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Abstract

Central nervous system (CNS) border-associated macrophages (BAMs) are a rare
and specialised population of immune cells in the brain with emerging functions
in ischaemic stroke. Preliminary work from our group has identified BAMs as
CD45*MehCD11b*CD206*Lyve1* cells by flow cytometry and indicated increased
numbers of BAMs 24 hours following stroke in a mouse model of focal ischaemic
stroke (transient middle cerebral artery occlusion, tMCAo). Work presented in this
thesis establishes the accumulation of BAMs beyond the period of infarct
development. The numbers of BAMs in the ipsilateral hemisphere after tMCAo
increased in the acute phase after stroke, peaked one week later and subsequently
declined in the chronic stages. BAMs were identified in perivascular and in
meningeal spaces as CD206*aSMA* and CD206*Lyve1* cells and their localisation

with respect to the infarct and peri-infarct zones was investigated.

The signalling molecule nitric oxide (NO) has deleterious roles in ischaemic stroke
and macrophages are an immune cell source of inducible nitric oxide synthase
(iNOS)-produced NO. Work from Prof Leiper’s lab has shown that dimethylarginine
dimethylaminohydrolase (DDAH2) enzymatically regulates NO signalling in hypoxic
and septic conditions and thereby controls macrophage function. Work presented
here demonstrates that Ddah2 mRNA expression increased following oxygen and
glucose deprivation in RAW264 macrophage cell line, while DDAH2 protein levels
remained unchanged after tMCAo in C57BL6/J mice. The expression of the pro-
inflammatory genes Il-18, Tnfa, Il-6 and Ccl2 was reduced in peritoneal
macrophages from naive monocytes/macrophages specific Ddah2 knockout mice,

indicating that DDAH2 may regulate the inflammatory phenotype of these cells.

To explore the potential implications of DDAH2-mediated altered macrophage
phenotype on ischaemic stroke outcomes, a study was conducted in
monocytes/macrophages specific Ddah2 knockout mice. Preliminary evidence
suggests that infarct and oedema volume did not differ between knockout and
control mice. There was a slight reduction in neurological deficit and reduced
levels of apoptosis in knockout mice after tMCAo. The rate of immune cell
infiltration into the brain after tMCAo was not altered, as the numbers of total

leukocytes, myeloid cells and lymphocytes were comparable between genotypes.
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This thesis reinforces the emerging significance of BAMs in the pathophysiology of
ischaemic stroke. Through detailed characterisation and temporal mapping, it
establishes BAMs as dynamic responders that accumulate during the acute and
subacute phases of stroke and recede in the chronic stages. Although modulation
of nitric oxide signalling via DDAH2 showed limited impact on infarct size and
immune infiltration, subtle improvements in neurological deficits and reduced
apoptosis suggest that DDAH2 may fine-tune the inflammatory profile of
macrophages in ways that are neuroprotective. These findings open a window into

targeted immune modulation as a therapeutic avenue in stroke recovery.

This work points to a paradigm shift in how we understand neuroimmune
regulation in stroke. Far from being passive residents at CNS borders, BAMs may
play active, time-sensitive roles in brain injury and repair. By linking BAM
behaviour with nitric oxide signalling and the regulatory role of DDAH2, the thesis
lays groundwork for future exploration into cell-specific interventions—aimed not
at altering infarct size, but at refining the inflammatory environment to promote
neurological resilience. The immune landscape of the brain is more intricate than
previously assumed, and the key to healing might lie not in suppressing

inflammation broadly, but in sculpting it precisely.
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1.1  Vascular anatomy of the brain

The brain is perfused by a network of arteries, veins, arterioles, venules, and a
dense capillary network. Arterial supply to the brain is extracranially supported
by the common carotid arteries (CCA) and basilar arteries (BA), which feed
oxygenated blood to the Circle of Willis, a ring-like intracranial structure
consisting of the anterior and posterior communicating arteries, that supplies
blood to the brain and creates redundancy if the internal carotid artery (ICA) or
BA are occluded. The anterior (ACA), posterior (PCA) and middle cerebral arteries
(MCA) each perfuse specific cerebral territories. The common carotid arteries
bifurcate into external (ECA) and internal (ICA) branches. The distal portion of the
ICA is located within the cranium and gives rise to the proximal branches of the
MCA (Figure 1-1). The MCA supplies the lateral surface of the cortex and mid-brain
territories, such as the dorsal striatum, the caudate putamen, the thalamus and
hypothalamus with oxygenated blood and consists of several consecutively smaller
branches (Patel et al., 2008).

Anterior
communicating artery

™ Circle of Willis

communicating®
artery

Figure 1-1. Intra-cranial arterial system. The internal carotid arteries (ICA) and
basilar arteries supply oxygenated blood to the Circle of Willis, comprising of the
anterior and posterior communicating arteries. Blood then travels further to the
cortex and midbrain through the anterior (ACA), middle (MCA) and posterior (PCA)
cerebral arteries. Image created with elements freely available on Smart Servier
Medical Art.
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1.2  Stroke

1.2.1 Aetiology and epidemiology of stroke

Stroke is the disruption of blood supply to an area in the brain. Ischaemic stroke
is the most common type of stroke and is typically caused by occlusion of a large
cerebral artery, with at least every second clinical case affecting the MCA (Figure
1-1) and its branches (Bogousslavsky et al., 1988, Chung et al., 2014). Intracranial
atherosclerotic stenosis is recognised clinically as one of the most common causes
of ischaemic stroke (Holmstedt et al., 2013). It is caused by a blood clot formed
either at a site of arterial stenosis (thrombus), or elsewhere in the body (embolus)
and carried to the stenosed artery. Blood clots are formed by a coagulation
cascade of thrombus formation, activation of Factor X, conversion of prothrombin
to thrombin and fibrinogen to fibrin monomers and polymers (Flores et al., 2014).
Haemorrhagic stroke is caused by an intracerebral haemorrhage - a rupture of an
intracerebral artery, while subarachnoid haemorrhage is typically caused by brain
trauma resulting in bleeding inside the subarachnoid space between the dural and
pial meningeal layers. Rarer stroke subtypes include anterior and posterior
circulation strokes, occlusions of deeper penetrating arterioles that cause
multiple small lacunar infarcts, basilar artery occlusion, and the latter accounts
for only 1% of all strokes (Alemseged et al., 2023).

The World Stroke Organization (WSO) estimates that every fourth person will have
a stroke in their lifetime and more than 12 million people have a stroke each year,
with 6.6 million deaths per annum caused as a result (http://world-stroke.org).
Globally 63% of incident strokes per annum are ischaemic, 28% occur due to
intracerebral haemorrhage and 9% are derived from subarachnoid haemorrhage
(Hering et al., 2024). By 2019 about 77 million people were documented to have
survived a stroke (Feigin et al., 2022), resulting in stroke being the leading cause
of long-term disability (Benjamin et al., 2019, Campbell et al., 2019). In 2022/23
136,641 stroke patients were admitted to hospital in the UK and cerebrovascular
diseases caused 34,000 deaths (BHF, 2024). These figures demonstrate that
despite advances in the treatment and prevention of stroke, it remains a major

global health burden.


http://world-stroke.org/
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1.2.2 Risk factors and co-morbidities for ischaemic stroke

Risk factors for ischaemic stroke can be classified into metabolic (>130 mmHg
systolic blood pressure, high body mass index, high fasting plasma glucose, high
total cholesterol, and low glomerular filtration rate); behavioural (poor diet,
smoking, alcohol consumption and low physical activity); and environmental (air
pollution and lead exposure). Overall, the greatest modifiable risk factor is
hypertension, which is in turn affected by non-modifiable risk factors, such as age,
genetics, ethnicity, pregnancy, and co-morbidities, and by some of the
behavioural factors mentioned above (Lauder et al., 2022). A common co-
morbidity in hypertensive patients and a risk-factor for stroke patients is atrial
fibrillation (Feigin et al., 2022).

1.2.3 Current treatment for ischaemic stroke

The therapeutic objective for acute ischaemic stroke is to restore blood flow to
brain areas distal to the occlusion, which contain functionally compromised but
viable cells, and to protect brain parenchymal tissue from dying. The first
clinically approved pharmacological therapy for ischaemic stroke was intravenous
thrombolysis (IVT) with the recombinant tissue plasminogen activator (rt-PA)
alteplase. This drug attaches to fibrin on the clot surface, activates fibrin-bound
plasminogen, which cleaves and activates plasmin. The activated plasmin then
breaks up the molecules of fibrin to dissolve the clot (Reed et al., 2025). Alteplase
was initially approved for use within 3 hours after stroke onset (NINDS, 1995), and
later extended to 4.5 hours (Hacke et al., 1998), which is in the current European
Stroke Association’s guidelines (Berge et al., 2021). Past this timepoint, there is
an increased risk for symptomatic intracranial haemorrhage (ICH), which is a rare
but a severe treatment complication (Jickling et al., 2014, Emberson et al., 2014,
Yaghi et al., 2017). Evidence from earlier trials suggested that rt-PA is safe and
effective 4.5-6 hours after onset of symptoms (Wang et al., 2015), in patients
waking up with stroke and carefully selected through imaging (Wang et al., 2015,
Thomalla et al., 2018).
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1.2.4 Recent advances in treatment

For over three decades, intravenous alteplase has been the primary thrombolytic
agent for treating acute ischaemic stroke. However, recent clinical trials over the
past two years have shown that a genetically modified variant of alteplase -
tenecteplase, is non-inferior to alteplase for acute ischaemic stroke. The TASTE
trial (Tenecteplase versus Alteplase for Stroke Thrombolysis Evaluation with
Perfusion Imaging Selection within 4.5 hours of Onset) only included patients with
a proven tissue target for reperfusion treatment, identified through modern brain
imaging techniques measuring salvageable tissue (‘target mismatch’), significantly
supports this shift (Parsons et al., 2024).

The advances in medical engineering in the late 2010s have revolutionised
treatment for patients with large vessel stroke who received IVT but were not
showing significant improvement (Bracard et al., 2016). Endovascular
thrombectomy (EVT), which involves mechanical removal of the blood clot, was
approved in the US for use up to 6 hours from time last known well (as opposed to
symptoms onset, which could be missed) (Powers et al., 2018). EVT was reported
safe up to 24 hours post stroke in the DAWN clinical trial (Nogueira et al., 2018)
and effective at 6-16 hours in the DEFUSE trial in patients selected by perfusion
imagining (Albers et al., 2018). More recently it was proposed that EVT is effective
even after 24 hours from last known well in patients carefully selected by
perfusion imaging (Shaban et al., 2023). While these extended therapeutic
windows are yet to be approved, there is evidence that up to a third of patients
in the US received thrombectomy past the 6 hour cut-off, however this resulted
in higher in-hospital mortality, poorer ambulation at discharge and less frequent
discharge to home compared to patients receiving it within 6 hours (Zachrison et
al., 2021). Recent studies comparing direct EVT with IVT followed by EVT have
shown non-inferiority for IVT followed by EVT (Campbell et al., 2018, Campbell et
al., 2020, Fischer et al., 2022). In these trials, alteplase was the most used
thrombolytic drug (Fischer et al., 2022), while tenecteplase was used in fewer
patients (Campbell et al., 2018). While recanalisation therapy is widely used,
preclinical efforts to develop neuroprotective strategies have not resulted in
available drugs.
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1.2.5 Recent advances in prevention

Anti-inflammatory treatments such as canakinumab or colchicine have been shown
to be effective in the secondary prevention of cardiovascular disease (CVD),
including ischaemic stroke in several trials such as CANTOS (Ridker et al., 2017),
COLCOT (Bouabdallaoui et al., 2020), and LoDoCo2 (Nidorf et al., 2019) trials,
leading to the approval of colchicine for CVD prevention by both the US Food and
Drug Administration (FDA) and the European Medicines Agency (EMA). While a
future for these treatments in intervention rather than in prevention is uncertain,
therapeutic effects of canakinumab and cochicine have been shown in

experimental stroke (Liberale et al., 2018, Meyer-Lindemann et al., 2022).

1.3  Mechanisms of ischaemic infarct development

The vascular occlusion renders the distal vascular territory ischaemic, with a
dramatic reduction in oxygen and glucose content. The infarct core is severely
ischaemic, and the cerebral blood flow (CBF) is reduced to 8-10 mL/100 g/min, or
<10% baseline. The zone around the core, known as the penumbra or peri-infarct,
maintains CBF of 11-35 mL/100 g/min, while areas adjacent to the penumbra
where CBF is closer to normal are experiencing oligaemia with 36-50 mL/100
g/min. Normal CBF is 50-60 ml/100g/min (Bandera et al., 2006, Lewis, 2014, Velly
et al., 2018) (Figure 1-2).

Ischaemia Penumbra Oligaemia Normal Cerebral blood flow

IR I > (mi/100g/mi)

Figure 1-2. The sliding scale of cerebral blood flow (CBF) after ischaemic stroke
in humans.

If the brain does not undergo reperfusion, the penumbra may remain viable for
days or weeks due to the recruitment and opening of collateral blood vessels
(Ramos-Cabrer et al., 2011). Higher density of collateral vessels is associated with
reduced infarct volume and enhanced functional outcome after stroke (Ravindran
et al., 2021). Prolonged ischaemia increases the propensity of the penumbra to
subsume into the infarct core, and infarct size positively correlates with
neurological severity (Tan et al., 2009). If reperfusion occurs, the penumbra can
be salvaged but is also subjected to reperfusion injury due to the reoxygenation
and oxidative stress (Eltzschig and Eckle, 2011, Zhang et al., 2022).
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Oxygen and glucose deficiency disrupts oxidative phosphorylation (OXPHOS),
which is followed by adenosine triphosphate (ATP) depletion and ionic imbalance,
and results in cellular membrane depolarisation, influx of calcium (Ca?*) and other
positively charged ions, and extracellular accumulation of the excitatory amino
acid glutamate. A series of events are governed by intra- and inter-cellular
biochemical and signalling pathways known as the ischaemic cascade (Moskowitz
et al., 2010, Xing et al., 2012) and lead to neuronal cell death and trigger

neuroinflammation.

1.3.1 Excitotoxicity

The earliest mechanism in the ischaemic cascade is excitotoxity, which begins
with uncontrolled release of excitatory neurotransmitter glutamate due to anoxic
depolarisation in dying neurons and glial cells (Lai et al., 2014, Belov Kirdajova et
al., 2020). It was first described in the hypothalamus of infant mice over half a
century ago (Olney, 1971) and is a common mechanism to neurological disorders,
including traumatic brain injury (Yi and Hazell, 2006), Alzheimer’s disease (Rudi
et al., 2004), Parkinson’s disease (Verma et al., 2018) and Huntington’s chorea
(Fan and Raymond, 2007). It is underpinned by overstimulation of the ionotropic
N-methyl-D-aspartate receptor (NMDAR) through excessive agonistic action of
glutamate, and acts to increase intracellular calcium in neurons (Hazell, 2007).
The ensuing influx of Ca?* leads to the activation of various intracellular
complexes, which are partly responsible for excitotoxicity. Excess calcium binds
to calmodulin to activate neuronal nitric oxide synthase (nNOS), which facilitates
bringing NMDAR and nNOS in close proximity by the scaffolding protein
postsynaptic density 95 (PSD95) (Dawson et al., 1993), thereby initiating nitric
oxide inhibition of mitochondrial cytochrome oxidase and cell death (Brown and
Cooper, 1994). Another mechanism for neuronal and glial cell death is through the
death-associated protein kinase (DAPK)-p53 complex, which is a downstream
effector of the apoptotic and necrotic pathways (Pei et al., 2014). lonic
imbalances contribute to water accumulation in the extracellular spaces and the
development of oedema (brain swelling). These early events occur in the minutes

after stroke and contribute the greatest to the core injury.
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1.3.2 Oxidative stress

The brain is highly vulnerable to energy failure arising from lack of oxygen and
glucose. Despite making up only about 2% of body weight, the brain receives
around a fifth of the body's total oxygen (Clarke and Sokoloff, 1999). Furthermore,
the brain has low glycogen storage capacity and high metabolic demand for
glucose (Dienel, 2019). This is primarily handled by mitochondrial OXPHOS to
produce ATP by reducing molecular oxygen to water using the electron transport
chain. After ischaemic stroke the deficits in O, and glucose, along with
excitotoxicity and calcium overload, contribute to deficiency in the mitochondrial
respiratory chain and its functional switch from production of ATP to production
of reactive oxygen species (ROS) such as superoxide Oz (Rodrigo et al., 2013). In
endothelial cells excess Ca?* activates other ROS producing enzymes, which may
in turn lead to endothelial NOS uncoupling from production of NO to production
of ROS (Montezano and Touyz, 2012). The reaction of superoxide with nitric oxide
generates downstream products such as peroxynitrite ONOO" (Jurcau and
Ardelean, 2022). The resultant oxidative stress affects cells in ischaemic and
penumbral sites, and typically begins in the first hours after stroke (Allen and
Bayraktutan, 2009). During the chronic phases of stroke, inflammatory cells make

a large contribution to the generation of ROS (Alexandrova and Bochev, 2005).

1.4 Cell death

Cellular death after ischaemic injury is primarily due to necrosis and apoptosis
(Unal-Cevik et al., 2004), while other mechanisms of cell demise have also been
characterised in the context of ischaemic stroke (Zhang et al., 2022).
Morphological and biochemical features of both apoptosis and necrosis are often
concomitantly present in dying ischaemic cells, and can be induced by multiple

triggers, such as Ca?* overload or oxidative stress (Sekerdag et al., 2018).

1.4.1 Necrosis

Necrosis involves disruption in cellular organelles, the intracellular release of
proteolytic enzymes and phospholipases from lysozymes and the subsequent
degradation of nucleic acids and proteins (Hajibabaie et al., 2023). Na?*

concentrations increase in the cell due to failure of the Na/K ATPase pump and
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water influx then occurs due to diffusion. Subsequently plasma membranes burst
and the released cellular debris into the extracellular environment attract
inflammatory cells. During ischaemia increased intracellular calcium causes
endoplasmic reticulum (ER) stress, and promotes the catalytic activity of
proteases, nucleases, and lipases, causing the degradation of key proteins, nucleic

acids, and the plasma membrane and irreversibly damages the cell.

1.4.2 Apoptosis

Apoptosis is a form of programmed cell death, characterised by shrinking of the
cells, which are then tagged for elimination by phagocytic cells (Nagata, 2018). In
contrast to necrosis, plasma membranes retain cellular contents, which acts to
prevent cytotoxic signals to be released. Apoptosis is mediated through
mitochondria-dependent pathways and by tumour necrosis factor alpha (TNFa)
cell signalling pathways (Mao et al., 2006). They both converge on the activation
of the effector caspase 3, which initiates DNA fragmentation, protein misfolding
and cytoskeletal breakdown. Excess calcium accumulation within mitochondria
(Pivovarova and Andrews, 2010, Gouriou et al., 2011), and pro-apoptotic factors,
such as the Bcl-2 family of proteins such as Bax, permeabilise the mitochondrion’s
outer membrane and cause the cytosolic release of cytochrome C (Arnoult et al.,
2002) (Huttemann et al., 2012),, which is the primary inducer of caspase-
dependent apoptosis. Cytochrome C activates caspase 9 that subsequently
activates caspase 3 (Pan et al., 2001). Additionally, apoptosis-inducing factor (AIF)
is released from the inner membrane of mitochondria and translocates to the

nucleus to promote a caspase-independent apoptosis (Tuo et al., 2022).

1.4.1Brain repair mechanisms

Neuronal repair is facilitated by cells within the neurovascular unit, which
includes endothelial cells, pericytes, neurons, astrocytes, microglia, and
oligodendrocytes (ladecola and Anrather, 2011, Schaeffer and ladecola, 2021).
These cells produce and secrete crucial molecules to clear cell debris and repress
inflammation. In endothelial cells hypoxia induces the expression of vascular
endothelial growth factor (VEGF), which contributes to angiogenesis (Marti et al.,
2000). Neurotrophic factors such as brain-derived growth factor (BDNF) and basic

fibroblast growth factor are released from astrocytes and oligodendrocytes. BDNF
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has been described as potential predictive biomarker for functional recovery after
stroke (Luo et al., 2019) and upregulation of BDNF is correlated with enhanced
rehabilitation (Sun et al., 2014). Transforming growth factor beta (TGF-B) is a
strong anti-inflammatory cytokine (see below section 1.5.1) produced and
released from astrocytes and microglia (Doyle et al., 2010). Evidence suggests that
TGF-p signalling is sufficient to reduce infarct volume, reduce neuronal apoptosis

and promote neurogenesis (Ma et al., 2008).

Astrocytic end-feet form a glial scar around the necrotic tissue through a process
called gliosis, which helps to contain the excitotoxic spread of depolarisation and
maintain ionic homeostasis, as well as acting as a physical barrier to spreading
inflammation into the penumbra (O’Shea et al., 2024). Conversely, the glial scar
contributes to prevention of axonal regeneration, possibly in conjunction with
perineuronal nets, a specialised extracellular matrix structure, which acts as an
inhibitor of neural plasticity (Campbell et al., 2019). White matter loss
(Rosenzweig and Carmichael, 2013), demyelination and Wallerian degeneration,
which is an active process of axon self-destruction (Xie et al., 2011), are also
observed after stroke and are facilitated by excitotoxicity in oligodendrocytes.
Remyelination failure has been attributed to the activation of Nogo receptors of
oligodendrocyte progenitors and their blockade in aged mice enhances functional

outcomes (Sozmen et al., 2016).

Dying neurons and glial cells release the nucleotides UTP and ATP, which activate
microglia (cf. section 1.5.2.3) through P2Y, receptors to produce pro-
inflammatory mediators (Krieglstein et al., 2002). The immunomodulatory effects
of microglia include phagocytosis of cell debris from apoptotic cells via several
signalling pathways. Nucleotides acting on P2Y¢ receptors activate phagocytosis in
microglia (Koizumi et al., 2007) and phosphatidylserine-binding proteins
expressed on apoptotic cells are recognised by mucin domain-containing molecule
4 (Tim4) receptors on microglia (Miyanishi et al., 2007). Inhibition of P2Ys
receptors has been reported as deleterious in ischaemic stroke due to reduced
microglial phagocytosis (Wen et al., 2020), strongly supporting a role for microglia

in the brain repair process.
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1.5 Immune system

The immune system is responsible for protecting the body from harm by patrolling
and identifying pathogens, tumour cells and cellular debris. It is composed of
primary immunogenic organs such as the thymus and the bone marrow for
lymphocytes maturation, and secondary immune organs that contain mature T and
B cells such as the spleen, lymph nodes, tonsils, and Peyer’s patches. Cells of the
immune system are collectively known as leukocytes or white blood cells and are
primarily derived from adult hematopoietic stem cells (HSC) in the bone marrow
(Kandarakov et al., 2022), while some niche macrophages arise from the yolk sac
(Sheng et al., 2015, Gomez Perdiguero et al., 2015) and will be discussed further

below.

1.5.1 Cytokines

Immune cells communicate with each other and other cell types through the
production and release of small molecular weight proteins known as cytokines.
Cytokines have important regulatory and intercellular mediatory roles in health
and disease (Liu et al., 2021a). There are several large families of cytokines, which
include interleukins, chemokines, interferons, and tumour necrosis factors. Each
cytokine acts as a ligand for a coordinate receptor and activates a signal
transduction pathway that is broadly classified as either pro-inflammatory or anti-
inflammatory. Examples of pro-inflammatory cytokines include interleukin 1 beta
(IL-1B), chemokine (C-C motif) ligand 2 (CCL2), tumour necrosis factors alpha
(TNFa) and interferon gamma (INFy), while TGF-B, IL-4, IL-10, and IL-13 are
classically anti-inflammatory. CCL2, also known as monocyte chemoattractant
protein-1 (MCP-1), is a critical inflammatory cytokine secreted by immune cells,
which regulates leukocyte recruitment during inflammatory responses (Boring et
al., 1997).

1.5.2 Innate immunity

The innate immune system constitutes monocytes, macrophages,
polymorphonuclear cells (granulocytes), dendritic cells, mast cells and natural
killer cells. These cells are first responders to a pathogenic attack or a localised

tissue disruption. Their main aim is to contain the injury to a specific site and
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attract cells from the adaptive immune branch to neutralise the attack. A common
mechanism by which innate immune cells uptake and neutralise foreign particles
and cellular particulates within their plasma-membrane envelope is phagocytosis.
In addition, the complement system is the humoral branch of the innate immunity,
comprised of soluble proteins, which are triggered by foreign entities such as
pathogens, antibodies, extracellular vesicles, and some nanomedicines, and by
the serial help of several convertases form a protein complex SC5b-9, which

permeabilises and neutralises the target.

1.5.2.1 Monocytes and macrophages

Monocytes and macrophages are a family of mononuclear myeloid leukocytes and
professional phagocytic innate immune cells present in all tissues. They originate
from erythromyeloid progenitors in the embryonic yolk sac (Gomez Perdiguero et
al., 2015, Sheng et al., 2015) that give rise to HSCs, which migrate to the foetal
liver (Ciriza et al., 2013). After post-natal bone formation, HSCs develop into bone
marrow derived monocytes (BMDM) (Winkler et al., 2010) and monocytes in
primary immunogenic organs such as the spleen and thymus. Some of these
monocytes circulate in the blood, while others migrate into tissues and give rise
to adult tissue-resident macrophages through definitive haematopoiesis and adopt
a functional phenotype suited to that tissue in health and disease (Epelman et al.,
2014, Wynn and Vannella, 2016). Tissue specific factors serve to maintain the
committed macrophages through self-proliferation and determine the expression
of niche genes (T'Jonck et al., 2018).

Macrophages actively surveille their environment, neutralise pathogens and
maintain overall homeostasis by phagocytosing cellular debris. Macrophages also
act as antigen presenting cells by processing and presenting antigens on the major
histocompatibility complex Il to T-cells, consequently activating the adaptive
immune system (Guerriero, 2019). Additionally, macrophages can physically ligate
two damaged ends of a damaged endothelial cell by using mechanical traction (Liu
et al., 2016).
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1.5.2.2 Monocytes polarisation

Monocytes-derived macrophages exert their actions by polarising from MO
macrophages into classically activated (pro-inflammatory) M1 macrophages, or
alternative (anti-inflammatory) M2 phenotypes (Figure 1-3). M1 phenotypes arise
from several cellular and molecular factors, such as activation of transcription
factors nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB) and
signal transducer and activator of transcription 1 (STAT1) (Lyu et al., 2021).
Lipopolysaccharide (LPS), IFN-y, TNFo. and Granulocyte-macrophage colony-
stimulating factor (GM-CSF) activate pattern recognition receptors (PRRs) like
Toll-like receptors (TLRs) on macrophages and drive M1 polarisation (Koncz et al.,
2023). M1 macrophages are typically identified by secretion of pro-inflammatory
cytokines such as TNF-a, IL-6, IL-18 and hypoxia promotes hypoxia-inducible
factor-1 alpha (HIF-1a) (Zis et al., 2015). M1 macrophages express cell surface
markers such as CD16, CD32, CD86, and major histocompatibility complex class I
(MHCII) (Figure 1-3).

Upon stimulation of MO macrophages with TGF-8, IL- 10, colony stimulating factor
1 (CSF1) and IL-33 (Gadani et al., 2015), the transcription factors peroxisome
proliferator-activated receptor-y (PPARy), nuclear factor erythroid 2-related
factor 2 (Nrf2) and STAT6 get activated and MO polarise into anti-inflammatory
M2-like phenotypes (Cai et al., 2019) (Figure 1-3). M2-like macrophages secrete
anti-inflammatory mediators such as TGF-B8, IL- 10 or IL-4, IL-13, arginase-1 (Arg-
1), and chitinase-like 3 (Benakis et al., 2015) and express the pathogen pattern
recognition receptor CD206 (also known as mannose receptor C type 1 [MrcT1]).
PPARy can be activated by fatty acids and eicosanoid metabolites, and acidic
environments and neuron-derived exosomes carrying miRNAs can skew toward M2-

like phenotypes.
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Figure 1-3. Polarisation of MO macrophages into pro-inflammatory M1 and anti-
inflammatory M2-like macrophages. M1 phenotypes arise from stimulation with
LPS, IFN-y, TNFa and GM-CSF, which activate transcription factors NF-kB and
STAT1. M1 macrophages, which produce and release IL-13, TNF-a, IL-6, HIF-1q,
and MHCII. MO macrophages stimulated by IL-10, TGF-B, CSF1 and IL-33 activate
transcription factors PPARy, Nrf2 and STAT6, which promote polarisation towards
M2 phenotypes. M2 macrophages produce and secrete TGF-8, IL-10, IL-4, IL-13,
Arg-1 and express the CD206 mannose receptor. LPS: lipopolysaccharide, INFy:
interferon gamma, GM-CSF: granulocyte-macrophage colony-stimulating factor,
IL: interleukin, TNF-a: tumour necrosis factor alpha, TGF-B: transforming growth
factor beta, NF-xB: nuclear factor kappa-light-chain-enhancer of activated B
cells, STAT: signal transducer and activator of transcription, CSF1: colony
stimulating factor 1, PPARy: peroxisome proliferator-activated receptor-y, CD206:
mannose receptor 1, Arg-1: arginase 1. Figure created on Biorender.
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In mice, monocytes highly expressing the antigen complex Ly6C and the C-C

chemokine receptor type 2 (CCR2) are regarded as pro-inflammatory

(Ly6C+hiCCR2*), whereas monocytes positive for the CX3C motif chemokine
receptor 1 (CX3CR1) but expressing low Ly6C are known as patrolling or anti-

inflammatory  (Ly6C'OCX3CR1*) (Geissmann et al., 2003). Additionally,
macrophage polarisation is closely tied to their metabolic programming and M1
and M2 macrophages have distinct metabolic profiles (Pérez and Rius-Pérez,
2022). Oxidative and nitrosative stress sustain the M1 phenotype by activating
glycolysis and lipid biosynthesis, and by inhibiting tricarboxylic acid cycle (TCA)
and OXPHOS. The truncated TCA cycle in M1 macrophages facilitates accumulation
of intermediates like succinate, which stabilizes HIF-1a and promotes IL-18
production (Tannahill et al., 2013). Pentose phosphate pathway (PPP)
upregulation causes increased nicotinamide adenine dinucleotide hydroxylase
(NADPH) and ROS production. In M2 macrophages oxidative phosphorylation
(OXPHOS) and fatty acid oxidation (FAO) are dominant (Kelly and O'neill, 2015),
and the TCA cycle is intact and PPARy activation promotes lipid metabolism. IL-
4/IL-13 activate STAT6, which further activates peroxisome proliferator-activated
receptor-gamma coactivator-1a (PGC-1a) and causes mitochondrial biogenesis
(Chen et al., 2023).

It is noteworthy that cells of myeloid lineage display great plasticity and functional
heterogeneity, as they are able to switch phenotypes along the M1-M2 spectrum.
Therefore, the above classification is now recognised as a sliding dichotomy of a
plethora of phenotypes macrophages adopt in health and disease (Mantovani et
al., 2005, Andreou et al., 2017, Shapouri-Moghaddam et al., 2018, Yang et al.,
2021). An early example for plasticity along the M1-M2 axis was characterised in
that pro-inflammatory genes that become induced during macrophage
differentiation and activation can be negatively regulated by PPARy signalling
(Ricote et al., 1999). Therefore, throughout this thesis macrophages are referred
to as M1-like and M2-like.

Macrophages express pattern recognition receptors (PRR) such as Toll-like
receptors and the class B scavenger receptor CD36 to recognise apoptotic cells
and phagocytose them (Abe et al., 2010). CD36 is activated by high mobility group
box 1 (HMGB1), heat shock proteins (HSPs) and histone H3 (Baranova et al., 2024).
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CCR2 was found critical for differentiation of Ly6CM* monocytes into anti-
inflammatory Ly6C'°F4/80* macrophages after stroke and monocyte-derived
macrophages were essential in preventing haemorrhagic transformations (Gliem
et al., 2012, Chu et al., 2015), suggesting that macrophages act to maintain the
integrity of the neurovascular unit (cf. section 1.4.1). Mice lacking CCR2 in
macrophages showed decreased brain injury acutely after ischaemic stroke,
however these mice fared worse on neurological outcomes a month following
stroke (Fang et al., 2018). These studies suggest that CCR2 is required for anti-

inflammatory processes in the long term after stroke.

1.5.2.3 Microglia

Microglia are the largest brain resident immune cell population and are derived
from early yolk sac precursors that seed the brain parenchyma during embryonic
development (Ginhoux et al., 2010). Resting microglia display a ramified
morphology in homeostasis and contribute to dendritic pruning, phagocytosis and
efferocytosis (Cai et al., 2019). Homeostatic microglia are positive for allograft
inflammatory factor 1 (Iba1), CX3CR1, P2Y¢R, P2Y12R, T-cell membrane protein 4
(Tim4), Triggering receptor expressed on myeloid cells 2 (TREM2), and proto-
oncogene tyrosine-protein kinase MER (MERTK) (Masuda et al., 2020, Prinz et al.,
2019). Under pathological conditions microglia become activated and assume
amoeboid morphology (Ransohoff and Cardona, 2010). Microglia have a lower

antigen presenting efficiency compared to dendritic cells and macrophages.

Microglia were recently reported to proliferate and accumulate in the ischaemic
core 2 weeks after stroke (Garcia-Bonilla et al., 2023). Nucleotides (ATP/UDP) and
adenosine are released from dying cells and activate purinergic P2X and P2Yé6
receptors on microglia to induce phagocytosis, as well as production and release
of pro-inflammatory cytokines (Li et al., 2013). Like macrophages, microglia
display a biphasic polarisation after ischaemic stroke by firstly adopting M2-like
phenotypes and subsequently M1-like phenotypes 2 weeks following stroke (Huang
et al., 2006, Gulyas et al., 2012, Hu et al., 2012, Ritzel et al., 2015, Xiong et al.,
2016, Ma et al., 2017, Anttila et al., 2017, Lyu et al., 2021). Genetic deletion of
P2Ys on microglia prevented neuronal cell loss in the peri-infarct area, assigning

a negative role for microglial phagocytosis (Milde and Brown, 2022).
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1.5.3 Adaptive immunity

The adaptive branch of the immune system includes the activation of lymphocytes
such as T cells and B cells upon binding major histocompatibility complex Il (MHC
II) molecules on antigen presenting cells such as macrophages and dendritic cells
(lwasaki and Medzhitov, 2015). This system requires clonal expansion, so it
generates a slower but long-lasting response and is accompanied by memory
formation against the specific inflammation-evoking stimulus (Cooper and Alder,
2006).

1.5.3.1 Lymphocytes

CD4 helper T cells and CD8 cytotoxic T cells infiltrate the brain tissue early after
ischaemic stroke (Xie et al., 2019a). These cells exacerbate damage via release
of pro-inflammatory cytokines (e.g., IFN-y, TNF-a), induction of neuronal
apoptosis and microvascular injury, disruption of the blood-brain barrier (BBB),
and cytotoxic activity by CD8 T cells against neurons and glial cells (Brait et al.,
2012). Additionally, it has been established that CD4 T cells enhance delayed B
cell responses in the ischaemic brain up to after experimental stroke, as depletion
of CD4 cells fails to mount an appropriate expansion of CD19 B cells (Weitbrecht
et al., 2021). Several subtypes of T helper cells have been recognised and
microglia have been shown to induce Th1 and Th17 but not Th2 (Wlodarczyk et
al., 2014). Early contributors to ischaemic injury are also yd T Cells (Wang et al.,
2022), which secrete IL-17 to promote neutrophil recruitment and to exacerbate
tissue damage (Dong et al., 2022). Certain B cells produce pro-inflammatory
cytokines (e.g., IL-6, TNF-a), and can contribute to neuroinflammation, worsening
damage and may act as antigen-presenting cells to activate T cells. B cells can
produce autoantibodies following stroke, potentially leading to delayed
autoimmune responses, chronic inflammation and cognitive impairment (Doyle et
al., 2015).

Regulatory T cells (Tregs) play a protective role in stroke recovery by suppressing
excessive inflammation via IL-10 and TGF-B production and limiting the activation
of microglia (Wang et al., 2016). Treg depletion has been associated with
worsened stroke outcomes in animal models (Lee et al., 2024). Similarly,

regulatory B cells (Bregs) also have a neuroprotective function. They produce IL-
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10, which suppresses T cell-mediated inflammation and supports tissue repair and

limits secondary injury (Bodhankar et al., 2013).

1.6 Inflammation

1.6.1 The blood-brain barrier

The blood-brain barrier (BBB) is formed of a layer of specialised vascular
endothelial cells, which lack fenestrations and are connected by tight junctions
such as claudin 5 and occludin, which tightly control the passage of cells and
molecules between the blood and the CNS (Lippmann et al., 2012). The BBB serves
to protect the brain parenchyma, which is composed of delicate neuronal tissue
of limited self-healing capabilities, from the peripheral immune system. Capillary
endothelial cells are wrapped in basement membrane, a component of the
extracellular matrix (ECM). Individual endothelial cells are encircled by a pericyte
at the capillary level and at arteriole level are surrounded by smooth muscle cells,
which are also sheathed in basal lamina. These cells are functionally connected
with neurons, microglia, and astrocytes to form the neurovascular unit to maintain

homeostatic brain functions (Schaeffer and ladecola, 2021).

1.6.2 Infiltration of immune cells after ischaemic stroke

Dying and injured parenchymal neurons release ROS, pro-inflammatory cytokines
TNFa, IL-18, IL-6 and IL-18, and damage-associated molecular patterns (DAMPs)
such as nuclear HMGB1 and S100A8/A9 (Xie et al., 2019b, Jin et al., 2023, Schulze
et al., 2013, Schuhmann et al., 2021b), and advanced glycation end-products
(AGE), to trigger a disruption in the BBB by degrading tight junction proteins.
Additionally, endothelial cells rupture due to stagnant blood flow and abnormal
shear stress (Jayaraj et al., 2019, Planas, 2018). This allows local immune cells in
the skull bone marrow, which acts as a reservoir of myeloid progenitor cells
(Cugurra et al., 2021), to rapidly migrate into the parenchyma via direct vascular

channels (Herisson et al., 2018).

CNS antigens such as DAMPs are released into the circulation through the
cerebrospinal fluid (CSF) outflow routes, facilitated by lymphatic vessels in the
meninges and ventricles. Antigens circulating in the blood can then activate

immunogenic peripheral organs to enhance the migration of immune cells to the
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injured brain parenchyma (Urra et al., 2014) (Liesz et al., 2015b). The importance
of this process on stroke outcome is demonstrated by reversal of the inflammatory
response and reduced stroke severity in experimental splenectomy (Ajmo Jr. et
al., 2008). CCL2 binds to its cognate receptor CCR2, commonly expressed in
monocytes, macrophages, and neutrophils, for the induction of chemotactic
activity. Monocyte-derived macrophages are dependent on the CCR2-CCL2 axis for
monocytes mobilisation from the bone marrow and for infiltration to inflamed
sites (Tsou et al., 2007).

Recruitment of circulating leukocytes to the sites of vascular injury is mediated
by their rolling and adhesion to the endothelium. This is facilitated by
upregulation in expression of cell adhesion molecules such as integrins:
intercellular adhesion molecule-1 (ICAM-1), vascular adhesion molecules (VCAMs),
Mac-1, B2 integrin (Martin et al., 2017b), CD11b lymphocyte function-associated
antigen 1 (LFA-1) and selectins: P-selectin, E-selectin, on endothelial cells,
leukocytes and platelets (Aktan, 2004, Yilmaz and Granger, 2008, Fann et al.,
2013). Leukocytes then adhere to the vascular endothelium in cerebral arterioles,
venules and capillaries (Sienel et al., 2022). Tissue plasminogen activator
upregulates matrix metalloproteases (MMPs) on infiltrating immune cells) which
are molecular activators of tissue reorganisation and repair, and act to further

break down tight junctions (Lakhan et al., 2013).

Inflammation begins in the hours after stroke and persists for at least a week
afterwards in experimental models of ischaemic stroke in rodents (Figure 1-4).
Additionally to the localised inflammatory process, a global brain
neuroinflammation is also observed, as microglia respond by proliferation in both
hemispheres (Shi et al., 2019). Peripherally derived macrophages and neutrophils
accumulate in great numbers in the first week of neuroinflammation, while
dendritic cells and lymphocytes accumulate to smaller numbers (Gelderblom et
al., 2009, Planas, 2018). In experimental stroke the extent of peripheral immune
cells infiltration is also determined by the presence or absence of reperfusion,
with reports that permanent ischaemic stroke results in twice as many infiltrating

leukocytes compared to transient alternatives (Chu et al., 2014).
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Figure 1-4. Temporal profile of post stroke immune cell accumulation over a
period of 1 week. Adapted from (Gelderblom et al., 2009).

1.6.3 Mechanisms of neuroinflammation

DAMPs engage toll-like receptors (TLRs) on resident and peripheral innate immune
cells (Kuzan et al., 2024), scavenger receptors, such as CD36, and receptors for
advanced glycation endproducts (RAGE). All of these receptors trigger cellular
signalling which results in the activation of NFkb-dependent inflammatory
signalling (Liesz et al., 2015a, Schuhmann et al., 2021a). In addition, DAMPs
activate the NLR family pyrin domain containing 3 (NLRP3) inflammasome in glia
(Savage et al., 2012). Neutrophils have been proposed to worsen stroke pathology
via several mechanisms, including physical blockade within the microvascular
network, contributing to the reduction of cerebral blood reflow (El Amki et al.,

2020) and direct entry into the brain parenchyma.

1.7  Phases of neuroinflammation

Inflammation is associated with accumulation of immune cells in the ischaemic
brain, with peaks and subsequent decline in cell frequency depending on the cell
type. Leukocytes from both the innate and adaptive immune system are involved
in the process and have divergent profiles of accumulation and recession from the
CNS. Early studies have shown that T lymphocytes localise to the ischaemic

penumbra within 24 hours of reperfusion, accumulated further at 72 hours and 1
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week after reperfusion and decreased in numbers 2 weeks later (Schroeter et al.,
1994). Similarly, T lymphocytes and macrophages were shown to gradually
accumulate over several weeks after permanent ischaemic stroke, and the authors
observed that after 2 weeks macrophage numbers slightly declined, while T cells
continued to accumulate (Vindegaard et al., 2017). Cell accumulation profiles may
reflect the functions each cell type performs in the inflammatory process at given
timepoints. Macrophages perform functions such as phagocytosis of apoptotic cells
and are cleared from the parenchyma through the lymphatics upon completion of
their functions (Serhan and Savill, 2005), while T lymphocytes were reportedly
secreting anti-inflammatory cytokines 1 month following stroke, suggesting they
are involved in a reparative capacity at this later stage (Xie et al., 2019a). These
roles may help explain the differential accumulation of the two cell types

observed by Vindegaard et al.

