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Abstract 6 

Abstract 

Pericytes are a previously understudied, but crucial cell type of the vessel wall. In the brain, pericytes 

are part of the neurovascular unit and are involved in the control and regulation of cerebral blood flow, 

formation and maintenance of the blood-brain-barrier, and initiating evolutionarily conserved inflam-

matory and wound healing responses in the context of injury and disease. Previous research suggests 

that pericytes are particularly susceptible to cerebral ischemia, dying almost immediately after reduc-

tion of blood flow and constricting the microcirculation thereby causing ‘no-reflow’ after ischemic stroke. 

If true, this would preclude any therapy to ameliorate stroke outcome. These previous studies, how-

ever, lacked in vivo evidence, required deeper, more dynamic experimentation and pivotally, left many 

questions unanswered. Therefore, we used transgenic mice where pericytes express enhanced green 

fluorescent protein (EGFP) under the control of the platelet derived growth factor receptor β promoter 

(PDGFRb), in tandem with 2-photon microscopy, laser speckle imaging, histological and transcriptomic 

analyses, to assess in detail the pericyte response to stroke. 

Firstly, we demonstrate a novel damaged pericyte phenotype, where half of all pericyte sub-types incur 

damage in the form of blebs during stroke in vivo, which persists acutely after reperfusion as a loss of 

cellular membrane integrity. 24 hours after stroke, we show that pericyte death occurs acutely, with a 

25% loss in pericyte density in the ischemic territory, and 30% of remaining pericytes staining TUNEL+. 

Critically, this leaves half the pericyte population alive in the sub-acute phase (Day 3-7). Here, we 

demonstrate that pericyte survival is region dependent within the infarct core where neurons are erad-

icated. Despite this, we further show that pericytes respond to local reductions in population density 

by entering the cell cycle, increasing vessel coverage and upregulating transcriptional profiles associ-

ated with the cell cycle, extracellular matrix deposition, and blood vessel morphogenesis. 

Functionally, we demonstrate during a transient one-hour filament middle cerebral artery occlusion, 

pericytes ubiquitously constrict the microvasculature in a spectrum of severity. 87% of pericytes con-

strict their associated capillary by 25% on average in a sub-type and depth dependent manner. Spe-

cifically, thin-strand pericytes constrict more than junctional or mesh pericytes and along with all other 

sub-types, continue to constrict their associated capillary after reperfusion. The consequences of per-

icyte constriction materialize in the form of entrapped non-flowing vascular elements, where during 

stroke, we show that one third of pericytes are associated with non-flowing vascular elements (capillary 

stalls), and this association persists acutely post-reperfusion. In doing so, we causally implicate acute 

pericyte dysfunction in the ‘no-reflow’ phenomenon after stroke. Importantly, 24 hours post-stroke, we 

no longer detect significant amounts of entrapped vascular elements at pericyte locations, and con-

comitantly find that all cortical pericyte sub-type populations have dilated their associated capillaries to 

pre-stroke levels, implying functional impairment of pericytes, not immediate pericyte death, causes 

constriction of the microvasculature in the ischemic cortex. Strikingly, in the sub-acute phase, we iden-

tify a previously unreported second phase of pericyte constriction, where thin-strand and junctional 

pericytes reconstrict their associated capillaries to a degree previously predicted by the severity of 

pericyte constriction during stroke. Finally, we demonstrate using laser speckle imaging that bi-phasic 

microvascular pericyte constriction post-stroke correlates with and contributes to large-scale reduc-

tions of blood flow within the ischemic cortex. 

Taken together, our research demonstrates that pericytes are more resistant to cerebral ischemia than 

previously believed and are causally implicated in the “no-reflow” phenomenon after ischemic stroke. 

Thus, pericytes may be functionally impaired by stroke in the ischemic cortex far earlier than they die, 

suggesting they represent a potential target for stroke therapy acutely after reperfusion of the occluded 

artery. 
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1. Introduction 

1.1 The neurovascular unit  

The microvasculature structure in the brain is highly specialized and conserved across many spe-

cies. Pial and cortical penetrating arteries consist of an endothelial layer, which run across the 

surface and dive into the brain, the basal lamina made from extracellular matrix (ECM), myointimal 

layers of smooth muscles cells encased in ECM, and adventitia originating from the leptomenin-

ges. Within the cortex, an extension of the subarachnoid space forms the Virschow-Robin space, 

surrounding cortical penetrating arterioles until reaching the capillary bed where it disappears into 

the glia limitans formed by astrocytic end-feet - a space which has recently been shown to clear 

solutes from the brain during sleep and is now known as the glymphatic system (del Zoppo and 

Mabuchi, 2003, Iliff et al., 2012). Further, along the vascular arbor as the vessels continue to 

branch and decrease in lumen diameter, the glia limitans fuses with the basement membrane at 

the capillary level, encasing mural cells called pericytes between two layers of ECM on the ablu-

minal side of the vessel. These pericytes cover approximately 37% of the endothelium via the 

extension of cytoplasmic protrusions called processes. Parenchymal resident astrocytes reach 

out via end-feet and contact pericytes and blood vessels, covering almost the entire endothelium 

(Mathiisen et al., 2010). As the capillaries transition to venules, perivascular fibroblasts are found 

encased within the basement membrane and are found in increasing frequency on ascending 

venules which rise back toward the cortical surface. Together, pericytes, astrocytes, and endo-

thelial cells form the blood-brain barrier (BBB) which is a unique, highly polarized, selective barrier 

that is necessary to maintain central nervous system homeostasis and provide trophic support to 

neurons, enabling unhindered, coordinated neuronal signaling across the brain. In combination 

with peri-capillary microglia, oligodendrocytes and neurons, these cells make up the Neurovas-

cular unit (NVU). 

