinical need for a spontaneous ICH with clinically relevant
haemorrhage sizes and offers the potential to investigate genetic causes and
comorbidities (Selim et al., 2018). We have been able to identify drug candidates,
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separately from ischemic stroke research that hold potential for specific treatments for
ICH patients.

7.8 Conclusion

In conclusion, a new pre-clinical model of ICH in zebrafish larvae offers many
advantages over traditional rodent models, and can provide novel insight into an urgent
field of medical research. We ultimately aim to encourage the wide spread use of our

model for a powerful, more ethical alternative for pre-clinical ICH investigation.
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Appendices

Macro for cell death analysis

outputFolder = getDirectory(*"image")
Imagetitle = getTitle;

run("Split Channels");
selectWindow(Imagetitle+" (blue)™);
close();

selectWindow(Imagetitle+" (red)");
close();

selectWindow(Imagetitle+" (green)");
/lrun("Threshold...");
setAutoThreshold("Default dark™);
setThreshold(0, 120);
run("Measure");
selectWindow("Results");
saveAs("Measurements”, """ + outputFolder + Imagetitle
+"Background.xIs");
selectWindow(Imagetitle+" (green)");
/lrun("Threshold...");
setAutoThreshold("Default™);
setThreshold(120, 255);

run("Analyze Particles...”, "size=30-10000 show=[Overlay Masks] display");

selectWindow ("Results™);

saveAs("Measurements”, """ + outputFolder + Imagetitle +".xIs");
selectWindow(Imagetitle+" (green)");

close();

Ch25h primer design
cDNA

AGCAGGCGGCGGTGTTTAGCTATCTAACTATTCCCCTATCATTTTCATAATTGTTGTTCT
AGAAACAGTACACCAACGGACGTGAACATGACACACAGGCACACACACACACAAAATACT
AAACCATATTTTACCAGATTAATTATTATTTTGCCATGTTTACAAAATATAAAAGTGTGA
AATATCAATAAAGTAGCATTTATGCAGGATTGACAGATCCAGCTCGCAGATAATCACTCG
CAGTGTCATCACTAACTTTAAGTTCGTTAACAAGTTCTGATTTTACATTACTCTTCTTTG
TCGTATGTTTTGTCACTATGTCCACGTGTTGATTCAATACCTCCATCTTCTTTGGGAGTT
GAATCTTAATAGACTAAACCATTTTCAGTCTTTTTCGATATTACGTTATTTTTATATTTA
ATATGATCTAAAGTTTATAATCACCTATCTGATTATTCTAACATCCTCTGTGAGGTCACG
CACGCACACTACGTCGAGATATCCTGGAAATTCCAACAGGAAGAGCCATTTAGGGCAAGG
CATCAAGAGTAAGAGGCGGGACTTATTGCTTTATAAGGGCTTGAGAAAGCACCATGTGCC
ATCATTCAGATTTAGAACTGAAAAGAAATAGAA N INCEACIACACORGRNEHEGGGAC
TGCATTCTGCAGTACGAAGCACAGCTAAGGTCTCCATTTTTCCCAGTCCTCTTCTCAATT
ACAGTCTACCTAAGCTTCTGCCTGCCTTTTGTCCTTCTGGATGCCCTGTCTCCAAAGGTA
GAACTGATAAGGAGATACAAGATCCAACAGAAAGCCAGCGTGTCTTGGACTATGATGTGG
AGCTGCCTCGCACTCTCCCTCTACAACCACGTGGTGTACATCTTCCCGCTGAGTGTCCTG
CACTGGTACTGGAGACCTGTCAGCTACCTAGCGGAGGCACCTGGGGTCTTGCGGGTCGTC
TGGGATCTTGCTGCCTGCCTGCTTCTGTTTGACTTCCAGTACTTTGTGTGGCATCTTCTA
CATCACAAAGTGCCTTGGCTTTACCGGACTTTCCATAAGGTGCACCACAAATACACATCC
ACCTTCGCTCTGGCCACTGAGTACTCTGGGGCTTGGGAGACCCTGTCTTTGGGGTTCTTC
GCTGCGGTGAATCCCATGTTGCTTGGGGTTCATCCTATGACAGAGATGCTCTTCCACATG
CTGAACATGTGGCTGTCAGTTGAGGACCATTGTGGCTATGACCTGCCATGGGCCACGCAC
AGACTGATGCCTTTTGGACTTTACGGAGGAGCTCCACACCATGATGTCCACCATCAGAAG
TTCAAGTCCAACTACGCTCCATACTTCACTCACTGGGACAAGCTCTTT