To dissect the roles of some of the key cellular players in the neuroinflammatory
landscape following cerebral ischaemia, the timeline of inflammation could be
divided into phases (Margaritescu et al., 2009), while keeping in mind that this
process is dynamic and the time scale of each phase in not clear cut. This is
illustrated by the fact that for many different immune cell types both salutary
and detrimental roles have been described depending on the timepoint after
ischaemic stroke chosen by the investigators. A biphasic accumulation pattern has
been reported for monocyte-derived macrophages (Garcia-Bonilla et al., 2016, Hu
et al., 2012). This could be explained by a polarisation switch, rather than
recruitment of fresh monocytes from the periphery (Garcia-Bonilla et al., 2016).
Interestingly, while one study reported that macrophages change from M2 to M1
over a 2-week time course (Hu et al., 2012), a later study showed that the biphasic
accumulation is due to M1-to-M2 transition (Garcia-Bonilla et al., 2016). Similarly,
microglia are initially alternatively activated to promote healing, while after a
week they are detected to primarily be involved in pro-inflammatory processes
(Kluge et al., 2019), potentially through prolonged accumulation of lipids through

phagocytosis and transformation into foam cells (Zbesko et al., 2023).

1.7.1 Acute phase of neuroinflammation

The acute phase characterises the very early events following the initial infarct

formation and is typically reported in the literature as early as 6h after stroke
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(Price et al., 2004) and acute neuroinflammatory events tends to be reported until
72 hours after. Canonically, T cells are activated by antigen presenting cells such
as macrophages and dendritic cells (Eltzschig and Eckle, 2011). However, an early
detrimental impact of T cells on ischaemic stroke injury was shown to be
independent of antigen presentation in Rag1”’/- T-lymphocyte deficient mice
(Kleinschnitz et al., 2010). Another early study established that in Rag1”/- mice,
or mice deficient in either CD4* or CD8* T lymphocytes, there was reduced
leukocyte infiltration and platelet adhesion 24 hours after ischaemic stroke
(Yilmaz et al., 2006), indicating that perhaps brain resident T cells are responsible

for leukocyte recruitment into the parenchyma.

Despite the evidence for harmful contributions of some leukocytes toward
neuroinflammation in the acute phase after stroke, there is also evidence for
beneficial contributions from other immune cells. Microglia and infiltrating
macrophages rapidly respond to injury by phagocytosing dead cells, myelin debris,
and damaged tissue, which prevents further inflammation and supports healing
(Zhang et al., 2019). MDM were reported to have a role in limiting infarct size 24
hours after ischaemic stroke in mice (Chu et al., 2015). In this study a
pharmacological inhibition of CCR2 resulted in decreased recruitment of Ly6Ch"*
monocytes to the brain and larger infarct size, and genetic ablation of CCR2 was
associated with higher haemorrhagic transformations. Although direct evidence
for a role for macrophages in post-stroke angiogenesis and neovascularisation in
mice is lacking, RNA sequencing has shown that genes related to these processes
such as VEGF, growth/differentiation factor 15, and fibroblast growth factor 1 are

upregulated in stroke samples 5 days after permanent stroke (Wang et al., 2020a)

1.7.2 Sub-acute phase

The subacute stage after stroke in mice is an intermediate stage between acute
and chronic inflammation and is reported around 1-2 weeks after stroke (Zhang et
al., 2019). This phase was reported as a turning point towards resolution of
inflammation, and macrophages and microglia switching to M2 phenotypes (Perego
et al., 2011, Zhang et al., 2019), accompanied by ongoing phagocytosis of dead
cells and debris, and increased vascular remodelling and proliferation (Duran-
Laforet et al., 2019). There was a relatively higher protein expression of

alternative inflammatory markers such as TGF-B, nestin, phosphorylated Akt, and
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phosphorylated extracellular signal-regulated kinase 1/2 (ERK1/2) in the
ischaemic brain hemisphere, which correlated with functional recovery 14 days
after stroke in rats (Mostajeran et al., 2022). Ly6C'°F4/80* macrophages have been
shown to harness anti-inflammatory properties 6 days after photothrombotic
stroke through their secretion of osteopontin to enhance astrocyte extension of
the glial scar and resolution of inflammation (Gliem et al., 2015). Macrophages
expressing the scavenger receptor CD36 were co-expressing the M2 marker
lysosomal acid lipase and were involved in phagocytosis during the resolution of
inflammation 7 days after stroke (Woo et al., 2016a). Further, BMDM
transplantation through intracerebroventricular injection 2 weeks following
ischaemic stroke resulted in improved neurological function, despite not having

an impact on infarct volume (Kitamura et al., 2023).

Nonetheless, the sub-acute phase is also accompanied by continued disruption of
the BBB (Bernardo-Castro et al., 2020), formation of neutrophil extracellular traps
(Kang et al., 2020) and antibody production by B lymphocytes (Doyle et al., 2015),
indicating that inflammatory resolution is incomplete after this stage. Chronic
inflammation after stroke is associated with accumulation of lipids from myelin
breakdown and results in the transformation of macrophages and microglia into
lipid-laden foam cells (Chung et al., 2018, Zbesko et al., 2023). Foam cells secrete
pro-inflammatory cytokines, which act to increase neurotoxicity and inhibit cell
regeneration and remyelination. Administration of lipid chelating agents has
shown reduction in lipid droplets in the infarct and reduced transformation of
resident macrophages into foam cells (Becktel et al., 2022). One study examined
the involvement of B lymphocytes in delayed cognitive decline after ischaemic
stroke and determined that antagonising B cells improved long-term potentiation
and Y maze deficits 7-12 weeks after stroke in mice (Doyle et al., 2015). Two
weeks following stroke the cytotoxic subtype CD8* T cells have been described to
accumulate in the mouse brain and their numbers correlate with poorer functional

recovery (Selvaraj et al., 2021).

1.7.3 Chronic phase

The chronic phase of neuroinflammation is characterised by the presence of both
pro- and anti-inflammatory factors, the fine balance between which dictates

termination of inflammation or chronification. For instance, CD4* and CD8* T
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lymphocytes express markers of T cell activation such as CD44 and CD25 with a
progressive pro-inflammatory phenotype up to a month after rodent stroke, but
because these cells accumulate preferentially in the peri-infarct regions, the
authors concluded that this phenotype may assist in neural repair (Xie et al.,
2019a). The effect of early treatment with the matrix metalloprotease (MMP)
inhibitor minocycline following ischaemic stroke was reported to have enhanced
blood-brain barrier remodelling 4 weeks after stroke, corresponding with M2
cytokine expression by microglia and macrophages (Yang et al., 2015), suggesting
that these cells are typically M1-like in the chronic phase of stroke. Another study
showed that microglia and macrophages adopt pro-inflammatory phenotypes 35
days after ischaemic stroke in mice through transforming growth factor beta-
activated kinase 1 (TAK1) (Wang et al., 2020b). The authors show improved
neurological outcomes at this chronic timepoint upon genetic deficiency or
pharmacological inhibition of TAK1, suggesting a deleterious contribution of

macrophages and microglia at this later timepoint.

1.8 CNS border-associated macrophages (BAMs)

1.8.1 Sub-types of BAMs

The CNS border-associated macrophages (BAM) are a small cell population located
within the perivascular space, the meninges, and the choroid plexus (Figure 1-5),
where perivascular (PVMs), meningeal, and choroid plexus macrophages reside,
respectively. PVMs are localised to arterioles penetrating the parenchyma (40-50
um), pial arterioles and veins (200-1000 um) (Schaeffer and ladecola, 2021).
Arteriole PVMs reside on the abluminal side between the vascular smooth muscle
cell basement membrane and the glial limitans formed by astrocyte end feet
(Faraco et al., 2016, Yang et al., 2019). Meningeal macrophages are located
primarily in the subarachnoid space between the dura and the arachnoid mater
(Figure 1-1B) and some reside in the dura mater (Mrdjen et al., 2018). The choroid
plexus is the primary site of CFS production, with epithelial cells lining choroid
plexus in intracranial ventricles and contains epiplexus and stromal macrophages
(Goldmann et al., 2016). Like microglia, BAMs have been shown to derive from
embryonic precursors in the yolk sac (Ginhoux et al., 2010, Goldmann et al., 2016,
Utz et al., 2020, Dermitzakis et al., 2023) and to form stable, self-renewing

populations in adult life. Their maintenance is primarily independent of peripheral
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repopulation, while a small fraction of dural and choroid plexus macrophages rely
on replenishment from peripheral monocytes (Goldmann et al., 2016, Van Hove et
al., 2019).
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Figure 1-5. Location of CNS border-associated macrophages (BAMs) in the mouse
brain. A) A schematic cross section of a cerebral arteriole showing the localisation
of perivascular macrophages relative to other vascular structures. B) A schematic
anatomy of the cranial meninges indicating meningeal macrophages in the
subarachnoid space. C) Perivascular macrophages near a pial arteriole in a mouse
coronal section. D) BAMs located near two penetrating arterioles. White
arrowheads indicate BAMs. The schematics were based on imaging data published
in (Hannocks et al., 2018) and created using elements from BioRender.

1.8.2 Differentiation of BAMs from microglia

Until recently the term ‘brain resident macrophage’ has included both BAMs and
microglia, owing to similarities in origin, longevity and self-sufficiency compared
to peripheral macrophages (Prinz et al., 2017, Prinz et al., 2019). However, while
microglia rely on TGF-b signalling for differentiation, BAMs are TGF-b independent
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but through interferon regulatory factor 8 (IRF8) signalling differentiate from early
‘pre-macrophage’ progenitors in the meningeal and cephalic (head) mesenchyme
(Utz et al., 2020). Around embryonic developmental stage E14.5 the intronic
enhancer for colony stimulating factor 1 receptor (CSF1R) fms-intronic regulatory
element (FIRE) modulates microglia to switch off BAMs signatures (Munro et al.,
2020). There are also notable differences between adult microglia and BAMs such
as in morphology (Nayak et al., 2012), transcriptomic signature (Mrdjen et al.,
2018) and functions (Bijnen et al., 2024, Dalmau Gasull et al., 2024). Resting
microglia have a ramified morphology with multiple protrusions from their cell
body, while perivascular macrophages are typically amoeboid (Faraco et al.,
2016), or elongated around blood vessels (Goldmann et al., 2016), and meningeal
macrophages are spindle-like and have a few thick membrane projections found
in proximity to meningeal vessels (Dermitzakis et al., 2023). Healthy perivascular
macrophages extend protrusions along the perivascular space, but rarely displace
their cell bodies (Goldmann et al., 2016), indicating that they have limited
propensity to migrate under physiological conditions. Microglia are quite well
known to assume amoeboid and other morphologies in disease (Ransohoff and
Cardona, 2010), while not much is known about the shapes BAMs adopt under

stress.

1.8.3 Homeostatic roles of BAMs and gene sighatures

BAMs represent only about 10% of total leukocytes in the healthy murine brain
(Mrdjen et al., 2018). Their functional roles under homeostatic conditions are only
beginning to emerge and are understood to include immunosurveillance,
phagocytosis, scavenging CNS-derived metabolites and antigens from necrotic
neurons (Kida et al., 1993), antigen-presentation (Fabriek et al., 2005), and
regulation of vascular permeability through phosphorylation of VE-cadherin (He et
al., 2016), production of VEGF and modulating VEGF-regulated glucose uptake by
endothelial cells (Jais et al., 2016). Single cell RNA sequencing has revealed that
gene signatures differ across BAMs subtypes, revealing these cells as highly
heterogeneous in healthy mice (Mrdjen et al., 2018, Van Hove et al., 2019).
Homeostatic mouse BAMs express several identification markers, including CD206
- mannose receptor transcribed from Mrc1 (Galea et al., 2005, Martinez-Pomares,
2012, Mrdjen et al., 2018, Lapenna et al., 2018), LYVE1 - lymphatic vessel
endothelial hyaluronan receptor 1 (Zeisel et al., 2015, Mrdjen et al., 2018,
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Brezovakova and Jadhav, 2020, Kim et al., 2021a), major histocompatibility
complex Il (Liu et al., 2005), CD36 (Park et al., 2017), CD169 (Rajan et al., 2020),
and CD163, although at levels lower than in rats and humans (Fabriek et al., 2005).
Both PVM and meningeal BAMs are double positive for CD206 and Lyve1 (Jordao et
al., 2019).

1.8.4 Roles of BAMs in disease

Much like other macrtophages and microglia, BAMs also display phenotypic
plasticity along the M1-like and M2-like spectrum. A recent report on the
transcriptomic signatures of brain resident and peripheral immune cells after
transient ischaemic stroke reported that although BAMs were highly divergent in
the acute period after stroke, their transcriptomic profile showed low divergence
from sham 2 weeks after stroke (Garcia-Bonilla et al., 2023). This may suggest a
decline in a functional role for these cells in the chronic phase of
neuroinflammation after stroke, however direct evidence for that is missing. BAMs
are often described as having deleterious roles in brain diseases such as
Alzheimer’s disease (Park et al., 2017), cerebral amyloid angiopathy (Hawkes and
McLaurin, 2009), and in hypertension-induced neurovascular and cognitive
dysfunction in mice and rats (Faraco et al., 2016, lyonaga et al., 2020, Kerkhofs
et al., 2020, Santisteban et al., 2020). In a mouse model of Alzheimer’s disease
overexpressing the human apolipoprotein E4 (ApoE4), BAMs were shown to

compromise BBB integrity through Nox-derived ROS (Anfray et al., 2024).

However, BAMs were recently described as orchestrating T cell recruitment via
antigen presentation through MHC class I, which is beneficial in the context of
Parkinson’s disease (Schonhoff et al., 2023). In haemorrhagic stroke erythrocytes
phagocytosed by BAMs release heme, iron and bilirubin, which increase local
inflammation. Depletion of PVM by liposomal clodronate was shown to reduce
perivascular inflammation by preventing red blood cells uptake and improved
neurological outcome on depletion following subarachnoid haemorrhage,
supporting a detrimental function for PVMs in this type of stroke (Wan et al.,
2021). Interstitial fluid and solutes drainage along the perivascular spaces was
studied by a laser-guided bolus injection and milti-photon imaging of and it was
determined that drainage along arterioles and capillaries but not veins was

impaired after both ischaemic stroke and in Alzheimer’s disease due to reduced
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perfusion and amyloid deposition (Arbel-Ornath et al., 2013), suggesting that BAMs
may be contributing to oedema and towards long-term cognitive decline through

impairment of amyloid beta clearance.

1.8.5 Evidence for deleterious roles of BAMs in ischaemic stroke

After ischaemic stroke BAMs have been reported to have both harmful and
beneficial roles (Pedragosa et al., 2018, Rajan et al., 2020, Zheng et al., 2021).
In the hyperacute period (16 hours) after stroke better functional recovery was
conferred by BAM ablation with liposomal clodronate, which was accompanied by
reduced numbers of granulocyte infiltrating the ischaemic cortex, despite no
change in thionin-staining assessed infarct size (Pedragosa et al., 2018).
Neurological outcome is often thought of as secondary to infarct size, however
after focal ischaemic stroke neuroinflammation occurs in both hemispheres (Shi
et al., 2019). This might explain why BAMs did not appear to contribute directly
to the infarct development, as they might be acting on a whole brain level to
worsen the acute outcome of stroke. BAMs underwent changes in their gene
expression in this hyperacute phase after stroke, which included increased
expression of genes related to leukocyte chemotaxis and vascular leakage.
Another study also found no difference in infarct size between ischaemic stroke
and sham groups upon BAM depletion, as determined on a T2-weighted MRI, but
pointed to BAMs mediating a ‘neuroinflammatory priming’ on alcohol exposure
prior to stroke (Drieu et al., 2020), as prior exposure to alcohol increased BAMs
numbers and enlarged infarct volume, while BAM depletion blocked the
aggravation. BAMs promoted BBB hyperpermeability by releasing vascular
endothelial growth factor (VEGF) (Pedragosa et al., 2018), suggesting that,
contrary to the reported role of PVMs in supporting vascular integrity under
homeostasis (He et al., 2016), BAMs acquire a damaging phenotype in ischaemic
conditions. A more definitive evidence for a harmful role executed by BAMs after
ischaemic stroke comes from a recent article, where clodronate depletion was
shown to significantly improve infarct volume and reduce neurological burden 24
hours post stroke (Yu et al., 2025). The authors reported a concomitant decreased
expression of TNFa in the treated group, suggesting that BAMs perhaps harness

M1-like phenotypes in the acute phase after stroke.
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1.8.6 Evidence for protective roles of BAMs in ischaemic stroke

On the other hand, BAMs undergo genetic transformations acutely after cerebral
ischaemia, indicative of the potential reparative roles of these cells. BAMs
upregulate genes related to angiogenesis, extracellular remodelling and
proliferation, while genes related to antigen presentation were decreased.
Interestingly, the authors identified murine BAMs as CD169* cells and detected
these cells in the parenchyma, raising the possibility that BAMs may leave the CNS
borders and migrate into the brain parenchyma after stroke. However, CD169 is
also expressed on blood-derived macrophages and comprised almost a third of the
detected parenchymal macrophages in another study (Lee et al., 2021). In a
recent article depletion of BAMs before stroke in aged mice was associated with
increased BBB leakage, a selective increase in the expression of the endothelial
adhesion molecule P-selectin, an increase in leukocyte rolling and adhesion, and
an increase in infiltration of neutrophils, macrophages and T lymphocytes into the
parenchyma 24 hours post stroke (Levard et al., 2024). The authors observed this
exacerbated neuroinflammatory response also 5 days after stroke, suggesting an
important role for BAMs in controlling the immune response after stroke in the
sub-acute stage. In naive aged mice there was no change in BAM number compared
to young mice, but a greater proportion expressed human leukocyte antigen (HLA)
and CD74, possibly through altering their genetic makeup, which aligns with the
authors’ transcriptomic data showing an overexpression of genes related to
antigen presentation and leukocyte recruitment by BAMs in aged mice. These
findings were corroborated in post-mortem human brains from five patients with
a mean age of 80, in which CD206* BAMs highly expressed HLA and CD74 (Levard
et al., 2024). Interestingly, expression of CD206 was reported to be confined to
the peri-infarct zone (Rajan et al., 2020), suggesting that some BAMs and M2-like

polarised macrophages are restricted to areas where salvageable tissue is located.

Upon neuroinflammation following stroke, BAMs may adopt an M1-like phenotype
contributing to local inflammation. One of these markers inducible nitric oxide
synthase (iNOS, cf. below for more detail in section 1.9.1). Alternatively, BAMs
could switch to a M2-like signature at a different timepoint after stroke, which is
accompanied by downregulation of iNOS. The expression of this marker within
BAMs after stroke has not been yet reported experimentally and would be

important to investigate in the context of the functional roles of BAMs in stroke.
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1.9 The NO-ADMA-DDAH2 pathway

1.9.1 Synthesis of nitric oxide (NO)

NO is a ubiquitous gaseous cellular messenger and neurotransmitter, which plays
a variety of physiological roles, most prominently in vasodilation,
neurotransmission, and pathogen elimination (Andrabi et al., 2023). NO is
synthesised by a family of enzymes known as nitric oxide synthases (NOS). NOS
catalyses the oxidation of L-arginine, requiring molecular oxygen and NADPH as
co-substrates, and flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN)
and tetrahydrobiopterin (BH4) as cofactors, which bind in the oxygenase domain
of NOS (Dao et al., 2021). This results in the production of NO and L - citrulline.
Three NOS isoforms have been identified with distinct tissue distribution:
endothelial (eNOS, coded by Nos7), neuronal (nNOS, Nos3) and inducible (iNOS,
Nos2). Both eNOS and nNOS are constitutively expressed as inactive monomers,
which homodimerise at super-physiological concentrations of intracellular
calcium, facilitated by binding of the calcium-calmodulin complex to the
monomers and activating a homodimer (Ratovitski et al., 1999). The third isoform
iNOS was first cloned in 1992 in murine macrophages (Xie et al., 1992). It is coded
by the Nos2 gene and in mice translates into a 1144 amino acid sequence sharing
50% identity to human iNOS (Gross et al., 2014). Unlike eNOS and nNOS, iNOS binds
calmodulin at physiologic levels of Ca?* to form an active homodimer but it is not
basally expressed (Piazza et al., 2015). Moreover, in contrast with eNOS and nNOS,
which rely on co-factors and calcium for maximal action, iNOS is Ca?* and

calmodulin independent and predominantly transcriptionally regulated.

1.9.2 Signalling and functions of NO in the CNS

In the neurovascular unit (NVU) glutamatergic neurotransmission regulates
neuronal NO production and release, and together with endothelium derived NO,
regulate cerebral vascular tone and thereby CBF (Figure 1-6). The eNOS- and n-
NOS produced NO diffuses into the smooth muscle cells (SMC) and activates soluble
guanylate cyclase (sGC) by binding to a ferrous haem group (Krumenacker et al.,
2004, Martin et al., 2005). Soluble GC converts guanosine triphosphate (GTP) to
cyclic guanosine monophosphate (cGMP), which in turn activates cGMP-dependent

protein kinase G (PKG) to open Ca?* reuptake channels in the endoplasmic
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reticulum and result in relaxation (Lourenco et al., 2014). This contributes to a
healthy endothelium and dysregulation of this signalling can lead to endothelial
dysfunction (Cyr et al., 2020). NO is deactivated by binding to haem in

haemoglobin, myoglobin, or cytoglobin (Brown, 2010).
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Figure 1-6. Neurovascular coupling between different cells of the neurovascular
unit is mediated through nitric oxide (NO) signalling. The NVU is composed of
endothelial cells (EC), smooth muscle cells (SMC), pyramidal neurons, astrocytes,
interneurons, microglia and pericytes. In neurons the presynaptic terminal
releases glutamate in the synapse, which activates N-methyl-D-aspartate
receptors (NMDAr) on post-synaptic terminals. The scaffolding protein post-
synaptic density protein 95 (PSD95) forms a complex between NMDAr and neuronal
nitric oxide synthase (nNOS) and induces the production of nitric oxide (NO). This
process requires L-arginine (L-arg) as a substrate and is enhanced by NMDAr
mediated calcium (Ca?*) influx. Neuronal NO diffuses into SMC and activates
soluble guanylate cyclase (sGC), activating cyclic guanosine monophosphate (GMP)
and protein kinase G (PKG) to stimulate calcium reuptake by the endoplasmic
reticulum (ER). Reduced Ca?* allows the activation of myosin light chain
phosphatase (MLCP) to dephosphorylate myosin light chain and elicit relaxation.
Additionally, glutamate activates NMDAr on EC and the resultant Ca?* influx
activates endothelial (eNOS) to produce NO. EC-derived NO diffuses into SMC and
can activate both sGC and Ca?* sequestration into ER to enhance relaxation. In
astrocytes glutamate activates muscarinic glutamate receptors (mGLur), which
stimulate the release of calcium from the ER and similar to neurons, activate
phospholipase 2 (PLA2). Calcium activates BKca receptors, which export potassium
K* from astrocytes. The diffusion of K+ into SMC causes their hyperpolarisation and
causes relaxation through by inhibition of myosin light chain kinase (MLCK). Figure
from (Lourenco and Laranjinha, 2021).
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1.9.3 Signalling and functions of NO in host defence

Exposure to inflammatory cytokines such as lipopolysaccharide (LPS) and tumour
necrosis factor alpha (TNFa), which activate TLRs and CD14 and subsequently
activate the transcription factor NFkB (Aktan, 2004), upregulate iNOS. This
signalling pathway constitutes the primary mechanism for host defence against
bacterial infections in a variety of innate immune cells, such as macrophages
(Salim et al., 2016), dendritic cells (Serbina et al., 2003), and microglia (Possel et
al., 2000). In sterile inflammation interferon gamma (IFN-y) induces iNOS via the
Jak-STAT signalling pathway (Aktan, 2004). Moreover, macrophage specific
knockout of Nos2 in mice has been shown to provide enhanced macrophage
OXPHOS (Palmieri et al., 2020), suggesting that iNOS-derived NO controls
macrophage polarisation towards M1-like-phenotypes through a metabolic switch
(cf. section 1.5.2.2).

1.9.3.1 NO in cell death

NO can induce apoptosis by oxidating and activating p53, p38 mitogen-activated
protein kinase (MAPK) pathway or endoplasmic reticulum stress. Low levels of NO
[0.2-2.0] nM can block cell death via cGMP-mediated vasodilation, Akt activation
or block of mitochondrial permeability transition. High NO [20-200] nM may
protect by killing pathogens, activating NF-kB or S-nitrosylation of caspases and

the NMDA receptor, thereby blocking apoptosis and glutamate neurotoxicity.

1.9.4 NO roles in ischaemic stroke

The role of NO after ischaemic brain reperfusion injury depends on the stage of
evolution of the ischaemic cascade, the cellular source, NOS isoform and quantity
released (ladecola, 1997, Chen et al., 2017).

1.9.4.1 eNOS and nNOS

In the early stages after ischaemic brain injury, NO generated by eNOS is
protective (Asahi et al., 2005, Nan et al., 2018). It has been known for decades
that neuronal cell death is mediated through excessive nNOS (Dawson et al.,
1996), and at the turn of the century this was shown to be linked to cytotoxic

glutamatergic neurotransmission through the NMDAr-PSD95-nNOS complex (Aarts
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et al., 2002). A small molecule inhibitor (ZL006) of the interaction between the
scaffolding protein PSD-95 and nNOS (Figure 1-6) has been shown to improve

ischaemic infarct size after experimental ischaemic stroke (Zhou et al., 2010).

1.9.4.2 iNOS in ischaemic stroke

Excessive iNOS-derived NO production from reactive microglia, astrocytes and
infiltrating myeloid and lymphoid cells is neurotoxic after ischaemic stroke
(Wieronska et al., 2021, ladecola, 1997). For instance, Nos2 knockout mice were
shown to reduce ischaemic infarct size and this was reversed by a bone marrow
transplant of Nos2*/* neutrophils into Nos2-/- mice (Garcia-Bonilla et al., 2014). In
a rat model of cerebral ischaemia-reperfusion injury excess iNOS-derived NO
increased infarct size and cerebral vascular injury by downregulation of tight
junction proteins (Mohammadi, 2016) and activation of iNOS induced apoptosis
(Zheng et al., 2016). NO modulators such as S - nitrosoglutathione, and small
molecule inhibitors of iNOS such as S - methylisothiourea sulfate and
aminoguanidine, have demonstrated neuroprotection and reduced infarct size by
over 75% after rodent stroke (Khan et al., 2005, ArunaDevi et al., 2010, Danielisova
et al., 2011). Depletion of iNOS positive immune cells using GdCls or inhibition by
the iNOS selective inhibitor 1400W conferred protection and reduction of

inflammation in a mouse model of ischaemic stroke (Li et al., 2022).

Following cerebral ischaemia iNOS mRNA and protein were both significantly
elevated in mouse ischaemic brains (Kawabori and Yenari, 2015, Bi et al., 2021).
The expression levels of iNOS peak 3 days after stroke and decrease to normal a
week following stroke (ladecola et al., 1995, Woo et al., 2016b). NO derived from
iNOS in the ischaemic environment readily reacts with superoxide to form
peroxynitrite and cause protein nitration of matrix metalloproteases (Suofu et al.,
2010), lipid oxidation and DNA damage, and to promote neuroinflammation (Naito
et al., 2020). Additionally, iNOS-derived NO has been shown to inhibit microglia
proliferation in neonatal mice via PKG action on the proliferation markers Ki67
and pH3 (Maksoud et al., 2020), suggesting that iNOS mediates its negative effects
in ischaemic stroke through inhibiting proliferation by microglia. While these
findings have not been corroborated in adult mice and no investigation has been
reported on the role of iINOS on BAMs proliferation, it is plausible that this

mechanims is focal in directing these immune cells functions after stroke.
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1.9.5 Endogenous inhibitors of NO synthesis

NO production is regulated by many factors described above such as calcium,
which regulates the activity of the constitutive isoforms. Methylarginines such as
NC-monomethyl-L-arginine (L-NMMA), symmetric dimethylarginine (SDMA) and
asymmetric dimethylarginine (ADMA) are derived by methylation of protein
arginine residues by a family of enzymes known as protein arginine
methyltransferases (PRMTs) (Clarke, 1993, Leiper et al., 1999). ADMA and L-NMMA
are key regulators of NO synthesis, as they competitively inhibit the binding of L-
arginine for the active site of NOS enzymes (Vallance et al., 1992)(Caplin and
Leiper, 2012).

ADMA is primarily eliminated by metabolism by the dimethylarginine
dimethylaminohydrolases (DDAH) enzymes to L-citrulline and dimethylarginine
(Achan et al., 2003, Tran et al., 2003). About a fifth of ADMA is transported into
the plasma by cationic amino acid transporters (CATs) (Strobel et al., 2013) and
cleared by the kidneys. Two isoforms of CATs are known to act as bidirectional
transporters, which can both import and export methylarginines into the cells in
exchange of L-arginine and some cationic amino acids (Teerlink et al., 2009).
Normal circulating concentrations of ADMA are approximately 5 umol/L, while in
a variety of conditions plasma ADMA is significantly elevated and associated with
poor outcomes, including metabolic disorder (Garcia et al., 2007) and sepsis
(Nijveldt et al., 2003). Studies have shown that there is a causal relationship
between elevated ADMA and cardiovascular disease (De Gennaro Colonna et al.,
2009, Szuba and Podgorski, 2006, Liu et al., 2018). There is an association between
elevated ADMA and cerebrovascular disease, and it has been suggested as a weak
independent marker for stroke but strong marker for transient ischaemic attack
(TIA), however causal evidence for its involvement in the pathogenesis is lacking
(Wanby et al., 2006). Experimental NOS inhibition with ADMA has been shown to
increase vasoconstriction, increase blood pressure (Cooke, 2005), and inhibit

macrophage motility (Ahmetaj-Shala, 2013).

1.9.6 Dimethylarginine dimethylaminohydrolase

Dimethylarginine dimethylaminohydrolase (DDAH) was first purified and

characterised to intracellularly hydrolyse ADMA and N°-mono-methylated-L-
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arginine (L-NMMA) to L-citrulline and dimethylamine or monomethylamine,
respectively (Ogawa et al., 1989). A few years later DDAH and NOS enzymes were
histologically detected within the same regions in the rat kidney, which prompted
investigation into whether to DDAH acts as a regulator of NOS through regulation
of ADMA metabolism (Tojo et al., 1997). The observations that low DDAH protein
levels were detected in dissonance with high DDAH activity in certain tissues, led
to the hypothesis that more than one isoform exist. In 1999 a seminal article
described a second human isoform, thereafter known as dimethylarginine
dimethylaminohydrolase 2 (DDAH2) (Leiper et al., 1999), which was found to be a

functional homologue of the first enzyme, now known as DDAH1.

The two isoforms have distinct mouse tissue distribution. Early experiments using
Northern blot analyses showed that Ddah1 expression was strongest in kidney and
moderate in brain, liver, and pancreatic tissue, while Ddah2 expression was shown
to be highest in the heart, kidney, lung and placenta, and almost absent from the
brain (Leiper et al., 1999). This tissue distribution pattern was confirmed using
PCR (Dayal et al., 2008) (Figure 1-7). More recently, protein expression of both
isoforms has been reported in mouse retinal endothelium (Lange et al., 2016),
kidney (Wetzel et al., 2020), lung (Ragavan et al., 2023), and, interestingly, in
cerebral neurons (Kozlova et al., 2021) and the whole brain (Ragavan et al., 2023,
Gao et al., 2024), while DDAH1 was more abundant in the liver with negligible
hepatic expression of DDAH2 (Ragavan et al., 2023).
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Figure 1-7. Expression of Ddah1 and Ddah2 mRNA and DDAH1 and DDAH2 protein
levels in different mouse tissues. Larger plus signs indicate stronger expression.
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1.9.6.1 Roles of DDAH2 in disease

Preclinical studies have illustrated functional roles for DDAH2 in disease models.
DDAH2 was shown to improve diabetic endothelial dysfunction (Lu et al., 2010)
and conferred protection in polymicrobial sepsis (Lambden et al., 2015). In dilated
cardiomyopathy DDAH2 reduced fibrosis and improved cardiac function (Zhu et
al., 2019), and was later shown to stabilise atherosclerotic plaques (Shoeibi et al.,
2021). Most recently DDAH2 enhanced pancreatic insulin secretion through Sirt-1
mediated transcriptional up-regulation of secretagogin, an insulin vesicle docking
protein (Hasegawa et al., 2013). A functional variant of DDAH2 (rs9267551 C) has
been associated with myocardial infarction in patients with type 2 diabetes (T2D)
(Mannino et al., 2019).

1.9.6.2 DDAH2 hydrolysis of ADMA

In animals deficient in DDAH2, ADMA levels increased in myocardium and kidney
(Lambden et al., 2015) and the retina (Lange et al., 2016), suggesting that DDAH2
hydrolyses ADMA in these tissues. Importantly, DDAH2 is the only isoform
expressed in macrophages and primary immunogenic organs such as the spleen
and thymus (Tran et al., 2000)(Figure 1-7), suggesting it plays a central role in
regulating NO through metabolism of ADMA in those tissues. Rodents deficient in
DDAH2, either globally or within monocytes/macrophages, display significant
impairment of iNOS-NO-mediated immune function by inadequate mounting of an
immune response to septic challenge (Lange et al., 2016, Lambden et al., 2015).
Indeed, increased ADMA and decreased nitrate/nitrite concentration was
demonstrated in DDAH2-deficient hypoxic peritoneal macrophages (Lambden et
al., 2016). The location of the gene encoding Ddah2 on chromosome 6p21.3 in the
gene cluster region of major histocompatibility complex Il (MHC 1ll), which is
important for immune reactions (Deakin et al., 2006), has led to the investigation
of this gene in relation to viral infections (Huang et al., 2021) and inflammation
(Lambden et al., 2015), while its role in neuroinflammation is completely

unexplored.

1.9.7 ADMA in ischaemic stroke

Evidence from several small clinical studies has implicated ADMA in stroke. ADMA

levels were significantly increased in the CSF and plasma of ischaemic stroke
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patients, which correlated with stroke severity (Brouns et al., 2009). Another
study showed increased plasma ADMA and its analogue SDMA within the first 3 days
after ischaemic stroke, which predicted worse clinical outcomes (Worthmann et
al., 2011). Higher plasma ADMA and SDMA were highly correlated with
inflammatory markers such as monocyte chemotactic protein-1 (MCP-1), matrix
metalloproteinase-9 (MMP-9), interleukin-6 (IL-6) and C-reactive protein (CRP) up
to a week after ischaemic stroke (Chen et al., 2012). In stroke patients with lower
severity scores the ratio of L-arginine/ADMA was higher compared with those with
higher severity scores (Lindgren et al., 2014), which indicates that plasma ADMA

scales with disease activity and could be a good biomarker to stratify patients.

In a trial in patients with subarachnoid haemorrhage, who developed delayed
ischaemic injury and had worse functional outcome, high levels of plasma
methylarginines were reported (Appel et al., 2018). Additionally, ADMA was
proposed as a potential biomarker for subclinical vascular brain injury (Pikula et
al., 2009), as increased ADMA increased the odds ratio of developing white matter
hyperintensities and silent brain infarcts in the stroke-free Framingham offspring
cohort (Pikula et al., 2009). Collectively these studies demonstrate that ADMA is

an important molecular target in ischaemic stroke and cerebral vascular disease.

1.9.8 The NO-ADMA-DDAH2 pathway in ischaemic stroke

The mechanisms for increased ADMA after ischaemic stroke are increased
proteolysis and/or disruption in the enzymatic machinery regulating ADMA.
Elevated ADMA within endothelial cells is associated with endothelial dysfunction,
while enhanced levels of ADMA via decreased DDAH2 activity within macrophages
could be potentially beneficial in regulating the excess production of NO through
iNOS (Dowsett et al., 2020). In the vasculature, cytokine-stimulated expression
of iNOS and DDAH1 in vascular smooth muscle cells increased NO and decreased
ADMA (Ueda et al., 2003). The NO-ADMA-DDAH2 pathway (Figure 1-8) in
macrophages is still relatively unreported. Indirect evidence for the existence of
this pathway in macrophages is derived from a study, in which elevated ADMA
downregulated the expression of ATP-binding cassette (ABC) transporters ABCAT1
and ABCG1, which are responsible for cholesterol efflux (Chen et al., 2019). This
impaired cholesterol efflux from macrophages and led to lipid accumulation and

foam cell formation. DDAH2 overexpression in these cells normalised cholesterol
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efflux, functionally linking excess ADMA and DDAH2 expression in macrophages for

the first time, while the impact of DDAH2 on NO was not directly investigated.

L-arginine Nitric Oxide

NOS
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. DDAH
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J Dimethylarginine

Renal clearance

Figure 1-8. The nitric oxide (NO), asymmetric dimethylarginine (ADMA),
dimethylarginine dimethylaminohydrolase (DDAH) pathway. Protein arginine
methyltransferases (PRMTs).

The role of DDAH2 in mouse peritoneal macrophage function was studied by
generating a mouse strain of global and monocytes/macrophage specific DDAH2
knockout (Lambden, 2016). In macrophages lacking DDAH2 challenged with pro-
inflammatory stimuli, phagocytosis and motility were disrupted, along with an
increased intracellular ADMA (Ahmetaj-Shala, 2013). In the same study this was
replicated in macrophages isolated from mice lacking DDAH2 specifically within
monocytes/macrophages, and while these was only a modest increase in ADMA in
those macrophages, they showed decrease in NO production. A hypoxic challenge
in isolated primary murine macrophages induced a 4-fold increase in iNOS over
control, an increase in DDAH2, reduced ADMA, and increased NO (Lambden et al.,
2016). This was replicated in macrophages from macrophage specific DDAH2
knockout mice in the same study, which showed a decrease in NO production and
a modest increase in ADMA. These studies indicate that perhaps in models of
cerebral ischaemia upregulation of DDAH2 may be responsible for the above-

described deleterious effects of iNOS after stroke.

1.10 Thesis hypothesis and aims

Macrophages and microglia are key cellular contributors to neuroinflammation
after ischaemic stroke. A specialised population of macrophages known as BAMs is

located in the CNS borders and is likely to respond to the ischaemic insult by
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proliferating and/or migrating into the ischaemic parenchyma. It was
hypothesised that ischaemia-reperfusion causes a proliferation-driven
accumulation in the number of BAMs and differential migration to the ischaemic

infarct and peri-infarct areas.

During hypoxia, iNOS expression is upregulated and ADMA concentration is
decreased in macrophages, resulting in excess nitric oxide production and release
and resultant nitrosative stress, neuronal apoptosis, and infiltration of leukocytes.
This process may be enhanced by a potential upregulation or increased activity of
DDAH2. In macrophages, where DDAH2 is genetically knocked out (DDAH2 KO), the
excess production of NO could be decreased by increased concentration of ADMA
in the absence of its regulator. Thus, it was hypothesised that ischaemia
upregulates the expression of DDAH2 in macrophages and that lack of DDAH2 in
macrophages leads to altered macrophage phenotype. It was also hypothesised
that DDAH2 plays a role in potentiating the negative effects of iNOS-derived NO
and that stroke outcomes would improve by knocking out Ddah2 from monocytes.

To address these hypotheses, the main aims of this thesis were:

Aim 1: To characterise the effect of ischaemia-reperfusion on the number and
localisation of BAMs in the acute, sub-acute and chronic stages of ischaemic stroke
(Chapter 3).

Aim 2: To determine Ddah2 mRNA expression in hypoxic conditions in macrophages
in vitro and to investigate the effect of cerebral ischaemia-reperfusion on DDAH2

expression in the brain(Chapter 4).

Aim 3: To determine the effect of monocyte/macrophage DDAH2 deletion on acute
brain injury, functional outcomes, and neuronal apoptosis after ischaemia-

reperfusion (Chapter 5).
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2.1 Animals

2.1.1 Home Office licences

All experiments were performed under a UK Home Office Project Licences
(P486284C3 and PP1054605) and Personal Licences (Gabriela Gerganova:
150040854, Dr Alyson Miller: IAC7C2F3D) in accordance with the Animals (Scientific
Procedures) Act 1986 and approved by the University of Glasgow’s Animal Welfare
and Ethics Review Board (AWERB). These experiments were also covered by
Glasgow Experimental Request Form (GERFs) numbers 005, 082, 109, 110, 156.

2.1.2 Compliance with the ARRIVE guidelines

The ARRIVE guidelines for reporting of animal research (Kilkenny et al., 2010,
Percie du Sert et al., 2020) were not strictly adhered to.Deviations include lack
of randomisation, lack of blinding during data collection, and omitting female

mice from the stroke studies design.

2.1.3 (C57BL/6J mice

Male C57BL/6 mice were purchased from Envigo (Blackthorn, UK) at 6-7 weeks of
age and acclimatised for at least one week before study. Mice were housed with
same-sex littermates in controlled humidity, temperature (22°C) and 12 h/12 h
light/dark cycle environment and had access to water and standard chow ad

libitum.

2.1.4 DDAH2 LysM-Cre mice

The DDAH2 LysM-Cre mice were generated by a deletion targeting a locus of all 7
exons of the DDAH2 gene on a mixed 129/SvEvBrd x C57BL6/J background, with
LoxP sites flanking exon 2 and exon 5. The addition of a neomycin cassette prior
to the LoxP 3’ end allows deletion of the LoxP flanked sequence upon Cre-
recombinase (Cre) activity in the murine M lysozyme locus, only expressed in
mature monocytes (Cross et al., 1988, Clausen et al., 1999) (Figure 2-1A)
(Lambden et al., 2015). These mice were generated over 10 years ago at a
different facility and had to be re-derived for this project. DDAH2 floxed mice

were generated by Genoway for Professor Leiper’s and Dr Dowsett’s lab group.
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LysM-Cre mice were purchased from the Jackson Laboratory (B6.129P2-
Lyz2tm1(cre)lfo/J). The two strains were crossed (Figure 2-1B) at the Beatson
Institute and imported into the SCMH facility by Dr Zaniah Gonzalez. To expand
the colony and to minimise genetic drift, mice were bred in with C57BL6/J
background. This resulted in offspring that were either heterozygous for a DDAH2
wildtype and a floxed allele, or homozygous carrying two floxed alleles. The
presence of bands for both a wildtype (495 bp) and a floxed (552 bp) PCR product
on the agarose gel (detailed below) was used to identify a pup as heterozygous for
DDAH2, while absence of a wildtype band and presence of a floxed band indicated
the pup was homozygous for the floxed DDAH2 allele. Sires positive for Cre were
mated with dams negative for Cre (Figure 2-1B) to avoid germline transmission
and to maintain Cre carriers in the colony. Heterozygous pups were eventually
bred out and subsequently monocyte/macrophage specific excision of DDAH2 was
ascertained via Cre expression, demonstrated by the presence of 720 bp PCR
product. Throughout this thesis the experimental knockout mice are referred to

as DDAH2Mo-/- and their littermate ‘floxed’ controls as DDAH2Vf,
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Figure 2-1. Schematic representation of the breeding strategy to obtain
DDAH2Mo- /- and DDAH™"' mice. Expression of Cre recombinase in the M lysosome
locus triggers the excision of exons 2-5 from the Ddah2 gene. In the absence of
Cre, floxed controls are generated. In the presence of Cre, knockout mice are
generated, which are the experimental animals. B Breeding strategy for
generation of experimental and control mice by crossing a sire positive for Cre
recombinase with a dam negative for Cre recombinase. Both breeders are
homozygous for the floxed DDAH2 allele. Figure created using elements from
Biorender.