 

Fig. 1. Brain vascular architecture and vascular unit components.  

a) Depiction of a penetrating artery, branching off into arterioles, contacted on all sides by astrocytic end-feet, forming 

the glia limitans and Virschow-Robin space. b) Cross-sectional view of cellular components involved in penetrating ar-

tery construction. c) Cross-sectional view of arteriole construction. d) Cross-sectional view of capillary construction, 

adapted with permission from (Kisler et al., 2017a) 
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1.2 Ischemic stroke: an overview 

Ischemic stroke is an acute-onset disease representing 87% of all strokes and is caused by the 

sudden obstruction of blood flow to a portion of the central nervous system (CNS) (Lloyd-Jones 

et al., 2010). Typically, this obstruction is caused by formation of a thrombus in a large artery (a 

coagulation of clotted blood components) or an embolus (parts of a plaque, thrombi, air bubble or 

fat tissue) in brain, spinal cord or retina and results in limited perfusion of downstream tissue 

causing permanent damage to tissues at risk. To date, ischemic stroke is responsible for 5% of 

all disability-adjusted life years and accounts for 10% of all death worldwide (second leading 

cause of death); with the majority of this burden showing a heavy skew toward low and middle-

income countries (Naghavi et al., 2017).  

  

 

Fig. 2. Epidemiology of ischemic stroke.  

Global distribution of ischemic stroke incidence by country, Data from (Naghavi et al., 2017), adapted with permission 

from (Campbell et al., 2019). 

As a disease, the prevalence and incidence of ischemic stroke is modestly increasing with a large 

increase in the likelihood of stroke in adults between 20-64 years of age (Feigin et al., 2015). 

Recently, it’s estimated that 1 in 4 adults will experience an ischemic stroke in their lifetime and 

this high frequency contributes to approximately 80 million stroke survivors worldwide 

(Krishnamurthi et al., 2015, Campbell et al., 2019). Interestingly, the stroke based incidence-mor-

tality ratio and disability-adjusted life years vary according to country income, with a significant 

decrease occurring in high-income countries, while in middle and low-income countries these 

metrics remained unchanged between 1990 - 2010 (Naghavi et al., 2017). The reasons for this 

asymmetry are many fold and likely the result of differences in national health care prevention, 

life expectancy and age demographic biases.  

Collectively, modifiable risk factors (lifestyle and situation dependent criteria) such as hyperten-

sion, lack of high-level activity, smoking, cardiac associated issues, diet, alcohol consumption, 

waist to hip ratio, depression and psychosocial stress account for up to 91.5% of stroke risk 

among populations worldwide (O'Donnell et al., 2010). In addition to these factors, several other 
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risk factors also account for low levels of stroke risk such as sleep apnea and environmental 

pollution which are likely to increase in frequency in the future due to global population growth.  

Although most ischemic stroke cases occur sporadically, there are a number of risk factors that 

contribute to the likelihood of stroke occurrence (Bevan et al., 2012). Statistically speaking, stroke 

is more common in men than in women and occurs heritably with a probability of 37.9% because 

of monogenic diseases such as CADASIL and CARASIL (dominant and recessive forms of cere-

bral autosomal arteriopathy with subcortical infarcts and leukoencephalopathy, respectively) 

(Feigin et al., 2015, Bevan et al., 2012). 

1.2.1 Cellular pathophysiology of stroke 

Specifically, although neurons make up only 2% of the body mass in humans, they require 20% 

of the body’s O2 and 25% of all the glucose metabolized by the body. This is due to the high 

energetic cost required to maintain resting membrane potential, reorganizing synaptic connec-

tions and initiating action potentials (Bordone et al., 2019). Consequently, after the occlusion of 

an upstream vessel the brain tissue requires more energy than it is supplied with; resulting in 

rapid depletion of limited energy providing perivascular glycogen stores normally found in astro-

cytes in the adult brain, and triggering further dramatic effects on downstream tissue - in particular 

on neuroglial health and function (Alarcon-Martinez et al., 2019) . 