[ ACAGAACATTTGAAACAGACTCTTTTTTTTGTAAAAAGTTCTTTCTCATTC
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TGTGAATGAATACCTTTGACTCTAAAACTTTATAAAAGATTATTTATAATTCAGATCTGT
TTGACCAATTTGTCTATTTATTGAGTGTCTGTATTTAAGAGTGACTGTAAAAACTGAGAT
GTAAGAAATGTATTATGTTAATCATATTATATTTATTATTTATAAGATTGTTGTTTTGCA
TTTATAAGTTTGTGTTGTTGTTATTACTAAATGTATTAACGTGGACCATGAAGAAATTCA
ACAAGCTAATTGCAATAAATCTGTGAAGTAGATAATATAAATACAGTGTCTGTGGTTACT
TTCTTTTGCATAATATGATAATTAGAATTGAATAAAAATGCTAACTATTTAGAGCTAGAT
ATGTTTTATGAATTAAATTTCATGAATGAAGTGATTCAGAGGTCTTAGCTAAAATAACTG
AACTTTAAATAACCTATATTAATAAGTTGTAGTTTTAAGGCTTTTTTAAAAAAAATAAAA
TTGACTAATTTAATATGCAGTTGAAGTCAAAATTAATAGCCCTACTGTGATTTTTTTATA
TGTATATATATATATTTCCAATAGAGCAAGAAATTGTTCACTGTATGTCCAATAATTTTT
TTTCTTAAGAGGGAAAGTCTTAATTGTTTTGTTCTGGCTAGAATAAAAGCAGTTTCTTAT
TAATATAAGAAAATATATAATATAATATAAAAACTATTATATATATATATATATATATAT
ATATATATATATATATATATATATATATATATATATATATATATATATATATATATATAT
ATATATATATATATAATTTATTTATAATTTCTGTTTGACGGAGAGCTGATTTTTTTCAAC
ACATTTTTAAACATAATAGTTTTAATTACTCATTCCTAATA

Forward primer

GCATGGATCC TTTGGACTACAGCACATCT

No blast hits on any other genes

GC content = 53.1%

Tm =65.8°C

Hairpin melts at 45 DeltaG is -1.79 (likeliness of formation)

PophPRE

5. Restriction site added for BamH1

Reverse primer

GGCCGAATTC TTCAAAGTGCAGTGTCC

1. No blast hits on any other genes
2. GC=50%

3. Tm=62.7°C

4,

Restriction site added for EcoR1

Probe size = 776bp

ii.  Macro for filipin analysis
outputFolder = getDirectory("image")
Imagetitle = getTitle;
run('Split Channels");
selectWindow(Imagetitle+" (green)™);
close();
selectWindow(Imagetitle+" (red)");
close();
selectWindow(Imagetitle+" (blue)™);
/lrun("Threshold...");
setAutoThreshold('Default™);
setThreshold(0, 53);
run("Measure");
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selectWindow("Results™);
saveAs("Measurements”, "'+ outputFolder + Imagetitle
+"Background.xIs");
selectWindow(Imagetitle+" (blue)™);
/lrun("Threshold...");
setAutoThreshold("Default dark™);
setThreshold(54, 255);
run(""Measure");

""" + outputFolder + Imagetitle
+".xIs"™);
selectWindow(Imagetitle+" (blue)™);
close();

Iv.  Supplementary video information for Crilly et al 2018 (digital)
v. IMARIS 3D rendering of haematoma (digital)

vi.  IMARIS 3D rendering of cell death region of interest (digital)
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vii.  Additional images for comparison of adult zebrafish brains

WT

Bbh -/-
Further examples of the H and E staining from adult zebrafish brains, from WT
and bbh ICH+ homozygotes. All images were analysed for morphological
differences associated with ICH injury however, none were observed.
Representative images presented in Chapter 4. Scale bar 500um.