Mice were at least 8 weeks of age before mating. Each breeding pair remained
active up to five offspring before being terminated. Only male mice were used for
experiments that generated data presented in this thesis, while females were used

for optimisation work.

Ear notches taken from 3-week-old male and female DDAH2M-/- and DDAH™/! mice
were digested in 100 pl alkalising buffer (containing 25 mN NaOH, 0.2 mM EDTA)
for 1 hour at 98 °C, followed by the addition of 100 pl neutralising buffer (40 mM
Tris HCL, pH 5.5), vortexed and store at -20 °C until use. End-point polymerase

chain reaction (PCR) was performed using undiluted DNA (3 ul), DreamTagq™ Hot
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Start Green DNA Polymerase (Thermo EP1712, 10 ul), 1 pl forward primer, 1 pl
reverse primer (Table 2-1) and 5 pl nuclease-free water on PCRMAx Alpha Cycler

4 (PCRmax) with PCR running parameters described in Table 2-2.

Table 2-1 Primers used for genotyping the DDAH2 LysM-Cre colony.
F: forward, R: reverse.

GENE  PRIMER SEQUENCES (5'-3") SOURCE

DDAH2 F GGGCAGGGCTATGGTGAAGG Sigma, custom oligos
R ACCTCCTGGCTGTTGGGCAG

CRE F GCCTGCATTACCGGTCGATGCAACGA  Sigma, custom oligos
R GTGGCAGATGGCGCGGCAACACCATT

Table 2-2. PCR running parameters.

STAGES INITIAL MAIN REACTION FINAL EXTENSION
DENATURATION

Steps Denaturation Annealing Extension

DDAH2 | Temperature 95°C 95°C 57°C 72°C 72°C
Duration 3 min 20 sec 40 sec 1 min 10 min
Thermal 1 40 1
Cycles

CRE Temperature 95°C 94°C 60°C 72°C 72°C
Duration 5 min 30 sec 30 sec 1 min 10 min
Thermal 1 34 1
Cycles

To confirm the presence of wildtype or floxed alleles for DDAH2, and the presence
or absence of a Cre allele, bands were distinguished on a 1.5% agarose gel. Gels
contained 3X Gel Red nucleic acid stain (10,000x, water, Merck, SCT123), were
loaded with GeneRuler 100bp DNA ladder (3 pl, Thermo Fisher SM0234) and were
visualised on a ChemiDoc XRS+ Molecular Imager (Bio-Rad Laboratories Ltd, UK) to
confirm the presence of bands; DDAH2 wildtype: 495 bp, DDAH2 floxed: 552 bp,

Cre recombinase: 720 bp.

2.2 /nvivoprocedures

2.2.1 Transient middle cerebral artery occlusion (tMCAo)

Focal cerebral ischaemia-reperfusion injury was induced by tMCAo using the
intraluminal filament method (Rousselet et al., 2012, Liu and McCullough, 2014).

This model mimics the clinical pathology of acute ischaemic stroke by allowing
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reperfusion, which is the therapeutic objective of all currently approved
treatments for ischaemic stroke. The Koizumi method of tMCAo was first published
in 1986 and involves intraluminal filament insertion through the common carotid
artery (CCA) and relies on contralateral reperfusion through the Circle of Willis
(Koizumi, 1986). A refined Zea Longa method published in 1989 involves filament
insertion via the ECA and therefore allows for bilateral CCA reperfusion (Longa et
al., 1989) and typically results in final infarct development at 72 hours post-
surgery. This study used the Zea Longa method for findings presented in Chapter
3 and Chapter 5.

Mice were anaesthetised with isoflurane using an inhalation mask; 3% for
induction, 2% for maintenance in 1.5 L/min 30% O2/70% N0 mix (Zoetis, UK). Body
temperature was maintained at 37+0.5° C with a heat lamp (ExoTerra, US) and
heat pads laid adjacent to the animal throughout the procedure, and monitored
using a rectal probe (Testronics, Australia) every 5 minutes during surgery. Pain
relief and hydration prior to surgery were provided as follows; 4 mg/kg
bupivacaine (Naropin), by a subcutaneous injection at the two sites of incision -
neck and head, and two subcutaneous injections of 0.5 ml of pre-warmed saline
into each side of the back of the mouse. An approximately 1 cm-long incision into
the skin was made in a sterilised area between the right ear and right eye to
expose the skull. To monitor regional cerebral blood flow (rCBF) (PF5010 LDPM
Unit, Perimed, Sweden) a laser-doppler flowmetry probe was glued to the skull
using superglue in the cortical territory supplied by the MCA (approximately 1 mm

posterior and 5 mm lateral to bregma, Figure 2-3).

A nylon monofilament with silicone-coated tip of two sizes was chosen prior to
surgery depending on the animal’s weight; 602112PK10 if <25 g, and 602312PK10
if >25 g (Doccol, US), and three marks were scored with a blade at 11+1 mm away
from the silicone-coated tip to guide correct positioning. An approximately 1 cm-
long incision into the skin was made in a sterilised area along the midline of the
neck. A stump was created along the ECA, a suture was passed under the internal
carotid artery and an arterial clamp was placed on the common carotid artery
(CCA) at the proximal end of the ECA to temporarily cease circulation (for <5
minutes) to allow filament insertion, using the Zea Longa method (Li et al., 2023,

Longa et al., 1989). The filament was introduced into the ECA stump and advanced
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11+1 mm, occluding the MCA at its origin. Laser doppler was used to measure rCBF
during filament insertion and removal to verify successful tMCAo as per the set
criteria; a reduction in rCBF greater than 70% confirmed correct placement of the

filament (Figure 2-2).
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Figure 2-2. Surgical procedures for middle cerebral artery occlusion (MCAO) and
monitoring of cerebral blood flow (CBF) using a Laser Doppler probe. CCA -
common carotid artery, ECA - external carotid artery, ICA - internal carotid artery,
MCA - middle cerebral artery. Figure created using elements from Biorender.

CBF was recorded prior to ischaemia, every 5 minutes for the duration of the
ischaemic period and up to 10 minutes of reperfusion. Half an hour before the end
of the surgery 0.05 mg/kg buprenorphine (Vetergesic) was injected
subcutaneously. At the end of the ischaemic period the monofilament was
retracted to allow reperfusion and restoration of >80% of baseline rCBF within 10
minutes of filament withdrawal confirmed successful reperfusion. The probe was
detached from the skull and both surgical incisions were sutured with a VICRYL
undyed silk suture size 5/0 (Nu-care). For sham-operated animals all experimental

procedures were performed except for the insertion and withdrawal of the
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filament. Sham and tMCAO mice were terminated on either day 1, day 3, day 7,

day 14, or 1 month.

2.2.2 Analgesia and perioperative care

A dose of 0.05 mg/kg buprenorphine (Vetergesic), subcutaneous injection, was
administered at 24 hours and 48 hours after tMCAo. Post-surgery animals were
returned to their home cages or were housed individually to avoid would
exacerbation by cage mate aggressive behaviour, and lined with a vet bedding and
recovered in a warm incubation chamber (26+0.5° C) for the initial 4 hours after
surgery. Thereafter, the cages were transferred to a designated recovery room on
either electrically heated mats heated to 37+0.5° C or in an incubation chamber
(26+0.5° C) and mice were allowed to recover overnight. Recovering animals were
provided with soft food - freshly prepared mash, baby food and hydration gel,
standard chow pellets and water ad libitum. Body weight was recorded at
baseline, and every day after surgery until the scientific endpoint. Appetite,
urine, and faeces output were examined daily, and sutures were checked for
infection. Animals were monitored using a clinical severity scoring sheet for
physical, clinical, and behavioural symptoms for at least 4 hours following surgery
and at least once daily thereafter until the study endpoint. Each of these criteria
is assigned a score and a total score calculated (Table 2-3). The total score was
interpreted as follows: 0-5 the mouse was monitored once a day; 6-9 the mouse
was monitored several times a day and euthanasia considered. In consultation with
the Named Animal Care and Welfare Officer and/or the Named Veterinary

Surgeon, >10 or a score of 4 for a single criterion led to immediate euthanasia.
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Table 2-3. Post tMCAo monitoring sheet based on appearance, bodyweight loss,
provoked behaviour, and clinical signs. Scores are indicated against each
descriptor.

APPEARANCE CLINICAL SIGNS

Normal 0 Intermittent abnormal breathing 1

Slightly unkempt 1 Diarrhoea 2

Staring coat 2 Dull, pale eyes 2

Slightly hunched 3 Semi-closed eyes 2

Markedly hunched 4 Less inquisitive than normal 2
Laboured respiration 3
Barrel-rolling 4

BODYWEIGHT LOSS

Normal <5% 0 PROVOKED BEHAVIOUR

Mild 5-10% 1 Normal 0

Moderate 10-15% 2 Minor depression/exaggeration 1

High 15-19% 3 Moderate change 2

Severe >20% 4 Reacts violently or very little 4

2.3 Histological methods

2.3.1 Cryopreservation and sectioning of brain tissue for
immunofluorescence analyses

Brains were frozen slowly over liquid nitrogen and then stored at -80° C prior to
sectioning for histological analyses. Brains were embedded in Tissue-Tek® O.C.T.
Compound (Sakura) and mounted on a Cryostat (CryoStar NX50, Epredia) set at -
12° C. Coronal sections (10 um thickness) were obtained by thaw-mounting onto
poly-L-lysine coated glass slides. Sections covering three regions of the brain
(region 1: +2.8 to +0.76 mm; region 2: +0.25 to -1.79 mm; region 3: -2.3 to -4.34
mm, relative to bregma) were collected in replicates of nine and stored at -80°C.
Replicates 1-4 were used for infarct and oedema volume analyses and replicates

5-9 were used for immunofluorescent analyses.
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Figure 2-3. Gross anatomy of the mouse cranial sutures. The bregma is the
anatomical point on the skull, at which the coronal suture is intersected
perpendicularly by the sagittal suture. A) The middle cerebral artery (MCA)
territory is depicted in pink, with its core at approximately 1 mm posterior and 5
mm lateral to bregma (Riva et al., 2012). B) Mouse brain dimensions and axis of
coronal sections produced on the cryotome.

2.4 Immunophenotyping with flow cytometry

2.4.1 Dissociation of mouse brain tissue

Freshly isolated naive, stroke and sham mouse brains were dissected into cerebral
hemispheres, the cerebellum and olfactory bulb were removed. Brain tissue was
then enzymatically digested for 30 min by incubation at 37 °C in digestion buffer
containing collagenase Xl (0.106 mg/ml), hyaluronidase (0.030 mg/ml),
collagenase I-S (1.80 mg/ml) with mechanical agitation every 10 minutes
(Reichard and Asosingh, 2019).

Following digestion, the tissue was passed through a sterile 70 pym filter
(EASYstrainer, Greiner, 542070) to remove undigested tissue/debris, washed with
25 ml of flow cytometry buffer containing 0.5% bovine serum albumin (in PBS,
w/v) and 0.04% sodium azide (in PBS, w/v) and centrifuged at 1500 rpm for 5 min
at RT. To remove myelin, the cell pellet was resuspended in 30% (in PBS, v/v)
Percoll density medium, pH 8.5-9.5 (Merck, P1644) in a Falcon tube and layered
over a 70% (in PBS, v/v) for gradient centrifugation at 2700 rpm for 20 minutes at
RT with the brakes of the centrifuge turned off (Martin et al., 2017a). The
centrifugation allowed myelin and tissue debris to separate on top of the
supernatant and this fraction was removed using vacuum suction. Cells, which
separated in the border between the 30% and 70% Percoll gradients, were pipetted
out and washed in excess with 2% foetal bovine serum (FBS) (in PBS, v/v) and

centrifuged at 1500 rpm for 5 minutes. The cells were then resuspended in 0.5 mL
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of ice-cold flow cytometry buffer ready for staining. Where a thin red layer near
the bottom of the Falcon tube was observed after this step, indicative of
incomplete transcardial perfusion, red blood cells (RBC) lysis was performed prior
to washing. Cells were resuspended in 5 mL of 10% RBC lysis buffer (Biolegend,
420301), and incubated on ice for 5 minutes. Cell counting was performed
manually using a Burker chamber and 0.4% trypan blue staining. Typically,

~250,000 cells/hemisphere were retrieved per isolation.

2.4.2 Cell staining with fluorescent antibodies.

Cells in flow cytometry buffer (unstained control cells) or flow cytometry buffer,
containing antibody cocktails detailed in the relevant results chapters and
containing antibodies listed in Table 2-4 were incubated at 4 °C in the dark for 25
min. Cells were then washed in flow cytometry buffer, centrifuged at 1500 rpm

for 5 min and re-suspended in flow cytometry buffer.

Table 2-4. Antibodies used for flow cytometry.

ANTIGEN FLUOROPHORE HOST, CLONE SUPPLIER CATALOGUE
ISOTYPE NUMBER
CD45 PE Rat, Ig2b, k 30-F11 Biolegend 103106
CD11B APC/Cy7 Rat, Ig2b, k M1/70 Biolegend 101225
CD206 FITC Rat, Ig2a, k C068C2 Biolegend 141703
LYVE1 APC Rat, Ig2a 223322 R&D FAB2125A
Systems
CD45.2 | FITC Mouse, IgG2a, 104 eBioscience 11-0454
K
CD3 PE Armenian 145-2C11 Biolegend 100307
Hamster,
IgG
CD19 PE-Cy7 Rat IgG2a, k  6D5 Biolegend 115519
LY-6G PerCP (Cy5.5) Rat IgG2a, k  1A8 BD 560602
Biosciences
LY-6C APC-Cy7 Rat IgM, K AL-21 BD 560596
Biosciences
CD11B V500 Rat, IgG2b, Kk  M1/70 BD 562128
Biosciences
F4/80 PerCP/Cy 5.5 Rat Ig2a, k BM8 Biolegend 123128

2.4.3 Compensation

Multi-colour flow cytometry panels require calibration of voltages of the

photomultiplier tube and the lasers associated with each fluorophore to allow
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spectral separation of the data collection scatter plots. Software automated
compensation was conducted on BD FACS Diva prior to each experiment (Manohar
et al., 2021). Compensation samples were prepared for each fluorophore used in
a panel. A drop of compensation beads (UltraComp eBeads™ Plus Compensation
Beads, Invitrogen, 01-3333-42) was mixed with 0.25ml of each antibody (Table
2-4), vortexed and incubated on ice for 15 min in the dark. The beads were then
washed with flow cytometry buffer, centrifuged (1500 rpm, 5 min, 4°C) and
resuspended in 250ml flow cytometry buffer for acquisition. In instances where
spectral separation was difficult for a particular pair of fluorophores, additional
controls known as fluorescence minus one (FMO) were used. An FMO contains a
mixture of all antibodies in the panel with omission of a particular antibody of

interest.

2.4.4 Data acquisition and analysis

Viability was assessed by adding 1uL of 7-aminoactinomycin d (7-AAD), which is a
fluorescent dye that binds to guanine and allows for intercalation between single
stranded DNA (Adan et al., 2017). The 7-AAD Viability Staining Solution
(Biologened, 420403) immediately before data acquisition. Acquisition (50,000-
100,000 events) was conducted on BD FACS Canto Il (BD Biosciences) coupled with
BD FACS Diva software. Analysis was performed on FlowJo 10.8 (BD Biosciences)
software. Quantification of absolute numbers of cells per hemisphere was assisted
by AccuCheck counting beads (AccuCheck Counting Beads, Invitrogen) using the
formula below and by using the specific number of beads per LOT provided by the

manufacturer.

Absolute Count (

cells) _ Number of cells counted
ul

x Number of AccuCheck Counting Beads per pul

Total number of beads counted Beads

2.5 Statistics

All datasets were analysed with GraphPad Prism Software 8 and P<0.05 was
considered statistically significant. Numbers of biological replicates (n), statistical
tests and power calculations, where applicable, were described in the methods
section of relevant results chapters and figure legends. Continuous data was
expressed as mean =+ standard error of the mean (SEM). Descriptive statistics were

used to determine variance and to inform the choice of statistical test. For data
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sets where the variance between groups was not equal, Welch correction was
applied. Data sets with 2 groups were analysed using a paired or an unpaired t-
test. For datasets with >2 groups, normality tests (Kolmogorov-Smirnov or Shapiro-
Wilk test for n>8 and D'Agostino & Pearson test for n<8) were performed to inform
subsequent statistical analyses. Data that was normally distributed and had equal
variance between groups was analysed using ordinary one-way ANOVA with Sidak’s
multiple comparisons tests. Data that was normally distributed but had unequal
variance was analysed by ordinary ANOVA or Brown-Forsythe and Welch ANOVA
with Tamhane’s T3 multiple comparisons test. For datasets that did not pass any
normality test, non-parametric Kruskal-Wallis with Dunn’s selected multiple
comparisons tests were performed instead. Scored data from nest building activity
and the modified neurological severity score was expressed as median and
analysed with non-parametric tests: Wilcoxon paired and Mann Whitney unpaired

tests.
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3 Chapter 3: Effect of cerebral ischaemia-
reperfusion on the number and localisation of
CNS border-associated macrophages.
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3.1 Introduction

The CNS border-associated macrophages (BAM) are a small immune cell
population, located in the perivascular space, the meninges and choroid plexus.
The perivascular space is a compartment around blood vessels, delimited by the
astrocyte end-feet (glia limitans) and basement membrane of the blood vessel.
Perivascular macrophages reside within the perivascular space, adhering to the
abluminal side of the basement membrane (Yang et al., 2019). They are found
around penetrating and parenchymal cerebral arteries and arterioles, around pial
and subpial vessels, and venules in the peri-venule space. Meningeal BAMs are
located primarily in the subarachnoid space in the recently characterised
subarachnoid lymphatic-like membrane, proposed to be the fourth meningeal
layer (Mallgard et al., 2023). They are morphologically diverse, with meningeal
BAMs being mostly round shaped, while perivascular BAMs show elongated
morphology (Nayak et al., 2012, Goldmann et al., 2016). Similar to microglia, and
in contrast to peripheral monocytes, BAMs have been shown to derive from
embryonic precursors in the yolk sac (Goldmann et al., 2016, Dermitzakis et al.,

2023, Utz et al., 2020) and form a stable, self-renewing population in adult life.

Murine BAMs differentially express several identification markers, which have
been revealed through cell surface phenotyping and immunohistochemical
approaches, and more recently by single cell sequencing. Canonical markers
include CD206, which is a pattern recognition mannose receptor transcribed from
Mrc1 (Galea et al., 2005, Martinez-Pomares, 2012, Mrdjen et al., 2018, Lapenna
et al., 2018), LYVE1 - lymphatic vessel endothelial hyaluronan receptor 1 (Zeisel
et al., 2015, Mrdjen et al., 2018, Brezovakova and Jadhav, 2020, Kim et al.,
2021a), major histocompatibility complex Il (Liu et al., 2005), CD36 (Park et al.,
2017), CD169 (Rajan et al., 2020), and CD163, albeit expressed at lower levels
that in rats and humans (Fabriek et al., 2005). BAMs are frequently identified
either single positively for CD206 (Rajan et al., 2020), or along with the pan-
leukocytic CD45 and pan-myeloid CD11b markers as CD45*CD11b*CD206* cells
(Levard et al., 2024). However, CD206 is recognised since the 1990s as a canonical
marker of M2-like polarisation in macrophages and is expressed on M2-like resident
or peripheral macrophages (Orecchioni et al., 2019) and on some microglia (Franco
and Fernandez-Suarez, 2015, Zhang et al., 2023). Arginase-1, another anti-

inflammatory marker, was upregulated in BAMs isolated from rat brains after
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acute ischaemic stroke (Pedragosa et al., 2018), suggesting that post-ischaemic
BAMs may adopt a M2-like macrophage phenotype. Therefore, in the present
study, CD206" cells were termed M2-like macrophages that contain some BAMs and

other macrophages.

Two large subpopulations of BAMs are now recognised to also express Lyve1l or
MHCII (Mrdjen et al., 2018, Drieu et al., 2022). Lyve1* BAMs regulate arterial
motion that drives CSF flow (Drieu et al., 2022), while MHCII expressing BAMs are
involved in antigen presentation (Mrdjen et al., 2018). Both CD206 and Lyve1 are
expressed under homeostasis and under systemic inflammation in mice (Mgllgard
et al., 2023). Importantly, acutely after ischaemic stroke this core BAMs gene
signature is largely unchanged (Zheng et al., 2021). To obtain the greatest
specificity of detection of the largest population of BAMs, BAMs were identified
by a CD45*CD11b*CD206*Lyve1* immunophenotype in this study, which examined

the effect of cerebral ischaemic on the number of BAMs.

BAMs represent a small immune cell population, constituting only a tenth of total
leukocytes in the healthy murine brain (Mrdjen et al., 2018) but have been
described to play various roles in brain diseases and neuroinflammation. In
Alzheimer’s disease and cerebral amyloid angiopathy BAMs were described as
having deleterious roles (Hawkes and McLaurin, 2009, Park et al., 2017), and were
found to contribute to hypertension-induced neurovascular and cognitive
dysfunction in mice and rats through interaction with endothelial cells (Faraco et
al., 2016, lyonaga et al., 2020, Kerkhofs et al., 2020, Santisteban et al., 2020).
Conversely, in a model of mild traumatic brain injury, meningeal macrophages
were proliferating and accumulating near the perimeter of the lesion supporting
wound healing (Russo et al., 2018). After subarachnoid haemorrhage (SAH) BAMs
facilitate the uptake of erythrocytes from the perivascular and meningeal spaces,
which improves the outcome of (SAH) (Wan et al., 2021). However, BAMs depletion
ameliorated neurological deficit after MCAo (Pedragosa et al., 2018, Rajan et al.,

2020, Zheng et al., 2021), suggesting their deleterious roles in ischaemic stroke.

Ontologically, immature macrophages and A2 progenitors migrate to colonise the
perivascular and meningeal spaces (Stremmel et al., 2018, Dalmau Gasull et al.,
2024). Mature BAMs display less motility and therefore limited capacity to

migrate. During inflammation, perivascular macrophages have been demonstrated
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to extend processes along the perivascular space (Dermitzakis et al., 2023,
Barkauskas et al., 2013).

After acute ischaemic stroke the number of CD163* perivascular macrophages
increased in the ischaemic parenchyma of rodents and humans compared to
healthy controls (Pedragosa et al., 2018, Rajan et al., 2020). Alongside this
discovery, the authors of these studies revealed that several genes related to cell
proliferation were increased (Pedragosa et al., 2018). CD163* cells specifically
accumulated around cerebral blood vessels in tissue from ischaemic patients
(Holfelder et al., 2011). In this study, BAMs characterisation was realised through
a multi-parameter signature: CD45*CD11b*CD206*Lyve1* and it was hypothesised
that the numbers of these cells in the mouse ischaemic hemispheres would

increase compared to sham and non-affected brain hemispheres.

Despite the evidence from the above described studies, BAMs have not been
characterised in the sub-acute and chronic phases of experimental stroke yet. The
acute phase after tMCAo in rodents is typically considered to be up to 3 days after
experimental stroke. Mean infarct volume reportedly peaks on a sliding scale
between 24 hours (Turner et al., 2016), 72 hours (Pei et al., 2003, McCabe et al.,
2018), or 1 week after tMCAo and lesion size reduces thereafter (Kim et al.,
2021b). Concomitantly with infarct development, inflammation develops and
resolves in phases too (Margaritescu et al., 2009). This is partially manifested by
the varying numbers of leukocytes in the ischaemic milieu. After tMCAo immune
cell numbers increase and peak between 24 hours (Kleinschnitz et al., 2010,
Yilmaz and Granger, 2010) and 1 month after stroke (Selvaraj et al., 2021). To
study the different stages of the neuroinflammatory response, some researchers
describe an intermediate, sub-acute phase that usually occurs 1-2 weeks following
tMCAo and is characterised by increased vascular remodelling and proliferation
(Duran-Laforet et al., 2019). Thereafter, a chronic inflammation phase begins,
typically characterised by resolution of inflammation, with accumulation of
regulatory T lymphocytes up to a 1 month after MCAo (Stubbe et al., 2013, Kim et
al., 2021c), while an increased release of adipokines is also reported to persist 60
days after tMCAo (Haley et al., 2020), indicative of chronic inflammation. One
study in the sub-acute and chronic stages descibed a progressive accumulation of

CD163* cells in the meninges proximal to the ischaemic tissue in post-mortem brain
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tissue from patients 6 days to 5 months after stroke onset (Rajan et al., 2020),
suggesting that an increase in BAMs numbers might persist into the chronic phase

after stroke in mice too.

3.1.1 Chapter hypothesis and aims

The main hypothesis for this chapter was that ischaemia-reperfusion causes a
proliferation-driven accumulation in the number of BAMs and differential

migration to the ischaemic infarct and peri-infarct areas.

The aims of this study were to determine if tMCAo causes a change in BAMs
numbers in the acute, sub-acute and chronic stages post ischaemia-reperfusion
and to characterise the localisation of BAMs after tMCAo with respect to the

ischaemic infarct.

3.2 Methods

3.2.1 Animals

In this chapter a total of 71 male C57BL6/J mice 8-12 weeks of age were used for
the tMCAo (Figure 3-4) and subsequent analyses with a mean body weight on the
day of surgery 24.7 + 2 g. For experiments assessing the effect of ischaemia-
reperfusion on the number of BAMs, a total of 11 naive (non-stroke) mice, 29
tMCAo mice, and 36 sham mice were used. We measured the number of BAMs at
five different time points day 1, day 3, day 7, day 14 and 1 month after surgery.
For day 1, day 3, and day 7, mice were exposed to 50 min MCAo followed by
reperfusion, as described in Section 2.2.1 of General Methods, whereas for day 14
and 1 month the occlusion period was reduced to 40 min to ensure animals did not
exceed severity limits (in particular body weight loss >20%) prior to reaching the
scientific endpoint. For experiments examining the effect of ischaemia-
reperfusion on the localisation of BAMs, tMCAo mice were exposed to 60 min MCAo
followed by reperfusion and culled on day 3 following surgeries. Dr Alyson Miller
performed 52 surgeries with anaesthetic assistance from me and has supported
90% of the rest. Sham operated mice were subjected to the same surgical
procedures as tMCAo mice, except for the introduction of a filament, therefore

blinding the surgeon was not possible.
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3.2.2 Animal sacrifice and tissue collection

At the scientific endpoint for flow cytometric analyses mice were sacrificed by
terminal anaesthesia with 5% isoflurane and transcardial perfusion with 0.9%
saline, , brains were harvested and placed in ice cold PBS and the tissue was
immediately used. For experiments examining the effect of ischaemia-reperfusion
on the localisation of BAMs animals were sacrificed by a rising concentration of
CO2 (Schedule 1 of the Act) followed by decapitation, brains were harvested and

slow frozen over liquid nitrogen.

3.2.3 Immunofluorescence

To study the localisation of BAMs the expression of the mannose receptor marker
CD206, the hyaluronan receptor 1 (LYVE1), and alpha smooth muscle actin (aSMA)
were investigated in naive C57BL6/J mice and at 72 hours after 60 minutes of
tMCAo in C57BL6/J mice (Figure 3-4). Six frozen mouse brain coronal sections on
a glass slide spanning region 2 (+0.25 to -1.79 mm relative to bregma, cf. section
2.3.1) were chosen for analysis. The sections were equilibrated at room
temperature (RT) and a contour was drawn around them using a hydrophobic pen.
The sections were then fixed with 4% paraformaldehyde (PFA) for 3 minutes at RT.
Slides were then washed with PBS (3 x 10 minutes) followed by permeabilisation
for 30 minutes at RT in blocking solution comprising of phosphate buffered saline
(PBS) supplemented with 5% goat serum and 0.1% Triton X-100. Double-labelled
immunofluorescence was then performed for CD206 and aSMA or CD206 and LYVE1
with primary antibodies at 4°C overnight in staining solution (PBS supplemented
with 5% goat serum and 0.1% Triton X-100) using a rat monoclonal anti-CD206
(1:200), a rabbit polyclonal anti-Lyve1 (1:200) and a rabbit polyclonal anti-aSMA
(1:100) (Table 3-1). Stroke surgeries for this work have been performed by Dr
Alyson Miller and Dr Arun Flynn. Cryo-sectioning has been conducted by Dr Arun

Flynn.

Table 3-1. Primary antibodies for immunofluorescence

Antigen Host, Isotype Concentration (ug/ml) Clone Supplier
CD206 | Rat, 1gG2a 0.025 MR5D3 Bio-Rad
Lyve1 | Rabbit, IgG 0.025 Polyclonal Abcam

aSMA | Rabbit, 1gG 0.02 Polyclonal Abcam
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After washing with PBS (3x 10 minutes), samples were incubated for 1.5 hours at
RT with the secondary antibodies (Table 3-2): goat anti-rabbit Alexa Fluor 594
(1:200) or goat anti-rat Alexa Fluor 488 (1:200) in blocking solution.

Table 3-2. Secondary antibodies for immunofluorescence
Antigen Host Concentration (ug/ml) Conjugation Supplier

Rabbit A Goat 0.05 Alexa Fluor 488 Thermo Fisher
Rat | Goat 0.05 Alexa Fluor 594 Thermo Fisher
Rabbit Donkey 0.05 Alexa Fluor 546 Thermo Fisher
Rat | Donkey 0.05 Alexa Fluor 647 Thermo Fisher

Washing was repeated and sections were mounted onto coverslips using
Vectashield mounting medium with 4',6-diamidino-2-phenylindole (DAPI) for
nuclear staining (2BScientific) and allowed to dry overnight prior to sealing with
nail varnish. Images of fluorescence-labelled sections were obtained using the
preset filters green, red, and blue filters on three different microscopic setups:
20x air lens on an upright Axiolmager M1 fluorescent microscope (Zeiss); 10x air,
20x water, 40x water and 63x oil lenses on an inverted laser scanning microscope
LSM 800 (Zeiss) or 25x water lens on an inverted laser scanning microscope (LSM
900, Zeiss). A thionin stained brightfield image was used as a guide to identify the
infarct core on the immunofluorescent images. Images (638.9 um?) were taken
from the infarct and 4 peri-infarct regions of the ischaemic hemisphere and an
infarct-corresponding region in the contralateral hemisphere (Figure 3-1). Co-
expression of two antigens on a single cell as guided by DAPI nuclear staining was
used to identify double positive CD206*aSMA* or CD206*Lyvel* cells.
Quantification was performed using manual cell counting and normalising to the

area of the image on Fiji software.
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Figure 3-1. Location of the infarct core and peri-infarct regions on a tiled
immunofluorescent coronal section of a C57BL6/J mouse brain. The infarct (red
delineation) is determined by altered tissue morphology resulting in relatively
higher autofluorescence. Yellow rectangles delineate the four areas adjacent to
the infarct determined as peri-infarct. DAPI - cyan, nuclei; aSMA - yellow, CD206
- magenta. Scale bar = 500um, 10x magnification on Zeiss LSM 800.

3.2.4 Immunophenotyping with flow cytometry

Sample preparation, sample acquisition and analyses for flow cytometry were
performed as described in Section 1.4.6 of General Methods for several timepoints
after tMCAo (Figure 3-4). Myeloid cells were identified as CD45"¢"CD11b* and
microglia were identified as CD45""CD11b* (Martin et al., 2017a). M2-like
macrophages were identified by CD45™¢"CD11b*CD206*. The population of
greatest interest was BAMs, immunophenotyped for CD45¢"CD11b*CD206*LYVE1*
expression. The gating strategy for detecting BAMs, myeloid cells, M2-like
macrophages, and microglia (Figure 3-2) was developed by Dr Arun Flynn, Dr
Ashton Bernard and Dr Francisco Rios, whose help is gratefully acknowledged.
Quantification of the numbers of individual cell populations across timepoints was
conducted and presented as ipsilateral cells as a percentage of total ipsilateral
leukocytes (CD45%).
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Figure 3-2. Gating strategy for flow cytometric analysis of myeloid cell populations
from freshly isolated C57BL6/J mouse brains using counting beads. A) Cells were
identified as events on the forward scatter (FSC) versus side scatter (55C) plot and
counting beads by low FSC <100K and high SSC >100K. B) Counting beads formed
two populations that were split into 50+3% beads A and 50+3% beads B, used as a
double internal standard for sample volume calculation and were identified by
plotting SSC against blue laser scatter. Inset represents the viability staining with
7-AAD as detected on the PerCP-Cy5.5 channel. C) Single cells were gated by
plotting events on FSC area versus height. D) CD45* cells were gated from single
cells. E) Myeloid cells were identified as CD45™¢"CD11b* and microglia were
identified as CD45*"CD11b*. F) M2-like macrophages were identified by
CD45*MehCD11b*CD206*. CNS border-associated macrophages (BAMs) identified by
CD45*Me"CD11b*CD206*LYVE1* expression.

The antibodies used are listed in Table 3-3 and instrument configuration is
detailed in Table 3-4, respectively. Brighter fluorophores based on their stain
index, such as FITC and APC, were chosen for conjugation with CD206 and Lyve1,
as their relative abundance was expected to be much lower than that of pan-
leukocytic markers such as CD45 and CD11b, which were conjugated to PE and
APC-Cy7, respectively. The emission spectra for the flow cytometric panel are

presented in Figure 3-3.
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Table 3-3. Antibodies used for flow cytometry.
Antigen Fluorophore Host Isotype Clone  Concentration (ug/ml) Supplier

CD45 | PE Rat Ig2b, k  30-F11 0.5 Biolegend
CD11b | APC/Cy7 Rat Ig2b, k  M1/70 1 Biolegend
CD206 | FITC Rat Ig2a, k  C068C2 6.25 Biolegend
LYVE1 | APC Rat Ig2a 223322 2 R&D Systems
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Figure 3-3. Emission ranges of the fluorophores used the CNS border-associated
macrophages immunophenotyping panel. The blue laser excited Alexa Fluor 488,
PE and the viability dye 7-ADD. The red laser excited APC and APC-Cy7. Figure
created on BD Research Cloud.

Table 3-4. BD FACS Canto Il cytometer configuration for immunophenotyping.

ANTIGEN FLUOROPHORE LASER FILTER MIRROR
CD45 PE Blue Octagon 488 585 586LP
20mwW
CD206 FITC Blue Octagon 488 530/30 502LP
20mW
VIABILITY PerCP-Cy5.5 Blue Octagon 488 670LLP 655LP
20mwW
CD11B APC-Cy7 Red Trigon 633 780/60 735LP
17mW
LYVE1 APC Red Trigon 633 660/20 None
17mW
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Figure 3-4. Study design to quantify CNS border-associated macrophages (BAMs
CD45*MehCD11b*CD206*Lyve1*) at 5 timepoints following right transient middle
cerebral artery occlusion (tMCAo) in C57BL6/J 8 - 12-week-old male mice. Prior
to flow cytometric immunophenotyping mice were transcardially perfused with
saline under terminal anaesthesia to remove cerebral red blood -cells.
Cryopreserved coronal brain sections from a separate cohort of animals following
72h  tMCAo was used for immunofluorescence analyses of meningeal
(CD206*Lyve1*) and perivascular (CD206*aSMA*) BAMs. Figure created on
Biorender.

3.2.5 Statistics and power calculations

Immunofluorescence data were grouped into ipsilateral and contralateral
hemispheres that came from the same brain and were analysed by paired t tests.
Immunophenotyping data were grouped into three groups - sham, ipsilateral and
contralateral hemispheres that were treated as unmatched. Normally distributed

data as tested by Kolmogorov-Smirnov or Shapiro-Wilk tests, were analysed with
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ordinary one-way ANOVA with Sidak’s multiple comparisons test of selected
comparisons - ipsilateral vs sham, ipsilateral vs contralateral. Non-normally
distributed data were analysed with Kruskal-Wallis with Dunn's multiple
comparisons test of selected comparisons - ipsilateral vs sham, ipsilateral vs

contralateral.

To determine sample sizes for experiments examining the effect of ischaemia on
the number of BAMs, data collected from a pilot study measuring BAM numbers at
24 hours was used. This initial data showed that the number of BAMs was

significantly increased approximately 3-fold relative to contralateral hemisphere.

Table 3-5. Data from 24 hours post tMCAo used for power calculations for
timepoint examination of BAMs and other myeloid cells in the post-ischaemic
mouse brain.

Group name  Group Group Group

Mean  size SD
Sham 293 6 306
Ipsilateral 561 6 561
Contralateral | 188 6 193

The effect size (Cohen’s f) based on grand mean (351) and pooled SD (385.85) for
this data was =0.697. To detect differences between three groups using a one-way
ANOVA with 2 multiple comparisons tests, it was estimated that the minimum
animals required per group were n=10 (a = 0.05, power = 0.8 [B = 0.2], ANOVA:

fixed effects, omnibus, one-way).

3.2.6 Mortality and exclusions

There were no mortalities. However, across all time points, 5 sham and 6 stroke
mice had to be euthanised prior to the scientific end point due to them reaching
the severity limits of the Project Licence (e.g., > 20% body weight loss post-
surgery). Therefore, the occlusion period was reduced to 40 min to improve the
chances of the mice surviving to the endpoint in the 1-month and 2-week groups.

Exclusions were as follows:
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e 24-hour time point - for one mouse, flow cytometry data was not acquired
correctly for one the contralateral hemispheres. As a result, data for both

hemispheres for this mouse was excluded.

e 72-hour time point - 2 mice were excluded from the analyses, as they did
not achieve the required >70% reduction in rCBF following filament
insertion; and 1 additional mouse was excluded as the CCA clamp time was

greater than 5 minutes.

e 1-week time point - 1 mouse was excluded as it did not achieve the >70%
reduction in rCBF.

e 2-week time point - 2 mice were excluded as they did not achieve the >70%
reduction in rCBF.

e 1-month time point - 2 mice were excluded as they did not achieve the
>70% reduction in rCBF; and data from 1 additional mouse was excluded

due to incorrect acquisition of flow cytometry data.

3.3 Results

3.3.1 Quantification of BAMs and other immune cell populations
in the naive mouse brain using flow cytometry

The number of immune cells in naive C57BL6/J mouse brain was investigated using
flow cytometric analysis. The viability of cells within each sample was consistently
above 90%. There were about 8000 leukocytes (CD45*) per hemisphere, the
majority of which were microglia (CD45*"CD11b*), almost a quarter were myeloid
cells (CD45"MehCD11b*), 7.3% were M2-like macrophages (CD45""e"CD11b*CD206%)
and BAMs (CD45Me"CD11b*CD206°LYVE1*) represented 4.2% of the total leukocyte
population (Figure 1-9).
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Figure 3-5. Quantification of CNS border-associated macrophages (BAMs) and other
immune cell populations per hemisphere in the naive mouse brain. Leukocytes
(CD45%), microglia (CD45*"CD11b*), myeloid cells (CD45*"¢"CD11b*), M2-like
macrophages (CD45*"¢"CD11b*CD206*), and CNS border-associated macrophages
(BAMs, CD45*"¢"CD11b*CD206°LYVE1*). Data is presented as mean + SEM, n=11. No
statistical comparisons were made between cell types.

3.3.2 Accumulation of BAMs and other macrophages in the acute
stage after tMCAo

In the acute period after tMCAo there was a significant increase in the number of
all investigated cell populations in the ipsilateral hemisphere compared to both
the sham and contralateral hemispheres. Total leukocytes (CD45*) were 8-fold
higher in the ischaemic hemisphere compared to sham. The numbers of microglia
(CD45*CD11b*) in the ipsilateral hemisphere were about 9100, which was over
two-fold higher than those in the contralateral hemisphere at day 1 (Figure 3-6).
At day 3 the detected number of microglia were ~6-fold higher than at day 1 in
the stroke affected hemispheres, and over 8 times higher compared to sham
(Figure 3-6).
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Figure 3-6. Quantification of microglia (CD45*"CD11b*) per hemisphere during the
acute period of infarct development following transient middle cerebral artery
occlusion (tMCAo0) using flow cytometry. Data is presented as mean + SEM, n=9-10
(day 1), n=4-7 (day 3). Data was non-normally distributed and analysed by Kruskal-
Wallis with Dunn's multiple comparisons test of selected comparisons (ipsilateral
vs sham, **P<0.01, ipsilateral vs contralateral, ##P<0.01). No statistical
comparisons were made between timepoints.

Infiltrating M2-like macrophages (CD45"¢"CD11b*CD206*) accumulated in the
ipsilateral hemispheres 3.25-fold and 5-fold over sham and contralateral
hemispheres, respectively, on day 1 after tMCAo (Figure 3-7). Further, on day 3
their numbers increased 7-fold over the detected 1370 on day 1 and were 60 times

higher than sham controls.
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Figure 3-7. Quantification of M2-like macrophages (CD45*"¢"CD11b*CD206*) per
hemisphere during the acute period of infarct development following transient
middle cerebral artery occlusion (tMCAo) using flow cytometry. Data is presented
as mean + SEM, n=9-10 (day 1), n=4-7 (day 3). Data was non-normally distributed
and analysed by Kruskal-Wallis with Dunn's multiple comparisons test of selected
comparisons (ipsilateral vs sham, *P<0.05, **P<0.01, ipsilateral vs contralateral,
##P<0.01). No statistical comparisons were made between timepoints.