A lack of glucose and O2 availability in neurons initiates an ischemic cascade beginning with the 

disruption of their transmembrane gradient (maintained by an adenosine tri-phosphate-depend-

ent Na+/K+ exchange pump). This has several downstream effects; initially this impairs neuronal 

signaling by depolarizing the neuron (anoxic depolarization) and triggers the release of neuro-

transmitters at pre-synaptic terminals. These neurotransmitters are not cleared from the synaptic 

cleft under conditions of ischemia (which itself is an ATP dependent process) leading to increas-

ing concentrations of extracellular glutamate (Obrenovitch et al., 1993). Secondarily, N-methyl-d-

aspartate (NMDA) receptors normally blocked by magnesium ions under physiological conditions 

are opened by magnesium removal, which in turn alters conductance of these channels, triggering 

calcium influx and the release of internal calcium stores inside neurons (Nowak et al., 1984). 

Thirdly, a rise in intracellular calcium activates neuronal nitric oxide synthase (nNOS) which gen-

erates reactive oxygen species (ROS) that can injure mitochondria triggering cytochrome c re-

lease and initiating apoptosis. Alternatively, ROS can also trigger necrosis, necroptosis and au-

tophagy in neurons and glia in a paracrine manner (Mayer and Miller, 1990, Love, 1999). In ad-

dition to the lethal effects on neurons and other cells (oligodendrocytes, microglia, pericytes), 

excessive glutamate release in the extracellular space triggers astrocyte swelling and osmotic 

overload and can result in enlargement of astrocyte end-feet; compressing vessels further and 

exacerbating an already insufficient blood supply (Vella et al., 2015). Furthermore, swelling of 

astrocytes indirectly reduces the volume of extracellular space, raising extracellular glutamate to 

excitotoxic levels and resulting in lethal cellular damage (Choi and Rothman, 1990). Taken to-

gether, the loss of energy supply within a CNS highly dependent on ATP delineates the onset of 

an irreversible cascade of damage in areas perfused by solitary vessels with little access to prox-

imal collaterals, ultimately leading to tissue necrosis within minutes. The extent of brain damage 

caused by these processes is widely understood to be a function of the severity of the occlusion 

and time (Bevan et al., 2012). However, many areas of the gray matter are perfused by collateral 

flow, which can extend the survival time of distinct regions of the gray matter to several hours.  
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1.2.2 The ischemic core and ischemic penumbra 

The metabolic starvation of tissue downstream of the clot can cause irreversible cell death in 

minutes (the ischemic core). Despite this, collaterals (minor vessels that can expand to perfuse 

brain regions normally supplied by the blocked vessels) and vascular redundancy within the is-

chemic brain afford other at risk tissue with a time-window in which cells become electrically in-

active, effectively hibernating within a hypoperfused, oligaemic non-functional tissue termed the 

ischemic penumbra. Crucial experiments performed in the 1970’s attribute many of the acute 

onset clinical deficits seen in patients to the ischemic penumbra which importantly, is brain tissue 

which can still be saved (Astrup et al., 1981). Rapid reperfusion of the ischemic penumbra can 

restore function to at risk tissue and this finding prompted the impetus for research focused on 

reperfusion therapies, which are the most effective stroke therapies to date and transform the 

lives of many stroke survivors (TheNationalInstituteofNeurologicalDisordersandStrokert-

PAStrokeStudyGroup, 1995, StrokeUnitTrialistsCollaboration, 1997). 

 

 

 

Fig. 3. The ischemic core and penumbra. 

The ischemic core in the image above (pale blue color) represents where lenticulostriate ‘end arteries’ enter the brain 

and perfuse the striatum and basal ganglia with blood, but have no proximal collaterals or anastomoses. The ischemic 

penumbra (pale yellow) represents the area of ‘at-risk’ but salvageable tissue perfused by the distal MCA. Here, dam-

aged tissue can potentially receive blood flow from the posterior communicating (PCA) or anterior communicating arter-

ies (ACA) through the opening of leptomeningeal collateral flow, adapted with permission from (Campbell et al., 2019).  
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1.2.3 Transition from penumbra to core infarction 

The ischemic penumbra represents the parenchymal cells hypoperfused by blood that reside in 

an inactive metabolically challenged but salvageable state. Critical research in animal models, 

which vary the duration of ischemia, has expanded our understanding of penumbra to core infarct 

transition. Specifically, 2 hours of transient ischemia in rats produces the same size of infarcted 

tissue as a permanent 24-hour middle cerebral artery occlusion, indicating that 2 hours of occlu-

sion causes irreversible cell death in the region of the brain perfused by the middle cerebral artery. 

Shortening the duration of ischemia to 90 minutes reveals evidence of a penumbra, and an oc-

clusion time of 60 minutes further expands this penumbra. By calculating the ratio of at risk, to 

dead tissue, researchers could demonstrate that the average speed of infarct expansion in a 300 

g rat is close to 3.3 mg/minute after MCA occlusion (Eschenfelder et al., 2008, Liu et al., 2010). 