viii.  Statistical analysis of IL-1Ra treatment motility assay

Motility data from IL-1Ra treatment and was analysed using a multi linear model
on R as Graphpad Prism 7.0 fails to accommodate missing values from repeated
measures or the random effect of clutch (Bates et al., 2015; R Core Team, 2018).
There are two independent factor variables; Haemorrhage and Treatment, and one
random variable Clutch (or experimental repeat), with motility being the
dependent variable. Homoskedascity and normality of data was evaluated
graphically using a residual vs fitted plot and a normal Q-Q plot showing that the
parametric assumptions were met, the data fit the model, and no transformation
was needed. Multi linear model analysis showed a significant main effect of
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haemorrhage (ChiSq p=0.009) but no main effect of drug treatment (ChiSq
p=0.961) or of treatment in haemorrhaged groups (ChiSq p=0.128).

#Models:
Imel: motility ~ 1 (1 | clutch)
Ime2: motility ~ (1 | clutch) + haemorrhage
Ime3: motility ~ (1 | clutch) + haemorrhage + treatment
Ilmed: motility ~ (1 | clutch) + haemorrhage + treatment + haemorr
hage:treatment
Df AIC BIC 1logLik deviance Chisg Chi Df Pr (>Chisq)
Imel 3 3945.0 3956.1 -1969.5 3939.0
Ime2 4 3940.1 3955.0 -1966.0 3932.1 6.8729 1 0.008751 *
*
Ime3 5 3942.1 3960.7 -1966.0 3932.1 0.0024 1 0.960937
Ime4 6 3941.8 3964.1 -1964.9 3929.8 2.3183 1 0.127857
Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*" 0.05 . 0.1 Y’ 1
#Assumption check
plot (1lme4d)
| 1 1 | |
200 0 g o < S o 8§ 8 -
i ; % o o =4 o o =
= ’ ff 8 o ?} o . 8 R o0 ﬂ
2 o g o o 8 o o og 8 @
g o 12 ¢ F . 8 ¢ 8o :
™ o s 3 g g S ¢ %o g °
= . 8 o A . s
§ ; 8 o 8
-200 s g & ® e o " g 3
© o 8 3 ¢
¥ <o ﬁ O E)
<
400 © =
T T T T T
200 250 300 350 400
fitted(.)

ggnorm (resid (lmed))
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Statistical analysis of DFO treatment cell death outcomes

Data from DFO IL-1Ra treatment was analysed using a multi linear model on R
as Graphpad Prism 7.0 fails to accommodate missing values from repeated
measures or the random effect of clutch (R Core Team, 2018) (Bates et al., 2015).
There are two independent factor variables; Haemorrhage and Treatment, and one
random variable Clutch (or experimental repeat), with fluorescence being the
dependent variable. Homoskedascity and normality of data was evaluated
graphically using a residual vs fitted plot and a normal Q-Q plot showing that the
parametric assumptions were met, the data fit the model, and no transformation
was needed. Multi linear model analysis showed a significant main effect of
haemorrhage (ChiSq p<0.0001) but no main effect of drug treatment (ChiSq
p=0.8520) or of treatment in haemorrhaged groups (ChiSq p=0.6383).

#Models:
lmel: fluor ~

1 + (1 | clutch)
lme2: fluor ~ (

(

(

1 | clutch) + treatment
1 | clutch) + treatment + haemorrhage
1 | clutch) + treatment + haemorrhage + treatment:

Ime3: fluor ~
Imed: fluor ~

haemorrhage

Df AIC BIC 1logLik deviance Chisg Chi Df Pr (>Chisq)
lmel 3 3752.1 3761.6 -1873.0 3746.1
lme2 6 3757.3 3776.3 -1872.6 3745.3 0.7893 3 0.8520
lme3 7 3730.4 3752.6 -1858.2 3716.4 28.9080 1 7.59%9e-08
* Kk )
lmed4 10 3734.7 3766.4 -1857.3 3714.7 1.6938 3 0.6383

Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 *" 0.05 *.” 0.1 ' 1

#Assumption check
plot (1lmed)