Similar to their brain resident and infiltrating counterparts at this timepoint, CNS
border-associated macrophages (BAMs, CD45e"CD11b*CD206*LYVE1*) were
detected 4.4-fold higher in the ipsilateral hemispheres versus sham and 3-times
higher than in contralateral hemispheres on day 1 after tMCAo. The difference in
fluorescence intensity between the groups was evident on flow cytometric plots
(Figure 3-8). Their numbers further increased to just over 2500 in the ipsilateral
hemispheres 3 days after tMCAo, which was almost 40 times higher than both the

sham and contralateral hemispheres (Figure 3-9).
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Figure 3-8. Representative flow cytometric smoothed pseudocolour scatter plots
of CNS border-associated macrophages (BAMs, CD45"¢"CD11b*CD206*LYVE1*) 24
hours following transient middle cerebral artery occlusion (tMCAo) in ischaemic
(ipsilateral), contralateral, and sham-operated hemispheres from C57BL6/J mice.

Acute tMCAo
BAMs

(CD45*"€"CD11b*CD206*LYVE1")

t 3 t 3
#H : #
10000 — ; 3
© 8000 :
2 6000 : .
o 4000 :
E 2000 e N ]
5 40p : o =
2 300 - :
(' ) 2 °
3 2001 | TC ' : .
O 100 . W -
0 Sk ' § ]
AN AN A A
S & & & & &
6(\ .\\'b 0\0 %Q .\\‘b ’6\0
) < o &
N\ o&' ] &
¢ <
day 1 day 3

Figure 3-9. Quantification of CNS border-associated macrophages (BAMs,
CD45*MehCD11b*CD206*LYVE1*) per hemisphere during the acute period of infarct
development following transient middle cerebral artery occlusion (tMCAo) using
flow cytometry. Data is presented as mean + SEM, n=9-10 (day 1), n=4-7 (day 3).
Data was non-normally distributed and analysed by Kruskal-Wallis with Dunn's
multiple comparisons test of selected comparisons (ipsilateral vs sham, *P<0.05,
ipsilateral vs contralateral, #P<0.05, ##P<0.01). No statistical comparisons were
made between timepoints.
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3.3.3 BAMs and other macrophages continue to accumulate in
the sub-acute stages of tMCAo

Since the inflammatory response after stroke continues beyond the period of
infarct development, the numbers of brain resident and infiltrating macrophages
were investigated further in the sub-acute phase on day 7 and day 14 after tMCAo.
Elevated numbers of leukocytes, microglia and macrophages persisted in the

ipsilateral hemisphere compared to sham controls at these later timepoints.

Microglia (CD45"*CD11b*) numbers rose to over 55,000 on day 7 post tMCAo, which
was almost 9-fold higher than in sham controls and trended higher than in
contralateral hemispheres. By day 14 after tMCAo microglia numbers remained
higher in the stroke affected hemisphere and comparable to the results obtained
on day 7 (Figure 3-10).
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Figure 3-10. Quantification of microglia (CD45*"CD11b*) per hemisphere during
the sub-acute period of infarct development following transient middle cerebral
artery occlusion (tMCAo) using flow cytometry. Data is presented as mean + SEM,
n=6-7 (day 7), n=4-9 (day 14). Data was non-normally distributed and analysed by
Kruskal-Wallis with Dunn's multiple comparisons test of selected comparisons
(ipsilateral vs sham, **P<0.01, ipsilateral vs contralateral, P>0.05). No statistical
comparisons were made between timepoints.

Peripheral M2-like macrophages (CD45""¢"CD11b*CD206*) had risen to a mean of
7200 cells per ipsilateral hemisphere on day 7, which was 24-fold over sham and
on average about 14 times higher than in contralateral hemispheres. On day 14
M2-like macrophages in the ipsilateral hemisphere there were 5-fold higher than
in sham hemispheres (Figure 3-11), indicative of a continuous infiltration of

macrophages.
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Figure 3-11. Quantification of M2-like macrophages (CD45*"¢"CD11b*CD206*) per
hemisphere during the sub-acute period of infarct development following
transient middle cerebral artery occlusion (tMCAo) using flow cytometry. Data is
presented as mean + SEM, n=6-7 (day 7), n=4-9 (day 14). Data was non-normally
distributed and analysed by Kruskal-Wallis with Dunn's multiple comparisons test
of selected comparisons (ipsilateral vs sham, *P<0.05, **P<0.01, ipsilateral vs
contralateral, P>0.05). No statistical comparisons were made between timepoints.

CNS border-associated macrophages (BAMs, CD45*"¢"CD11b*CD206*LYVE1*) were
28-fold higher in the ipsilateral hemispheres versus sham and 18-times higher than
in contralateral hemispheres at day 7 (Figure 3-12). Two weeks following tMCAo
there was still a strong, 5-fold trend for higher numbers of BAMs in the ipsilateral
hemisphere versus sham, which did not reach statistical significance. As detailed
in section 3.2.5, an a priori power analysis based on preliminary data determined
that a sample size of 10 per group was required to properly power the analysis to
80% and there were only 4 tMCAo mice included in this analysis. A post-hoc
calculation revealed an effect size (f) of 0.88 and achieved power was 63%,
meaning that a larger sample size was required to properly power the analysis to
80%.
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Figure 3-12. Quantification of CNS border-associated macrophages (BAMs,
CD45*MehCD11b*CD206*LYVE1*) per hemisphere during the sub-acute period of
infarct development following transient middle cerebral artery occlusion (tMCAo)
using flow cytometry. Data is presented as mean + SEM, n=6-7 (day 7), n=4-9 (day
14). Data was non-normally distributed and analysed by Kruskal-Wallis with Dunn's
multiple comparisons test of selected comparisons (ipsilateral vs sham, **P<0.01,
ipsilateral vs contralateral, #P<0.05). No statistical comparisons were made
between timepoints.

3.3.4 BAMs and other macrophages cease to accumulate in the
chronic stages of tMCAo

The continuous trend for stroke-induced higher numbers of BAMs in the sub-acute
phase after tMCAo warranted investigating their numbers into the chronic phase.
At one month post tMCAo the number of M2-like macrophages and BAMs were
comparable between groups (Figure 3-13A-B), however, as mentioned above, a
sample size of 10 per group was required to properly power the analysis. A post-
hoc calculation revealed an effect size (f) of 0.1 and achieved power was 5.7%,
meaning that a significantly larger sample size was required for this analysis.

There were significant, 40-fold higher numbers of microglia in the ipsilateral
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hemisphere compared to sham hemispheres, and almost 4-fold increase over

contralateral controls (Figure 3-13C).
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Figure 3-13. Quantification of brain resident and infiltrating macrophages per
hemisphere 1 month following transient middle cerebral artery occlusion (tMCAo0)
using flow cytometry. A) CNS border-associated macrophages (BAMs,
CD45*Me"CD11b*CD206*LYVE1*), B) M2-like macrophages (CD45*"¢"CD11b*CD206"),
C) Microglia (CD45™*CD11b*). Data is presented as mean + SEM, n=3-6. A, C) Data
were non-normally distributed, Kruskal-Wallis with Dunn’s multiple comparisons
test of selected comparisons - ipsilateral vs sham, ipsilateral vs contralateral. B)
Data were normally distributed (D’Agostino & Pearson test), and analysed by an
ordinary one-way ANOVA with Holm-Sidak’s multiple comparisons test of selected
comparisons - ipsilateral vs sham, ipsilateral vs contralateral, *P<0.05, **P<0.01,
***P<0.001.

3.3.5 Timescale of the effect of cerebral ischaemia-reperfusion
on the number of BAMs and other macrophages after
tMCAo

Since this study quantified numbers of cells across several phases after tMCAo, to
appreciate the overall trends, the quantification for each population of interest
is also presented as a percentage of the total number of leukocytes (CD45* cells)
in the ipsilateral hemisphere across the timepoints described above. Neither cell
type demonstrated higher frequencies compared to those obtained in sham

hemispheres on day 1 after tMCAo. BAMs were consistently around 5% of all
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detected leukocytes across the acute and sub-acute phases and their proportions

dropped to below 0.1% in the chronic stages (Figure 3-14).
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Figure 3-14. Ipsilateral BAMs (CD45*"e"CD11b*CD206*LYVE1*) as a percentage of
total ipsilateral leukocytes over all investigated timepoints and compared to sham
at 24 hours following transient middle cerebral artery occlusion (tMCAo). Data is
presented as mean + SEM, n=6-12. No statistical comparisons were made between

timepoints.

Likewise, the frequency of M2-like macrophages was 8-11% of all immune cells up

to day 7 and dropped to a mere 1% by day 28 (Figure 3-15).
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Figure 3-15. Ipsilateral M2-like macrophages (CD45*"¢"CD11b*CD206*) as a
percentage of total ipsilateral leukocytes over all investigated timepoints and
compared to sham at 24 hours following transient middle cerebral artery occlusion
(tMCAo0). Data is presented as mean + SEM, n=6-12. No statistical comparisons
were made between timepoints.
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Interestingly, the frequency of microglia decreased on day 3 and day 14 to below
50%, but increased again in the chronic phases to above 75% of all detectable

immune cells (Figure 3-16).
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Figure 3-16. Microglia (CD45*"CD11b*) as a percentage of total ipsilateral

leukocytes over all investigated timepoints and compared to sham at 24 hours

following transient middle cerebral artery occlusion (tMCAo). Data is presented as
mean + SEM, n=6-12. No statistical comparisons were made between timepoints.

3.3.6 Identification of BAMs in the naive mouse brain by double-
label immunofluorescence

The most well-established markers to identify BAMs in the naive mouse brain are
CD206, transcribed from mannose receptor 1 (Mrc1) (Galea et al., 2005, Martinez-
Pomares, 2012, Mrdjen et al., 2018, Lapenna et al., 2018) and LYVE1 - lymphatic
vessel endothelial hyaluronan receptor 1 (Zeisel et al., 2015, Mrdjen et al., 2018,
Brezovakova and Jadhav, 2020, Kim et al., 2021a). Meningeal BAMs were identified
as cells expressing both CD206 and Lyve1, localised to the meningeal space (Figure
3-17A). Perivascular BAMs were identified as cells expressing CD206 closely
associated with the abluminal side of penetrating arterioles or pial vessels, as
identified by positive staining for alpha-smooth muscle actin (aSMA) (Figure
3-17B).
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Figure 3-17. CNS border-associated macrophages (BAMs) in C57BL6/J naive mouse
brain. A) CD206*Lyve1* cells in the perivascular space (PVS, yellow dashed line) of
a penetrating arteriole (yellow arrowheads) and in the meningeal space (white
dashed line) denoted by white arrowheads. B) CD206* cells in the perivascular
space (PVS, vyellow dashed line) of aSMA* arterioles depicted by yellow
arrowheads. DAPI - cell nuclei (cyan), aSMA - alpha smooth muscle actin (yellow)
or Lyve1 - lymphatic vessel endothelial hyaluronan receptor 1 (yellow), CD206 -
the mannose receptor (magenta). Scale bar = 50um, at 40x magnification.

3.3.7 Effect of cerebral-ischaemia-reperfusion on the
localisation of BAMs

To corroborate the quantification obtained by flow cytometric
immunophenotyping, BAMs were identified and quantitated using an
immunofluorescent approach. Cerebral arteries, larger arterioles and veins
express aSMA and are encased within the perivascular space (PVS), while the PVS
gradually disappears with decreasing vessel diameter, meaning that smaller
arterioles, postcapillary venules and capillaries do not express aSMA (Schaeffer
and ladecola, 2021). CD206* cells were identified by immunofluorescent imaging
after tMCAo in the PVS of aSMA* arterioles (Figure 3-18A). CD206+ cells were also
identified in the ischaemic parenchyma and sometimes along smaller arterioles or
postcapillary venules negative for aSMA, identified by DAPI staining. CD206" cells,
which were not associated with aSMA* vessels, were excluded from the semi-
quantification, as these cells could be infiltrating CD206* M2-like macrophages
(Figure 3-18A). CD206*Lyve1* cells were identified in the meningeal space (Figure
3-18B) and in the PVS (Figure 3-20). I1gG controls for the specificity of the detection

of secondary antibodies for the species against which the primaries were raised
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was determined experimentally during the first experiment using IgG antibodies

at the same concentration as the primary antibodies (cf. Appendix Figure 7-1).
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Figure 3-18. CNS border-associated macrophages (BAMs) in C57BL6/J mouse brain
following transient middle cerebral artery occlusion (tMCAo0). A) CD206*aSMA* cells
in the perivascular space (PVS, yellow dashed line) of an aSMA* arteriole depicted
by yellow arrowheads. CD206* cells were also detected near what appears to be a
vessel in the parenchyma, which does not express aSMA* and are indicated with
magenta arrowheads. B) CD206*Lyve1* cells in the meningeal space (white dashed
line) denoted by white arrowheads. DAPI - cell nuclei (cyan), aSMA - alpha smooth
muscle actin (yellow) or Lyve1 - lymphatic vessel endothelial hyaluronan receptor
1 (yellow), CD206 - the mannose receptor (magenta). Scale bar = 100um, 40x
magnification.

Multiple CD206*aSMA* were often identified along a single arteriole in both the
ipsilateral (Figure 3-19 A) and contralateral (Figure 3-19 B) hemispheres. Likewise,
the PVS was populated with several CD206*Lyve1* cells in the ipsilateral (Figure
3-20 A) and contralateral hemispheres (Figure 3-20 B). On the whole, the numbers
of CD206*aSMA* cells were ~50 cells/mm? and were comparable between
hemispheres (Figure 3-21A). CD206*Lyve1* cell numbers detected in the PVS and
the meningeal spaces trended higher in the ipsilateral 40.5 cells/mm? compared
to the contralateral hemisphere 35.3 cells/mm? but was not significantly different
(Figure 3-21B).
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Figure 3-19. CD206*aSMA* cells (white arrowheads) were detected near cerebral
arterioles in the ipsilateral (A) and contralateral (B) hemispheres following
transient middle cerebral artery occlusion (tMCAo) in C57BL6/J mice. aSMA - alpha
smooth muscle actin (yellow), CD206 - the mannose receptor (magenta). White
arrows represent co-localisation of independent antigens on identical cells.
Representative images at 40x magnification were selected from 6 independent

experiments in 6 mice. Scale bar = 100pum.
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Figure 3-20. CD206*Lyve1* cells (white arrowheads) were detected in the
ipsilateral (A) and contralateral (B) hemispheres following transient middle
cerebral artery occlusion (tMCAo0) in C57BL6/J mice. DAPI - cell nuclei (cyan),
Lyve1 - lymphatic vessel endothelial hyaluronan receptor 1 (yellow), CD206 - the
mannose receptor (magenta). Representative images at 40x magnification were
selected from 6 independent experiments in 6 mice. Scale bar = 50um.
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Figure 3-21. Quantification of CD206*aSMA* (A) and CD206*Lyve1* (B) cells in the
ipsilateral and contralateral hemispheres 72 hours following transient middle
cerebral artery occlusion (tMCAo). Data is presented as mean + SEM, n=6, paired
t-test, P>0.05.

To further delineate the localisation of BAMs with respect to the ischaemic injury,
the numbers of perivascular BAMs were quantified in the peri-infarct and infarct
regions. Similar numbers of CD206*aSMA* cells were identified in the infarct (26
cells/mm?) and peri-infarct regions (29 cells/mm?) (Figure 3-1A, C). Likewise,
CD206*Lyve1* cells were comparable between the infarct and peri-infarct regions,
if relatively fewer (~20 cells/mm?) than CD206*aSMA* cells (Figure 3-1B, D).
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Figure 3-22. Quantification and representative immunofluorescent images of
CD206*aSMA* (A) and CD206*Lyve1* (B) cells in the infarct and peri-infarct
following transient middle cerebral artery occlusion (tMCAo) in C57BL6/J mice.
Data is presented as mean + SEM, n=6, paired t-test, P>0.05. Representative
images at 20x magnification were selected from 6 independent experiments in 6
mice of CD206*aSMA* (C) and CD206*Lyve1* (D) cells. White dashed line depicts
the border between the infarct and the peri-infarct. Scale bar = 50um.

The proliferative status of CD206* and Lyve1* cells was investigated by double
labelling for CD206*Ki67* cells and Lyve1*Ki67* cells in the ipsilateral hemispheres
of C57BL6/J mice 72 hours after 60 min tMCAo. Although staining for the individual
markers was demonstrated and antigen Kiel 67 (Ki-67) expression was determined
in the infarct core (cf. Appendix Figure 7-2), co-expression of Ki6é7 with either

BAMs marker was not established (Figure 3-23).
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Figure 3-23. Proliferation of CNS border-associated macrophages in C57BL6/J mice
following transient middle cerebral artery occlusion (tMCAo). A) Proliferation
marker Ki67 (yellow) and CD206* cells (magenta). B) Ki67 (yellow) and Lyve1
(magenta). Also presented are DAPI (cyan) cell nuclei and merged images. Scale
bar= 100um, 10x maginification.

3.4 Discussion

3.4.1 Summary of findings

The aim of this study was to determine if tMCAo is accompanied by a change in
BAMs numbers in the acute, sub-acute and chronic stages post ischaemia-
reperfusion and to characterise the localisation of BAMs after tMCAo. Whilst BAM
numbers have been assessed after stroke before (Pedragosa et al., 2018, Rajan et
al., 2020), they have not been assessed over time. Data presented in this chapter
demonstrates that BAMs numbers increase in the ipsilateral hemisphere in the
acute and sub-acute stages (on days 1 and 3 and 7) after tMCAo, while their
numbers were comparable between sham, ipsilateral and contralateral
hemispheres in the chronic phase (on day 14 and 1 month) after experimental
stroke. The immunofluorescence semi-quantification was not able to demonstrate
an effect of ischaemia-reperfusion injury on the numbers of BAMs or discriminate
BAMs between the infarct and peri-infarct zones, or migration from their CNS

borders to the ischaemic parenchyma.
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In this study BAMs (CD45*CD11b*CD206*Lyve1*) were found to be a rare population
in the naive brain (4.2%, Figure 3-5), whilst others reported they make up to 10%
of leukocytes (Mrdjen et al., 2018). Microglia were detected around 6x103 cells
per hemisphere or about 80% of all leukocytes in the naive mouse brain (Figure
3-5).

3.4.2 BAMs, microglia, and M2-like macrophages in the acute
phase after tMCAO

BAMs numbers markedly increased in the acute phase after tMCAo (Figure 3-9) in
similar magnitude to those of infiltrating myeloid cells. In contrast, in a rat model
of ischaemic stroke CD163* BAMs were comparable between hemispheres 16 hours
post tMCAo and there was a trend for numbers to increase at 24 hours, which was
not significant (Pedragosa et al., 2018). The same group later published results
that show that CD163 cells increased a significant 5-fold in the ischaemic brain
compared to controls three days post tMCAo (Rajan et al., 2020). This is in line
with the findings of this study at day 3 (Figure 3-9).

In this study M2-like macrophages increased on day 3 after tMCAo (Figure 3-7),
however others have been reported lower numbers of peripherally-derived M2-
like macrophages relative to proinflammatory macrophages 72 hours after
ischaemic stroke (Wattananit et al., 2016). While the here observed increase
might be in part explained by proliferation by some resident CD206* BAMs, they
are mostly peripheral M2-like macrophages infiltrating the brain and acquiring

BAM-like phenotypes, as discussed in more detail below.

Early studies in bone marrow chimeric mice have established that microglia
activate early after tMCAo, preceding the accumulation of peripheral leukocytes
(Schilling et al., 2003). On comparing their frequency in the ipsilateral
hemisphere across tMCAo phases, it appeared that there was actually a decrease
on day 3 and day 14 (Figure 3-16). Others have reported that on day 3 day after
90 min tMCAo microglia numbers decreased in the stroke compared to sham
hemispheres (Ritzel et al., 2015) and attributed this to cell death as the infarct
has fully developed at this point.
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3.4.3 BAMs, microglia, and M2-like macrophages in the sub-
acute and chronic phase after tMCAo

The numbers or functions of BAMs in the reparative phase after tMCAo have not
previously been reported. Microglia have both protective and deleterious roles (Ma
et al., 2017), a feature which could be extended to BAMs during different phases
of post stroke neuroinflammation. This study presents for the first time a
significant increase in the number of BAMs up to a week following tMCAo in the
ischaemic hemisphere compared to the sham and contralateral hemispheres
(Figure 3-12). Two weeks after tMCAo the elevated immune cell numbers persisted
across most cell types, although the trend for increased BAMs in the ipsilateral

hemisphere does not reach statistical significance (Figure 3-12).

Anti-inflammatory macrophages were reported at higher frequencies over pro-
inflammatory macrophages 7 days to 21 days after stroke (Wattananit et al.,
2016). Here we observed elevated numbers of M2-like cells up to 2 weeks after
tMCAo (Figure 3-11). This indicated that the beginning of resolution of
inflammation may not start until after this timepoint in our model, highlighting
the need to investigate cell numbers at a more chronic phase after tMCAo.
Although one month post ischaemia microglia numbers were still elevated in the
ischaemic brain compared to sham (Figure 3-13, Figure 3-16), the numbers of BAMs
and M2-like macrophages did not differ significantly between stroke and sham
during this chronic phase (Figure 3-13). BAMs remained about 5% of all detected
leukocytes in the ipsilateral hemisphere (Figure 3-13) at all timepoints, apart from
in the chronic phase, potentially because of a decrease in the expression of CD206
and Lyve1 at this timepoint, or because their self-renewal happens over a longer

timescale compared to that of microglia.

Microglial numbers, activation and phenotypes can be detected during the sub-
acute, and chronic phases of ischaemicstroke (Gulyas et al., 2012, Morrison and
Filosa, 2013, Yan et al., 2015). Peak microglia accumulation was observed in the
subventricular zone of rat brains 6 weeks after 2h tMCAo, indicative of the long-
term involvement of microglia in the resolution of neuroinflammation (Thored et
al., 2009). Microglia numbers were consistently elevated in the ischaemic
hemisphere into the chronic phase after tMCAo (Figure 3-6, Figure 3-10, Figure
3-13).
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3.4.4 Limitations

The ARRIVE guidelines stipulate allocating animals to experimental groups by
randomisation, blinding experimental procedures and using both female and male
animals (Kilkenny et al., 2010, Percie du Sert et al., 2020). Randomisation to sham
or stroke were omitted from the study design, which may have introduced
observer bias and allocation bias. While all animals were handled and assessed
using standardised procedures to minimise variability, this is a clear limitation of
the study. Future studies must also incorporate random allocation to surgery to
strengthen internal validity. Outcome measures were based on objective,
quantifiable data, reducing subjective interpretation, but in future work, blinding
data collection by concealing tissue identity prior to processing samples for flow
cytometric analysis would be necessary. Infarct analysis was blinded by changing
data file names and keeping a key to decode the original names must be
incorporated to reduce bias. This can be incorporated for flow cytometric and
immunofluorescent analyses in future. Additionally, female mice were excluded
from the study design, which limits the generalisability of the findings across sexes

and must be addressed in future experiments.

3.4.4.1 Flow cytometric analysis limitations

Brain atrophy is synonymous with chronic infarcts in clinical stroke (Lee et al.,
2010). It was recently reported that 1 month after tMCAo ipsilateral volume is 6%
smaller than contralateral (Morais et al., 2024), with hippocampal atrophy
becoming significant at this timepoint (Brait et al., 2021). Therefore, the amount
of tissue analysed at 1 month after tMCAo in the presented study must also have
been considerably less in the ipsilateral hemisphere than in the contralateral and
sham hemispheres, which might explain the lack of increase in numbers at this
timepoint (Figure 3-13, Figure 3-14). Another potential limitation of the study
pertains to the gating strategy. A recent paper has described a CD45Lyvet*
population of perivascular macrophages (Siret, 2021), indicating that some BAMs
were potentially not quantified by the flow cytometric analysis, potentially
resulting in underestimating the total numbers of BAMs detected. However, given
that lymphatic endothelial cells also express Lyve1, it is undoubtedly difficult to
distinguish BAMs from these cells without narrowing down the phenotype to

expression of a pan-immune cell marker and may have been obtainable in this
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study by post-hoc gating for CD45°CD11b*Lyve1* cells to reveal the frequency of
these cells.

3.4.4.2 Semi-quantification of CD206*aSMA* and CD206*Lyve1* cells on day 3
after tMCAo

Since the flow cytometric analyses differentiate cells based on marker expression
without regard for anatomical location, an immunofluorescence method was used
to recognise cells co-expressing CD206*aSMA* in proximity to arterioles. This
approach allowed the exclusion of CD206* cells, which were identified out width
the perivascular space (Figure 3-18). The semi-quantification of CD206*aSMA* cell
numbers found no significant differences in the stroke versus contralateral
hemispheres on day 3 (Figure 3-21), despite the flow cytometric quantification
identifying about a 50-fold increase in CD45*"¢"CD11b*CD206* cells in the
ipsilateral versus contralateral hemispheres, that was however not statistically
significant (Figure 3-7). CD206*Lyve1* cells were detected to a similar degree in
both hemispheres on immunofluorescent images, while there were 40 times more
CD45*MehCD11b*CD206*Lyve1* cells in the ischaemic hemispheres compared to
their contralateral counterparts at day 3 (Figure 3-9). This is likely due to the
semi-quantitative nature of the immunofluorescence cell counting analysis, which
detects cells in a small volume of space from 10 um sections. Analysing cell counts
across a greater number of sections across the same brain region would have
increased the accuracy of the quantification, allowing for volumetric cell number
comparisons. Additionally, investigating localisation across different timepoints,
with concomitant labelling of the glia limitans or markers of remodelling, would
have allowed the study of potential BAMs migration during the different stages of

stroke.

It is also possible that there is a large fraction of CD206*Lyve1* cells in the choroid
plexus, which is more challenging to study on coronal sections and might be better
investigated in sagittal sections (Goldmann et al., 2016). The fraction of BAMs in
the choroid plexus receives partial replenishment from the periphery (Goldmann
et al., 2016) and the higher numbers of CD206*Lyve1* detected in the ischaemic
hemisphere by flow cytometry could contain cells, which have just undergone

repopulation in this anatomical region.
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Another limitation to this study is that the brain excavation method used
inadvertently destroys the dural meninges, so dural BAMs subtypes were omitted
in these analyses. A refinement method that preserves the dural meninges such
as the whole-mount meninges would be needed to investigate the contribution of
dural BAMs towards the total BAMs count (Derecki et al., 2015)(Louveau et al.,
2018).

3.4.4.3 BAMs in the infarct versus peri-infarct

To understand if BAMs have direct roles in infarct development and/or resolution
of inflammation, their localisation with respect to the infarct and peri-infarct was
explored. In this study there were no differences in the frequency of BAMs
observed in those regions (Figure 3-22). Previously a preferential accumulation of
PVMs was reported in the perivascular spaces of the peri-infarct versus the infarct
(Rajan et al., 2020), suggesting that BAMs may be mobilised along the perivascular
spaces towards areas with salvageable tissue. It is perhaps possible that the
observed upregulation of CD206 and CD169 in the periphery of infarction by Rajan
and colleagues’ is due to cell death of BAMs in the infarct core. BAMs are
recognised as a very heterogeneous population (Mrdjen et al., 2018, Jordao et al.,
2019, Van Hove et al., 2019), so some subsets may preferentially mobilise to the
peri-infarct areas in a reparative capacity, while others execute more deleterious
roles in the infarct, resulting in the equal numbers detected across these two
regions. Therefore, additional markers such as CD36 or Arg-1 would be needed in
these analyses that can resolve BAMs’ potential sub-functions after ischaemic

stroke.

A limitation to this immunofluorescent analysis is that the peri-infarct zone was
estimated in four areas around the infarct (Figure 3-1). Images with higher
magnification (10x, 25x and 40x) were chosen in this study and are often presented
in articles, which have investigated differential expression of genes between the
infarct and peri-infarct regions immunofluorescently (Shimada et al., 2010,
Pedragosa et al., 2020, Jiang et al., 2017). This offers better visualisation of
anatomical structures such as arterioles, but compromises depiction of the whole
hemisphere and therefore accurate presentation of the core and peri-infarct
regions within a single image. Guiding the identification of the infarct core using

a thionin-stained brightfield image is not ideal, highlighting the need for a more
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reproducible method for distinguishing the regions of the peri-infarct from infarct
core. A method commonly reported in the literature involves approximation of the
peri-infarct as 500 ym laterally and medially to the edge of the infarct core (Ohab
et al., 2006, Jiang et al., 2017), which is flawed by determination of the edge in
the first instance. Researchers with access to imaging equipment with motorised
stages and long hours of use have the ability to record dozens of images per section
and use a stitching algorithm to generate high-volume, high-quality data. It has
been reported that this allows to determine infarct size by cresyl violet staining
and overlaying a mask onto an immunofluorescent image (Garcia-Bonilla et al.,
2016). Additionally, to investigate if any preferential localisation of BAMs in the
peri-infarct compared to the infarct core occurs independently from of
proliferation, but due to region-specific higher or lower viability, adding a method

that identifies DNA breakage such as TUNEL may be advantageous in the future.

3.4.4.4 Proliferation of BAMs

Proliferative bursts are known to occur after acute inflammation in tissue
macrophages (Davies et al., 2011), driven by signals released from the infarct such
as cytokines, which can activate a family of Janus kinases (Jaks) to cause
proliferation or the Akt/PKB signalling pathway. The flow cytometric analyses
presented here showed elevated numbers of BAMs up to a week after tMCAo
(Figure 3-12), suggesting that BAMs are proliferating in response to the ischaemic
insult. RNA sequencing data from another study has shown that CD163* BAMs
upregulate genes for transcription factors implicated in proliferation such as Csf1,
Ki-67, cyclin-dependent kinases (Cdk) and protein regulator of cytokinesis 1 (Pcr1)
(Rajan et al., 2020). These authors showed that 72 hours post tMCAo CD163* cells
co-localised with Ki67, along with expression of genes connected to cell cycle
phase transition and mitotic nuclear division compared to sham controls,
supporting a proliferative profile for BAMs during the period of infarct
development. An antibody against Ki67 had previously been optimised in our lab
for immunofluorescent analyses (cf. Appendix Figure 7-2) and since this marker is
upregulated during the active phases of the cell cycle (G2 and M), it was chosen
to investigate BAMs proliferation. However, in this study CD206 and Lyve1 failed
to colocalise with Ki67 (Figure 3-23), potentially as the majority of BAMs were not
in the active phase of the cell cycle at the point of investigation. While the likely

mechanism behind the observed increase in BAMs numbers remains proliferation,
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a definitive confirmation needs more work. Alternative methods to investigate
cell proliferation include assays based on rate of deoxyribonucleic acid synthesis
using radioactively labelling with 3H-thymine, flow cytometric analysis of 5-
bromo-2’deoxyuridine (BrdU), or by measuring the metabolic activity where the
reduction potential of cells for tetrazolium or resazurin salts is investigated in a
colorimetric assay (Vega-Avila and Pugsley, 2011). Further, a bioluminescence-
based assay using luciferase and its substrate luciferin measures the intracellular

concentration of ATP could be deployed.

3.4.4.5 Replacement of BAMs by peripheral monocytes

Since proliferation was not conclusively determined, an alternative hypothesis is
that BAMs are either solely replaced by peripheral monocytes, or this process
occurs concomitantly with proliferation. BAMs attract granulocytes through
expression of CCL2 to infiltrate into the ischaemic brain (Pedragosa et al., 2018)
and recent evidence indicates that depletion of PVMs and meningeal BAMs in
disease states results in their replacement by peripheral monocytes through the
CCL2-CCR2 axis (Wang et al., 2024). Therefore, any BAMs that have undergone
apoptosis or necrosis in the affected MCA territory are potentially replaced by
infiltrating CCR2* monocytes, which may adopt a BAM-like phenotype (Dalmau
Gasull et al., 2024). In chimeric mice with bone marrow transplants from
CX3CR1CGFPCCR2%P mice, about 30% of CD169* cells post ischaemic stroke
originated from CX3CR1*CCR2* patrolling monocytes (Rajan et al., 2020),
suggesting that while a significant fraction of cells is replenished through a
peripheral mechanism, accumulation through proliferation is still plausible. This
mechanism of recruitment of BM-derived monocytes to the CNS is similar in a
mouse model of Alzheimer's disease, where circulating monocytes are recruited
to cerebral vessels in a CCR2-dependent manner, contributing to the perivascular
BAMs pool (Mildner et al., 2011). In experimental autoimmune encephalomyelitis,
BAM proliferation occurs alongside continuous monocyte infiltration until peak
disease severity (Jordao et al., 2019). In an endotoxemia model,
TNFa/angiopoietin 2-dependent pathways promote monocyte adhesion to brain
capillary endothelium (Audoy-Rémus et al., 2008). This was followed by
transmigration across the BBB, proliferation, and adoption of a BAM phenotype;
expression of CD11b, CD163, and stabilin-1 and elongated morphology. CD206*

cells derived from the circulation would highly express Ccl(2, while BAMs are known



Chapter 3 91

to upregulate Ccl5 in disease states (Jordao et al., 2019), perhaps providing an
avenue to differentiate these cells in future investigations. It will ultimately be
particularly important to investigate whether infiltrating monocytes, which have
converted into BAMs, also acquire some of the previously reported bona fide
functions of BAMs after tMCAo, such as enhancing granulocyte chemotaxis,
secretion of VEGF and increasing BBB permeability (Pedragosa et al., 2018),

antigen presentation (Rajan et al., 2020), discussed further below.

3.4.5 Ability of BAMs to migrate from the borders to the
parenchyma

In mice, CD206* and CD163* cells were found in the brain parenchyma after MCAo,
suggesting migration of BAMs from the CNS borders into the ischaemic parenchyma
(Rajan et al., 2020). In rats 4 days post tMCAo it was reported that CD169* cells
but not CD206* cells accumulate in the parenchyma (Rajan et al., 2020), and the
authors made a similar observation that it was not possible to conclusively identify
these cells as either migrated BAMs or microglia overexpressing CD169. During
homeostasis both perivascular and meningeal macrophages have relatively fewer
projections and display less motility as described by in vivo imaging (Nayak et al.,
2012). However, it is plausible that under ischaemic conditions cell behaviours
may be altered and may become more akin to juxtavascular microglia, which are
a subset of microglia known to make direct contact with the glia limitans and have
been documented responding to injury by moving along brain microvessels
(Grossmann et al., 2002). A putative mechanism for BAMs migration could involve
upregulating matrix metalloproteinases (Rajan et al., 2020) to break down
extracellular matrix. In this study some CD206* cells were found remotely from
the perivascular space, however to investigate transmigration of BAMs from the
CNS borders across the glia limitans, an additional marker such as glial fibrillary
acidic protein (GFAP) or markers for extracellular remodelling (Mmps, collagens)
would be needed.

3.4.6 Functional roles of BAMs

As discussed above, although we are gaining understanding on the functions of
BAMs in the acute phase of stroke, no investigation to date has covered their long-

term roles after stroke. BAMs may exert effects on brain repair through promoting
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angiogenesis and glial remodelling, since they upregulate VEGF expression in
endothelial cells (Pedragosa et al., 2018). However, since this process may be
limited by the rate of sprouting, which typically occurs after day 3 and day 7 after
MCAO (Kanazawa et al., 2017a), BAMs may only begin to support repair in the
subacute phase. Additionally, Pedragosa et al. noted that the increased VEGF
production by BAMs caused pial and cortical vessels permeability (Pedragosa et
al., 2018), and BAM depletion was able to reverse vascular permeability in another
study (Drieu et al., 2022).

The functional importance of BAMs has been extensively investigated using a
pharmacological ablation with liposomal clodronate (Polfliet et al., 2001, Galea
et al., 2005, Hawkes and McLaurin, 2009, Serrats et al., 2010, Park et al., 2017,
Santisteban et al., 2020, Pedragosa et al., 2018, Drieu et al., 2020). BAMs
phagocytose the liposomal particles, facilitating the release of a toxin to trigger
apoptosis (Galea et al., 2005). BAM ablation in rats by intracerebroventricular
(i.c.v) injection of clodronate 4 days prior to stroke did not affect lesion size after
tMCAo on a thionin-stained histological assessment (Pedragosa et al., 2018) but it
conferred reduced numbers of infiltrating granulocytes to the ischaemic cortex
and a better functional recovery in the hyperacute period (16 hours) after stroke
(Pedragosa et al., 2018). Another study also refuted a role for BAMs on impacting
infarct volume in mice, demonstrating a lack of infarct size reduction on a T2-
weighted MRI by BAMs ablation 5 days prior to tMCAo (Drieu et al., 2020).
Interestingly, in the same study they demonstrated that alcohol exposure in
clodronate treated animals reduced infarct volume, indicative of specific roles of
BAMs in neuroinflammatory priming associated with alcohol consumption in
stroke, while a mechanism for this is currently unreported. A more recent article
reported that clodronate depletion 1.5 days prior to tMCAo reduced infarct volume
by 50% and improved neurological burden 24 hours post stroke (Yu et al., 2025).
It remains unclear how BAMs may have such a profound effect on infarct size from
their anatomical locations, and strengthens the hypothesis that they exert these

roles through migration to the infarct and peri-infarct areas.

3.4.7 Future work

BAMs depletion using i.c.v. injection of clodronate was originally going to be

employed to study BAM functions after tMCAo by deploying laser speckle contrast
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imaging (LSCI) to investigate in vivo CBF following stroke but was not feasible due
to the time restrains for this project. This approach would allow examining the
impact of BAMs on brain function in a longitudinal study at different timepoints.
Performing the investigation in the same cohort of mice would not only reduce
the number of animals needed but also allow to robustly investigate the
neuroinflammatory profile exerted by these cells over time. Most importantly,
invaluable insights about ischaemic brain function could be gleaned by BAM
depletion, which would be more laborious to investigate through different
experimental approaches. However, the clodronate depletion method has
disadvantages too. It requires drug delivery using a stereotactic frame, which
requires an elaborate procedure, and it was reported to also deplete Iba1* resting
microglia (Cunningham et al., 2013), and only lasts about 2 weeks before BAMs
replenish from niche-specific stem cell progenitors (Goldmann et al., 2016),

rendering this unsuitable for the study of chronic changes after tMCAo.

Over the last 5 years there has been an expansion in the arsenal of genetic tools
available to study the functions of BAMs in homeostasis and disease. Reporter mice
using Cre recombinase-mediated mutagenesis such as and BAMs were
demonstrated to control CSF influx in the meninges using a similar Lyve1¢e
reporter mouse (Drieu et al., 2022). More recently a novel Mrc1¢etR reporter
mouse has been generated to study the roles of BAMs in glioblastoma (Petrova,
2024) and Mrc1¢ERT2 reporter mouse was used to reveal the roles of BAMs in
interacting with meningeal T lymphocytes in hypertension-induced cognitive
impairment (Santisteban et al., 2024). Another novel tool to discern embryonically
derived microglia and BAMs from peripheral monocytes uses the microglia specific
gene Crybb1 (Brioschi et al., 2023), and will be of utility in distinguishing post
stoke contributions of microglia from BAMs and peripheral monocytes. Moreover,
since single promoter Cre models may report on the activity of multiple cell types
containing that promoter, recent advances involve creating a binary Cre
recombinase, consisting of two complementary fragments, which recognise the N-
terminus of one promoter and the C-terminus of another, and allowed for the
generation of Lyve1": Cx3cr1 mouse to study BAMs and Sall1"“¢: Cx3cr1¢<® to
investigate microglia (Kim et al., 2021a). Studies using a reporter mouse can

investigate the mechanisms of recruitment of granulocytes by BAMs and their
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potential migration into the parenchyma using advanced methods such as two-

photon imaging (Wang et al., 2024).

CSF1 is a cytokine which controls the production, differentiation, and function of
macrophages. The colony stimulating factor 1 receptor gene (Csf1r) is expressed
in both macrophages and microglia (Rojo et al., 2019). It was recently reported
that deletion of Csfr1 in cells, which differentially express Lyve1, confers BAM
depletion and allows to investigate their functions in the glymphatics (Drieu et
al., 2022). Since the effect of clodronate on BAMs depletion is reasonably short-
lived (as discussed above), to investigate the impact of BAMs depletion in the
chronic phase after stroke, an Lyve1¢¢fP- Csf1r//fl BAMs depletion mouse could be
utilised. One of the strains has a targeted insertion of a Lyve? allele, and the
Lyve1 promoter drives the expression of Cre recombinase with enhanced green
fluorescent protein (EGFP). The other stain is Csf1r//fUmice, which
possesses [oxP sites flanking exon 5 of Csf1r gene to excise Csfir in tissues
expressing a promoter of interest. These two strains were obtained from the
Jackson laboratory for this project and the Lyve 1¢¢fP strain was going to be crossed
with Csf1rUf! mice to study the role of Lyve1 expressing BAMs in the context of
stroke. It was intended to study differences in CBF after stroke by LSCI resulting
from BAM depletion, alongside with neurological scoring and infarct size.
However, due to breeding issues and time constrains, this was not feasible within
this project but would be interesting to investigate further. An alternative
depletion approach would be to cross another one of the above-described Cre

reporter mice to the Csf1r///! mice.
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4.1 Introduction

In response to infection or inflammation macrophages upregulate genes that
generate high amounts of reactive oxygen and nitrogen species such as NO (Bosca
et al., 2005). NO can in turn increase the expression and release of pro-
inflammatory cytokines such as TNFa and IL-1B from macrophages (Wu et al.,
2003). The inducible isoform (iNOS) generates sustained and large amounts NO to
support the cytotoxic functions of macrophages in tumours (Kashfi et al., 2021).
However, iNOS expression in myeloid cells suppresses the M2-like phenotype (Lu
et al., 2015). NO influences macrophage metabolism by interacting with
components of the electron transport chain and so iNOS-derived NO controls

macrophage mitochondrial function (Palmieri et al., 2020).

DDAH?2 is the only isoform expressed in macrophages (Figure 1-7) that modulates
NO biosynthesis by metabolising NOS inhibitors such as the methylarginines ADMA
and mono methylarginine (L-NMMA) (Leiper and Nandi, 2011). Genetic deletion of
DDAH2 in macrophages results in impaired macrophage motility, phagocytosis and
cytokine production (Ahmetaj-Shala, 2013). RNA sequencing data from Professor
Leiper’s laboratory has demonstrated that DDAH2 regulates processes
atherosclerotic processes in M1-like macrophages, as genes associated with
apoptosis, cell adhesion, lipid binding, and monocyte differentiation were found

to be differentially expressed in peritoneal macrophages (Alanazi et al., 2022).