Understanding what contributes to infarct expansion is crucial to determining how to save the at 

risk tissue. Extent of cerebral blood-flow (CBF) dominates this picture, specifically, when CBF is 

reduced to 55 ml/100g/min protein synthesis is inhibited, glycolysis takes over the role of glucose 

metabolism when CBF reaches 35 ml/100g/min. Neurotransmitter disturbances occur at a CBF 

of 20 ml/100g/min and ATP depletion and anoxic depolarization form at CBF values below 15 

ml/100g/min. Each of these thresholds, define differential mechanisms and rates of cell death in 

the ischemic penumbra, which typically is reported to have a CBF of 15-25 ml/100g/min 

(Hossmann, 1994) (Murphy et al., 2006). These reported viability thresholds reflect a topological 

gradient of ischemia in which the tissue is prone to spontaneously occurring peri-infarct depolar-

izations, which form and propagate through neurons and glia in the form of a wave at a rate of 3-

5 mm/min after brain ion homeostasis is compromised (Lauritzen et al., 2011).  

These waves share similar properties to cortical spreading depolarizations (CSD), which are as-

sociated with the aura phase of migraine, but in the context of ischemia, the number and duration 

of these self-propagating waves in penumbral tissue correlates strongly with the expansion of the 

infarct over time (Mies et al., 1993, Dijkhuizen et al., 1999). The mechanism underpinning this 

correlation is thought to relate to an imbalance between the metabolic workload required to re-

store cell membrane ion gradients after depolarization events and concomitant depletion of the 

tissue glucose pool. Importantly in this time, peri-infarct depolarizations trigger a brief period of 

dilation in arterioles, which leads to a short burst of hyperperfusion, followed by a sustainted hy-

poperfusion as a result of inverse neurovascular coupling, which reduces oxygen and glucose 

delivery by 20-30% and is believed to exacerbate tissue damage and further delay restoration of 

cell membrane ion gradients (Hossmann, 2006). In addition, controversially it has been described 

that peri-infarct depolarizations alter the volume of the paravascular space through constriction 

of arterioles, forcing cerebral spinal fluid (CSF) into the brain parenchyma which exacerbates 

edema formation and further worsens ischemic damage (Mestre et al., 2020). Moreover, CSD 

propagation in the penumbra has also been shown to contribute to the breakdown of the blood-

brain-barrier through the activation of matrix metallo proteinases (Gursoy-Ozdemir et al., 2004).  

Crucially, the aforementioned deleterious processes negatively impact penumbral tissue survival 

and highlight that if conditions are not changed by an increase in collateral flow or therapeutic 

intervention, penumbral tissue will also succumb within hours to sustained levels of oligemia, 

extracellular excitotoxic compound build up, cell swelling and consistent waves of energy depend-

ent depolarization (Campbell et al., 2019). This facet of stroke pathology led to coining of the term 

‘time is brain’ by neurologist Camilo Gomez, which accurately depicts the need for an effective 

acute stroke therapy and highlights that overtime, penumbral ‘salvageable’ tissue will transition 

to core necrotic tissue if the perfusion is not reestablished.  
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The growth function of an ischemic stroke has been estimated to occur as a function of three 

criteria: 1. The interval from onset to completion of a typical ischemic stroke 2. The volume of the 

brain compromised by the stroke and 3. The total number of neural circuit elements of interest. 

Using these functions, researchers estimate that during a large vessel supratentorial ischemic 

stroke, a patient can expect to lose 1.9 million neurons, 14 billion synapses and 12 kilometers of 

myelinated fibers per minute. Cumulatively this equates to the brain aging 3.6 years each hour 

during stroke and highlights the need for acute treatment (Saver Jeffrey, 2006). However, despite 

the severity of stroke, using MRI diffusion-perfusion mismatch and PET imaging, evidence of a 

persisting penumbra can be shown in half of the patients with a large vessel ischemic stroke for 

as long as 8-12 hours (Darby et al., 1999, Baron, 1999, Markus et al., 2004).   

 

Fig. 4. Magnetic resonance perfusion maps of a 72 year old stroke patient 3 hours after system onset. 

A) Shows the mean transit time map, which is regarded as the most sensitive map for perfusion abnormalities while the 

other maps, such as the cerebral blood volume map B) and the cerebral blood flow map C), provide ancillary infor-

mation. Area 1 represents normal perfusion state and it has no risk of infarction. Area 2 shows a marked extension of 

the mean transit time with the concomitant decrease of both the cerebral blood volume and cerebral blood flow. This 

area typically has no chance to survive from infarction and eventually showed hemorrhagic infarction. D) Area 3 of mod-

erately prolonged mean transit time shows a slightly increased cerebral blood volume value to maintain the cerebral 

blood flow. This area often has a benign course and it is salvageable via recanalization treatment, ie. Represents the 

penumbra, adapted with permission from (Lee et al., 2005). 
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1.2.4 Acute therapeutic intervention for ischemic stroke 

To date, the only drug supported by level 1 evidence (a systematic review of clinical randomized 

controlled trials) is recanalization of the ischemic territory by intravenous (i.v) injection of alteplase 

within 4.5 hours of symptom onset. Mechanistically, alteplase causes thrombolysis and achieves 

recanalization of the major artery occluded and has remained the gold standard in acute stroke 

therapy since 1996. With a number needed to treat of 7.7, alteplase is a recombinant serine pro-

tease that catalyzes the breakdown of plasminogen to plasmin and serves to enzymatically lyse 

the blood clot; working on both large artery occlusions and lacunar infarcts. Drugs designed to 

lyse clots are grouped into a class called tissue plasminogen activators (tPA) and have been 

found to increase the survival in patients suffering from ischemic stroke in a recent meta-analysis 

consisting of 12 independent clinical trials (Wardlaw et al., 2012). The same Meta analyses also 

suggests that tPA may be beneficial in patients for as long as 6 hours post stroke citing trials 

which display improved functional outcome in these stroke patients (Wardlaw et al., 2003a, 