202



o el
20000 o o ] a L
o o
< 8 : o § e
2 10000 - 8%° a8 o F
g & go ooo 8 9, o “ g
:,c:, © Zj) o Oz R g o 8 g g
= 0 © f700 °
é o OO§ o © g é o o
8 <87, . Fe 7 oo O g
10000 | B g 058 " o zo g . o F
’ @ o Oo o o
20000 r
15[;00 20!;00 25!;00
fitted()
ggnorm(resid (lmed))
Normal Q-Q Plot
a [+]
o
§ — o @
(o] OO
o
8 5
-g —
s}
o
[=% o H
£
(2]
wn
S
: I,
8 o o 0 2°
o
% T T T T
' 1 0 1 2
Theoretical Quantiles
Outcomes for initial drug screen analysis
Drug Name Formula MolWt | Bioactivity 1%t cell 2" cell
(g/mol) death assay | death assay
Naphazoline C14H15CINz 246.74 adrenergic agonist, VERY OEDEMA
hydrochloride nasal decongestant ACTIVE,
OEDEMA
Norepinephrine CsH11NO3 169.18 adrenergic agonist, OEDEMA OEDEMA
antihypotensive
Orphenadrine citrate C24H31NOs 461.52 muscle relaxant OEDEMA OEDEMA
(skeletal),
antihistaminic
Phthalylsulfathiazole C17H13N30sS2 | 403.44 antibacterial
Oxolinic acid C13H11NOs 261.24 antibacterial
Niacinamide CeHsN20 122.13 Vitamin B3; enzyme
cofactor; anti-
pellagra
Clomipramine C19H24CI2N2 351.32 antidepressant 1/3 CELL
hydrochloride DEATH
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Trimethobenzamide Ca1H29CIN20s | 424.93 antiemetic

hydrochloride

Gluconolactone CeH1006 178.14 chelating agent OEDEMA

Aminolevulinic acid CsH10CINO3 167.60 antineoplastic

hydrochloride

Levalbuterol C13H22CINOs 275.78 bronchodilator, OEDEMA

hydrochloride tocolytic

Sparteine sulfate C15H28N204S 332.47 oxytocic

Testosterone C22H3203 344.50 androgen,

propionate antineoplastic

Testosterone C19H2802 288.43 androgen,
antineoplastic

Sanguinarine sulfate C20H15NOsS 429.41 antineoplastic,
antiplaque agent

Mitomycin C Ci15H18N4Os 334.33 antineoplastic OEDEMA

Temefos C16H2006P2S3 466.47 insecticide OEDEMA

Chlorpromazine C17H19CIN,S 318.87 antiemetic, 1/5 CELL
antipsychotic DEATH

Clidinium bromide C22H26BrNO3 432.36 anticholinergic OEDEMA OEDEMA

Clonidine CoH10Cl3N3 266.56 antihypertensive

hydrochloride

Cortisone acetate C23H3006 402.49 glucocorticoid OEDEMA

Daunorubicin C27H290NO10 527.53 antineoplastic OEDEMA OEDEMA

Deferoxamine Ca6Hs2NeO11S | 656.80 chelating agent (Fe & MILD

mesylate Al) HEART

OEDEMA

Digoxin C41Hs4014 780.96 cardiac stimulant OEDEMA

Disopyramide Ca1H32N30sP 437.48 antiarrhythmic OEDEMA

phosphate

Adrenaline bitartrate C13H19NOg 333.30 adrenergic agonist, OEDEMA 1/5 CELL
bronchodilator, DEATH
antiglaucoma agent

Gentamicin sulfate C21H4sNs011S 575.68 antibacterial

Halazone C7HsCI2NO4S 270.09 Anti-infectant OEDEMA

Homatropine bromide | CisH22BrNOs 356.26 anticholinergic
(opthalmic)

Lincomycin C18H35CIN206S | 443.01 antibacterial OEDEMA

hydrochloride

Nitrofurazone CeHsN4O4 198.14 Anti-infectant OEDEMA 1/5 CELL
(topical) DEATH

Oxidopamine CgH12CINOs 205.64 adrenergic agonist OEDEMA 1/5 CELL

hydrochloride (opthalmic) DEATH

xi.  Author publications (digital)
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