Both ADMA and L-NMMA downregulate NO production in RAW 264.7 macrophage
cell line, and ADMA (25 mM) or L-NMMA (50 mM) decrease iNOS expression in these
cells (Pekarova et al., 2013), while the mechanism by which this occurs has not
been confirmed. Protein levels of DDAH2 are detected in many cell types and
organs, including macrophages (Lambden et al., 2015), neurons (Kozlova et al.,
2021), and the whole brain (Gao et al., 2024, Ragavan et al., 2023). In mice DDAH2
regulates iNOS-NO mediated macrophage function and immune responses
(Lambden et al., 2015, Lange et al., 2016, Huang et al., 2021). Absence of DDAH2
reduces phagocytosis and motility in peritoneal macrophages, along with
increased intracellular ADMA (Ahmetaj-Shala, 2013), demonstrating that DDAH2
regulates nitric oxide (NO) mediated functions in macrophages along the DDAH2-
ADMA-iNOS signalling pathway. However, global DDAH2 deletion in healthy mice

reduced vascular responsiveness through modulation of methylarginines such as
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ADMA and monomethyl arginine (L-NMMA), acutely raised circulatory ADMA, which
increased blood pressure, and reduced survival rate in a model of polymicrobial
sepsis (Lambden et al., 2015). Therefore, selective deletion of DDAH2 in
macrophages has been developed and the role of DDAH2 in mouse peritoneal
macrophage function was reported (Lambden, 2016). Despite the evidence for a
role of each of the components of the DDAH2-ADMA-iNOS pathway in macrophage
function, implications of disruptions along this signalling pathway in primary

cerebral macrophages in the context of ischaemia is completely unreported.

In vitro models of brain ischaemia typically involve metabolic inhibition induced
through application of chemicals such as a dual treatment with 2-deoxyglucose
and antimycin (Sundaram et al., 2016) or sodium azide (Marino et al., 2007) and/or
glucose deprivation to neuronal cultures (Carpanese et al., 2014). These methods
allow the study of specific mechanisms and pathways, which would otherwise be
masked by the complex inputs from numerous interconnected systems in vivo.
Intermittent hypoxia for 4 hours has been shown to increase the expression of
iNOS in cultured RAW264.7 macrophages (Baumgardner and Otto, 2003). A hypoxic
challenge in isolated primary murine macrophages induced a 4-fold increase in
iNOS over control, an increase in DDAH2, reduced ADMA, and increased NO
(Lambden et al., 2016). This was replicated in macrophages from macrophage
specific DDAH2 knockout mice in the same study, which showed a decrease in NO
production and a modest increase in ADMA. In the hereby presented work
macrophage culture was subjected to the most frequently used model of in vitro

cerebral ischaemia - oxygen and glucose deprivation (OGD).

Isolation of brain resident macrophages such as microglia offers the opportunity
to examine their transcriptome in healthy and stroke mouse brains and offers the
possibility to validate genes found to be dysregulated in ischaemia stroke from
previous studies or databases such as the Gene Expression Omnibus database.
Magnetic activated cell sorting (MACS) typically involves passing cells through a
column composed of ferromagnetic spheres (0.1-0.5 ym in diameter) by using a
magnetic field. The spaces in the column are several times larger than
macrophages, which are 20-30 ym in diameter, which allows the capture of up to
10° cells. This versatile technology was developed in the 1980s (Miltenyi et al.,

1990) and has recently been adapted for isolation of CD11b* cells such as
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monocytes, macrophages and microglia (Bordt et al., 2020)(Schroeter et al.,
2021). CD11b is a B2 integrin important in leukocyte recruitment to sites of
inflammation, to mediate adhesion to the immunological synapse of T cells, and

to regulate both pro- and anti-inflammatory signalling (Schittenhelm et al., 2017).

Several compounds modify the expression or activity of the DDAH enzymes (Leiper
and Nandi, 2011, Murphy et al., 2016). Some of these compounds feature selective
inhibition of DDAH1 such as N°-(2-methoxyethyl)-l-arginine methyl ester (also
known as L-257) (Rossiter et al., 2005, Leiper et al., 2007). Additionally,
investigating the effects of the DDAH1 enzyme has been enhanced by the
availability of pharmacological potentiation of DDAH1 through agonism at the
farnesoid receptor X (Liu et al., 2013), DDAH1 knockout mice (Hu et al., 2009),
including an endothelial-specific DDAH1 mice (Dowsett et al., 2015) and
transgenic overexpression of DDAH1 in mice (Gao et al., 2024). However, selective
pharmacological inhibition of DDAH2 is currently unavailable and there is lack of
methods for pharmacological potentiation of the activity of DDAH2 other than
transient overexpression, which has so far only been reported in studies of the
endothelium (Hasegawa et al., 2006). Genetically ablating DDAH2 globally has
hypertensive effects (Lambden et al., 2015, Lange et al., 2016) and in the context
of stroke, it would be important to distinguish the roles of DDAH2 in macrophages
from those in endothelial cells or neurons. Specifically deleting DDAH2 in
monocytes (and therefore tissue macrophages) by targeted insertion of cre
recombinase cDNA into the endogenous M lysozyme locus (LysM), encoded by Lyz2,
(Clausen et al., 1999), presents a strong investigational tool to unravel the roles
of the DDAH2 enzyme in inflammatory conditions such ischaemic stroke. Indeed,
a monocyte/macrophage specific DDAH2 mouse (DDAH2M°/-) has been generated
(Lambden et al., 2015).

The mouse M lysozyme is a glycoside hydrolase that functions to protect cells from
bacteria as part of the innate immune system. It is constitutively expressed in
adulthood and has been identified in seminal work from Cross and colleagues as a
myeloid lineage marker (Cross et al., 1988). Albeit microglia are not of myeloid
origin, Lyz2 was previously reported to be functionally expressed in subsets of
microglia, with 10% of CD45"t cells, a quarter of hippocampal and cerebellar

microglia, and 5% of motor cortex Iba-1* cells (Orthgiess et al., 2016). More
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recently, using the Lyz2-Cre system has achieved up to 50% target gene
recombination in microglia (Sarkar and Lipinski, 2024), suggesting that in the
DDAH2M-"-mouse potentially up to half of the microglia population would be
lacking in Ddah2. Therefore, if microglia were indeed found to express Ddah2,
validating a Ddah2 knockout in at least a proportion of these cell would be

expected.

As demonstrated in Chapter 3 microglia constitute most resident macrophages in
the naive and stroke brain, necessitating a confirmation of a potential deletion of
DDAH2 in these cell types in addition to macrophages. The expression of Ddah2 in
brain resident macrophages such as microglia is relatively unexplored. RNA
sequencing data suggests that Ddah2 is expressed at 4-fold lower levels in
microglia from adult P100 mice, compared to one of the canonical microglial
markers Cx3Cr1 (Figure 4-1). However, a recent report suggested that DDAH2

protein expression was lacking in microglia in adult mice (Kozlova et al., 2021).
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Figure 4-1. Comparison between the expression levels of Ddah2 and Cx3cr1 in
microglia. A) (top) tSNE plot showing Ddah2 expression is sparse and does not show
sub clustering patterns within microglia; (bottom) Ddah2 expression in adult
(P100) male mice in unique molecular identifier (UMI) counts. B) (top) tSNE plot
showing Cx3cr1 expression is dense and ubiquitous; (bottom) Cx3cr1 expression in
adult (P100) male mice is around 20,000 UMI. Figure created from an RNA
sequencing data set (Hammond et al., 2019) available at
https://microgliasinglecell.com

4.1.1 Chapter hypothesis and aims

It was hypothesised that ischaemia upregulates the expression of DDAH2 in
macrophages and that lack of DDAH2 in macrophages leads to altered macrophage

function.

The first aim was to isolate primary brain macrophages and to validate deletion

of DDAH2 in macrophages and microglia.


https://microgliasinglecell.com/
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The second aim of this study was to determine Ddah2 mRNA expression in hypoxic
conditions in macrophages in vitro and to investigate the effect of cerebral

ischaemia-reperfusion on protein expression of DDAH2 in single hemispheres.

The third aim was to investigate the effect of DDAH2 deletion on the expression
of key pro- and anti-inflammatory genes in macrophages as a proxy for

macrophage phenotype.

A HOMEOSTASIS B ISCHAEMIA C  DDAH2Mo--
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Figure 4-2. The putative mechanism by which DDAH2-ADMA-iNOS pathway controls
macrophage phenotype in ischaemia. A) Under homeostatic conditions NO
production in monocytes and macrophages is regulated by asymmetric
dimethylarginine (ADMA), whose levels are in turn enzymatically controlled by
DDAH2. B) During ischaemia, nitric oxide is produced in excess by iNOS, and DDAH2
modulation may be involved in the preservation of this signalling. C) In deleting
DDAH2 it was hypothesised that monocyte/macrophage levels of ADMA can be
augmented, suppressing the activity of iNOS and reducing NO over-production.
Figure created on BioRender.

4.2 Methods

4.2.1 Animals

In this chapter a total of 40 male C57BL6/J mice underwent transient middle
cerebral artery occlusion (tMCAo) for Western blot (WB) analyses - 16 mice (8
stroke, 8 sham) for 24 hours and 20 mice (10 stroke, 10 sham) for 72 hours. Twelve
male C57BL6/J mice were used for peritoneal macrophage harvest and qRT-PCR
optimisation. Ten male C57BL6/J mice were used for monocyte, macrophage, and
microglia isolations. Eight female monocyte/macrophage specific (DDAH2Mo-/-)
mice and 8 female littermate control mice (DDAH2"VT) were used for monocyte,

macrophage, and microglia isolations. Eight male monocyte/macrophage specific
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(DDAH2M-/-) mice and 8 male littermate control mice (DDAH2"") were used for
peritoneal macrophage harvest and qRT-PCR analyses. All mice were 8 - 16 weeks
of age, and weighed 23 + 3g. DDAH2M/- and DDAH2V"' mice were generated as
described in section 1.1.3 in General Methods and breeding pairs were obtained

from Professor James Leiper and Dr Laura Dowsett’s group.

4.2.2 Animal sacrifice and tissue collection

For peritoneal macrophages harvest and for the stroke and sham mice, animals
were sacrificed by a rising concentration of CO; (Schedule 1 of the Act) followed
by decapitation. For flow cytometric analyses mice were transcardially perfused
with 0.9% saline under terminal anaesthesia with 5% isoflurane, brains were

harvested and placed in ice cold PBS and the tissue was immediately used.

4.2.3 tMCAo

For protein expression experiments using WB after focal cerebral ischaemia-
reperfusion was induced using the intraluminal filament method, as described in
General Methodology Section 2.2.1. Briefly, stroke mice and sham matched
controls were anaesthetised with isoflurane and a filament was inserted into the
internal carotid artery and passed up until it reaches the origin of the middle
cerebral artery (MCA) for 60 min. In sham controls all surgical procedures were
the same except for the insertion of the filament. For WB analyses brains were
harvested at 24 or 72 hours after stroke induction, snap frozen in liquid nitrogen
and stored at -80°C until use. The surgeries for these samples had been conducted

prior to my research time by Dr Alyson Miller and Dr Arun Flynn.

4.2.4 Dissociation of mouse brains

The cerebral hemispheres from freshly isolated naive mouse brains (C57BL6/J,
DDAH2Mo/- and DDAH2V") were dissected. Each hemisphere was divided into 3
pieces and incubated in digestion buffer (2 mg/mL collagenase A, 28 U/mL
DNase I, Hank's Balanced Salt Solution (HBSS) without calcium/magnesium, 5%
FBS,10 uM HEPES (Bordt et al., 2020) and dissociated with mechanical agitation
every 10 minutes for 30 minutes at 37 °C on a heat block. Dissociated tissue was
then passed through a 70 pym nylon filter and resuspended in HBSS. Cells were then

centrifuged for 5 minutes at 300g (4°C). Cell pellets were resuspended in 30%
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Percoll, mixed well by pipetting, and overlayed onto 70% Percoll. The cells were
centrifuged for 20 minutes at 340 g, with no brake. The myelin sheath disc was
aspirated using a vacuum pump, and the cells in the interphase between the 30%
and 70% layers were recovered and transferred to a post-Percoll solution (1x HBSS
with calcium/magnesium, 5% FBS, 10 uM HEPES). A typical isolation yielded 2 x
10 cells/mL as determined by manual counting on a Burker chamber
haemocytometer using 0.4% trypan blue solution. To obtain cells for downstream
applications such as validation of the monocytes specific DDAH2M°-/- and
expression of key immune cell function genes abrogated in tMCAo, several

methods of isolation were employed (Figure 4-3).

4.2.5 Magnetic activated cell sorting (MACS)

Isolation of CD11b* cells was performed following a recently published
methodologies (Bordt et al., 2020)(Schroeter et al., 2021) using a digestive buffer
different from that used in Chapter 3.

4.2.5.1 Plate based MACS isolation

MACS was employed to isolate CD11b* cells in cell suspensions from naive
C57BL6/J mouse brains. Cell suspensions obtained by dissociation of brain
hemispheres (section 4.2.4) were counted and a typical isolation yielded 500,000
cells/hemisphere as determined by manual counting on a Burker chamber
haemocytometer. Cells were seeded at 5000 cells/mL into round-bottom 96-well
plates (Corning, 10520832) placed on a magnetic plate (18102 EasySep Magnet,
Stemcell Technologies). A Selection Cocktail (1:1 Component A: Component B)
was prepared at 35 pL of cocktail per 1 mL of sample (18970 EasySep Mouse CD11b
Pos Slctn Kit I, Stemcell Technologies), incubated for 5 minutes at RT, added to
the cells, mixed thoroughly, and incubated for 5 minutes at RT. The cells were
then incubated with 80 uL/mL RapidSpheres magnetic beads for positive selection
for CD11b* cells for 5 minutes at RT. Cell suspensions were topped up to 250 pL
with MACS buffer consisting of PBS, pH 7.4; 1 mM ethylenediaminetetraacetic acid
(EDTA), and 1% BSA, mixed by pipetting and incubated on the magnetic plate for
5 minutes at RT to allow magnetic separation. The supernatant was aspirated,
fresh buffer was supplied, and the plate was removed from the magnet. The

isolation step was repeated 3 times, and the isolated cells were resuspended in
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500 pL of flow cytometry buffer containing 0.5% BSA + 0.4 % sodium azide in PBS.
The cells were stained with antibodies against CD11b and the pan-leukocytic
marker CD45, which are expressed by myeloid cells and microglia. The stained
cells were analysed by immunophenotyping using flow cytometry, to determine if
the isolation contained a relatively similar population of CD45*CD11b* microglia

and myeloid cells as obtained in Chapter 3.
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Figure 4-3. Flow diagram of the cell isolation experimental approach. This was
used to obtain microglia, macrophages, and monocytes for downstream
applications such as validating the monocytes/macrophage-specific knockout
DDAH2M - / - and differential expression of genes important for macrophage
function in homeostatic and ischaemia-reperfusion conditions.
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4.2.5.2 Column based MACS isolation

Another MACS approach was also employed to isolate CD11b* cells. Single cells
obtained by dissociation described in Section 4.2.4 were centrifuged for 5 minutes
at 300 g, 4°C and pellets re-suspended in 90 pyL MACS buffer consisting of PBS, pH
7.4; 1 mM EDTA, and 1% BSA. The cell suspension was then incubated with
magnetic microbeads (10 pyL/sample), which positively select for CD11b* cells
(Miltenyi Biotec,130-093-634) for 15 minutes, washed with 1 mL of MACS buffer,
centrifuged for 5 minutes at 300g (4°C). Magnetic columns (MACS Separation
Columns (LS): Miltenyi 130-042-401) were prewashed with 3 mL of MACS buffer,
covered with 70 pm filters pre-wetted with HBSS and fitted into a QuadroMACS
Separator (Miltenyi 130-090-976) magnetically secured onto a MACS MultiStand
(Miltenyi 130-042-303). Cells were then resuspended in 500 pyL of MACS buffer and
transferred to the columns. The columns were washed 3 times with MACS buffer
and CD11b" cells (negative control) were collected in Falcon tubes. The columns
were removed from the magnet, and cells plunged out of the column and eluted
in 10 ml of MACS buffer.

4.2.6 Verification of the identity of MACS isolated cells using
flow cytometry

To verify the identity and determine the purity of the MACS isolated cells,
immunophenotyping was performed by flow cytometry on BD FACS Canto Il
coupled with BD FACS Diva software as described in Section 1.4.6 in General
Methodology. To determine if the MACS isolated cells contained microglia, cells
were assessed for intermediate expression levels of CD45 and for expression of
CD11b, which should be positively selected by MACS. In view of characterising the
identity of these cells after tMCAo, as well as in the naive mouse brain, cells were
also analysed for expression of the fractalkine receptor CX3CR1 on microglia,
which assists in phagocytosis of neurons expressing CX3CL1 (fractalkine) (Harrison
et al., 1998, Fuhrmann et al., 2010, Olveda et al., 2024). CX3CR1 is upregulated
in response to cerebral ischaemia and reperfusion (Tarozzo et al., 2002), as well
as in acute and chronic inflammation in the rodent CNS (Hughes et al., 2002). The
identity of the isolated cells was determined as CD45™*CD11b*CX3CR1*. The
CD11b positive and negative samples were centrifuged for 5 minutes at 300g, 4°C,
and stained with a mixture of antibodies CD45-PE, CD11b-APC/Cy7, and CX3CR1-
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FITC, as detailed in Table 4-1. The cell suspensions were incubated for 25 minutes
at 4°C in the dark, washed in MACS buffer, centrifuged for 5 minutes at 300 g,
4°C, and resuspended in 50 uL MACS buffer.

Table 4-1. Antibodies for immunophenotyping myeloid cells and microglia with
flow cytometry and fluorescence activated cell sorting (FACS).

ANTIGEN FLUOROPHORE HOST ISOTYPE CLONE CONCENTRATION

(MG/ML)
CD45 PE Rat Ig2b, k 30-F11 0.5
CD11B | APC/Cy7 Rat Ig2b, k M1/70 1
CX3CR1 | FITC Mouse IgG2a, k  SAOT1F11  1.25
LY-6C | BV785 Rat 1gG2c, k HK1.4 1

F4/80 | PE-Cy7 Rat IgG2a, Kk BMS 2

4.2.7 Fluorescence activated cell sorting (FACS)
4.2.7.1 Microglia and cerebral macrophages

Microglia (CD45™*CD11b*CX3CR1%) and cerebral macrophages
(CD45"*CD11b*F4/80*) were isolated from freshly harvested brains from
DDAH2Mo-/- and DDAH2"/" mice by staining with antibodies listed in Table 4-1.
FACS was performed on BD FACS Aria Ilu or FACS Aria lll with a laser, filter and
mirror configuration described in Table 4-2. Sorting gates were established on
FACSDiva v9.0.1 software and the sort was conducted with 130 pym nozzle size and
sheath pressure 10 psi. The numbers of cell populations sorted were recorded and
data analysis was performed using FlowJo v10 10.8.1 (FlowJo, LLC, Ashland OR).
Sorted cells were collected in RNAse inhibitor containing FACS buffer and stored

in - 80 °C until use.

Table 4-2. FACS ARIA Ilu base configuration for sorting.

ANTIGEN FLUOROPHORE LASER FILTER MIRROR
LY-6C BV785 Violet Octagon 405 780/60 750LP
CX3CR1 FITC Blue Trigon 488 530/30 502LP
VIABILITY | PerCP-Cy5.5 Blue Trigon 488 695/40 655LP
CD45 PE Yellow Green Octagon 561  585/15 None
F4/80 PE-Cy7 Yellow Green Octagon 561  780/60 735LP
CD11B APC-Cy7 Red Trigon 640 780/60 755LP
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4.2.7.2 Peripheral monocytes

Peripheral monocytes (Ly-6C*) were isolated from blood and spleen from
DDAH2M- /- and DDAH2"/" mice by staining with an antibody against Ly-6C (Table
4-1). Blood was obtained by cardiac puncture during terminal anaesthesia with 5%
isoflurane. Spleens harvested from the same animals and cells were dissociated
by sequentially passing the tissue through a 70 ym and 40 ym filter, followed by
washing in PBS and centrifuging for 5 minutes at 500 g (4°C).

4.2.8 RNA extraction

RNA was extracted from RAW264.7 macrophages, primary peritoneal
macrophages, peripheral and cerebral monocytes, macrophages, and microglia
isolated using MACS or FACS using phenol-free based methods. Peritoneal
macrophages and RAW264.7 cells were lysed and homogenised with RNA lysis
buffer on ice. The lysis buffer contains guanidine thiocyanate, a salt capable of
protecting RNA from endogenous RNases. The lysate is then mixed with ethanol
and loaded on a purification column. Guanidine thiocyanate and ethanol cause
RNA to bind to the silica membrane while the lysate is spun through the column.
Afterwards, washing the column with wash buffers removes impurities from the
membrane. Pure RNA was then eluted under low ionic strength conditions with 20-
50 pl of nuclease-free water. RNA concentration and purity were determined using
NanoDrop ND-3300 Fluorospectrometer (Thermo Fisher). Lysates from RAW264.7
macrophages, primary peritoneal macrophages, and MACS isolated macrophages
and microglia were processed with the RNEasy Mini kit (Qiagen; 74104). Lysates
obtained from FACS isolated macrophages, microglia and monocytes were
processed with the RNEasy Micro kit (Qiagen; 74004) or the GeneJET RNA
Purification kit (Thermo Fisher; K0731). For the latter, the lysis buffer was
supplemented with 14.3 M B-mercaptoethanol and Proteinase K solution diluted
60x with TE buffer (10 mM Tris HCL, pH 8.0, 1 mM EDTA). All RNA samples were

placed on ice immediately for subsequent use or stored at -80 °C until further use.

4.2.9 Reverse transcription (RT)

RNA was converted by a reverse transcriptase to complementary DNA (cDNA)
templates in two steps using reagents from a QuantiTect kit (Qiagen; 205311).

First, to digest genomic DNA (gDNA) 2 ul of a gDNA wipeout buffer containing
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DNase | was added to 12 pl undiluted RNA, samples were incubated at 42 °C for 2
minutes and placed immediately on ice. Second, a master mix (1 pl of reverse
transcriptase, 1 pl reverse transcriptase primer mix and 4 ul RT buffer) was added
and mixed in, followed by an incubation at 42 °C for 15 minutes for primer

annealing and an incubation at 95 °C for 3 minutes for enzyme inactivation.

For samples obtained from isolation by FACS the RNA quantity and purity were
lower, so these samples were reverse transcribed to cDNA using a different kit
(Invitrogen™ SuperScript™ IV Reverse Transcriptase, Thermo Fisher; 11756050),
with higher sensitivity for degraded or unpurified RNA samples. To digest gDNA, 1
Hl ezDNAse enzyme and 1 pl of 10X ezDNAse buffer were added to 8 pl undiluted
RNA, mixed and incubated at 37 °C for 2 minutes and placed immediately on ice.
Superscript IV VILO Master Mix or Superscript IV VILO No Reverse Transcriptase
control (4 pl) was diluted in 6 pl nuclease free water (NFW) and added to the
samples. The samples were mixed and incubated in a PCRMAx Alpha Cycler 4
(PCRmax) at 25 °C for 10 minutes to anneal primers, followed by 50 °C for 10
minutes to reverse transcribe RNA and 85 °C for 5 minutes to inactivate the
enzyme. All cDNA samples were placed on ice immediately for subsequent use or

stored at -20 °C until further use.

4.2.10 Real-time quantitative polymerase chain reaction (RT-
qPCR)

Real-time quantitative PCR (RT-qPCR) was performed on cDNA samples for
expression of total mRNA using SYBR Green, which is a fluorescent dye that binds
to double-stranded DNA (dsDNA). When bound to dsDNA, the dye fluoresces
brightly, whereas it has low fluorescence in the presence of single-stranded DNA
or in the absence of DNA. PCR amplification leads to increasing amount of dsDNA,
which enables more SYBR Green dye to bind, leading to an increase in
fluorescence. The fluorescence intensity is measured at the end of each PCR
cycle, allowing for the quantification of DNA. The RT-qPCR reaction contained 5
HlL SYBR Green (Fast SYBR™ Green Master Mix (Applied Biosystems™, 4385612) or
QuantiNova™ SYBR Green RT-PCR Kit (Qiagen, 1076717), 0.5 pl of 10 uM forward
primer, 0.5 ul of 10 pM reverse primer (listed in Table 4-3), 2.5 pl NFW and 1.5 pl
cDNA (<5 ng/pl). For the relative quantification of the Ddah2 transcript, the

primer sequence was specific for the portion of the gene between exon 2 and exon
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3, which are excised in the monocytes Ddah2 null mice. The gRT-PCR running
parameters are described in Table 4-4 and the reaction ran for 40 cycles on a
QuantStudio 12K Flex Real-Time PCR System and QuantStudio® 12K Flex Software
v1.3. Expression was normalised to the housekeeping gene R18s or Rpl13, and
quantified using the comparative AACt method using the following formula: 2-24¢t,
where Ct is the cycle threshold, ACt = Ct (gene of interest) - Ct (housekeeping
gene), AACt = ACt (experimental sample) - average ACt (control sample)
(Schmittgen and Livak, 2008). Relative quantification for each gene of interest
was expressed as 222t values, which are presented as relative to the relevant

control sample’s average 222Ct value.

Table 4-3. Primers used for investigating pro- and anti-inflammatory genes in
DDAH2Mo- /- and DDAH2/ mice using RT-qPCR.

GENE GENE NAME SEQUENCES

SYMBOL

Ddah2 | Dimethylarginine F- AAGGAGACACGGCCCTAATC;

dimethylaminohydrolase 2 R - GGTGAAGAGGACGTCGGTG

R18s Ribosomal subunit 18 F - GCTCAGCGTGTGTGCCTACC
R - GGCCTCACTAAACCATCCAA

Rpl13 Ribosomal protein L13 F - CTCATCCTGTTCCCCAGGAA;
R - TGGGTGGCCAGCTTAAGTTC

Arg1 Arginase 1 F - GGGACCTGGCCTTTGTTGAT,;

R - TGTCAGTGTGAGCATCCACC
Tef-8 Transforming growth factor F - CTGCTGACCCCACTGATAC;
beta R - AGCCCTGTATTCCGTCTCCT
/-6 Interleukin 6 F - CCGGAGAGGAGACTTCACAG;
R - TTCTGCAAGTGCATCATCGT
Ccl2z Chemokine (C-C motif) ligand F - CCTGCTGCTACTCATTCACCA;
2 R - ATTCCTTCTTGGGGTCAGCA
Tnf-a Tumour necrosis factor alpha F - CTGAGGGGGCTGAGCTCAAAC;
R - GGTCTACTTTGGAGTCATTGC
/l-18 Interleukin 1 beta F - GCTGCTTCCAAACCTTTGAC;
R - TGTCCTCATCCTGGAAGGTC

Table 4-4. Quantitative RT-PCR running parameters on QuantStudio 12K.

STAGES ‘ HOLD ‘ PCR STAGE MELT CURVE STAGE
STAGE

STEPS Step 1 Step2 |Step 1 Step2 Step 3

TEMPERATURE 95°C 95°C 60°C 95°C 60°C 95°C

DURATION 10 min | 15 sec 1 min 15sec 1 min 15 sec
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4.2.11 Oxygen-glucose deprivation of immortalised mouse
macrophages

Immortalised mouse macrophages (RAW264.7 cells, p=56+3) were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS and 1%
penicillin-streptomycin in T75 flasks (Corning) maintained at 37 + 0.5 °C in a
humidified 5% CO, atmosphere by changing media every 48 hours until reaching
75% confluency. To passage, cells were washed with D-PBS with calcium and
magnesium, fresh media was added to the flask and cells were lifted off with a

cell scraper.

To mimic ischaemia-like conditions in vitro, cells were seeded at 500,000 in T75
flasks and allowed to adhere and grow for 24 hours. Once the cells reached 75%
confluency, they were washed twice with D-PBS with calcium and magnesium, and
media was replaced with oxygen glucose deprivation (OGD) media, which was
composed of FBS-free and glucose-free DMEM. Flasks were then transferred to a
humidified hypoxic chamber pre-equilibrated with an OGD gas mixture maintained
by a digital oxygen controller (95% N2, 5% CO2,0.2-0.5% O, 37 + 0.5 °C; Biospherix,
US) for 24 hours. For each OGD experiment, time-controlled normoxic controls
were incubated in the same tissue culture incubator in serum-free but glucose
containing DMEM media (5% CO, 0.2-0.5% Oz, 37 + 0.5 °C). After 24 hours, the
cells were washed twice with D-PBS and lysed on ice by scraping in RLT lysis buffer
(Qiagen, UK). Samples were centrifuged for 20 min at +4°C and stored at -20°C

until use.

4.2.12 Protein extraction from mouse brain tissue

Mouse tissues (brain or kidney) were lysed in 1.5X Laemmli buffer (7.5% Glycerol,
3.75% 2-Mercaptoethanol, 0.225% SDS, 75 mM Tris HCL, 0.003% Bromophenol Blue)
with metal lysis beads for 2700 shakes in MM300 Retsch TissueLyser (Qiagen, UK).
To separate fractions of protein and cellular debris lysates were centrifuged at
13,000 g for 30 minutes. The upper phase of the supernatant (protein) was
collected and divided into aliquots. Protein concentration was determined using
the RC DC™ protein quantification kit (Bio-Rad Laboratories Ltd, UK) following the
manufacturer’s instructions. Lysate stocks were diluted to 20, 40, or 60 pg working

stocks in 1.5X Laemmli buffer for Western blotting. Stocks and working samples
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were stored at -80°C. Brain tissue harvesting and protein extraction had been
conducted by Dr Arun Flynn.

4.2.13 Western blotting
4.2.13.1 Acrylamide gels preparation

To investigate the protein levels of the DDAH2 enzyme after stroke Western
blotting was performed using protein lysates from mouse hemispheres which had
undergone 65 min MCAO and sham matched controls and sacrificed at 24- or 72-
hours post-stroke. Glass plates were assembled with spacers, ensuring proper
alignment. The 12.5% resolving gel containing 3M Tris base (Roche, 10708976001),
Acrylamide/Bis-acrylamide 29:1 (Sigma, A7802), sodium dodecyl sulfate (SDS,
Sigma, L3771, 1%), ammonium persulfate (APS, 0.5%, Sigma, A3678-25g),
N,N,N',N'-Tetramethyl ethylenediamine (Temed, 0.05%), in distilled water, pH
8.85, was vortexed and poured into the gel cassette and allowed to polymerise.
Subsequently, the 4% stacking gel containing 0.5M Tris base (Roche, 10708976001),
Acrylamide/Bis-acrylamide 29:1 (Sigma, A7802), SDS (Sigma, L3771, 1%), APS
(0.5%), Temed (Millipore, 110732, 0.1%), in distilled water, pH 6.8) was poured on
top and a 10-well comb (1.5mm, BioRad, 165-3365) was inserted. The freshly
prepared APS solution (10% in distilled water) and Temed solution (Millipore,
110732, 0.1%) were added just prior to pouring the gel to avoid premature

polymerisation.

4.2.13.2 SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel
electrophoresis)

Gel cassettes were placed into an electrophoresis tank (Mini-PROTEAN Tetra Cell
for hand-cast gels, Bio-Rad, 1658001) and connected to a PowerPac Basic Power
Supply, Bio-Rad, 1645050). Working stock protein lysates were denatured at 95 °C
for 2 min and equal amount of lysate (20 pg) was loaded into the cassette wells.
A molecular weight marker Precision Plus Dual Colour Protein Standard (Bio-Rad,
161-0374) was loaded in the first well of each gel. Electrophoresis was conducted
at 60-120 volt at RT until the dye front reached the bottom of the gel. Protein
samples were separated by SDS-PAGE at RT at 60 V to initially stack proteins for

20-minutes, followed by 120 V to resolve proteins for 1.5 hour.
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4.2.13.3 Semi-dry transfer

Following electrophoresis, gels were immediately soaked in transfer buffer (0.025
M Tris-Base, 20% methanol, in distilled water, pH 10.4). Polyvinylidene fluoride
(PVDF) membranes (Immobilon-P, Millipore, IPYH00010) were then pre-cut to gel
size and activated in 100% methanol for 5 min. A sandwich assembly (Figure 4-4)
comprised of two pieces of blotting paper (Whatman, 580 mm?, Millipore, GB005)
soaked in a discontinuous transfer system using 3 different buffers with differing
concentrations of Tris-Base, pH and presence of B-Alanine. These were layered on
the transfer cell in the following order: transfer buffer 1 (0.3 M Tris-Base, 20%
methanol, in distilled water, pH 10.4), a blotting paper, a membrane, and a gel
soaked in transfer buffer 2 (0.025 M Tris-Base, 20% methanol, in distilled water,
pH 10.4), topped with a couple of blotting papers soaked in transfer buffer 3
(0.038M Tris-Base, 0.01M B-Alanine, 20% methanol, in distilled water, pH 9.4).
Proteins were transferred to PVDF membranes by semi-dry electroblotting at 15V
for 1 hour at RT on Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell, Bio-
Rad, 1703940.
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Figure 4-4. Semi-dry transfer setup using transfer buffers with different salt
compositions. The assembly order and the direction of protein transfer is
illustrated on the right. Figure created on Biorender.

4.2.13.4 Blocking & antibody incubating

Membranes were blocked in 5% Skim Milk Powder (Bio-Rad 1706404) made up in
Tris Buffered Saline (TBS) for 30 min at RT followed by incubation with a rabbit
anti-DDAH2 primary antibody (1:500, EPR15508(B), Abcam, ab184166) at 4 °C in
the dark overnight. Membranes were washed (3 x 5 minutes) in TBS to remove
unbound antibodies. The membranes were then incubated with a IRDye 800CW
donkey anti-rabbit IgG secondary antibody (1:10000, 926-32213, LiCor) for 1.5
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hours at RT. The membranes were visualised on Odyssey® DLx imaging system
(Licor). To detect B-tubulin expression as a loading control, membranes were then
incubated with a rabbit anti-p tubulin antibody (1:500, Abcam, ab6046), washed
and incubated with IRDye 800CW donkey anti-rabbit 1gG secondary antibody
(1:10000, 926-32213, LiCor) and imaged as above.

4.2.13.5 Image analysis and quantification

Protein bands for DDAH2 were detected at 30 kDa and for B-tubulin at 50 kDa. The
relative intensity of the protein of interest was determined using the rectangular
tool of Image Studio Lite software (Odyssey, Licor) and presented as normalised
to housekeeper (B-tubulin). Relative intensities for ischaemic and non-ischaemic

hemispheres were then normalised to intensities from sham hemispheres.

4.2.14 Isolation of peritoneal macrophages

Peritoneal macrophages from DDAH2M-/- and DDAH2V"' male mice were isolated
from peritoneal exudates. Mice were culled by a rising concentration of CO; and
then laid supine onto a dissection board and the skin was wiped with
chlorhexidine. A small incision was made in the posterior section of the abdomen
to expose the peritoneal wall, which was gently lifted with sterile forceps. A 25-
gauge needle was then inserted through the wall into the peritoneal cavity and
ice-cold PBS (supplemented with 3% FBS) was injected (6-10 ml) avoiding puncture
of the abdominal organs. The mouse was gently rocked side to side, the peritoneal
exudate fluid was slowly drawn into a syringe and stored in a 50 ml centrifuge
tube on ice. Following isolation, the peritoneal exudate cells were spun at 500g,
4 °C for 10 minutes and the pellet was resuspended in cold DMEM (supplemented
with 10% FBS and 1% penicillin-streptomycin mix) by gently tapping the bottom of
the tube and pipetting up and down. Cells were counted using a haemocytometer,
plated at a density of 300,000 - 500,000/well in a 12-well plate containing DMEM,
and allowed to adhere for 1 to 3 hours. Non-adherent cells were removed by gently
washing three times with warm D-PBS with calcium and magnesium and replaced
with fresh DMEM. Adherent cells were further incubated at 37 +0.5 °C in a
humidified 5% CO, atmosphere for 24 hours to allow for transcriptional quiescence
prior to mRNA expression analyses, washed twice with D-PBS and lysed in RLT lysis

buffer (Qiagen).
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4.2.15 Statistics

Quantitative and graphical analysis was performed on GraphPad Prism 8.0 and

flow cytometric plots were created using the Layout editor on FlowJo 10.0.

e Ordinary one-way ANOVA (for equal SD) with Sidak’s multiple comparisons
test and Brown-Forsythe and Welch ANOVA (for unequal SD) with Tamhane’s
T2 multiple comparisons test and were used for comparing DDAH2 protein

expression in sham, ipsilateral and contralateral hemispheres.

e Paired t-tests were used for comparisons of Ddah2 mRNA expression in OGD
and normoxic RAW267.4 cells.

e Unpaired t-tests with Welch’s correction for unequal SD were used for
Ddah2 and inflammatory markers mRNA expression levels in DDAH2M° /- and
DDAH2V mice using gRT-PCR.

4.3 Results

4.3.1 Genomic DNA analysis for DDAH2Mo/- mice genotyping

A monocyte/macrophage specific DDAH2 mouse (DDAH2M°/-) has been generated
and validated (Lambden et al., 2015). However, the mouse line has since been re-
derived in a new facility, necessitating a confirmation of the genetic
manipulation. A mouse homozygous for the DDAH2 floxed allele was crossed with
a mouse that harboured the LysM cre promotor, which cuts the floxed genes in
monocytes and macrophages as detailed in section 2.1.3 in General Methods. Dual
end point PCR analyses were performed to determine the presence of either a
DDAH2 heterozygous, a DDAH2 wildtype homozygous, or a DDAH2 ‘floxed’ allele,
concomitantly with the presence or absence of a Cre recombinase allele (Figure
4-5A). For experiments, only mice carrying a DDAH2 ‘floxed’ allele were selected
and the expression of a Cre recombinase allele determined the full knockout
(DDAH2Mo/- Cre positive) and or ‘floxed’ control (DDAH2"/| Cre negative) (Figure
4-5B).
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Figure 4-5. Representative genotyping bands obtained from breeding animals. A)
Genomic DNA PCR analysis validated expression of homozygous (hom) DDAH2
‘floxed’ alleles by the appearance of a single band at 552 bp. Homozygous DDAH2
wildtype (wt) alleles appeared at 495 bp. Heterozygous (het) mice carried both
the ‘floxed’ and wt alleles, confirmed by the appearance of two bands at 552 and
495 bp, respectively. B) Genomic DNA PCR demonstrated Cre recombinase
expression via the appearance of a single band at 720 bp. The concomitant
expression of the DDAH2 ‘floxed’ allele and Cre recombinase (Cre pos) from a
single mouse ascertained the DDAH2 knockout.
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4.3.2 Isolation of CD11b+ cells
4.3.2.1 Plate based immunomagnetic sorting

Figure 4-6 shows that using a MACS method of isolation >90% of single cells were
CD45* leukocytes, while the detected frequency of CD45*CD11b* cells was only
~1%. The RNA isolated from the obtained CD45*CD11b* cells from three separate

experiments was <5 ng/ul and no further analyses were conducted using this

method.
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Figure 4-6. Flow cytometric plots of immunomagnetically sorted CD45*CD11b*
cells in a plate-based MACS from WT mice and percentages of cells obtained. A)
Cells gated from debris, B) single cells gated from doublets, C) bi-exponential plot
showing the observed scatter distribution of CD45* leukocytes (green) and the
absence of double positive CD45*CD11b* cells (red gate) gated from single cells.
Percentage each population provided in the table below. Data presented as
mean + SEM, n=3.

4.3.2.2 Column-based magnetic activated cell sorting

A similar MACS method of cell isolation was next employed. Cells from mouse brain
expressing CD11b were positively selected for in a cell suspension using a column-
based approach (Bordt et al., 2020, Schroeter et al., 2021). The cells were then
stained with anti-CD11b, anti-CD45 and anti-CX3CR1 antibodies, as well as with 7-
AAD for viability. Non-MACS isolated cells from naive C57BL6/J mouse brains were
also stained with the same antibodies to demonstrate compatibility of the CD11b
antibody with the labelling of the magnetic beads. In control cells 60% of viable
cells were positive for CD11b, of which 87% were also positive for CD45, while only
3% of CD45* cells were double positive for CD45 and CX3CR1 (Figure 4-7 C&D),
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indicating that the CX3CR1 antibody was perhaps used at a sub-optimal
concentration. However, although there were 85% viable cells upon MACS
isolation, 1% were positive for CD11b and 1% were double positive for CD45 and
CX3CR1 expression (Figure 4-7). Overall, in a total of 4 experiments, there was a
very low frequency of immunomagnetically sorted leukocytes in the column, which

was a worse result than that achieved with the plate method.
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Figure 4-7. Flow cytometric bi-exponential plots of immunomagnetically sorted
CD45*and CD11b* cells from WT mice in a column-based MACS. Cells were stained
for CD11b, CD45, CX3CR1 and 7-AAD for viability. A) Control CD11b* viable cells
were identified and gated further (arrow) in (B) as CD45* and CD45*CX3CR1* cells
(blue gate). C) MACS isolated CD11b* viable cells, which were gated further
(arrow) in D) CD45* and CD45*CX3CR1* cells (blue gate). Green rectangles denote
the presence of viable leukocytes, while red rectangles demonstrate the absence
of these viable leukocytes following MACS.

In summary, two methods of positive selection for CD11b* cells were investigated:

one using a cell culture plate on a rectangular magnet (STEMCell) and another
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using a column-based isolation (Milteniy Biotec). Neither method proved suitable

for obtaining a reliable CD11b* cells isolation.

4.3.2.3 FACS for microglia and cerebral macrophages

Following from the unsuccessful isolation of CD11b* cells using MACS, another
approach was adopted for the isolation of microglia and brain-derived
macrophages. Cerebral macrophages (CD45"*CD11b*F4/80*) and microglia
(CD45"*CX3CR1*) were isolated using FACS from DDAH2"/"' and DDAH2M°-/- mice
(Figure 4-8).
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Figure 4-8. Representative plots for microglia and cerebral macrophages FACS
isolated from DDAH2"/" and DDAH2M°- /- mice. Cells were gated from debris, single
cells were gated away from doublets, quadrangle gates were used for the gating
off viable CD45™ cells, which were then subsequently gated for double positive
expression of CD45"*CX3CR1* (microglia). CD45"* cells were further gated for
CD11b* F4/80* (macrophages).

Viable cells in the hundreds (macrophages) or thousands (microglia) were obtained
using this approach and provided the first opportunity to investigate gene
expression in those cells. From a total of 9.5x10* cells isolated by FACS,
macrophages (F4/80+CD11b+) were <1% in both genotype groups, while microglia
(CD45int+CX3CR1) comprised 84% of all cells in the DDAH2"/" mice and 74% in the
DDAH2M- /- mice. However, there were no significant differences between
genotypes in respect to cell number, viability and RNA concentration were
comparable (unpaired t test, P>0.05) (Table 4-5).
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Table 4-5. Average cell number, viability (%), and RNA concentration (ng/pl)
obtained from DDAH2"/fland DDAH2M°/- mice in fluorescence activated cell sorting
(FACS) isolated macrophages (CD45*"¢"CD11b*F4/80*) and microglia
(CD45*"tCX3CR1*). Data presented as mean + SEM, n=4.