Wardlaw et al., 2003b). These beneficial treatment effects are also present when mechanically 

removing the occluding clot using catheter angiography within 6 hours, and in patients which have 

been screened and selected using brain imaging for as long as 24 hours post-stroke (Albers et 

al., 2018). However, despite these promising advancements, not more than 20% of stroke pa-

tients are eligible to be given such treatment; explaining the need for further stroke therapies 

which can be administered to a higher percentage of stroke patients (Stroke (2017). 

Compounding these major issues in stroke research, after removal of a large artery occlusion, 

many deleterious secondary consequences of ischemic stroke continue to play out, negatively 

affecting cell survival post-reperfusion of the occluded vessel. Although decades of research and 

enormous economical investment has been funneled into stroke therapies, there is no single drug 

approved by the FDA (Food and drug administration) acting on brain cells to ameliorate stroke 

outcome (Dirnagl and Macleod, 2009). Furthermore, while reperfusion therapies have shown 

great promise in clinical trials, crucially, they do not address the key emergent pathological se-

quelae of ischemic stroke that occur through distinct mechanisms at the level of the microcircula-

tion and push penumbral at risk tissue toward death.  
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1.3 The ‘no-reflow’ phenomenon 

1.3.1 A historical perspective on the no-reflow phenomenon 

The no-reflow phenomenon relates to observations that under conditions of ischemia, restoration 

of patency or reperfusion of the large artery does not adequately restore perfusion to the micro-

vasculature downstream. The microvasculature denoted here refers to vessels under 100 µm in 

size within the brain parenchyma, including capillaries and their afferent connections and their 

relationship to the no-reflow phenomenon was first described in the brain in the 1960s  in canine 

and rabbit models (Ames et al., 1968). When experiencing ischemia for 2½ minutes, reperfusion 

appeared to restore normal flow to brain tissue in rabbits. However, when prolonging the duration 

of ischemia, researchers noticed that despite successful reopening of the artery, normal blood 

flow in the brain flow was impaired (Majno et al., 1967, Rezkalla Shereif and Kloner Robert, 2002). 

This phenomenon occurs in several organs including the brain, skin, heart and kidney and hints 

at differences in susceptibility of capillaries, arterioles and venules when compared to large ves-

sels following ischemia (Summers and Jamison, 1971, Chait et al., 1978, Allen et al., 1995, Niccoli 

et al., 2009, O'Farrell and Attwell, 2014). After no-reflow was initially described across multiple 

organs, further investigations highlighted that no-reflow is not instantaneous, but instead appears 

to be a process, increasing in severity over time in proportion to the duration of ischemia 

(Ambrosio et al., 1989).  

1.3.2 Pathophysiological hallmarks of the no-reflow phenomenon 

Currently, understanding of the pathophysiology of the no-reflow phenomenon remains imcom-

plete. Despite enjoying a brief period of research interest in the 1960’s, several concerns that no-

reflow may be an experimental artifact were raised (de la Torre et al., 1992, Tsuchidate et al., 

1997, Li et al., 1998) and then subsequently revised (Hallenbeck et al., 1986, Garcia et al., 1994, 

del Zoppo and Mabuchi, 2003, Hossmann, 2006, Liu et al., 2002) leading to a lag time in under-

standing no-reflow pathophysiology. It is now well accepted to occur following transient ischemia 

and appears to be multi-factorial in nature. 

Reports of no-reflow in the brain have been shown to occur after only 5-10 minutes of ischemia, 

when compared against studies of no-reflow in the heart (where no-reflow did not occur until 

ischemia lasted 30 minutes)(Ames et al., 1968). Furthermore, incomplete reperfusion is a com-

mon feature among stroke survivors that undergo intra-arterial recanalization of the major clot 

occlusion (Arsava et al., 2018). These findings indicate that the brain may be particularly suscep-

tible to short bouts of ischemia and that removal of the large vessel occlusion should not be the 

sole focus of therapies aimed at ameliorating stroke outcome.  
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Fig. 5. No-reflow in the heart and brain. 

Adapted with permission from (Rezkalla Shereif and Kloner Robert, 2002). 