Macrophages Microglia
(CD45*Me"CD11b*F4/80") (CD45*"CX3CR1")
Cells Viability RNA Cells Viability RNA
number (%) (ng/pl) number (%) (ng/pl)
DDAH2/f! 438493 90+1 20.5+0.4 | 8x10*+5x10° 9112 17.5+0.6
DDAH2Me- | 643179 91+2 21.3+0.5 | 7x10*£3x10° 8943 16.3+0.3

The DNA contamination check ratio 260/280 equalled 1.61 in RNA isolated from
microglia (optimal reference = 2) and the protein contamination ratio 260/230
was 0.5 (optimal reference = 2-2.2). In RNA samples from macrophages 260/280
= 1.52 and 260/230 = 0.52, suggesting sample impurity. The RT-gPCR analysis
revealed that for both macrophages and microglia the mean Ct values were above
30 (Table 4-6), suggesting negligible Ddah2 mRNA expression even in the DDAH2/f!

mice.

Table 4-6. Mean Ct values for mRNA derived from macrophages and microglia from
DDAH2V' and DDAH2M-/- mice isolated by FACS. Data presented as mean + SEM,
n=4.

Macrophages ‘ Microglia
(CD45+MiehCD11b*F4/807) (CD45*"tCX3CR1%)
R18S DDAH2 R18S DDAH2
DDAH2fl | 21.57+0.28 35.9340.25 22.20+0.21 31.82+0.18
DDAH2Me”- | 20.32+0.22 34.47+0.26 21.89+0.21 32.21+0.16

There were no significant differences in relative quantification (224¢t) of Ddah2
mRNA between genotypes for either microglia or macrophages (Figure 4-9).
Although there was a slight trend for a lower Ddah2 expression in microglia
(P>0.08), the higher variability in the DDAH2M -/ - group and the high Ct values for

both groups disallow for a conclusive interpretation.
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Figure 4-9. Relative quantification (224°t) of Ddah2 mRNA between DDAH2"/"' and
DDAH2Mo- /- mice in A) macrophages and B) microglia. Data presented as
mean + SEM, n=4, unpaired t test with Welch correction, P>0.05.

4.3.2.4 FACS for peripheral monocytes

The inability to validate Ddah2 deletion using this method of brain macrophage
isolation, raised the possibility that obtaining pure myeloid cells with this method
is compromised. It was then decided to pursue isolating monocytes and
macrophages from peripheral tissues as an alternative. Viable monocytes from
blood and spleen were identified as 7-AAD-Ly6C* cells in DDAH2"/" and DDAH2Mo- / -
mice (Figure 4-10).
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Figure 4-10. Flow cytometric plots of peripheral Ly6C* monocytes from DDAH2f
and DDAH2M°-/- mice. Cells were derived from spleen (top panel) or blood (bottom

panel).

Cell numbers and viability were comparable between genotypes (Table 4-7). The
average number of Ly6C* monocyte obtained from blood were around 65,000,
while the number of splenic monocytes was approximately 2.5-fold higher. The
isolations consistently yielded above 85% live cells across genotypes and source of
monocytes. However, the RNA yield was consistently low at around 4 ng/pl in
monocytes isolated from DDAH2V and DDAH2M°-/- mice (Table 4-7).

Table 4-7. Average number of cells, percentage viability, and RNA concentration
(ng/pl) from FACS isolated Ly6C* monocytes obtained from blood or spleen of
DDAH2VT', and DDAH2M°/- mice. Data is presented as mean + SEM, n=4.

Ly6C+ Blood Spleen
monocytes
Cells Viability RNA Cells Viabilit RNA
number (%) (ng/pl) number y (%) (ng/pl)
DDAH2f 67,810£52 87+1 3.98+0.43 | 162,50+29 90+2 3.70+0.35
DDAH2Mo-" 60,198+43 8542 3.87+0.53 | 175,03+57 871 4.83+0.41
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Despite the low RNA concentrations gene expression analysis was pursued. The
level of Ddah2 mRNA was determined as negligible in both genotypes, as
evidenced by high mean Ct values (>30) (Table 4-8).

Table 4-8. Mean Ct values for mRNA derived from Ly6C* monocytes obtained from
blood or spleen in DDAH2"/" and DDAH2M°-/- mice. Data presented as mean + SEM,
n=4.

Ly6C* monocytes Blood | Spleen

R18s Ddah2 R18s Ddah2
DDAH2/f 21.34+0.21 33.41+0.29 21.14+0.23 32.86+0.22
DDAH2Mo-/- 20.92+0.24 33.89+0.25 21.03+£0.25 32.43+0.20

4.3.3 Effect of oxygen glucose deprivation on DDAH2 mRNA
expression in RAW264 macrophages

To examine the effect of ischaemia on DDAH2 expression in macrophages, a cell
line of immortalised macrophages RAW264.7 was subjected to OGD. The
housekeeper gene R18s was determined to have good stability across samples from
both genotypes, with mean Ct value fold change of 0.987 and CV=0.27 (Figure
4-11A). The expression of Ddah2 mRNA was significantly, 2.5-fold higher in the
OGD group (Figure 4-11B), indicating that there is an in vitro effect of ischaemia

on Ddah2 expression in macrophages.
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Figure 4-11. Relative quantification (224¢t) of Ddah2 mRNA using gRT-PCR
following oxygen-glucose deprivation (OGD) of RAW264.7 macrophages. A) Mean
Ct values for Ddah2 and the housekeeping gene ribosomal 18 subunit (R18s). B)
Relative quantification (222¢t) of mRNA expression levels in normoxic and OGD
macrophages. Data presented as mean + SEM, n=8, paired t-test, *P<0.05.

4.3.4 Effect of cerebral ischaemia-reperfusion on DDAH2 protein
expression in C57BL6/J mice post-tMCAo

To characterise the effect of brain ischaemia-reperfusion on the protein level of
DDAH2 in vivo, lysates from cerebral hemispheres of C57BL6/J mice 24 hours and
72 hours post-tMCAo were probed for DDAH2 expression. At 24 hours post-tMCAo,
the relative protein level between groups was comparable (Figure 4-12, A and C).
There were also no significant differences in DDAH2 protein levels at 72 hours post
tMCAo (Figure 4-12, B and D). Overall, the quantification from this biochemical
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approach showed that there were no differences between sham controls,
ipsilateral and contralateral hemispheres at either timepoint. This indicates that
brain ischaemia-reperfusion has no effect on DDAH2 expression in the whole
hemisphere, potentially owing to this tissue mainly consisting of neuronal and glial
cells. Full Western blots demonstrating antibody selectivity can be found in

Appendix (Figure 7-3).
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Figure 4-12. Western blot analysis of DDAH2 protein expression in C57BL/6J mice
post tMCAo. Representative blots from A) 24 hours and B) 72 hours post-tMCAo
with protein bands detected at 30 kDa for DDAH2 and at 50 kDa for B-tubulin. SH:
sham, IP: ipsilateral, CO: contralateral. Quantified protein expression is presented
as mean + SEM and normalised to housekeeper (B-tubulin) and to sham average at
C) 24 hours, Brown-Forsythe and Welch ANOVA with Tamhane’s T2 multiple
comparisons test, P>0.05, n=8, and D) 72 hours, using ordinary one-way ANOVA
with Sidak’s multiple comparisons test, P>0.05, n=10.

4.3.4.1 Validation of DDAH2 monocyte/macrophage specific DDAH2M° -/ in
isolated peritoneal macrophages

An approach to isolate microglia, monocytes and macrophages was needed to
examine the impact of ischaemia on DDAH2 expression, to validate the KO, and to
examine the impact of DDAH2 deletion on macrophage phenotype/polarisation.

To address that, primary macrophages from DDAH2Vt and DDAH2Mo-/- mice were
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recovered from peritoneal exudates, cultured for quiescence, and lysed for
molecular analyses. The isolated cells yielded sufficient average RNA of 200 ng/ml
and optimal mean Ct value difference between the genotypes (Figure 4-13A). The
housekeeper gene R18s demonstrated good stability across samples from both
genotypes, with mean Ct value fold change of 0.992 and CV<0.25 (Figure 4-13A).
The Ct values for DDAH2 in the DDAH2Mo-/- were >35 indicating negligible RNA
template, while Ct values of around 29 were found in the DDAH2 /" mice. By using
the 222t method Ddah2 mRNA was 100-fold higher in DDAH2 /' mice compared
with DDAH2M°-/- (Figure 4-13B).

A

Ddah2 R18S
DDAH2%/f  DDAH2Me-/- DDAH2%/f DDAH2Me-/-
Mean Ct 28.75 35.72 19.28 19.43
SEM 0.07 0.13 0.08 0.12
B * %k Xk
2.0
1.5
3 1.0 ==
Qz ~
E S 0.5
3 ——
£ %, 0.0107 !
S .
S _ "
O ] .
0.0051
0.000

DDAH2™ " DDAH2MO -

Figure 4-13. Validation of macrophage specific DDAH2 deletion in peritoneal
macrophages isolated from DDAH2 M°-/- and DDAH2 /" mice using quantitative real-
time polymerase chain reaction (qRT-PCR). A) Average Ct values for Ddah2 and
R18S. B) Relative quantification (224¢t) of Ddah mRNA. Data presented as
mean + SEM, unpaired t test with Welch’s correction for unequal SD, *P<0.05, n=4.
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4.3.5 Effect of DDAH2 deletion on the expression of key genes
involved in regulating macrophage function.

The housekeeper gene Rpl13 has been shown to be more stable in primary
macrophages and showed good stability across samples from both genotypes, with
mean Ct value fold change of 1.007 and CV=0.26 (Table 4-9).

Table 4-9. Average Ct values for Rpl13 (housekeeper gene) and genes involved in
macrophage function as investigated by qRT-PCR.

Rol13  Argl  Tgf8  Il6 Ccl2 Tnfa II-18

DDAH2/UA

MEAN | 18.69 25.38 21.29 20.11 20.45 21.21  18.96

SEM 021 065 0.59 0.86 0.75 0.60 0.92

NUMBERS 8 8 8 8 8 8 8
DDAH2Mo"I-

MEAN |  18.56 25.91 21.75 22.52 22.73  23.52  20.69

SEM 0.17 0.47 0.57 0.63 0.84 0.40 0.41

NUMBERS 7 7 7 7 7 7 7

The relative expression of genes involved in regulating macrophage function were
next investigated from lysates obtained from peritoneal macrophages from
DDAH2V'and DDAH2M°-/-mice. Arginase-1 (Arg-1) is a marker highly expressed in
M2-like macrophages. Arg-17 mRNA was comparable between DDAH2M-/- and
DDAH2™V peritoneal macrophages (P=0.71) (Figure 4-14 A). Tgf-B is a potent anti-
inflammatory cytokine and Tgf-B8 mRNA expression was comparable between
genotypes (P=0.3) (Figure 4-14 B).
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Figure 4-14. Relative quantification (224¢t) of mRNA expression for anti-
inflammatory genes Arg-1 and Tgf-B in peritoneal macrophages from DDAH2Mo-/-
and DDAH2Vl mice. Data presented normalised to Rpl13 housekeeping gene as
mean + SEM, n=7-8, unpaired t test with Welch’s correction for unequal SD,
P>0.05.

Conversely, the expression of pro-inflammatory cytokines associated with M1-like
macrophage phenotypes was significantly decreased in DDAH2M°/- mice compared
to DDAH2V" mice (Figure 4-15). Il-6 and Tnfa were both 7-fold lower, Ccl2 was 3-

fold lower and /l-18 was 4-fold lower in DDAH2M°/- versus control mice.
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Figure 4-15. Relative quantification (224¢) of mRNA expression for pro-
inflammatory genes. A) Il-6, B) Ccl2, C) Tnf-a, D) Il-18 in peritoneal macrophages
from DDAH2M/- and DDAH2"/" mice. Data is presented as normalised to Rpl13
housekeeping gene, mean + SEM, n=7-8, unpaired t test with Welch’s correction
for unequal SD, *P>0.05.

4.4  Discussion
4.4.1 Method optimisation for isolation of brain macrophages

4.4.1.1 MACS

A reliable method for isolation of primary brain macrophages from mice needed
to be established to allow investigation of the impact of DDAH2 deletion on

macrophage phenotype and to verify the DDAH2 knockout in brain macrophages.
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Furthermore, MACS could offer examining the effect of ischaemia on macrophage
gene expression by either in vivo or in vitro approaches. FACS is a frequently used
method for isolating single cells (Gross et al., 2015) and has been demonstrated
to yield high-quality microglia in numerous publications (Bohlen et al., 2019,
Volden et al., 2015). In deliberating the use of the method, important caveats in
the context of ischaemic stroke were considered. There is a potential for
increased cellular stress due to passage of cells through fluidic channels and laser
excitation that may induce gene expression changes, upregulate transcription
markers such as factors associated with a pro-inflammatory phenotype, and alter
the redox state of the isolated cells (Llufrio et al., 2018, Pan and Wan, 2020).
Additionally, the access to a flow cytometric facility and staff-assisted sorting
were amounting to a significant cost added to the project. In comparison, MACS
requires a benchtop magnet, which costs much less than a cytometer, and is
easier to maintain compared to the lasers and detectors used in FACS instruments
(Pan and Wan, 2020). MACS consumables include columns or plates, and a variety
of commercially available kits (Hu et al., 2015). Immunomagnetic isolations can
then be followed up by flow cytometric multiparameter analysis (Volden et al.,
2015) for initial verification of the purity of the MACS isolation. Several MACS
protocols exist that have demonstrated the successful retrieval of 4.2 x 103
microglia from an adult mouse brain and up to 0.5 - 2 x 10°> microglial cells from
mouse bilateral hippocampal slides or single hemispheres (Bordt et al., 2020,

Buenaventura et al., 2022).

Therefore, initially the approach involved immunomagnetically isolating brain
macrophages and microglia that express CD11b. Monocytes and macrophages
highly express CD11b, and microglia express low-to-intermediate levels of this
surface marker under homeostatic conditions (Martin et al., 2017b). MACS allows
for a significantly gentler passage of cells compared to passing them through
narrow fluidic channels at high speeds using the microfluidic systems of flow
cytometers, decreasing the possibility that cells become activated or
phenotypically altered, which would compromise their utility for measuring gene
expression changes. Indeed, high viability of cells was observed using the column-
based MACS approach (Figure 4-7). However, with either column- or plate-based
technique, only 1% cells of interest were retrieved (Figure 4-6) (Figure 4-7). This

resulted in very poor RNA yield, which would have not sufficed to conduct analyses
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of multiple genes of interest. Potentially the magnetic beads used to pull down
CD11b positive cells may have sterically hindered the binding of the antibody
against CD11b in the verification step (Pezzi et al., 2018). Additionally, a major
disadvantage to single-bead magnetic isolation is the lack of distinction between
immune cell subtypes co-expressing the marker under investigation. As mentioned
above, monocytes and macrophages express high levels of CD11b, but the
frequency of these cells in a healthy brain is much smaller compared to microglia,
which express intermediate to low levels of CD11b but are found in abundance in
healthy mouse brain (Chapter 3). Following ischaemic stroke, the frequency of
myeloid cells in the brain increases, contributing significantly to the total pool of
CD11b* cells. Therefore, to distinguish CD11b* microglia from CD11b* myeloid cells
after stroke, additional markers for identification of subtypes were needed. The
fractalkine receptor CX3CR1 is highly expressed on microglia (Olveda et al., 2024)
and is upregulated in response to cerebral ischaemia-reperfusion (Tarozzo et al.,
2002), suggesting that this marker would be reliably expressed in microglia from
both naive and stroke mice. However, the frequency of CD45™*CD11b*CX3CR1*
cells determined by flow cytometry upon MACS was below <1% (Figure 4-7).

4.4.1.2 FACS

Due to the above-described challenges and consideration for future work following
stroke, isolation of brain macrophages was attempted using FACS in the adjacent
institute’s flow cytometric facility. This method was only performed in naive mice
because of the time constraints for this PhD project but was intended for
characterising the identity of different CD11b* cells after cerebral ischaemia-
reperfusion. FACS had an advantage over MACS in that it allows the use of multiple
markers for sorting cells, as well as verifying the identity of cells pulled down by
a single marker. The FACS results obtained high cell viability (>89%), if modest
cell numbers and RNA yield (Table 4-5). The frequency of isolated macrophages
(CD45*MehCD11b*F4/80%) was comparable to MACS-obtained CD11b positive cells,
while microglia (CD45™*CX3CR1*) were isolated in much greater numbers by FACS
(Figure 4-8, Table 4-5). Perhaps unsurprisingly, RNA concentration from
macrophages was negligible (<5 ng/ul) and from microglia low but sufficient to
investigate gene expression (approximately 20 ng/ul), albeit for only a few genes.
This provided an opportunity to at least confirm the deletion of Ddah2 in the

macrophages from DDAH2M° -/ - mice. However, the RT-gPCR analysis was unable
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to demonstrate absence of Ddah2 transcript in macrophages or microglia from
knockout mice, potentially due to Ct values of >32 for both DDAH2"f and
DDAH2Mo- /- samples (Table 4-6).

Robust evidence for expression of Ddah2 in microglia is lacking. Therefore, it is
plausible that the isolated microglia and brain macrophages do not express Ddah2
mMRNA at basal levels. Alternatively, the sorting contained a high fraction of other
cell types with similarly low abundance of Ddah2. However, Ddah2 mRNA
expression level was expected to be moderate-to-high in macrophages but
demonstration of a knockout was not achieved even in those cells (Figure 4-9B),
suggesting that there was a problem either with the isolated cells, which were of

low frequency, or the molecular methods thereafter.

Subsequent optimisation steps involved isolating monocytes from peripheral
tissues, which would mitigate poor cell dissociation from brain tissue and would
theoretically provide higher cell yields. Indeed, it was shown in Table 4-7 that cell
numbers upwards from 6x10* for blood derived Ly6C* monocytes and 1.6x10°
splenic monocytes were achieved with very high viability (>85%). However, RNA
yield was once again <5 ng/pl across samples (Table 4-7), and Ct values were high
(Table 4-8), strengthening the reasoning that a major challenge for this method

was in obtaining high quality nucleic acids for molecular analyses.

4.4.1.3 RNA purity

The 260/280 ratio is a measure of sample purity, used to assess the purity of DNA
and RNA. Nucleic acids absorb light at 260 nm and proteins absorb at 280 nm, and
a ratio of ~2.0 is generally accepted as “pure” for RNA. Salts and other
contaminants, such as EDTA, phenol and guanidine hydrochloride absorb light at
230 nm and the 260/230 ratio is used to control for the presence of these
contaminants in nucleic acid samples. The expected 260/230 values are commonly
in the range of 2.0-2.2. Both RNA purity values (A260/280 and A260/A230) were
below the optimal ranges, suggesting protein contamination and/or contaminants,
such as the guanidine hydrochloride present in the RNA extraction buffer, could
have been carried over into the elution step and impacted the quality of RNA and

subsequently cDNA.



Chapter 4 132

It is increasingly more common to use alternative methods of nucleic acid
concentration determination such as the fluorescent dye detection RiboGreen
from Ambion/Applied Biosystems, especially from samples with low RNA
abundance and particularly in the field of neuroinflammation in preparation of
samples for high dimensional single cell RNA sequencing (Delbridge et al., 2020).
Others have used microfluidic analysis (Pulido-Salgado et al., 2018) or chip based
capillary gel electrophoresis (Buenaventura et al., 2022) to quantify RNA from
mouse microglia, highlighting that adopting these technologies into the work flow
would be important in the future. Another important index for quality control of
RNA sequencing is RNA integrity number (RIN), which is obtained by digestion of
RNA and determination of 185 and 28S fragments. Fragmented RNA poses problems
to the capacity of the reverse transcription enzyme. Others have demonstrated
good integrity of RNA isolated from immunomagnetically sorted cells, by showing
clear 18S and 28S peaks on electropherograms and expression of these ribosomal

units on protein blots (Buenaventura et al., 2022).

4.4.1.4 RNA isolation and reverse transcription

To investigate the possibility that the microglia isolation methodology was robust
enough, but the downstream applications were failing due to poor RNA purity or
suboptimal reverse transcription, RNA isolations were attempted using a different
kit (GeneJET, Thermo Fisher). Comparative RNA isolations using phenol-free
methods with reagents from two different kits GeneJET RNA purification kit versus
Qiagen RNeasy Micro kit using wildtype mice showed no significant differences
between RNA concentration or purity obtained with each kit (data not shown). It
was then proceeded to use the GeneJET kit for RNA extraction from blood and
spleen monocytes, due to reagent availability. Furthermore, as trace amounts of
reagents such as guanidine hydrochloride discussed above used in the RNA
isolation procedure can cause problems with the reverse transcription, cDNA for
samples obtained by FACS was generated using an alternative kit - Invitrogen™
SuperScript™ IV Reverse Transcriptase. This reverse transcription enzyme
purportedly has high capacity for small, contaminated and heavily fragmented
amounts of RNA (RIN<3). Since cDNA amounts are not measured prior to RT-qPCR,
the result of the change in kit was appraised on the basis of the RT-qPCR analysis.
Although the variability between technical replicates seemed to improve, no
significant difference in DDAH2 expression was achieved.
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4.4.1.5 Housekeeper stability

A limitation to the study is that a dilution curve for identifying optimal
concentration for the primers of housekeeping gene R18s was not conducted in
advance. This would have allowed for the concentration of the primers for the
gene of interest Ddah2 to be matched to this empirically derived concentration.
There was a shift in average Ct between the R18s housekeeper values of about 1.5
(macrophages: 21.57 vs 20.32, microglia: 22.2 vs 21.89, DDAH2"/" ys DDAH2Mo-/-)
(Table 4-6), indicating that R18s was perhaps not very stable in these cells. There
was much less mean Ct variability in R78s mRNA in samples from both genotypes
(21.34 vs 20.92, control vs knockout) in monocytes derived from blood and even
more robust stability in splenic monocytes (21.14 vs 21.03, DDAH2Vfl vs
DDAH2Mo-/-) (Table 4-8). In peritoneal macrophage samples R18s showed good
stability between samples (19.28 vs 19.43, DDAH2%fl yvs DDAH2M°-/-), Upon
consulting with Prof Leiper’s and Dr Dowsett’s lab group, later work was
performed using Rpl13 as a housekeeping gene, which has been shown to be stable
in peritoneal macrophages (Alshuwayer, 2024) and showed good stability in this
study (18.69 vs 18.56, control vs knockout) (Table 4-9).

4.4.2 The potential consequences of increased DDAH2 in
macrophages.

In peritoneal macrophages hypoxia has been demonstrated to upregulate Ddah2
mRNA 3.6-fold and iNOS mRNA 4-fold (Lambden, 2016). The study by Lambden et
al. demonstrated that in macrophages isolated from mice with a macrophage
specific DDAH2 knockout and challenged with hypoxia, basal nitrite and nitrate
(NOx) levels were reduced. In comparison, in the floxed control cells, intracellular
NOx species increased, demonstrating that in mice deficient in DDAH2, NO
mediated function could be impaired (Lambden et al., 2016). Although direct
evidence is missing, it could be inferred that hypoxia causes increase of NOx by
upregulating iNOS, which may be mediated by regulation of ADMA by DDAH2.
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4.4.3 Ischaemia upregulated DdahZ mRNA in cultured
macrophages but did not change DDAH2 protein levels in
whole brain

An original aim for this study was to investigate the effect of ischaemia on the
expression of genes along the DDAH2-ADMA-NOS axis, for which brain macrophages
and/or microglia had to be isolated from C57BL6/J and macrophage specific
DDAH2 knockout mice following experimental stroke. However, given the
challenges described above in obtaining primary mouse brain macrophages from
naive mice, in vitro experiments were conducted in the immortalised macrophage
cell line RAW264.7. Ddah2 mRNA was significantly elevated following 24h OGD in
these cells (Figure 4-11). Another study has previous reported elevation of iNOS
after 1h OGD/reoxygenation in these cells (Li et al., 2016), suggesting that the
DDAH2-ADMA-NOS axis is quickly activated in macrophages following a hypoxic
challenge. LPS stimulation in RAW264.7 cells was reported to upregulate iNOS as
early as 6 hours and be maintained up to 24 hours after stimulation (Alanazi,
2024), suggesting that perhaps the expression of Ddah2 scales with iNOS mRNA
following OGD too. Although LPS stimulation differs from hypoxia in some of the
downstream signalling pathways it elicits, both stimuli trigger pro-inflammatory
signalling pathways such as NF-kB, MAPK (p38, JNK, ERK) and PI3K/Akt, suggesting
that parallels could be drawn between the expression of elements of the DDAH2-
ADMA-NOS axis in these different studies.

The increased iNOS expression in macrophages exposed to hypoxic challenge
(Lambden et al., 2016) may be secondary to the hereby presented upregulation of
DDAH2. However, since both iNOS and DDAH2 are induced by hypoxia, albeit
possibly through different mechanisms, it is difficult to discern a transcriptional
regulation role for DDAH2 on iNOS and thus DDAH2 is still more likely to control
iNOS through inhibition of ADMA. The molecular mechanisms of hypoxia mediated
induction of DDAH2 are not yet revealed fully. In endothelial cells nuclear factor
E2-related factor 2 (Nrf2), which is induced by hypoxia, transcribes DDAH2
expression to enhance NO biosynthesis by binding to antioxidant response element
(ARE)-2 on the promoters for DDAH1 and DDAH2 (Luo et al., 2015). Nrf2 is an
important transcriptional regulator of inflammation in macrophages (Kobayashi et
al., 2016) and may therefore be mechanistically responsible for upregulating
DDAH2. Additionally, HIF-1a and GLUT1 (Glucose Transporter 1) are commonly
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upregulated in OGD experiments and might be the drivers of Ddah2 upregulation.
Inducible NOS is transcriptionally activated by the NF-xB and STAT signalling
pathways (Aktan, 2004), while it is presently unknown if these canonical
transcription factors also regulate DDAH2 expression. Nevertheless, the
mechanisms for Ddah2 regulation in vivo are likely to be different than in vitro,
and investigating other transcriptional regulators that are susceptible to hypoxic

challenge in macrophages would be needed.

To fully reveal the impact of ischaemia on the DDAH2-ADMA-iNOS pathway,
concomitant measurements of other components of this pathway such as
intracellular NO, iNOS and ADMA could have been measured in RAW264.7 cells
after OGD to provide an insight into potential functional changes of the increased
DDAH2 expression. These measurements could have then be followed by
investigation of the DDAH2-ADMA-iINOS pathway in peritoneal macrophages from
the DDAH2M°-/- mice. Additionally, targeted deletion of DDAH2 in RAW264 cells by
small interfering RNAs could provide an alternative way to probe the function of
DDAH2 in ischaemia. Exploring macrophages function under OGD conditions could
provide an insight into the functional consequences of hypoxic Ddah2

upregulation.

4.4.3.1 Limitations of OGD

The experiments using OGD aimed to complement the investigation of the impact
of ischaemia on expression of DDAH2, albeit in a macrophage cell line, instead of
in circulating monocytes, brain macrophages and microglia from the DDAH2Mo-/-
mice or a co-culture model of NVU cells and macrophages. Therefore, the findings
obtained by this reductionist approach do not fully replicate ischaemic stroke
pathology. Ddah2 mRNA was increased under OGD in RAW264.7 cells, but in the
intact ischaemic brain these cells may receive signals from adjacent cells that

transcriptionally or translationally alter the expression of Ddah2.

4.4.3.2 Limitations of Western Blotting

There was a lack of change in expression of DDAH2 in cerebral hemispheres from
C57Bl6 mice after 24 hours and 72 hours after tMCAO (Figure 4-12), while

increased DDAH1 was recently reported in mouse brain hemispheres 24 hours after
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cerebral ischaemia-reperfusion (Gao et al., 2024). It is conceivable that any
DDAH2 changes in macrophages would have been too subtle to detect using a
whole hemisphere lysate, which primarily contains neurons relative to other cell
types and therefore any changes in other cell types would be difficult to detect
using this method. Therefore, ischaemia does not have an effect on brain DDAH2
protein levels in vivo. However, since cerebral ischaemia reperfusion leads to
neuroinflammation, altering macrophage function by deleting the NO-regulating

enzyme DDAH2 in these cells may have an effect on the outcomes of stroke.

4.4.4 Validation of macrophage specific Ddah2 knockout

The data presented in Figure 4-13 confirms that the floxed sequence between
exons 2 and 5 in the Ddah2 gene is deleted by Cre recombinase in peritoneal
macrophages, and by extension in monocytes, given that macrophages are derived

from monocytes.

4.4.4.1 Advantages in using peritoneal macrophages for validation

LysMCre activity differs substantially across tissue resident macrophages,
potentially resulting in differential absence of Ddah2. For example, it has been
reported that 90-100% of peritoneal macrophages have LysM-Cre activity, whereas
only 40% of spleen macrophages are LysM-cre positive (Abram et al., 2014, Shi et
al., 2018). This makes peritoneal macrophages a good cell type for verification of
the knockout. Whilst peritoneal macrophages are ontologically different from
brain macrophages, a principle component analysis of macrophage diversity has
reported a correlation coefficient of 0.798 between peritoneal macrophages and
microglia (Gautier et al., 2012). Ultimately, however, peritoneal macrophages
are quite different to microglia. Regardless, using these cells provided an
opportunity to explore the potential importance of DDAH2 for macrophage-

immune cell function.

4.4.4.2 Limitations of the validation

The absence of Ddah2 transcript in knockout animals was only investigated at the
mRNA level. A confirmation for that could be obtained by immunofluorescent
protein analysis, where morphology and markers typically expressed on

macrophages could guide a definitive presence or absence of DDAH2 in these cells.
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The original article, where this mouse model was first described has demonstrated
that DDAH2 expression was preserved in the kidney, liver, heart, and aortic tissue.
However, it would also be beneficial to validate that DDAH2 expression in other

brain cell types, such as neurons and microglia, was not affected.

Additionally, a limitation to this validation is that the DDAH2M° -/ - was not
confirmed in brain-resident macrophages, which was one of the original aims for
this project. Determining a deletion of DDAH2 in microglia and BAMs is of
functional consequence in delineating the contribution of brain-resident
macrophages versus circulating monocytes and other tissue-resident macrophages
on the outcomes of stroke. This may involve the multiplex immunofluorescent
staining with antibodies against markers of demonstrated specificity towards
microglia such as Cx3cr1, Iba-1 and Trem112, or BAMs such as Lyve1 and CD206,

in conjunction with DDAH2.

Furthermore, although in healthy brain neurons lysozyme production is lacking,
the LysM promoter is reported to be active in hippocampal neuronal cells
(Orthgiess et al., 2016). Since neurons also express DDAH2 (Kozlova et al., 2021),
it is conceivable that DDAH2 is deleted in those cells under the LysM promoter
too. Therefore, examining the co-expression of DDAH2 with a neuronal marker

such as NeuN would need to be investigated in the context of ischaemic stroke.

4.4.4.3 DDAH2 expression in microglia

Recently it was reported that DDAH2 is not expressed by microglia in adult mice
(Kozlova et al., 2021). Even though this may be the case in naive mice, or they
may have low expression of the Ddah2 transcript, an upregulation of Ddah2 mRNA
in microglia following cerebral ischaemia-reperfusion is conceivable, as suggested
by the upregulation of Ddah2 mRNA under OGD in RAW264.7 cells (Figure 4-11).
Therefore, despite the presented evidence that DDAH2 is not expressed in
microglia at mRNA level, a more robust validation of these results would be
needed prior to proceeding with investigating the expression of Ddah2 following

cerebral ischaemia-reperfusion.
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4.4.5 Pro-inflammatory genes expression is reduced in
monocyte/macrophage DdahZ null mice

Since cells obtained with the above methods did not result in reliable transcript
expression and peritoneal macrophages provided a stable platform to validate the
monocyte/macrophage specific DDAH2 deletion (Figure 4-13), gene expression
studies were also performed in lysates from peritoneal macrophages (Figure 4-14,
Figure 4-15). It was hypothesised that deletion of DDAH2 will reduce the amount
of iNOS-derived NO production and that because NO is involved in macrophage
metabolic reprogramming/polarisation there may be altered phenotype/function.
The pro-inflammatory cytokines (-6, Il-18, Tnf-a and Cc{2 mRNA were reduced in
macrophages from DDAH2M°-/- mice (Figure 4-15), providing tentative evidence
that DDAH2 activity might contribute to M1-like phenotypes. While some evidence
suggests that upregulated iNOS is a hallmark of M1-like macrophages (Cho et al.,
2014, Villalta et al., 2009), others have demonstrated that iNOS derived from
myeloid cells suppresses M2-like polarisation (Lu et al., 2015). What remains more
puzzling is the lack of effect of DDAH2 absence on anti-inflammatory genes. Since
Arg-1 competes with iNOS for L-arginine in macrophages (Li et al., 2012), in the
presence of reduced levels of iNOS in the DDAH2 null macrophages, it is reasonable
to expect the activity and/or expression of Arg-1 towards L-arginine to be
enhanced. Additionally, iNOS inhibition significantly increased Tgf-8 mRNA and
protein levels in rats (Abd El-Aleem et al., 2020), suggesting that the level of this
anti-inflammatory marker would increase in macrophages lacking Ddah2.
However, no significant changes in mRNA expression of Arg-1 and Tgf-8 were
found between DDAH2M° -/ - and control mice (Figure 4-14), perhaps indicative of
an incomplete inhibition of iNOS by ADMA in cells lacking DDAH2.

Since the DDHA2 knockout seemed to decrease pro-inflammatory genes and this
thereby suggests that Ddah2 null mice may adopt M2-like phenotypes,
identification of M2-like macrophages was conducted by double label
immunofluorescence for CD206*DDAH2* cells in mouse brain tissue following
experimental stroke. This work had the additional aims of substituting for DDAH2
expression in isolated microglia/macrophages from stroke brains and provided an
additional avenue to validate the deletion of DDAH2 in these cells. The latter may
have been more appropriately conducted by investigating common macrophage
and microglia markers, such as F4/80, CD68 and Iba-1. Preliminary work from
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three independent experiments using different brain sections from the same
mouse identified some CD206'DDAH2* cells but semi-quantification was not
attempted, as images were not systematically collected from sequential brain

regions.

It is worth noting that although it would be remiss to ignore the established
dichotomous macrophage classification into M1-like (pro-inflammatory) and M2-
like (anti-inflammatory), which these signalling molecules are grossly assigned to,
its utility to discern subtleties in disease-dependent macrophage function is often
obsolete and needs to be interpreted with caution (Mills, 2012). Therefore, more
work will be needed to fully characterise M1-like and M2-like adjacent

phenotypes.

4.4.6 Putative mechanism for regulation of pro-inflammatory
gene expression by DDAH2

4.4.6.1 Limitations of the work

DDAH2 deletion in macrophages was hypothesised to potentiate the inhibitory
action of ADMA on iNOS and therefore reduce NO production. Lower iNOS activity
in DDAH2M°-/- mice could therefore lead to a reduction in pro-inflammatory
genes. Indeed, pro-inflammatory cytokines /-6, Il-18, Tnf-a and Ccl2 mRNA were
reduced in macrophages from DDAH2M°-/- mice (Figure 4-15). However, iNOS
expression levels were not investigated to ascertain that this observation pertains
to expression alterations of iNOS. The key limitation of this work is that the
peritoneal macrophages were allowed to reach quiescence and not stimulated by
hypoxic or inflammatory stimuli, therefore all transcripts were investigated under
homeostatic conditions. Previous work in our lab has shown that ADMA (100 pM)
and SDMA (100 pM) had no effect on nitrite production in unstimulated human
macrophages lacking DDAH2 (Ahmetaj-Shala, 2013) and incubation of resting
Raw264 cells with ADMA (100 pM) did not result in increased nitrite species
(Alshuwayer, 2024).

4.4.6.2 Production of NO by iNOS versus eNOS

Since iNOS is not basally expressed in macrophages, there is a strong possibility
that the findings arise from eNOS-generated NO rather than iNOS or are
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completely NO-independent. Although iNOS is the primary isoform in
macrophages, nNOS and eNOS are also constitutively expressed in macrophages
(Huang et al., 2012). The production of NO by macrophages, and by extension
their phagocytic function, is conventionally attributed to iNOS. However, in
unstimulated macrophages iNOS-independent receptors and enzymes produce low
output NO. For example, it has been shown that FcgR -mediated engulfment relies
on Ca?* dependent ERKs phosphorylation, which in turn increases nNOS and eNOS,
and the produced NO increases phagocytosis in neighbouring macrophages (Huang
et al., 2012). The peritoneal macrophages were cultured in media with 0.2g/L
CaCl; concentration, therefore it is conceivable that despite the absence of
inflammatory stimulation, these macrophages produced sufficient levels of eNOS-
derived NO to affect the pro-inflammatory transcripts. Additionally, eNOS-derived
NO concentration is only nanomolar, compared to the low micromolar NO
produced by iNOS, but has been reported as necessary for the induction of iNOS
by NF-xB (Darra et al., 2010). Furthermore, soluble guanylate cyclase (sGC) is
expressed at both mRNA and protein level in murine macrophages, and the effect
of eNOS-derived NO in regulating pro-inflammatory gene expression is partly
dependent on sGC activation and cyclic GMP production (Connelly et al., 2003).
Studying these molecular targets in Ddah2 null macrophages could confirm the
observed changes in gene expression as attributable to eNOS-derived NO.
Additionally, the observed decrease in pro-inflammatory genes in macrophages
from DDAH2M-/- mice could be mediated through L-NMMA inhibition of eNOS,
rather than ADMA inhibition of iNOS. L-NMMA is slightly more sensitive to
regulation by DDAH2 than ADMA in macrophages, as intracellular concentration of
L-NMMA in peritoneal macrophages increased to 30 pM in Ddah2 null peritoneal
macrophages compared to 20 uM of ADMA, while ADMA was 5 pM and L-NMMA was

undetectable in control cells (Ahmetaj-Shala, 2013).

An additional point of consideration is that the experiments were conducted in a
peripheral tissue resident macrophage. Even if microglia or other brain resident
macrophages from Ddah2 null mice were eventually obtained by isolation after
tMCAo, they may have different effects on pro-inflammatory cytokines compared
to that found in the peritoneal macrophages. After permanent cerebral ischaemia,

macrophages were reported to upregulate the expression of pro-inflammatory and
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neutrophil recruitment genes, while microglia downregulate these genes (Zarruk
et al., 2018).

4.4.7 Future work

Future work would benefit from investigating the functional consequences of the
observed inflammatory gene changes. Macrophages phagocytose immune
complexes composed of IgG-opsonised pathogens, particles, or proteins through
for the Fc portion of IgG (FcgR) (Huang et al., 2012) and this function could be
examined in vitro in the peritoneal macrophages to demonstrate a critical role for
DDAH2 in the process. Alternatively, the impact of iNOS-derived NO release from
macrophages on cytotoxicity of other cells in culture could be examined.
Mitochondrial DDAH2 expression has been reported in human chondrocytes
(Cillero-Pastor et al., 2012) and DDAH2 has been shown to relocate to the
mitochondria upon viral stimulation in mice (Huang et al., 2021). Therefore,
mechanistic studies might want to explore the protein expression of mitochondrial
targets impacted by NO-toxicity induced apoptosis such as complexes | and IV of
the mitochondrial respiratory chain, ribonucleotide reductase, aconitase, and
glyceraldehyde-6-phosphate dehydrogenase and through DNA modification
(Palmieri et al., 2020). Downregulation of OXPHOS and ATP production directs M1-
like macrophages to a glycolytic commitment and in DDAH2 null macrophages this
process may potentially be reversed. Since mitochondrial dysfunction has been
shown to abolish reversal of polarisation (Van den Bossche et al., 2016),
investigating this may be of particular interest in defining the M1-like/M2-like
phenotype of Ddah2 null macrophages and provide a more definitive insight into

functional changes.

Abnormal NO signalling in macrophages could impact their antigen presentation
to T cells through a reduced major histocompatibility complex Il (MHCII)
expression (Harari and Liao, 2004, Iwasaki and Medzhitov, 2015), however
evidence for a regulatory role of DDAH2 on the ability of macrophages to present
antigen is lacking and would warrant investigation in the context of adaptive

neuroinflammation following stroke.
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4.4.8 Summary and conclusion

In this chapter optimisation work is presented related to the overarching aim of
establishing a method for macrophage and microglia isolation from mouse brain
tissue and investigating transcriptional changes in genes important for
macrophage function in the context of inflammation after stroke. Several
techniques for deriving myeloid cells such as monocytes, macrophages, and
microglia were presented. RNA isolation methods, cDNA generation and qRT-PCR
were also optimised to validate the utility of these methods of cell isolation to
study gene expression and to validate the monocyte/macrophage specific DDAH2
knockout in mice. Obstacles were encountered when the obtained cells from naive
mice were found to express low or negligible amounts of Ddah2 and overall low
RNA vyield and purity. This hindered the progress for investigating the impact of
DDAH2 deletion in microglia and macrophages on multiple genes important for
macrophage function.

Therefore, alternative ways to investigate the effect of ischaemia on DDAH2
expression were utilised in macrophages from an established cell culture line and
mouse brain tissue after experimental stroke. Upregulation of Ddah2 mRNA
expression in oxygen-glucose deprivation was demonstrated, however protein
expression of DDAH2 in mouse brain tissue was unchanged following cerebral
ischaemia-reperfusion. DDAH2 knockout validation was demonstrated by
negligible Ddah2 mRNA in peritoneal macrophages from DDAH2M- /- mice
compared to control mice. The ability of DDAH2 to regulate macrophage function
was also investigated in peritoneal macrophages. Key pro-inflammatory genes
were downregulated in macrophages from DDAH2M°- /- mice, suggesting these cells
may adopt an anti-inflammatory M2-like phenotype. In conclusion, hypoxia
upregulates DDAH2 in macrophages and tentative evidence is presented that
DDAH2 deletion in macrophages has the potential to modulate iNOS-NO mediated
macrophage phenotype through regulating the expression of pro-inflammatory
genes. These findings may have important implications for the impact of DDAH2

absence on the outcomes of cerebral ischaemia-reperfusion.
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5 Chapter 5: Effect of monocyte/macrophage
DDAH2 deletion on acute brain injury,
functional outcomes, and apoptosis after
cerebral ischaemia-reperfusion



Chapter 5 144
5.1 Introduction

DDAH2 regulates iNOS-NO signalling in inflammatory cells through inhibition of
ADMA (Lambden et al., 2015, Lambden et al., 2016, Huang et al., 2021) and
depletion of macrophage iNOS after ischaemic stroke in mice improves outcomes
(Li et al., 2022). However, the impact of DDAH2 on stroke outcomes has not been

directly studied before.