The early reports on no-reflow demonstrated that elements of the blood become entrapped within 

the microcirculation and result in a mottled appearance, whereby regions of non-perfused tissue 

were interspersed with regions of perfused tissue (Ames et al., 1968). It is now understood that 

plasma flow can often persist despite entrapment of cellular elements like erythrocytes, leuko-

cytes and platelets, which has important implications for oxygen circulation and for perfusion im-

aging in human patients suffering from the sequelae of stroke (Yemisci et al., 2009). At the ultra-

structural level, early reports of swollen pericytes and vascular glia (astrocytic endfeet swelling) 

and bleb formation suggest that the microvasculature is acutely affected in a visible way (Chiang 

et al., 1968). Furthermore, while pericytes are implicated in the no-reflow phenomenon, neutrophil 

infiltration and stoppage of these cells in capillaries and post-capillary venules have also been 

reported as deleterious factors in relation to the no reflow phenomenon (Yemisci et al., 2009, El 

Amki et al., 2020). Moreover, the spreading depolarization caused by ischemic events elevates 

the level of extracellular K+ ions, resulting in spasmic cycles of hyperemia and hypoperfusion 

which have been shown to contribute to secondary damage during reflow (Wade et al., 1975). 

Mechanistically, this dramatic alteration of ion flux in the post-ischemic brain also triggers endo-

thelial and astrocyte swelling within an hour of reperfusion (Garcia et al., 1994). Importantly, these 

processes precede the maxima of neuron cell death, which occurs between 12-24 hours; sug-

gesting therapies targeted at reducing cytotoxic edema which work in animal models may suc-

cessfully translate to humans (Karibe et al., 1995). These swelling events are followed by an 

upregulation of endothelial immune receptors, which home leukocytes to the site of ischemic in-

jury and increase blood-brain barrier permeability further, contributing to swelling within the inter-

stitial space, ultimately playing a role in closing off capillaries and exacerbating no-reflow 

(Mohamed Mokhtarudin and Payne, 2015). 
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2. Pericytes 

Though initially described by C.J Eberth in 1871, the discovery of these contractile mural cells 

surrounding the endothelium at the capillary level is commonly attributed to Charles-Marie Ben-

jamin Rouget (Eberth, 1871, Rouget, 1873). In the 1920’s Robert Zimmerman further character-

ized these cells, initially calling them Rouget cells, then later creating the name ‘pericytes’ to infer 

their perivascular location around the endothelium. Although pericytes were described as con-

tractile, a series of research articles and reviews in the 1950’s questioned the true contractility of 

these cells (Sims, 1986), which is a debate that only recently has been settled with the advent of 

optogenetic stimulation (Berthiaume et al., 2018b, Nelson et al., 2020). These same reviews how-

ever, also generated the accepted definition of a mature pericyte as a ‘cell embedded within the 

vascular basement membrane’, which remains useful to this day.  

Because of their location, researching pericytes in their mature state is challenging. Some of the 

initial concerns regarding contractility arose due to experimental challenges, particularly concern-

ing the heterogeneity of the cell population and their identity at large and continued until very 

recently (Hill et al., 2015). Today, we understand their precise location, morphology and a large 

part of their role within the neurovascular unit, despite the absence of a true pericyte marker 

commonly available for all other cell types that make up the NVU.  

2.1 Pericyte Ontogeny 

Pericytes belong to the family of mural cells (encased within a basement membrane, vSMCs, 

pericytes, and fibroblasts) and have a wide range of developmental origins, ranging from neural 

crest, secondary heart field, somites, and splanchnic mesoderm in the case of pericytes lining the 

aorta. A slew of lineage tracing studies have helped to elucidate many of these heterogeneous 

developmental origins (reviewed by (Majesky et al., 2011), however it is clear that in the CNS and 

thymus, the majority of pericytes are neural crest derived, with the exception of cerebral dorsal 

midline pericytes which arise early on in development from a sub-set of macrophages (Bergwerff 

et al., 1998, Korn et al., 2002, Heglind et al., 2005, Yamamoto et al., 2017).  

Vascular mural cells in other organs have also been mapped. Gut, liver and lung pericytes arise 

from the mesothelium, a single layer squamous epithelium lining coelomic cavities and its organs 

(Wilm et al., 2005, Que et al., 2008, Asahina et al., 2011). In this instance, epicardial mesothelium 

gives rise to coronary vSMCs and pericytes. These findings suggest a common origin of pericytes 

in coelomic organs of the body, where pericytes undergo epithelial-to-mesenchymal transition 

(EMT). This is a process under which mural cells delaminate and migrate to these organs to 

produce mesenchymal components such as fibroblasts, vSMCs and pericytes. Such studies high-

light that pericyte and fibroblast origin is closely intertwined and so it logically follows that these 

cells may respond in a similar fashion under pathological conditions (Fabris and Strazzabosco, 

2011, Schrimpf and Duffield, 2011). 

Despite the heterogeneous origin of pericytes in the body, endothelial cells which form the inner 

vessel wall, and mural cells which coat the endothelial cell tube share a number of preserved 

signalling pathways in most organs of the body that enable the precise control of blood flow, 

remove waste metabolites and protect the organ from harm.  
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2.2 Signalling pathways involved in pericyte recruitment & 

maturation 

2.2.1 PDGFB/PDGFRb signaling  

Platelet derived growth factor receptor beta (PDGFRb) is one of the most validated mural cell 

markers in pericyte research and is expressed by pericytes, smooth muscle cells and fibroblasts 

at high levels. Specifically, PDGFRb is a tyrosine kinase located on the plasma membrane of 

pericytes and when in contact with its ligand PDGFB, the PDGFRb receptor dimerizes and auto-

phosphorylates the cytoplasmic tyrosine residues and binds SH2 domain containing proteins 

which initiate an array of signal transduction pathways which stimulate, proliferation, migration, 

negative regulation of apoptosis and recruitment of pericytes. 