The two main hallmarks of ischaemic stroke are formation of an infarct, as a result
of the reduction in perfusion of the vascular territory, and brain oedema, caused
by ionic gradients imbalance. The MCA has a superficial division, which supplies
cortical regions such as the primary somatosensory cortex and the motor cortex,
and lenticulostriate branches, which supply subcortical territories such as the
basal ganglia (globus pallidus and striatum) and the genu of the internal capsule
(ten Donkelaar et al., 2020). Thus, in the mouse tMCAo model of focal ischaemic

stroke the infarct typically affects the striatum, the sensory and motor cortices.

Clinical ischaemic stroke is accompanied with long-term disability, which dictates
reduction of neurological and functional deficits following stroke as a key
objective in rehabilitation programmes (Langhorne et al., 2009, Shahid et al.,
2023). It follows that a major outcome to measure in preclinical stroke research,
alongside infarct size, is neurological impairment. Assessment of deficits in
cognitive and functional outcomes in rodents is gaining importance in enhancing
the translatability of such studies (McFall et al., 2020, Percie du Sert et al., 2020).
Healthy mice typically exhibit behaviours with functional symmetry, while
unilateral ischaemia in the right hemisphere results in contralateral (left) forelimb
impairment (Schaar et al., 2010, Mani et al., 2013). Consequently, numerous tests
have been developed to assess upper motor weakness and hemiparesis after mouse
tMCAo (Ruan and Yao, 2020). The MCA supplies the lateral surface of the parietal
lobe and the superior temporal lobes, which are the location of the upper limb
and face on the primary somatosensory cortex. Therefore, a stroke affecting the
MCA results in sensory loss in these areas. In mice, this can manifest in deficits in
forelimb strength (Crum et al., 2013) and foot placement on the contralateral side
(Gibson et al., 2005, Feng et al., 2020). Hemi-spatial neglect is a common clinical
feature of stroke and can be assessed by the walking and tail suspension swing

tests (Balkaya et al., 2013). A composite neurological score such as the
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neurological severity score (NSS), which combines scores from several tests, offers
better predictive validity than single tests (Schaar et al., 2010). Additionally, nest
building, which is a natural behaviour for rodents to provide shelter, heat
conservation, and protection from predators, can also be assessed to determine
sensorimotor and cognitive deficits, wellbeing, and depressive-like symptoms
(Deacon, 2006a, Gaskill et al., 2013, Jirkof, 2014, Sanz-Moreno et al., 2024).

If CBF is not fully restored following tMCAo, over time cells in the peri-infarct
succumb and undergo apoptosis. The peri-infarct is therefore incorporated into
the infarct and the infarct enlarges. Excessive macrophage iNOS-derived NO
contributes to neuronal apoptosis (Belenichev et al., 2024), therefore reduction

in NO in DDAH2M- /- mice may counter the apoptotic signalling.

Monocytes and macrophages are first responders to ischaemic brain injury, while
their roles in controlling the inflammatory response are a subject of debate. For
example, depletion of spleen monocytes/macrophages by liposomal clodronate
reduced brain atrophy and improved neurological recovery after 90 min tMCAo (Ma
et al., 2016), implying that these cells may have harmful effects after tMCAo.
However, another study showed that acutely after tMCAo in CCR2 deficient mice,
despite a lack of change in lesion volume, there was reduced angiogenesis within
infarcts and impaired neurological outcome, suggesting that monocytes-derived
macrophages may be beneficial in resolution of inflammation by driving
vasculoprotection and improving cognitive function (Pedragosa et al., 2020).
Monocyte-derived macrophages are dependent on the CCR2-CCL2 axis for
monocytes mobilisation from the bone marrow and for infiltration to inflamed
sites (Tsou et al., 2007), and monocyte chemotaxis is the primary trigger for
macrophage accumulation in the injured brain. It has been known since the late
1990s that NO controls monocytes chemotaxis through increased expression of
CCL2 (Tsao et al., 1997) and the presence of iNOS inhibitors reduces monocyte
chemotaxis (Belenky et al., 1993). In Chapter 4 evidence was presented for a
decreased expression of the chemokine Ccl2 in macrophages from naive mice
lacking monocyte/macrophage DDAH2, suggesting that perhaps circulating
monocytes secrete less CCL2 in DDAH2M°/- mice, and may therefore affect the
recruitment of further myeloid cells after tMCAo in these mice. Additionally,

monocyte numbers in the brain are influenced by adhesion to endothelial cells
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and resultant transmigration. It was recently demonstrated that S-nitrosylation of
integrin B1 in monocytes promotes monocyte-endothelial adhesion in an iNOS-
dependent pathway (Yao et al., 2023). A role for iNOS in leukocyte infiltration has
been demonstrated in hepatic ischaemia-reperfusion injury, as monocyte iNOS
deletion resulted in reduced infiltration of neutrophils into the ischaemic liver
(Hamada et al., 2009). However, in mice lacking monocytic iNOS, immune cell
infiltration into the ischaemic brain was not affected (Garcia-Bonilla et al., 2014),
indicating that DDAH2 is unlikely to affect ischaemic stroke outcome secondary to
aberrant leukocyte infiltration, while this has not been previously reported. As
discussed in Chapter 4, there is a possibility that additionally to monocytes and
macrophages, DDAH2 is deleted in LysMCre expressing microglia in DDAH2Mo-/-
mice, therefore the effect of ischaemic stroke on microglia numbers in these mice

also deserves investigation.

5.1.1 Chapter hypothesis and aims

The main hypothesis for this chapter was that DDAH2 plays a role in potentiating
the negative effects of iNOS-derived NO and that by knocking out Ddah2 from
monocytes, stroke outcomes in DDAH2M°/- mice 72 hours after tMCAo would
improve. This study aimed to investigate the hallmarks of cerebral ischaemia-
reperfusion such as infarct volume, neurological and behavioural deficits, and
neuronal apoptosis upon deletion of DDAH2 from monocytes. Additionally, it was
hypothesised that DDAH2 manipulation may affect the rate of accumulation of
myeloid cells in the brain. To test this hypothesis, the study aimed to quantify the

numbers of infiltrating immune cells into the ischaemic brain.

5.2 Methods

5.2.1 Animals

In this chapter a total of 16 monocyte specific DDAH2 knockout (DDAH2Mo-/-) mice
and 15 littermate control mice (DDAH2V?) were used for the tMCAo and
subsequent analyses, of which 7 DDAH2M°/- and 6 DDAH2V mice were subjected
to 60 min occlusion period, while 9 DDAH2M°/- and 9 DDAH2"/" mice underwent 40
min tMCAo. DDAH2Mo-/- and DDAH2™/" mice were generated as described in section

1.1.3 in General Methods. Dr Alyson Miller performed all surgeries with
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anaesthetic assistance from me. The mice used in this study were all male, of
good health, and similar age: 13.9+1.7 vs 15.7+1.8 weeks old, DDAH2M°-/- vs
DDAH2% and weight: 23.7+2 vs 24+1 g, DDAH2M-/- vs DDAH2V" on the day of
surgery. One DDAH2M/- mouse was excluded from the study as it had to be
euthanised prior to the scientific endpoint due to receiving a score of >9 on the

clinical severity scale (section 1.2.2 of General Methods).

5.2.2 Adherence to ARRIVE guidelines

Two or three surgeries were performed on a single day and the order of genotypes
undergoing surgery was unknown to the surgeon. Procedures were performed
blinded by concealing the mouse’s genotype during pre- and post-surgical
neuroscoring, sample handling and data analyses. Video behavioural analysis was

blinded by concealment of the animal’s genotype.

5.2.3 Stroke surgery

Cerebral ischaemia-reperfusion was induced by the tMCAo model described in
detail in Section 2.2.1 in General Methods. In this study (Figure 5-1), mice were
subjected to tMCAo for 40 min for the immune cell quantification and for 60 min
for infarct analyses, using a monofilament. Neurological and functional deficit
testing was conducted prior to surgery in all mice that underwent 60 min occlusion
but not in those used for 40 min occlusion. Testing was conducted at 24 hours and
72 hours post tMCAo for all mice. At the scientific endpoint animals were
sacrificed by terminal anaesthesia with 5% isoflurane or by a rising concentration
of CO; (Schedule 1 of the Act) followed by decapitation. For flow cytometric
analyses mice were transcardially perfused with 0.9% saline under 5% isoflurane,
brains were harvested and placed in ice cold PBS and the tissue was immediately
used. For infarct and oedema volume, and terminal deoxynucleotidyl transferase
dUTP nick end labelling (TUNEL) analyses, brains were carefully harvested, placed
in ice cold PBS, slowly frozen over liquid nitrogen and stored at -80° C. Cryo-
sectioning was then performed as described in Section 2.3.1 in General Methods
by Dr Alexandra Riddell.
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Figure 5-1. Schematic presentation of the experimental procedures used in this
chapter. A-1 walking test, A-2 hanging test, A-3 corneal reflex, A-4 pinna reflex,
A-5 grid walking test. B-1 nest building test, B-2 grip strength test. C-1 isoflurane
anaesthesia, C-2 positioning of the laser Doppler probe, C-3 position of the arterial
clamp on the common carotid artery and the affected brain area in the territory
of the middle cerebral artery, D-1 cryo-sectioning brain tissue, D-2 thionin
staining, D-3 infarct distribution, D-4 confocal laser microscopy used for terminal
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) imaging, D-5 cell
count analysis of apoptosis. E-1 terminal transcardial perfusion procedure, E-2
flow cytometric analysis of major immune cell populations. mNSS - modified
neurological severity score, DDAH2M°/- - monocyte specific DDAH2 knockout,
DDAH2!/ - littermate controls.



Chapter 5 149

5.2.4 Infarct and oedema volume analysis in mice after tMCAo

Infarct and oedema volumes were determined in 15 cryo-sectioned coronal
sections spanning 3 regions of the brain. Sections were stained 0.125% thionin
(Sigma, Cat# C-0775), which stains brain matter in blue Nissl and allows for
detection of colourless necrotic tissue. Sections were immersed in thionin for 2
minutes at 37°C in the dark followed by two washes in distilled water. Sections
were then dehydrated in ethanol (70% followed by 100%) for 1 min, air dried and
dipped in xylene substitute. Sections were mounted onto coverslips with DPX
mounting medium and allowed to dry overnight. Images were taken with a digital
camera (Canon Ixus 160, Japan) using an illuminated platform. Images were pre-
processed for enhanced contrast and correct orientation using a Fiji macro. Total
cortical, subcortical infarct and oedema volumes were determined by delineating
the left hemisphere, right hemisphere, infarct, cortical and subcortical areas (Fiji
software; National Institutes of Health) with the assistance of the online Mouse
Brain Atlas (Allen Institue for Brain Science, 2004).

Total infarct volume was corrected for oedema using the following formula:
CIV = [RIA - (RHA - LHA)] x [section thickness + distance between sections (mm)]

CIV is the corrected infarct volume, RIA is right hemisphere infarct area, RHA is
right hemisphere area, LHA is left hemisphere area. Total oedema volume (OV)

was measured using the following formula:
OV = [RHA - LHA] x [section thickness + distance between sections (mm)]

Infarct and oedema volumes from each section were summed and expressed as

mm?3.

To examine the distribution of the infarct, total, cortical, and subcortical infarct

area (mm?) were also expressed relative to bregma.

For comparison with clinically relevant infarct sizes, total infarct volume was also
calculated as a percentage relative to right hemisphere volume (RHV) using the

following formula:
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% Infarct Volume = (CIV/(RHV-OV)) x 100

RHV was calculated by multiplying the RHA by the distance to the previous section

(mm) and totalled for all 15 sections (Figure 5-2).

2.7 23 2.1 1.8 1.2

-1.0 -1.3

Figure 5-2. Representative coronal sections stained with thionin for infarct and
oedema volume analysis, and for infarct distribution in the anteroposterior axis.
Hypo-intensities delineate the infarct, which is primarily in the subcortex in most
mice with the transient middle cerebral artery occlusion model. Numerical values
above each section represent the location along the anteroposterior axis with
values expressed relative to bregma.

5.2.5 Neurological and functional assessment in mice after
tMCAo

Neurological testing was conducted at baseline (for some experiments), 24 hours
and 72 hours post tMCAo in sham- and tMCAo-operated mice.

5.2.5.1 Walking test

The walking and body swing tests assess locomotion and sensorimotor function.
For the walking test animals were allowed to explore an open area (30 cm x 15
cm) for 2 minutes and their walking ability was evaluated as detailed in Table 5-1.
Healthy mice walk freely in all directions, while mice with a unilateral ischaemic

lesion often circle to one direction when walking.
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5.2.5.2 Hanging body swing test

For the hanging body swing test, mice were suspended by the tail for
approximately 20 seconds. Healthy mice hang straight with forelimbs extended
towards the ground and their hindlimbs in rapid locomotion mimicking a run. Mice
that swing to either side with no preference show a mild deficit unrelated to the
ischaemic lesion. Mice with a unilateral ischaemic lesion present with a swing
biased to their left side (contralateral to the lesion). Mice that bend their body by
less than 30 degrees are moderately affected by the lesion, while mice that bend
by further than 30 degrees are more severely affected. Mice with the highest
degree of severity display uncontrollable circling or spasms when suspended from
the tail or hang straight with no response. Scores were assigned as described in
Table 5-1.

5.2.5.3 Reflexes

Reflexes were also measured to ascertain nerve conduction. Using a sterile cotton
bud, the pinna (external part of the ear) of the left ear and cornea of the left eye
were gently touched. Normal pinna reflex involves the flattening of the ear along
the surface of the head and normal eye reflex involves a blink. Absence of reflex

resulted in addition of 1 point to the total mNSS assessment (Table 5-1).

5.2.5.4 Forelimb foot fault test (grid walking)

The forelimb foot fault test assesses deficits of locomotion and sensorimotor
coordination by quantifying asymmetrical foot faults. This test is included instead
of the commonly used balance beam test for mNSS (Schaar et al., 2010). Animals
were allowed to explore an elevated circular frame with a wire grid (1.5 cm?) by
placing their feet on the wire for a maximum of 60 seconds and their movements
are being recorded. A foot fault is considered a slip of a fore paw through the wire
and is determined on a slowed down video analysis. Normal mice typically display
relatively lower number of faults and would make faults with both their forelimbs
equally (symmetrically). Mice with a unilateral ischaemic lesion display
asymmetric deficits with the left (contralateral) forelimb typically being more
affected. Foot fault was calculated as contralateral forelimb faults/total number
of steps*100 (Gibson et al., 2005).
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During video analysis mice were observed for their general demeanour during the
test and speed of movement. Mice that typically explored the whole area and
moved at a fast pace were scored zero. Mild deficit (score = 1/2) was registered
when animals showed preference to a small area of the platform or circled around
the periphery. Moderate deficit (score = 3/4) was ascribed to mice that moved
slower and hesitantly. Animals which moved very little during the test were scored
as displaying a severe deficit (score = 5/6). These scores were taken towards the

mNSS and are summarised in Table 5-1.

5.2.5.5 Modified neurological severity score (mNSS)

The 14-point modified neurological severity score (mNSS) was a composite of the
scores ascribed through the tests described above (Bieber et al., 2019b) and
summarised in Table 5-1. Data from a small pilot study has been compiled to
illustrate the average contribution of each test towards the total mNSS (Figure
7-5). On day 1 after tMCAo mice scored a median of 7 or 8, and the most points
were accrued from the grid walking test. On day 3 in this small cohort mice
displayed a lower median score between 4-6 and the pinna reflex test did not

contribute to the scores (cf. Appendix Figure 7-5).
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Table 5-1. Tests included in the composite 14-score modified neurological severity
score (mNSS). The walking test assessed directional bias or circling (0-3, lowest-
highest deficit), the hanging body swing test to observe bias towards one side of
the body (0-3, lowest-highest deficit), pinna reflex (0-1, lowest-highest deficit),
corneal reflex (0-1, lowest-highest deficit), and a wire grid walking tests to
measure forelimb foot fault (contralateral as % total steps, 0-6, lowest-highest
deficit).

TEST SCORE SCORE ALLOCATION
RANGE
WALKING 0-3 0 = Normal, no deficit

1 = Slight circling, mild deficit

2 = Clear circling and contralateral leaning,
moderate deficit

3 = Minimal movement and contralateral
leaning, severe deficit

HANGING 0-3 0 = Straight, normal

BODY SWING

1 = Slight swing, mild deficit
2 = Clear swing, moderate deficit
3 = Circling/spasm, severe deficit

PINNA 0-1 0 = Reflexes present, normal
REFLEX

1 = >1 reflexes absent, clear deficit
CORNEAL 0-1 0 = Reflexes present, normal
REFLEX

1 = >1 reflexes absent, clear deficit
FORELIMB 0-6 0 = normal
FOOT FAULT

1 = mild deficit

2 = mild deficit

3 = moderate deficit
4 = moderate deficit
5 = severe deficit
6 = severe deficit

5.2.5.6 Forelimb grip strength

Forelimb grip strength was investigated prior to, and 48 hours post tMCAo using a
BIO-GS3 V3.48 grip strength meter with maximal capacity 3507 mg (BioSeb, UK).
Mice were held by the base of the tail in a way which allowed them to grasp onto
the T-bar of the strength meter. Once both forelimbs firmly grasped the T-bar,
the mouse was gently pulled away until both forelimbs failed to hold onto the bar.
The maximal force applied to the T-bar in three repetitions was recorded and the

test was conducted in triplicate with sufficient breaks between measurements.
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5.2.5.7 Behavioural assessment

Dexterity and motivation were assessed by the ability of the animals to build nests
(Deacon, 2006b, Balkaya et al., 2013, Bieber et al., 2019b). Nest building is an
innate behaviour, which indicates the animal’s general wellbeing, motivation, and
cognition, as it requires executive functioning. Single-housed mice were provided
with 3 g of compacted square of nesting material (nestlet) and a wooden chip (cf.
Appendix Figure 7-4) prior to stroke induction and at 48 hours after tMCAo. They
were provided with soft food - freshly prepared mash, baby food and hydration
gel, standard chow pellets and water ad libitum. Nests were assessed the
following morning for several criteria and scores assigned by subtracting points for
deviation from a perfect nest. For an exemplary nest, a mice would have torn all
the material provided, shaped the nest into a crater with >50% of the walls higher
than the mouse’s height, and incorporated the wooden chip into the nest. If the
nestlet was completely untouched, that resulted in a score of 2. If there was a
clear attempt to build a nest, half a point was subtracted for each of the following:
lack of crater shape, <80% torn nestlet material, <50% of walls being higher than
mouse’s body, and lack of incorporation of the wooden chip. Representative
images from nesting activity are shown in Figure 5-3 for each score attributed in
this study. The lowest observed score post-tMCAo in this study was 2 and the

highest 5. This scoring system was adapted from (Deacon, 2006a).
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Figure 5-3. Representative images of nesting 24 hours after transferring mice into
single-housed cages and providing them with nesting material. A score of 2 was
the lowest in this study and scores went up in 0.5 increments to a maximal score
of 5. Score 2 represents no attempt to tear the material, the wooden chip is not
incorporated into the nest. Score 2.5 the nest does not have a crater shape, the
wooden chip is not incorporated into the nest. Score 3.5 material has been torn
but no crater shape has been formed, whilst an attempt to incorporate the wooden
chip into the nest is clearly visible. Score 4 has clearly tried to shape the nest
into a crater, with >50% of the walls higher than the mouse’s height, but points
are deducted for not incorporating the wooden chip into the nest and some nesting
material left untorn. Score 4.5 has made an excellent effort building a nest,
incorporated all the material with >50% of the walls higher than the mouse’s
height and it's only scoring sub-maximally because the wooden chip is not
incorporated into the nest. Score 5 this is an exemplary nest built prior to tMCAo;
all the material provided is torn, the nest is crater shaped, >50% of the walls are
higher than the mouse’s height, the wooden chip is incorporated into the nest.
The identities of individual animals and facility information are concealed in line
with Home Office regulations on work with experimental animals.

5.2.6 Neuronal apoptosis

The TUNEL assay (Figure 5-4) is widely used to quantify the number of apoptotic
cells in the infarct and peri-infarct areas after ischaemic stroke (Zhao et al., 2021,
Liu et al., 2021b). An immunofluorescent TUNEL analysis was performed using In
Situ Cell Death Detection Kit, Fluorescein (Roche) (Negoescu et al., 1996).
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Figure 5-4. Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)
assay for detection of neuronal apoptosis. A) Schematic representation of the
principle behind TUNEL. Single strand DNA breaks are detected and the enzyme
TdT intercalates FITC-conjugated dUTP at the hydroxy terminal. B)
Immunofluorescent image of C57BL6/J mouse ischaemic brain labelled with
TUNEL. White dotted line depicts the border between infarct and peri-infarct and
white rectangles are regions of interest for quantification of TUNEL positive cells.

Two brain sections per animal were selected for staining from region 2 (+0.25 to
-1.79 mm relative to bregma). Sections were air dried for 5-10 minutes and
incubated in fixation solution (4% PFA) for 20 minutes at RT. The slides were
washed three times with PBS and incubated in permeabilisation solution (0.1%
triton X-100 in PBS) for 2 min on ice. The slides were rinsed twice with PBS and
individual sections were incubated with TUNEL reaction mixture in a humidified
chamber in the dark for 60 min at 37°C. Slides were washed three times with PBS,
mounted on glass coverslips (0.17 pym thickness) with Vectashield PLUS antifade
mounting medium with DAPI for counterstaining (Vector Laboratories, H-2000) and
allowed to dry overnight in the dark. The slides were sealed along the edges the
next day with nail polish and stored at 4°C until imaging. Images were taken from
5 locations in the infarct core and 5 locations in the peri-infarct of the ischaemic
hemisphere and an image was taken of the contralateral hemisphere using a
25x/0.8 W DICII objective (Zeiss LSM 900). TUNEL positive cells were counted using
the Cell counter tool in Fiji imaging software, normalised to image area, and

presented as cells/mm?.
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5.2.7 Immunophenotyping with flow cytometry

Immune cell numbers were assessed in DDAH2V"' and DDAH2M°-/- mice from each
hemisphere on day 3 following tMCAo by flow cytometric immunophenotyping.
Flow cytometric sample preparation, acquisition and analysis were performed as
described in section 1.4.6 in General Methods. For each sample 100,000 events
were recorded, and event number was normalised to counting bead events to
allow for quantification of absolute numbers per hemisphere. An
immunophenotyping antibody panel was selected (Table 5-2). As discussed in
Chapter 3, CD45 is a pan-leukocytic marker and CD11b is highly expressed on
myeloid cells and intermediate-to-low expression is found on microglia. Ly-6G is
expressed on polymorphonuclear cells and neutrophils, Ly-6C is highly expressed
on monocytes and low expression is typical for macrophages, CD3 is highly
expressed on T lymphocytes, and CD19 is a hallmark B cell marker. A gating
strategy to assess the main leukocytes in the brain was adapted from (Posel et al.,
2016) (Figure 5-5).

Table 5-2. Antibodies for immunophenotyping myeloid and lymphoid cells.
ANTIGEN FLUOROPHORE HOST ISOTYPE CLONE CONCENTRATION

(HG/ML)

CD45.2 | FITC Mouse, 1gG2a, K 104 0.25
CD11B V500 Rat, 1gG2b, k M1/70 5
LY-6G PerCP (Cy5.5) Rat IgG2a, K 1A8 0.2
LY-6C APC-Cy7 Rat IgM, K AL-21 0.2

CD3 PE Armenian 145- 5

Hamster, IgG 2C11
CD19 PE-Cy7 Rat IgG2a, k 6D5 5
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Figure 5-5. Flow cytometric gating strategy for analysis of major leukocyte
populations from freshly isolated mouse brains. Counting beads were gated and
further separated using the FITC channel into beads A and beads B to ensure the
validity of the counting. Single cells were gated for pan-leukocytic marker CD45
and then into CD45Me" and CD45*"t cells. The following leukocyte populations
were then gated from the CD45*"¢" populations: neutrophils (CD45*"e"Ly6G*), T
cells (CD45*MehCD3*), and double-negative cells (CD3'Ly6C), the latter
subsequently gated into B cells (CD45™¢"CD19*) and myeloid cells
(CD45*ehCD11b*). Myeloid cells were split into monocytes
(CD45*iehCD11b*Ly6C*Me) and macrophages (CD45*M¢"CD11b*Ly6C*'°%). Microglia
(CD45*"CD11b*) were gated from the intermediate CD45 (CD45*).,

All flow cytometric acquisition was performed on BD FACS Canto Il with excitation
and emission parameters for the antibody panel presented in Figure 5-6 and the

cytometer’s configuration is presented in Table 5-3.
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Figure 5-6. Cytometer setup - excitation and emission ranges of the leukocyte
panel. The Violet Trigon laser excites V500, the Blue Octagon laser excites FITC,
PE, PE-Cy7 and PerCP-Cy5.5. Figure created on BD Research Cloud.

Table 5-3. BD FACS Canto Il cytometer configuration for immunophenotyping.

ANTIGEN FLUOROPHORE LASER FILTER MIRROR
CD11B V500 Violet Trigon 405 510/50 502LP
30mw
CD45.2, CD3 | FITC, PE Blue Octagon 488 585 586LP
20mW
CD19 PE-Cy7 Blue Octagon 488 780/60 735LP
20mW
LY6G PerCP-Cy5.5 Blue Octagon 488 670LLP 655LP
20mW
LY6C Apc-Cy7 Red Trigon 633 780/60 735LP
17mW
5.2.8 Power calculations and statistical analysis

To estimate the size of groups needed for this pilot study, statistical power was

calculated using G* Power calculation software (Heinrich Heine University,

Germany). The infarct volume analysis is the most variable outcome measure in
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this study, due to the variability of this stroke model, which substantiated its use
for sample size calculations (Serdar et al., 2021). It was presumed that the
estimated power is also sufficient to test for differences in the neurological and
functional data. Using mean and SD infarct volume data from previous data sets
from our laboratory, where infarct size was either increased or decreased by a
pharmacological agent, it was estimated that n=14 per group were required to
detect a minimum difference of 65% infarct size between knockout and control
mice (a=0.05, power = 0.8 [B=0.2], effect size=1.14). To calculate the number of
animals required per group for the immune cell infiltration analysis, mean and SD
values from previously published data were used (Chu et al., 2014). To detect
differences between two groups using a two-way ANOVA, it was estimated that
the minimum animals required per group were n=10 (a = 0.05, power = 0.8 [B =

0.2], ANOVA: fixed effects, omnibus, one-way).

All data sets were analysed with GraphPad Prism Software 8.0. Group numbers are
indicated in the corresponding figure legends and P<0.05 was considered
statistically significant. Continuous data was expressed as mean + standard error
of the mean (SEM). This includes percentage changes in rCBF and body weight loss
after tMCAo, cell numbers obtained with flow cytometric analysis, infarct area,
infarct volume, and oedema volume, and neurological (forelimb foot fault test)
and motor function (forelimb grip strength, and the semi-quantification of TUNEL-

positive cells after tMCAo.

Descriptive statistics were used to determine mean or median, standard deviation
(SD) and standard error of the mean (SEM), and to inform the choice of statistical
test. Normal data distribution was analysed by Kolmogorov-Smirnov test or
Shapiro-Wilk test for n>8 and D'Agostino & Pearson test for n<8. Unpaired t-tests
(with Welch’s correction for unequal SD) were used for comparisons between
genotypes of rCBF drop at the beginning of ischaemia and rCBF reperfusion 10 min
after filament withdrawal, % body weight loss pre tMCAo and on day 3, infarct and
oedema volumes. A two-way ANOVA with Sidak’s multiple comparisons test was
used for comparing immune cell numbers between genotypes and hemispheres. A
two-way ANOVA with Tukey’s multiple comparisons post hoc test was used to
compare TUNEL-positive cells in the infarct core and peri-infarct brain regions.

For analyses with missing values, mixed effects ANOVA model with Sidak’s
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multiple comparisons test was used instead of a two-way repeated measures
ANOVA. These include comparisons between genotypes of rCBF in the ischaemic

period, forelimb grip strength and foot fault asymmetry index.

Scored data from nest building activity and the modified neurological severity
score was expressed as median. For comparisons of nest building activity between
genotypes pre- and post-tMCAo Mann Whitney U test was used and for comparisons
between pre- and post-tMCAo in each genotype a Wilcoxon test was used. A Mann
Whitney U test was also used to compare mNSS score between genotypes on day
1 and day 3. A Friedman test with Dunn’s multiple comparisons test was used to

compare mNSS score between pre-tMCAo, day 1 and day 3 for each genotype.

5.3 Results

5.3.1 Quantification of infiltrating immune cells and microglia in
the brain of DDAH2/fl and DDAH2M°- mice after tMCAo

To investigate the potential effect of monocyte/macrophage specific DDAH2
deletion on immune cell infiltration into the ischaemic brain, the numbers of
infiltrating immune cells and microglia in the brain of DDAH2®/" and DDAH2Mo-/-
mice after tMCAo were quantified. A relatively short occlusion period of 40 min
was chosen, as this was the first stroke study in these genetically modified

animals.

5.3.1.1 Extent of cerebral hypoperfusion and weight loss in DDAH2//fl and
DDAH2Mo- mice after 40 min tMCAo

The impact of genetic deletion of DDAH2 in macrophages on surgically induced
changes in rCBF were investigated. In our laboratory, successful tMCAo requires a
>70% reduction of rCBF following insertion of the filament, while reperfusion
requires a >80% restoration of baseline rCBF within 10 minutes of filament
withdrawal. The rCBF drop following insertion of the filament did not reach >70%
in 4 out of the 8 DDAH2M°/- mice. In 3 DDAH2Mo-/- and 2 DDAH2"/" mice rCBF did
not reach >80% of baseline upon filament removal. However, incorrect probe
placement over the vascular territory affected by tMCAo could affect the rCBF
readings and given that this was the first stroke study using DDAH2 knockout mice,

all mice were included in subsequent analyses. There were no statistical
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differences between the two genotypes for rCBF at the time of filament insertion
(unpaired t test, P>0.05), following filament removal (unpaired t test, P>0.05).
Regional CBF was mostly stable throughout the ischaemia period in both
genotypes, apart from at 10 minutes after filament insertion, mixed effects

analysis with Sidak’s multiple comparisons test, P<0.05 (Figure 5-7A).

Acute weight loss is a common feature after tMCAo and some studies have shown
that it positively correlates with infarct volume (Cai et al., 2015). There was no
difference between the genotypes in terms of baseline body weight: 25.4+0.9 g vs
25.8+1.1 g, DDAH2/f'vs DDAH2M°-/- | unpaired t test, P>0.05, mean+SEM, n=8. Body
weight decreased in both genotypes to a similar degree on day 3 post 40 min
tMCAo: - 10.9+1.4% vs - 9.4+1.4%, DDAH2"/flvs DDAH2Mo-/- | unpaired t test, P>0.05,
mean+SEM, n=8 (Figure 5-7B).
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Figure 5-7. Temporal changes in regional cerebral blood flow (rCBF) (A) and body
weight loss (B) in DDAH2"/" and DDAH2M°-/- mice following 40 min transient middle
cerebral artery occlusion (tMCAo). Data is presented as mean + SEM, n=8.
Statistical analyses for DDAH2"/f vs DDAH2Mo-/- included mixed effects analysis
with Sidak’s multiple comparisons test during ischaemia (P>0.05, *P<0.05 at 10
minutes), unpaired t test at the time of filament insertion (at 0 min, P>0.05),
unpaired t test following filament removal (at 60 min, P>0.05), and unpaired t
test for weight loss on day 3 post tMCAo, DDAH2/f vs DDAH2M°-/- (P>0.05).

5.3.1.2 Monocyte/macrophage specific DDAH2 deletion has no impact on
total leukocyte and microglia into the ischaemic brain

To confirm that any effect of monocytes/macrophage DDAH2 deletion on stroke
outcomes can be attributed to direct actions on the ischaemic brain, rather than
occurring secondary to reduced immune cell infiltration, leukocyte frequencies

were investigated using flow cytometry. Although it has previously been reported
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that iNOS deletion does not affect rates of leukocyte infiltration in the ischaemic
brain (Garcia-Bonilla et al., 2014), genetic deletion of DDAH2 in monocytes and
macrophages might result in altered infiltration of immune cells into the brain,
possibly through releasing an activator of Sp1 transcription factor in endothelial
cells and inducing a VEGF-dependent signalling pathway (Hasegawa et al., 2006).
The number of single cells was around 700,000 cells per hemisphere and
comparable between the ipsilateral and contralateral hemispheres and between
genotypes (Figure 5-8A). The numbers of leukocytes (CD45*) were about 100,000
per hemisphere and were higher in the ipsilateral compared to contralateral
hemispheres in DDAH2M°/- mice but there were no statistical differences, and
there were comparable numbers of CD45* cells in the DDAH2V' mice (Figure 5-8B).
Microglia (CD45™*CD11b*) numbers constituted about a half of the detected

leukocytes and no statistically significant differences were observed (Figure 5-8C).
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Figure 5-8. The impact of monocyte/macrophage specific DDAH2 deletion on
immune cell infiltration following transient middle cerebral artery occlusion
(tMCAo0) obtained by flow cytometric analysis. Single cells (A), total leukocytes
(CD45*) (B), and microglia (CD45"*CD11b*) (C). Data is presented as mean+SEM,
n=7-8, two-way ANOVA with Sidak’s multiple comparisons test, P>0.05.

5.3.1.3 Monocyte/macrophage specific DDAH2 deletion does not impact on
the number of myeloid sub-populations in the ischaemic brain

No genotype effects were detected within ipsilateral or contralateral hemispheres
between DDAH2/" and DDAH2M°-/- mice after stroke (Figure 5-9). Additionally, the
numbers of myeloid cells (CD45*"¢"CD11b*) was comparable between the
ischaemic and contralateral hemispheres of DDAH2!/"' and DDAH2M°/- mice after
stroke (Figure 5-9A). Similarly, the number of monocytes (CD45*"¢"CD11b*Ly-
6Chigh)
hemispheres (Figure 5-9B). The numbers of macrophages (CD45*Me"CD11b*Ly-

remained insignificantly higher in ipsilateral versus contralateral
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6C*o%) were likewise detected in comparable numbers in the two hemispheres in

both genotypes (Figure 5-9C).
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Figure 5-9. Quantification and representative contour flow cytometric plots of
myeloid cells (CD45"*CD11b*), monocytes (CD45™MCD11b*Ly6C*"), and
macrophages (CD45*"CD11b*Ly6C*'°%) in ipsilateral and contralateral hemispheres
from DDAH2V!l and DDAH2M°/-mice following transient middle cerebral artery
occlusion (tMCAo0). Data is presented as mean + SEM, n=7-8, two-way ANOVA for
genotype and stroke effects with Sidak’s multiple comparison test, P>0.05.

5.3.1.4 Lack of impact of monocyte/macrophage specific DDAH2 deletion on
the number of other immune cell populations infiltrating into the
ischaemic brain

The ability of other leukocytic populations to infiltrate into the brain of mice that
are lacking DDAH2 in monocytes/macrophages was additionally examined. Similar
to the myeloid populations, there was a trend for higher numbers of T lymphocytes
(CD45*MCD3*) and B lymphocytes (CD45*"CD19%) in the ipsilateral hemispheres,
but there were no statistical differences (Figure 5-10A). On average only <100
neutrophils (CD45*"Ly6G*) and B lymphocytes were detected, and in half of the
mice from both genotypes cells from these subpopulations were not detected
(Figure 5-10B-C).
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Figure 5-10. Number of neutrophils (CD45"Ly6G*) (A), T lymphocytes
(CD45*MCD3*) (B), B lymphocytes (CD45*"CD19*) (C), in ipsilateral (ischaemic) and
contralateral hemispheres of DDAH2//"' and DDAH2M°/- mice following transient
middle cerebral artery occlusion obtained by flow cytometric analysis (tMCAo0).
Data presented as mean + SEM, n=7-8, two-way ANOVA for genotype and stroke
effects with Sidak multiple comparison’s test, P>0.05.
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Overall, the data suggests that monocyte/macrophage specific DDAH2 deletion
does not affect the number of brain resident microglia or the capacity of myeloid

cells to infiltrate into the ischaemic brain.

5.3.2 Effect of monocyte/macrophage-specific DDAH2 deletion
on stroke outcomes in DDAH2//fl and DDAH2M°/- mice after
60 min tMCAo

5.3.2.1 Mortality and exclusions

There were no mortalities, and one mouse was culled due to exceeding severity
limits. While CBF values were collected by a laser Doppler probe to confirm the
level of hypoperfusion in each mouse, to mitigate for probes becoming loosened
during the procedure or for faulty positioning over a vascular territory different
from the MCA, the successful placement of the filament was additionally
determined by scores on the filament that denote it was inserted to a depth of
approximately 10 + 1 mm (Hata et al., 1998, Ansari et al., 2011). Therefore, as
this was a pilot study in these genetically modified mice aiming to assess infarct
volume, despite some mice not achieving this ischaemia-reperfusion threshold
criteria discussed above in Section 5.3.1.1, they were recovered, assessed to not
have surpassed severity limits, culled at the scientific timepoint, and included in

all analyses with the following omissions.

e Data for rCBF was not recorded for one DDAH2%/fl| as the laser doppler

probe got detached during surgery.
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e Pre-tMCAo forelimb grip and foot fault data were collected from all but two

mice from the DDAH2 group.

e Post tMCAo (day 1 and day 3) neurological and forelimb grip tests were not
performed on two of the DDAH2"V"' mice due to them scoring 26 on the
clinical severity (for reference, scores of 6-9 resulted in the mouse being

monitored several times a day and euthanasia considered).

e The quality of coronal sections in one DDAH2V!' mouse and in one

DDAH2Mo- /- was too poor to allow accurate infarct analysis.

5.3.2.2 Extent of cerebral hypoperfusion and weight loss

The rCBF was compared between the genotypes to ensure both groups have
experienced the same degree of ischaemia and reperfusion. Likewise, weight loss
was also investigated, and thus any differences in infarct size and neurological
outcomes cannot be attributed to one group of mice experiencing a more severe
drop/better reperfusion in rCBF or greater weight loss. All DDAH2/" mice and 4
out of the 6 DDAH2M-/-mice achieved the required >70% reduction in CBF following
insertion of the filament (Figure 5-11A). Following filament removal, 4 out of the
5 DDAH2V' mice, and 4 out of the 6 DDAH2M°/"mice achieved the required >80%
restoration of CBF. Nevertheless, as mentioned, given this is a pilot study, all mice
were included in subsequent analyses. Importantly, the extent of hypoperfusion
following filament insertion, during ischaemia and upon restoration of perfusion
following removal of the filament were comparable between genotypes (Figure
5-11A). There was no difference between the genotypes in terms of baseline body
weight: 23.7+2g vs 24+1g, mean+SEM, n=6, unpaired t test, DDAH2%/f vs
DDAH2Mo- /- " P>0.05. Body weight decreased in both genotypes to a similar degree
on day 3 post 60 min tMCAo: - 10+2% vs - 13+2%, mean+SEM, n=6, unpaired t test,
DDAH2Me- /- vs DDAH2TVL | P>0.05 (Figure 5-11B).
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Figure 5-11. Temporal changes in regional cerebral blood flow (rCBF) (A) and body
weight loss (B) in DDAH2"/" and DDAH2M°-/- mice following 60 min transient middle
cerebral artery occlusion (tMCAo). Data presented as mean + SEM, n=5-6.
Statistical analyses for DDAH2"/f vs DDAH2Mo-/- included mixed effects analysis
with Sidak’s multiple comparisons test during ischaemia (P>0.05), unpaired t test
at the time of filament insertion (at 0 min, P>0.05), unpaired t test following
filament removal (at 60 min, P>0.05), and unpaired t test for weight loss on day
3 post tMCAo, DDAH2"/" vs DDAH2Mo-/- (P>0.05).

In mice hypothermia has been shown to be neuroprotective in stroke models (Zhao
et al., 2020). To avoid hypothermia core body temperature was monitored by the
use of a rectal probe every 5 minutes during the surgery (a total of 17 readings),
both for animal welfare and to mitigate the protective effects of hypothermia on
infarct size (Hemmen and Lyden, 2009). The average recorded temperature over
the tMCAo period was comparable between genotypes: 36.5+0.2 °C vs
36.7 + 0.01 °C, mean+SEM, n=6, DDAH2Mo-/- vs DDAH2"/"'| unpaired t test, P>0.05.

5.3.2.3 Lack of effect of monocyte/macrophage-specific DDAH2 deletion on
neurological and functional deficits after 60 min tMCAo

To investigate forelimb muscle strength and neuromuscular function, forelimb grip
strength was measured (Au et al., 2024). There were no significant differences in
grip strength between genotypes (Figure 5-12A). Cognitive deficits in building a
nest after tMCAo were also investigated. DDAH2V' mice built poorer nests
(median score 2.5) post-tMCAo compared to pre tMCAo (median score 5) (Wilcoxon
paired test, *P<0.05). In comparison, DDAH2M°/- mice retained a median score of
4.5 post-stroke versus a median of 5 pre-tMCAo (Wilcoxon paired test, P>0.05).
Despite the higher scoring in DDAH2M°/- mice post-tMCAo, there were no
significant genotype differences post-tMCAo (Mann Whitney unpaired test, P>0.05,
DDAH2/f yvs DDAH2M°-/*) (Figure 5-12B).
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Differences in the ability to integrate motor responses, asymmetry, locomotion,
and sensorimotor coordination were assessed by the foot fault test. Pre-tMCAo
mice displayed functional symmetry in the use of forelimbs, which resulted in
<3.5% contralateral faults as a percentage of total steps taken (average of 85
steps/test) (Figure 5-12C). On day 1 following tMCAo both genotypes showed lower
total step count to an average of 55 steps/test and higher deficits in neurological
function resulted in increased frequency of foot faults in both genotypes, but no
differences arose between genotypes (mixed effects ANOVA with Sidak’s multiple
comparison tests between DDAH2Vfl vs DDAH2M°-/-  P>0.05). While mice from
both genotype groups made more faults compared to baseline on day 3 too,
differences between genotypes were not significant (mixed effects ANOVA with
Sidak’s multiple comparison tests between DDAH2!/"' vs DDAH2M° - /- P>0.05).