During the development of angiogenic sprouts, PDGFB serves as a chemotactic attractant for 

pericytes. Upon secretion, PDGFB binds to heparin sulfate proteoglycans on the cell surface, or 

within the extracellular matrix through its C-terminal retention motif: limiting the range of this para-

crine interaction between PDGFB and its receptor on mural cells. This close receptor/ligand in-

teraction has been shown to be pivotal for pericyte maturation on the vessel wall and knocking 

out of the retention motif on PDGFB in mice results in a loss of pericyte investment in the mi-

crovessel wall (Hirschi et al., 1999, Abramsson et al., 2003). In this way, the PDGFB/PDGFRb 

signalling axis functions as a crucial (knocking out either results in perinatal lethality via vascular 

leakage) paracrine-signaling loop between the endothelium and pericytes (Levéen et al., 1994, 

Bjarnegård et al., 2004). 

During vascular development PDGFB/PDGFRb signalling is not uniform. Instead, an arteriole-

venuous gradient can be observed corresponding to the thickness of the mural cell coat within 

the CNS vasculature and the tip of angiogenic sprouts show high levels of PDGFB expression 

and mRNA production; quickly recruiting pericytes to the tip of the developing vascular lumen 

(Lindblom et al., 2003). However, this signalling axis is not only important during development, 

but throughout the lifetime of the organism. Research indicates that constitutive activation of the 

PDGFRb receptor promotes proliferation of mural cells (including pericytes) and inhibits differen-

tiation in mural cells (Olson and Soriano, 2011).  

A mature pericyte engaged in the adult brain has a number of activated pathways triggered by 

PDGFB/PDGFRb signalling, specifically: Ras, MAPK, PI3K and PLC-γ. First, after binding of the 

SH2 domain on Grb2 to PDGFRb complexes with Sos1 through SH3 domains. This triggers ac-

tivation of Ras, which leads to downstream activation of Raf-1 and the MAPK cascade. This 

MAPK signalling activates gene transcription that function to stimulate cell growth and differenti-

ation and migration and represents one of the key downstream effectors induced by the paracrine 

signalling of PDGFB/PDGFRb between endothelial cells and pericytes (Seger and Krebs, 1995). 

In addition, the PI3K family of enzymes are activated by PDGFRb signaling in pericytes, which 

serve to promote actin reorganization, direct cell movements and inhibit apoptosis. Importantly, 

PDGFRb has been shown to interact with integrins, localizing the receptor to sites of focal adhe-

sions where several signalling pathways initiate and crosstalk (Clark and Brugge, 1995). 

As PDGFB/PDGFRb signalling constitutes a master regulator of gene expression and cell func-

tion in pericytes, the balance of ligand/receptor quantity and downstream effector function must 

be carefully regulated. This is achieved by ligand occupancy of the PDGFRb receptor. Receptors 
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bound to PDGFB are promoted toward dephosphorylation by binding of SHP-2 tyrosine phospha-

tases, which dephosphorylate the PDGFb receptor and its substrates and promote endocytotic 

receptor internalization. Internalised PDGFRbs are degraded in lysosomal compartments by c-

Cbl and receptor ubiquitination, limiting the duration of PDGFRb signalling (Andrae et al., 2008).  

 

Fig. 6. Downstream signalling pathways activated by PDGF-BB mediated activation of the PDGFRb 

receptor. 

Adapted with permission from (Evrova and Buschmann, 2017). 

2.2.2 Angiopoietin-1/Tie-2 signaling axis 

Pericytes express angiopoietin-1 (Ang-1) while its receptor Tie-2 is expressed on endothelial 

cells. This interaction can be thought of as how pericytes aid endothelial maturation; while the 

aforementioned PDGFB/PDGFRb interaction initiated by endothelial cells matures pericytes re-

spectively. The interaction of Ang-1/Tie-2 serves to reduce vascular leakage and regulate endo-

thelial stability and several studies involving Ang1 or tie2 deficient mice highlight the importance 

of these signalling molecules (Thurston et al., 1999). Deficiency of either molecule results in car-

diovascular defects and closer analysis of the vasculature identified a lack of mural cells. Muta-

tions associated with the TIE2 gene result in venuous malformation resulting from the loss of the 

venuous mural cell population (Patan, 1998). Interestingly, pericyte recruitment to the endothe-

lium can occur independently of the Ang1/Tie2 signalling axis (Jeansson et al., 2011, Jones et 

al., 2001); however, competitive over expression of the Tie2 antagonist Ang2 appears to mediate 

pericyte loss (Hammes et al., 2004).  