Mice that have not experienced tMCAo scored zero on the composite neurological
score mNSS (Figure 5-12D). Unsurprisingly, mice in both genotypes scored higher
on day 1 post tMCAo. On day 3 following tMCAo, DDAH2M -/ mice showed an
improvement in mNSS between day 1 and day 3 (Wilcoxon paired tests (day 1 vs
day 3, DDAH2Mo/- #P<0.05, DDAH2%f.  P>0.05). However, there were no
differences between DDAH2M°/- and DDAH2V mice at either timepoint (Mann-
Whitney unpaired tests DDAH2?/flvs DDAH2M°/-on day 1, P>0.05, on day 3, P>0.05).
Since this data is very preliminary, it is hard to conclude an effect of DDAH2 on

neurological outcomes after tMCAo.
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Figure 5-12. Effect of monocyte/macrophage selective DDAH2 deletion on
neurological and functional outcomes after 60 minutes transient middle cerebral
artery occlusion (tMCAo) in DDAH2V! and DDAH2M°/- mice. Functional deficits
were investigated pre and on day 2 post tMCAo. A) Forelimb grip strength, data is
presented as mean + SEM, n=4-6, two-way ANOVA with Sidak multiple comparisons
test, P>0.05. B) Nest building activity score, data is presented as median, n=6,
Mann Whitney test (DDAH2"/f vs DDAH2Mo-/- | P>0.05) and Wilcoxon matched pairs
test (pre vs post tMCAo, DDAH2VT *P<0.05, DDAH2M°-/-) P>0.05). Neurological
deficits were investigated pre tMCAo, on day 1 and on day 3 post tMCAo. C) Foot
fault is presented as the number of errors made by the contralateral limb as a
percentage of the total steps taken, mean + SEM, n=4-6, mixed model ANOVA with
Sidak’s multiple comparisons test (DDAH2M°/- vs DDAH27/"'| P>0.05). The modified
neurological severity score (mMNNS) is presented as median, n=4-6, Wilcoxon paired
tests (day 1 vs day 3, DDAH2Mo/- #P<0.05, DDAH2"/"- | P>0.05) and Mann-Whitney
unpaired tests DDAH2/fl vs DDAH2M°/- (on day 1, P>0.05, on day 3, P>0.05).

N
ird

_‘
9

mNSS Score (0-14)
0-lowest, 14-highest deficit
»

_.
i
.

L
G-

Foot fault
(contraletral as % total steps)

il

5.3.2.4 Lack of effect of monocyte/macrophage-specific DDAH2 deletion on
total infarct and oedema volumes after 60 min tMCAo

A major measurable outcome from the tMCAo model is infarct and oedema
volume. In this pilot study the effect of monocyte specific DDAH2 deletion on
infarct and oedema volume were examined. There was no statistical difference in
infarct volume between the DDAH2M°/-and DDAH2"'' mice (Figure 5-13A). Oedema

volume was comparable between DDAH2?/'and DDAH2M°-/- with a mouse in each
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group displaying higher oedemic volume (Figure 5-13B). Representative images of
thionin stained coronal sections demonstrate the infarct area was primarily

subcortical and only 3 animals displayed cortical infarcts in this study(Figure
5-13C&D).
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Figure 5-13. Extent of brain injury and oedema following 60 minutes transient
middle cerebral artery occlusion (tMCAo) in DDAH2™/"' and DDAH2M°-/- mice. Total
infarct (A) and oedema volumes (B), mean + SEM, n=5, Welch t test, P>0.05.
Representative thionin stained coronal sections from DDAH2"/f (C) and DDAH2Mo-/-

(D) mice and infarct area was determined by discoloration and is annotated by a
black contour line.

In clinical stroke infarct volume is typically about 4-14% of the hemispheric
volume, or about 20 mm? in mice (Carmichael, 2005). In this study the volume the
infarct occupied in the ipsilateral hemisphere of DDAH2M- /- mice was 1.6-fold
lower compared to control, but it was not significant, and in both experimental
groups the percentage from the ipsilateral hemisphere fell within the reference
range (Figure 5-14A). The bulk of the infarct positioned between 2 and -2 mm
from bregma in both DDAH2/"' and DDAH2M°-/- mice, and the distribution of
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infarct area along the anteroposterior axis had a distinctive peak at 0.5 mm

posterior to bregma (Figure 5-14B).
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Figure 5-14. Characterisation of infarct volume and distribution in DDAH2"/f vs
DDAH2Mo-"mice after 60 min transient middle cerebral artery occlusion (tMCAo).
A) Infarct volume as a percentage of total ipsilateral hemispheric volume. Dotted
lines depict the infarct size range (4-14%) reported in clinical studies (Carmichael,
2005). B) Total infarct area along the anteroposterior brain axis relative to
bregma. Data is displayed as mean + SEM, n=5. Welch t test, DDAH2"/l ys DDAH2Mc-
/-, P>0.05 (A) and two-way ANOVA (B), P>0.05.

5.3.3 Monocyte/macrophage DDAH2 contributes to DNA strand
breaks after tMCAo

The number of TUNEL-positive cells in the infarct core and peri-infarct brain
regions in DDAH2"/" and DDAH2M° -/~ mice after 60 minutes tMCAo was investigated
using the TUNEL assay. There were 2-fold more TUNEL-positive cells in the
DDAH2"" mice compared to DDAH2M -/ in both the ischaemic core and the peri-
infarct (Figure 5-15, Figure 5-16). There were negligible TUNEL-positive cells in
the contralateral hemispheres from both genotypes. This data indicates that in
the DDAH2M° -/ - mice the extent of DNA strand breaks was lower compared with
the DDAH2V mice, indicating that monocyte/macrophage DDAH2 may contribute

to apoptosis after tMCAo.
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Figure 5-15. Representative confocal images of terminal deoxynucleotidyl
transferase dUTP nick end labelling (TUNEL) positive cells in the infarct and peri-
infarct areas following transient middle cerebral artery occlusion (tMCAo0) in
DDAH2" and DDAH2M° -/~ mice. Scale bar = 50 ym, 25x magnification.
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Figure 5-16. Quantification of DNA strand breaks as determined by terminal
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) positive cells per
area in the infarct and peri-infarct areas following transient middle cerebral
artery occlusion (tMCAo) in DDAH2V and DDAH2M° /- mice. Data is presented as
mean + SEM, n=6, two-way ANOVA with Sidak’s multiple comparison test
(DDAH2!T' ys DDAH2M -/ -) | **P<0.01.
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5.4 Discussion

In this chapter it was aimed to establish whether deletion of DDAH2 in monocytes
can influence the outcomes of stroke. It was hypothesised that lower levels of
iNOS-derived NO in monocytes, owing to decreased degradation of ADMA by
DDAH2, may reduce infarct size, improve neurological and behavioural deficits,
and reduce neuronal apoptosis. A sub-aim of the project was to evaluate whether
DDAH2 may impact stroke outcome via attenuating the infiltration of immune cells
into the brain.

5.4.1 Choice of timepoint to study infarct development and
infiltration

To address the aims of the project, the peak of infarct development was chosen
as a suitable timepoint of investigation, which also matches with the time course
of peak immune cell infiltration (Figure 1-4). In C57BL6/J mice using the tMCAo
model the infarct is typically fully developed by 24-72 hours, while by day 7 it
halves in size and almost fully recovers by 2 weeks (Feng et al., 2017). Many
studies commonly assess infarct volume at 24 hours after tMCAo (Chen et al., 2015,
Bieber et al., 2019a), and leukocytes are reported to increase as early at 24 hours
after tMCAo (Chu et al., 2014, Gelderblom et al., 2009). However, in the rodent
ischaemic brain, monocytes are first to cross the BBB, while lymphocytes and
neutrophils only accumulate in the ischaemic hemisphere at 72 hours post tMCAo
(Gelderblom et al., 2009). Therefore, to capture ischaemia-induced infiltration of
innate and adaptive immune cells, the study was conducted 72 hours after tMCAo.
The number of myeloid cells, monocytes and macrophages was trending higher in
the ipsilateral hemispheres but neither a stroke, nor a genotype effect were
observed (Figure 5-9). Ultimately, to definitively establish whether NO is
important for monocyte infiltration, it remains to be determined whether this is
primarily due to monocytes upregulating iNOS remotely (in the circulation, spleen,
thymus, or bone marrow) or if this occurs upon exposure to ischaemic cues in the

brain.

Myeloid cells have been shown to increase 3-fold in the ipsilateral versus the
contralateral hemisphere in previous studies (Chu et al., 2014). In the present

study a 2.5-fold increase was observed but the effect size was not large enough
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to determine a significant difference, indicating that the study was underpowered

and that an n=10 is required for a large enough effect size.

5.4.2 Monocyte/macrophage DDAH2 deletion had no impact on
immune cell infiltration

Myeloid cells (CD45"*CD11b*), monocytes (CD45™MCD11b*Ly6C*™), and
macrophages (CD45™MCD11b*Ly6C*'°%) infiltration was not only unaffected by
DDAH2 deletion, but surprisingly also did not increase significantly in the
ipsilateral hemispheres compared to control, despite sharing the phenotypic
signature CD45*"CD11b* with myeloid cells (CD45™MCD11b*) and M2-like
macrophages (CD45*"CD11b*CD206%), which were detected in higher numbers in
stroke affected hemispheres in Chapter 3 (Figure 3-7). A possible explanation for
this discrepancy is that the CD11b antibody was conjugated to a different
flurophore in this panel - V500, compared to APC-Cy7 in Chapter 3. Additionally,
it is likely that while M2-like macrophages (CD45*""CD11b*CD206*) predominate at
this timepoint, monocytes (CD45*"CD11b*Ly6C*") differentiate into M1-like
macrophages, which dominate at later stages of tMCAo (Kanazawa et al., 2017b).
However, macrophages which express Ly6C*°" are typically M2-like and would
have been expected to increase similarly to the CD206* macrophages in Chapter
3. While the difference may have arisen from differences in the flow cytometric
panels, this may also be inherent to the spectrum of phenotypes M1-like and M2-

like polarised macrophages represent.

Neutrophils and lymphocytes increase in the ipsilateral hemispheres of rodents
after MCAo (Perez-de-Puig et al., 2015, Kang et al., 2020), and neutrophils’
tendency to accumulate and block capillaries for prolonged periods of time
contributes to the no-reflow phenomenon (El Amki et al., 2020). In this study
neither neutrophils nor lymphocytes were detectable in half of the mice or were
detected at a very low frequency (Figure 5-10). Paradoxically, these cases were
observed in mice that were suspected to have undergone a more severe stroke
based on not achieving the threshold values for reperfusion. Immune cell
infiltration rate does not appear to scale linearly with the duration of occlusion,
as others have reported that increasing the duration of the ischaemic period from
60 min to 2 hours did not yield higher CD45* leukocyte numbers (Chu et al., 2014),

indicating that the low numbers of neutrophils and lymphocytes observed here
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were unlikely resulting from a shorter duration of tMCAo. Recent evidence
suggests that accumulation of neutrophils precedes that of macrophages and
monocytes (Planas, 2018), and neutrophil turnover is high (Cai et al., 2020),
suggesting that by 72 hours post tMCAo they may have cleared from the brains of
some mice. The low frequency of lymphocytes can possibly be explained by the
fact that lymphocytes might only be accumulating after 72 hours, as was found in

a meta-analysis of 20 human and 188 rodent studies (Beuker et al., 2021).

5.4.3 Monocyte/macrophage DDAH2 deletion had no impact on
infarct volume

In this study the mean infarct volume for the control mice was relatively small at
24.3 + 8.9 mm3 (Figure 5-13A), which is comparable to lesion volume obtained by
others. Chen et al. reported on a mean lesion size of approximately 23 mm? using
thionin staining at 24 hours after 60 min tMCAO (Chen et al., 2015). Jackman et
al. used a shorter occlusion period but achieved a similar infarct volume (Jackman
et al., 2009). Additionally, the infarct volume as a percentage of the hemisphere
was in line with the 4.5-14% of hemisphere size (Figure 5-14A) that is observed in
ischaemic stroke patients (Carmichael, 2005). However, in other experimental
studies in mice of the same strain, sex, age, occlusion period, and method of
analysis (thionin staining), infarct size was reported to equal 30% of hemispheric
volume (Seifert et al., 2017). Another study with a much lower occlusion duration
(20 minute) determined infarct volume by magnetic resonance imaging (MRI) as
large as 75 mm? (Haley et al., 2020), which is almost four-fold larger than the one
found in this study. Similar infarct volume was reported in C57BL6/N mice (77.5
mm?3) (Bieber et al., 2019a) using triphenyltetrazolium chloride (TTC) staining.
Overall, the differences in infarct volume between this study and the ones
discussed above demonstrate that this model results in a wide range of brain injury

and that parallelism between studies is difficult to establish.

5.4.4 Effect of monocyte/macrophage DDAH2 deletion on
neurological outcome of stroke

There were no detectable differences between grip strength pre- and post-tMCAo
(Figure 5-12A). A pitfall in the way this test was conducted is that recordings were
taken from both forelimbs, while an important control would be to measure

strength in each forelimb separately, and inform on asymmetry similarly to the
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foot fault test (Crum et al., 2013). The nest building activity was most robust in
detecting differences pre- and post- tMCAo (Figure 5-12B) was significantly
impaired in control mice as reported by others after 60-minute tMCAo in wildtype
mice (Yuan et al., 2018). While there were no statistically significant genotype
differences in the ability of mice to build nests post tMCAo, DDAH2M- /- mice
scored similarly between baseline and after ischaemia, suggesting that cognition
and wellbeing could perhaps be impacted by aberrant NO regulation within
macrophages. Asymmetric forelimb foot fault is a hallmark of unilateral brain
injury and there were more detectable deficits in the DDAH2"/' mice compared
to DDAH2M°-/- mice on both day 1 and day 3 (Figure 5-12C). Similarly, the on
composite mNSS test experimental mice scored poorer on day 1 versus day 3 after

stroke, but no genotype effect was detected at either timepoint (Figure 5-12D).

Of note, this study was underpowered, and more experiments will be needed to
determine possible differences arising from lack of DDAH2. The infarcts in this
study were primarily in subcortical striatal regions (Figure 5-13C-D), which is
common for this tMCAo model (Rousselet et al., 2012). However, a limitation to
this study is that some of the neurological tests are developed to detect deficits
arising from cortical injury. While the walking test and the tail suspension swing
tests may be able to detect deficit arising solely from a subcortical lesion, correct
placement of a foot on a walking grid requires higher executive function.
However, a mouse, which only experienced a subcortical lesion, may be able to
compensate for deficits by an intact somatosensory cortex. To effectively measure
deficits in subcortical regions, alternative tests need to be considered. For
example, the skilled reaching test has been used in mice following stroke to assess
functional deficits arising from an intra-striatal lesions (Pilipenko et al., 2024).
The rotarod test and the adhesive tape removal test are also distinguishing
impairments associated with altered striatal function (Gao et al., 2024, Sun et al.,
2020).

5.4.5 Evidence that monocyte/macrophage DDAH2 deletion
impacts DNA strand breaks

DNA strand breaks are a hallmark of programmed cell death and after stroke this
process is mediated in part by iNOS-produced NO in both endothelial cells and

neutrophils (Garcia-Bonilla et al., 2014). A recent study demonstrated that
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reducing the number of iNOS-positive microglia and astrocytes by
intracerebroventribular injection of GdCl; slows down neuronal degeneration and
mitigates cerebral ischaemic damage by dampening the inflammatory response (Li
et al., 2022). Work presented in this Chapter demonstrated higher numbers of
TUNEL positive cells in the ischaemic core and in the peri-infarct of DDAH2"/" mice
compared to DDAH2Mo-/- mice (Figure 5-15, Figure 5-16), suggesting that in
macrophages DDAH2 exerts control over iNOS-mediated cytotoxicity across both
affected regions. In a typical ischaemic hemisphere TUNEL positive cells are found
in the infarct core and significantly less in the peri-infarct area (Figure 5-4)(Ku et
al., 2016, Jiang et al., 2017). In the present study the number of TUNEL positive
cells was comparable between infarct core and peri-infarct in mice from the same
genotype. Possibly these differences arose from the method of normalisation to
the area of the image instead of normalising to the whole hemisphere, and could
also have been a result of misjudging the border between the infarct and peri-
infarct during image acquisition. Additionally, it can be further explored whether
the detected DNA strand breaks arise solely from neuronal cells or includes other
brain cells such as glia, microglia, and even immune cells and can be further
strengthened by utilising additional parameters to conclude apoptosis such as
aberrant morphology, or expression of caspase-3 or Annexin V (Mirzayans and
Murray, 2020).

5.4.6 Limitations

Only male animals were used in this study, which limits the generalisability of the
findings across sexes. This decision was made to reduce biological variability in
the current proof-of-concept study.The importance of sex as a biological variable
will need to be addressed in future experiments to comply with the newest
guidelines on preclinical stroke research ARRIVE Il (Percie du Sert et al., 2020).
The surgeon was blinded to the mouse’s genotype and since all mice underwent
stroke as a treatment, randomisation was not implemented, but future studies
could incorporate a random order generator to fully randomise allocation to
surgery. Efforts were made to minimise the impact of bias by investigating
outcome measures based on objective, quantifiable data, reducing subjective

interpretation, but in future work blinding data analysis must be incorporated.
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5.4.7 Summary

In this pilot study monocyte/macrophage DDAH2 deletion had no effect on infarct
or oedema volume. Stroke outcome was not affected by the ability of DDAH2
lacking monocytes and other immune cells to infiltrate the ischaemic brain.
Neurological deficit remained comparable between DDAH2M° /- and DDAH2f
mice, as determined by similar foot fault and mNSS. A reduced level of DNA
breakage was observed in the ischaemic hemisphere of DDAH2M°- /- mice, which
may be secondary to infarct volume. These data suggest that DDAH2 does not
impact the outcome of ischaemic stroke in mice. However, to fully refute an
effect of DDAH2 after tMCAo, a larger sample size is needed.
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6 Chapter 6: General Discussion
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6.1 Summary of results

The findings presented in this thesis provide a previously under-reported
characterisation of a rare and specialised population of immune cells in the CNS
borders in the context of ischaemic stroke and reveal the role of the enzyme
DDAH2 in regulation of physiological macrophage phenotype and the effect of

DDAH2 on stroke outcomes.

6.1.1 CNS border-associated macrophages accumulate in the
ischaemic hemisphere after cerebral ischaemia-
reperfusion in a time-dependent manner.

In Chapter 3 a temporal quantification of the numbers of a small population of
CNS borders-associated macrophages (BAMs) in a mouse model of focal ischaemic
stroke was presented. BAMs (CD45*CD11b*"e"CD206*Lyve1*) accumulated in the
ipsilateral hemisphere after tMCAo in a time-dependent manner. This response
was most pronounced in the acute phase after stroke, peaked at 1 week and
subsequently the numbers of BAMs declined in the chronic phase of stroke. The
localisation of BAMs in the ipsilateral and contralateral hemispheres after
ischaemic stroke was presented and semi-quantified. BAMs were identified in the

perivascular spaces as CD206*aSMA* and in the meningeal spaces as CD206*Lyve1".

6.1.2 Oxygen and glucose deprivation in macrophages increased
Ddah2 mRNA expression and macrophage inflammatory
profile is regulated by Ddah2.

Nitric oxide (NO) is a signalling molecule, which regulates macrophage function
such as phagocytosis and motility. Dimethylarginine dimethylaminohydrolase
(DDAH2) is an enzyme that belongs to a family of enzymes that regulate NO
production and is the only isoform expressed in macrophages. Work described in
Chapter 4 demonstrated that Ddah2 mRNA expression increased following oxygen
and glucose deprivation in RAW264 macrophage cell line, however, DDAH2 protein
levels in the whole brain remained unchanged in the acute phase after tMCAo in
C57BL6/J mice. The expression of the pro-inflammatory genes Il- 1B, Tnfa, Il-6
and Ccl2 was reduced in peritoneal macrophages from naive
monocytes/macrophages specific Ddah2 knockout mice, indicating that DDAH2

may regulate the inflammatory phenotype and function of these cells.
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6.1.3 Trends for improvement in neurological function and
reduced apoptosis in monocyte/macrophage DdahZ2
deficient mice after tMCAo

In Chapter 5 a study exploring the role of monocytes/macrophages DDAH2 in
ischaemic stroke outcomes was presented. DDAH2 did not alter immune cell
infiltration into the brain after tMCAo, demonstrated by comparable numbers of
total leukocytes, myeloid cells, and lymphocytes between DDAH2Mo-/- and
DDAH2"/! mice. DDAH2 did not appear to have an impact on infarct volume or
neurological deficit in DDAH2M/- mice after tMCAo. A reduced level of DNA
breakage was observed in immunostaining with TUNEL in DDAH2M°/- mice

compared to DDAH2V! controls.

6.2 Significance of findings

6.2.1 Accumulations of BAMs following ischaemic stroke by
proliferation and/or replenishment by peripheral
monocytes

As discussed in the General Introduction, BAMs are a heterogeneous population of
cells, but may lose their heterogenicity in the acute phase after stroke and
become transcriptionally similar to microglia and BM-derived macrophages.
Microglia are composed of diverse clusters of cells in response to permanent stroke
in mice (del Aguila et al., 2024). Interestingly, one of the microglial clusters
defined in the study by Del Aguila and colleagues showed upregulation of antigen
presentation genes such as of histocompatibility 2 class Il antigen A, alpha (H2-
Aa), betal (H2-Ab1), and Cd74, which are also upregulated in BAMs after
experimental autoimmune encephalomyelitis (Jordao et al., 2019), highlighting
that subsets of microglia and BAMs share functionality. BM-derived macrophages
also undergo phenotypic transformations that camouflage them as BAMs (Croese
et al., 2021). While BAMs are long-lived and mainly self-renewing under
homeostasis, recent evidence described repopulation of BAMs by CCR2+ peripheral
monocytes under conditions of BBB disturbance such as in a brain compression
model (Wang et al., 2024). This could mean that the observed numbers of BAMs
after tMCAo in Chapter 3 could be derived, at least partially, from peripheral
monocytes. Fate mapping can now be combined with single cell RNA sequencing

studies or high-dimensional single-cell mass and fluorescence cytometry (Mrdjen
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et al., 2018), to study the identity, location, and characteristics of populations

across the brain not only in homeostasis but also in pathology.

6.2.2 BAMs as a suitable therapeutic target

The efficacy of BMDMs as cell therapy has been reported in a mouse experimental
model of stroke (Kitamura et al., 2023). BMDMs were administered in the
intracerebral spaces 2 weeks after stroke and mice showed improved CBF,
increased expression of IL-4, decreased expression of TNFa and IL-1p, preserved
neurons and improved sensorimotor function on assessment one month after
stroke (Kitamura et al., 2023).

Several functional roles for BAMs have been identified after ischaemic stroke,
mostly through studies of perivascular subpopulations. Among these is
extracellular matrix remodelling (Pedragosa et al., 2018), which has more recently
been shown to be a characteristic of meningeal macrophages in the steady state
(Drieu et al., 2022). Pedragosa et al., also demonstrated that absence of BAMs
reduced granulocytes chemotaxis, which is a role now shown to be preserved in

BAMs from aged mice too (Levard et al., 2024).

An important aspect of the evidence presented in this thesis is that it was
conducted in young mice, while ischaemic stroke mainly affects aging populations.
With age BAMs alter their activation signature (lower LYVE-1 and higher MHC-II
expression) and exacerbate amyloid B (AB) pathology in transgenic mice (Drieu et
al., 2022). Furthermore, it is probable that different subsets would have distinct
and perhaps opposing functions, as some may be involved in repair, while others
might be drivers of neuroinflammation. For instance, only perivascular and
choroid plexus BAMs have been shown to participate in iron uptake through the
ferroportin-1 (Dani et al., 2021), and perivascular BAMs are involved in
erythrocytes clearance in subarachnoid haemorrhage (Wan et al., 2021). Dural and
choroid plexus macrophages are located in the most immunologically exposed CNS
borders, and are the only subpopulations to express MHCIlI and possess antigen
presenting capabilities (Mrdjen et al., 2018). However, to study the contributions
of subpopulations of BAMs in ischaemic stroke, a sorting pipeline with multiple

markers would be required.
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BAMs are gatekeepers at the CNS borders; they are more accessible, uniquely
positioned, and immunologically active at the brain's interfaces with the body.
This makes them prime therapeutic targets compared to microglia, which are
harder to reach and more tightly integrated into brain function (Dalmau Gasull et
al., 2024, McCullough and Moro, 2021). Strategies to enhance the function of BAMs
may involve therapeutic delivery of CSF-1. It has recently been shown that
meningeal BAMs can alter extracellular matrix leading to defective
cerebrospinal/interstitial fluid flux via the glymphatic system. CSF-1
administration into the murine brain regenerates BAMs, which upregulates LYVE-

1, and leads to improved CSF glymphatic flow (Drieu et al., 2022).

More mechanistic investigation into BAMs interactions with cells of the
neurovascular unit and the parenchyma, such as microglia, would provide an
insight into their relevance for development of cell therapies. Evidence for
signalling between perivascular BAMs and endothelial cells is illustrated in
hypertension and vascular cognitive impairment (Santisteban et al., 2020). An
example of BAMs-microglia crosstalk is found in the secretion of osteopontin by
activated perivascular macrophages, which exacerbates microglial activation and
excessive neuronal synaptic pruning in Alzheimer’s disease (De Schepper et al.,
2023).

6.2.3 DDAH2 may be a better target than iNOS for treating
ischaemic stroke

There are several iNOS inhibitors which have shown promise in rodent models of
ischaemic stroke, but their poor pharmacokinetic profiles make them unlikely
therapeutics clinically. Recently, a structural alteration to the chemical structure
of 1400W with structural isomers of DL-3-n-butylphthalide (NBP) has shown
promise in reducing infarct size in rat cerebral ischaemia-reperfusion (Ji et al.,
2024). It is likely that developing a DDAH2 inhibitor will face some of the same
challenges that iNOS inhibitor development has met. The DDAH1 selective
inhibitor L-257 can cross the blood brain barrier, suggesting that structure activity
relationship analysis may be able to guide the development of a DDAH2 selective
inhibitor. However, since no compounds have been so far developed for preclinical
use, a lot of future work would be needed to match and exceed the benefits of

using iNOS inhibitors clinically.
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6.3 Limitations

6.3.1 Strengths and limitations of the stroke model

This thesis used the tMCAo model of ischaemia-reperfusion, which mimics stroke
with reperfusion and has several strengths. This model closely mimics the
pathophysiology of ischaemic stroke followed by reperfusion, such as what occurs
in patients receiving thrombolytics or undergoing thrombectomy. It is relatively
reliable and reproducible in terms of infarct size and location (typically affecting
the striatum and cortex supplied by the MCA). The duration of occlusion is highly
adaptable, helping to achieve different severities of ischaemia. The resulting
infarcts are visible via a variety of histological and imaging modalities, such as
thionin, cresyl violet, or tetrazolium chloride staining, and MRI, facilitating
quantitative analysis. The model produces measurable motor and cognitive
deficits in animals, which can be assessed behaviourally. Unlike other MCAo
models such as the electrocoagulation and the thromboembolic models, an
advantage to the intraluminal MCAo is that it does not require craniotomy. The
tMCAo model enables the study of ischaemia-reperfusion injury, which is a major
aspect of clinical stroke treatment and an important target for therapeutic
development. It lends itself well to testing neuroprotective drugs, anti-
inflammatory agents, or reperfusion strategies due to its predictable injury profile
(Levard et al., 2020, Ma et al., 2020).

A major limitation of this model is that it does not accurately reflect the majority
of clinical stroke cases, as only 2.5-11.3% of large vessel stroke patients
experience reperfusion (McBride and Zhang, 2017). This likely underpins its
relatively low predictive validity for new treatments, as the translatability of
findings in preclinical to clinical stroke has been low. An alternative is the
permanent MCAo model, which closely replicates malignant stroke, which is
however, a rare case of human stroke, as opposed to the smaller size infarcts
typically characterised in ischaemic stroke patients. Also, the rapid reperfusion
after tMCAo allows for the primary injury to recover and a secondary injury
appears in the next 12 hours, which is not seen in human stroke (Fluri et al., 2015).
This highlights the differences in the therapeutic time window between clinical

stroke (3-6 hours) and in tMCAo (up to 12 hours), perhaps explaining the hugely
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unsuccessful development of therapeutics based on pre-clinical findings using this

model (Hossmann, 2012).

Additionally, in comparing the results of one study using tMCAo with another,
there are several confounding factors that are challenging to control for. For
instance, infarct volume is dependent on the patency of the posterior
communicating artery, the anatomy of collateral vessels, and may be affected by
the transient vessel occlusion of the common carotid artery during the procedure
(Howells et al., 2010). Furthermore, hyperthermia exacerbates cell death and
inflammation (Schaller and Graf, 2003), signifying that temperature fluctuations
may be a source of variability in ischaemic cell death in tMCAo. Despite care being
taken to minimise body temperature variations during and after MCAOQ, it is
difficult to monitor the animals’ post-operative temperature for hypothalamic-
derived hyperthermia without the availability of thermal imaging (Barbosa Pereira
et al., 2018). Hypothalamic ischaemia can generate a hyperthermic response that
persists for several days after the animal has recovered (Schaller and Graf, 2003).
This phenomenon has been reported by others for 40-60 min occlusion durations
(Hossmann, 2012), but was not observed in a separate study in this lab group, so

it is unlikely to have affected the work presented in Chapter 3 and Chapter 5.

6.3.2 Strengths and limitations of flow cytometry

Since flow cytometry was used in this thesis extensively to immunophenotype
many cell types and for verification of isolated cells’ identity, the limitations of
the technique are hereby appraised. Practical considerations of using this
technique, such as cost and complexity, requirement for fresh samples, and
spectral overlap have been discussed in Chapter 4 and Chapter 5. A strength of
this study was the use of AccuCheck counting beads, since bead-enhanced
quantitation has been shown to be superior to other methods of flow cytometric
quantification (Montes et al., 2006). While it is a highly robust quantitative
method, a major drawback of flow cytometry is the limited morphological
information it provides, compared to techniques like immunohistochemistry and
immunofluorescence, which is a caveat in interpreting data from markers shared
by more than one cell type without assessing their anatomic location and physical
features. When dealing with highly heterogeneous cell populations, the ability to

distinguish them both phenotypically and morphologically would be of benefit.
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Additionally, more precise results could have been obtained by microdissecting
the infarct tissue from the rest of the hemisphere, while this method would have
required staining the infarct with a dye such as Evans blue that may have

interfered with the subsequent cellular fluorescence staining.

6.3.3 The ability of DDAH2 to hydrolyse ADMA

Since the crystal structure of DDAH2 is of yet unresolved, indirect evidence for
DDAH2 being a metaboliser of ADMA in macrophages was discussed in the context
of controlling macrophage phenotype (cf. General Introduction, Chapter 4, and
Chapter 5). Recent evidence has emerged disputing the ability of DDAH2 to
hydrolyse ADMA based on observations in homology models using the crystal
structure of DDAH1 (Ragavan et al., 2023, Altmann et al., 2012, Nair et al., 2024).
The catalytic triad of DDAH1 was first described as Cys249-His162-Glu114 in
Pseudomonas aeruginosa (Murray-Rust et al., 2001) and subsequently human
DDAH1 was crystallographically resolved to bind ADMA at Cys273-His172-Asp126.
The binding of a S atom to a C atom at Cys273 in the substrate was demonstrated
as critical to initiate hydrolysis (Leiper et al., 2007). This catalytic triad is
conserved across a family of hydrolases, which include arginine deiminases and
arginine: glycine amidinotransferases (Leiper et al., 2007). However, Ragavan et
al., 2023 used molecular docking and the homology models SWISS-MODEL and
AlphaFold to predict that the DDAH2 binding pocket includes a slightly different
triad - either Asp125-His171-Leu275 or Asp125-Ser274-Leu275, which they found
was an unsuitable fit for the ADMA molecule (Ragavan et al., 2023). A
thermophoresis analysis showed unstable binding of ADMA to recombinant DDAH2.
The authors then showed a lack of enzymatic activity towards 10 mM of ADMA was
evidenced by negligible production of citrulline - the hydrolysis product of ADMA,
compared to DDAH1, which exhibited enzymatic activity towards ten times lower
ADMA concentration (Ragavan et al., 2023). However, the authors have not
specified the exact tissue source used for this assay and any tissue which is optimal
for strong activity of DDAH1 towards AMDA is likely not highly expressing DDAH2
and therefore unsuitable to detect metabolism of ADMA by DDAH2. Moreover, ionic
concentrations are known to impact macrophage function (Erndt-Marino et al.,
2020) and can affect enzymatic rate and saturation (Yang et al., 2008), and
therefore the absence of hydrolysis by DDAH2 in this assay could be attributed to

it not being optimised for the macrophage intracellular environment. Therefore,
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the inability to detect any conversion to citrulline perhaps amounts to absence of
evidence, instead of evidence for lack of ADMA hydrolysis by DDAH2 in

macrophages.

In major organs that express both DDAH isoforms such as the kidney, brain, and
lung, global DDAH1 knockout led to elevated ADMA levels several folds higher than
wildtype, and DDAH activity was completely abolished despite a functionally
expressed DDAH2 (Hu et al., 2011). The authors have concluded that this is
evidence that DDAH2 does not metabolise ADMA. However, it could also mean that
DDAH?2 is potentially dependent on a concomitant functional expression of DDAH1
or another co-factor to modulate ADMA levels in a more subtle way. Indeed, the
contribution of DDAH2 to ADMA metabolism might be more pronounced in the
context of disease. For instance, in mice globally deficient in DDAH2, plasma ADMA
levels were comparable (0.65 uM) to wildtype mice but were 1.5-fold elevated
after a septic challenge (Lambden et al., 2015), potentially because DDAH1
becomes saturated with ADMA and therefore, cannot solely control the increased
synthesis of ADMA (4.4 uM in wildtype) in the absence of DDAH2. Moreover, in
mice specific for macrophage Ddah2 deficiency that underwent experimental
sepsis, plasma ADMA and SDMA levels, and nitrite/nitrate species, were
comparable to littermate floxed controls (Lambden et al., 2015). Both lines of
evidence - from the global and the macrophages specific knockouts - indicate that
although DDAH2 might be able to hydrolyse ADMA in macrophages, or in other cells
to a lesser extent, the systemic effect of its action is masked by the predominant
hydrolysis of ADMA and L-NMMA by DDAH1 elsewhere in the body. Since
macrophages lack expression of DDAH1, perhaps DDAH2 is dependent on another,

yet unidentified ADMA-metabolising enzyme or co-factor.

Nonetheless, in light of this new evidence, an alternative hypothesis could be that
DDAH2 has ADMA-independent but NO-mediated effects on immune response
(Lambden et al., 2015, Huang et al., 2021). A putative mechanism could involve
an interaction with the signalling pathways that control iNOS expression such as
NF-kB, STATs, MAPK, and PI3K/Akt, or may be through an epigenetic effect on

iNOS activity exerted by microRNAs or histone-modifying enzymes.
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6.4 Future work

6.4.1 Optimisation of the isolation of brain macrophages

Preliminary attempts were made to isolate BAMs after tMCAo using florescence
activated cell sorting (FACS) for single cell transcriptomic analysis (scRNAseq).
Unfortunately, only <10 BAMs were obtained per isolation, which was insufficient
for a scRNAseq. Future work would need to optimise the method for brain
macrophages isolation, as discussed in Chapter 3, by potentially pooling cells from
multiple animals to obtain the higher cellular number. Successful isolation of BAMs
and/or microglia from C57BL6/J mice subjected to tMCAo would allow to
investigate the effect of ischaemia on gene expression in these macrophages.
Additionally, optimisation of RNA isolation and quality control are prerequisite to
successful RT-gPCR and scRNAseq analyses. As discussed in Chapter 3, RNA
integrity and per reaction amount could be better controlled for. To provide a
measure of sensitivity and specificity in RNA-Seq experiments, equal quantity of
spike-in RNA controls can be used to bioinformatically normalise the total amount
of sequenced reads between samples. Spike RNAs show no sequence similarity to
the genome of the studied species, so in this case they need to be different to
mouse, and they are added in defined amounts to experimental RNA samples
before labelling (Fardin et al., 2007). Issues were encountered with the stability
of the housekeeping gene R18s and it remains to be explored whether Rp(13 would
be suitable in samples following experimental stroke. An alternative in studying
the transcriptome of BAMs is the membrane spanning 4-domains A4A (Ms4af), since
it was the only gene found to be stable across health and disease states in mice
(Jordao et al., 2019). This can complement the characterisation work of BAMs
numbers during different phases after stroke and would offer insights into the
functional differences that these cells might display as they adapt to changing

post-tMCAo environmental cues.

6.4.2 Examining ADMA metabolism by DDAH2 in macrophages

In line with the above discussed considerations, further work would need to
investigate the dose-response to a range of ADMA concentrations [0.1-10 mM] in
CNS resident macrophages. Failing a successful isolation of the later, examination

of the hydrolysis of ADMA by DDAH2 could be conducted in another model system,
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such as RAW264.7 cells, peritoneal macrophages, the murine macrophage line
J744.1 or the human monocytic cell line U937. Albeit DDAH1 is known to not be
expressed in immune cells, demonstrating a sole expression of DDAH2 in the
chosen cell type would strongly complement the specificity of ADMA metabolism

by DDAH2 in macrophages.

6.4.3 Regulation of DDAH2 by S-nitrosylation following stroke

The ultimate goal of the experiments in DDAH2 deficient macrophages was to
establish a system to investigate the role of DDAH2 in ischaemic stroke outcome
through modulation of macrophage function. In this context it would be important
to consider potential feedback loops that auto-regulate the DDAH2-ADMA-NOS
axis. Increased NO production upon reperfusion, supported by reintroduction of
oxygen, can lead to S-nitrosylation of Cys-249 in the catalytic triad of DDAH2,
thereby reducing the activity of the endogenous enzyme in floxed controls mice
(Leiper et al., 2002). The extent of this reduction in DDAH2 activity may be
commensurate with the absence of expression in the knockout, potentially
masking any differences in stroke outcomes between the DDAH2 deficient and
control mice, as observed in Chapter 5. Assays that examine this post-translational
modification in macrophages following stroke could be used to mitigate this

effect.

6.4.4 Interplay between BAMs and DDAH2 after stroke

An overarching aim for this thesis and an extension of this work could envisage
sorting BAMs and/or microglia from a DDAH2 deficient mouse after tMCAo and
studying the effect of the DDAH2-iNOS-NO pathway on BAM and microglia function
after stroke. Lyz2, which codes for the functional LysM protein used for the
macrophage specific knockout, is expressed in both microglia (Zheng et al., 2022)
and, to a higher extent, in BAMs (Van Hove et al., 2019). To this end, the
expression of Ddah2 in BAMs in naive mice will need to be verified and
subsequently its deletion in the Ddah2M°/- mice. RNAseq experiments could
investigate the effect of stroke on BAMs transcriptional profile in naive and in
Ddah2Mo-’- mice. If viable, a genetic cross between the monocyte specific Ddah2
mouse and Lyve1Csf1R mice would offer an exciting new tool to study the effect

of nitric oxide on BAM function after ischaemic stroke. If the roles of these cells
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are found be important and non-redundant in the context of neuroinflammation,
an immortalised cell culture of BAMs would allow many further mechanistic
studies. The core transcription factor PU.1, which drives maturation of
erythromyeloid progenitors into BAMs (Utz et al., 2020), can be used in induced
pluripotent stem cells to offer new cell therapies to stroke survivors. What
remains to be explored is whether BAMs express Ddah2, Nos2, or any of the genes
in the NO biosynthesis and signalling pathways. If the genetic machinery is indeed
expressed at basal levels in BAMs, it would be valuable to explore the roles of NO
at acute, sub-acute and chronic stages after stroke. Given that BAMs are so
heterogeneous, it would not be surprising if different subpopulations express NO-

related genes differentially.

6.5 Final conclusions

This thesis aimed to characterise the response of a rare and specialised population
of CNS border resident macrophages (BAMs) during different phases after
experimental stroke. In providing evidence for the accumulation of BAMs into the
ischaemic hemisphere of mice following cerebral ischaemia-reperfusion, the
reader is invited to an appraisal of the possible mechanisms and functional
implications of such accumulation. BAMs are strategically located in niches where
they interact with other cell types to elicit their roles in the neuroinflammatory
response ensuing stroke, which make them a tentative candidate for cellular
therapies. Macrophage function is understood to be controlled by the ubiquitous
molecule NO, while the impact of regulation by the enzyme DDAH2 on stroke
outcome has not been previously reported. In this thesis the effect of DDAH2
deletion in monocytes and macrophages was examined in the same stroke model
that revealed BAMs accumulation. DDAH2 was found to modestly regulate
neurological outcomes after stroke, signifying the importance of this enzyme in
macrophage function and beyond. Developing robust methods for isolating post-
stroke brain macrophages would offer the potential to unravel unique

differentially expressed genes and pathways in these enigmatic cell types.
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IgG Rabbit

Figure 7-1. The specificity of the detection for immunofluorescence analyses of
BAMs localisation was determined by IgG controls. A) Anti-rabbit IgG antibody
(Thermo Fisher, 02-6102) was used at the highest equivalent concentration (0.02
ug/ml) as experimentally used anti-Lyve1 and anti-alpha smooth muscle actin
antibodies both IgG isotypes and raised in rabbit and B) Anti-rat IgG2a antibody
(Thermo Fisher, 02-9688) was used at equivalent concentration (0.025 ug/ml) as
experimentally used anti-CD206 antibody, which was an IgG2a isotype and raised
in rat.

Figure 7-2. Proliferation and DNA strand breaks in the ipsilateral hemisphere of
C57BL6/J mice after 60 min of transient middle cerebral artery occlusion (tMCAo0).
A) A tiled coronal brain section showing expression of the proliferation marker
Ki67 in magenta and apoptosis marker terminal deoxynucleotidyl transferase dUTP
nick end labelling (TUNEL) in yellow. White line delineates the infarct border. B)
A closer magnification showing Ki67* cells are present in the infarct.
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Figure 7-3. Representative blots demonstrating the selectivity of the DDAH2 and
B-tubulin antibodies in mouse brain tissue at two different timepoints following
transient middle cerebral artery occlusion (tMCAo). Membranes were routinely cut
for concomitant incubation with antibodies for the protein of interest and the
housekeeping protein.
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Figure 7-5. A representative composite bar graph of modified Neurological
Severity Score (mNNS) in mice from two genotypes measured on day 1 and day 3
after transient middle cerebral artery occlusion. The score comprises of 6 tests
and is determined on a scale of 0-14, with 0 indicative of functional normality,
while 14 indicates high functional impairment.
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