One of the most interesting aspects of this signalling cascade arises from vascular studies on the 

overexpression of Ang1. In this scenario, researchers found that the Ang1 contributes to emer-

gent vascular complexity; noting that vessels were remodelled into a highly branched, higher-

order hierarchical structure (Thurston et al., 2005, Uemura et al., 2002). Though many aspects of 

the Ang1/Tie2 pathway remain to be elucidated, it appears clear that pericyte Ang1 interacts with 
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endothelial Tie2 to stabilize the vasculature and promote its quiescence, maturing the endothe-

lium and preventing additional branching once vessels are formed (Armulik et al., 2011).  

2.2.3 TGFβ signalling  

To date, understanding of TGFβ and its receptor and their role in relation to pericyte function 

remain incomplete because both endothelial cells and pericytes express both the ligand and its 

receptor; making knock-out studies challenging. Endothelial cells and pericytes express TGFβ 

and as a signalling axis it is believed to induce mural/endothelial cell differentiation and prolifera-

tion. Since the signalling is interdependent between the two cell types, elucidating the relative 

contribution to each cell type is challenging, but the identification of two TGFβ receptors Activin 

receptor-like kinase 1 and 5 have helped to elucidate some of the TGFβ function. Alk1 and Alk5 

are expressed on both cell types but interestingly; appear to confer opposite cellular effects. Alk5 

leads to phosphorylation of Smad2/3, promoting mitotic and migratory quiescence and differenti-

ation into a smooth muscle cell subtype of mural cell; where Alk1 phosphorylates Smad1/5 which 

functions to oppose SMC differentiation and promotes cell proliferation and migration (Goumans 

et al., 2002). These pathways hint at Alk5 being involved in vessel maturation at the arterial side 

of the vasculature during the transition to a fully formed vasculature, whereas Alk1 expression 

may dominate during early development.  

2.2.4 Notch signalling 

Notch signalling is a crucial cell-cell communication pathway conserved from Drosphila melano-

gaster to humans. Currently, there are four different notch receptors known (Notch1, 2, 3, 4) and 

five different ligands (Jagged1, 2 and Delta like-1, 2 and 3). Notch receptors are transmembrane 

proteins expressed in a wide variety of cell types and regulate cell fate determination, proliferation 

and survival of neighbouring cells through lateral inhibition. Notch3 is highly expressed in peri-

cytes and smooth muscle cells of the mural cell lineage and disruption of notch3 signalling results 

in enlarged vessels due to lack of pericytes (Que et al., 2008). Accordingly, patients suffering from 

CADASIL syndrome, which is associated with notch 3 mutation also present vessels lacking per-

icytes (Louvi et al., 2006). Taken together, these results demonstrate that Notch3 is necessary 

for fully functioning arteries and pericyte involvement. Interestingly, the study of Notch3 signalling 

in relation to pericytes were some of the first studies which indicate that pericyte presence on the 

capillary endothelium may serve to limit capillary lumen diameter (Hellström et al., 2001).  

2.2.5 Ephrin signalling 

While many of the aforementioned pathways confer mural cell investment across the entire vas-

cular endothelium (arteriole-capillary-venule), pericytes remain unique cells at the capillary level 

and have recently been shown to be regulated by another class of tyrosine kinases called Ephrin 

receptors. Ephrin B2, the ligand for EphB receptor has been shown to be required for normal 

association with small diameter blood vessels. In this work, the authors show that mutant mice 

deficient for Ephrin B2 display perinatal lethality, vascular defects in a variety of organs and ab-

normal migration of smooth muscle cells to lymphatic capillaries. In addition, the authors point out 

that extracellular matrix deposition and the interactions occurring at this level are also negatively 

affected. Interestingly, the authors also note vSMCs are rounded, rather than banded suggesting 

that the spreading and correct orientation of these cells is also Ephrin B2 dependent. Moreover, 

the authors also note that pericytes were frequently observed to bridge two capillaries; making 
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only loose contact with endothelial cells (ECs), stretching away from vessels and appearing 

rounded. Morphologically, high-Eph2-EphB signalling denotes a defined cytoskeletal structure, 

whereas low Eph2-EphB signalling denotes a certain level of mural cell motility and plasticity (Foo 

et al., 2006). In summary, Ephrin signalling in mural cells and pericytes is starting to shed light on 

the unique shape and appearance of mural cells at the microvessel level. 

2.3 Pericyte morphology & motility 

Mural cells in relation to their function, display a remarkable range of unique morphologies de-

pending on their location within the vasculature. Arteries and arterioles are coated by vSMCS, 

which are short, ring-shaped, and densely packed. In stark contrast, pericytes, which cover capil-

laries intermittently, have protruding ovoid cell bodies with long thin processes that run longitudi-

nally along capillaries; making inter-digitated ‘peg and socket’ connections directly with ECs.  

It appears obvious at first glance that these cells are arranged in a meshwork along the vascula-

ture, suggestive of a network. Nevertheless, it remains unclear how this network is formed or 

regulated at the biochemical level, but recent work has shed light on the motility of pericytes. It 

has recently been shown that pericyte soma do not move in the adult brain. However, through 

targeted deletion of pericytes using laser ablation, it is now understood that under basal conditions 

their longitudinal processes extend and retract in a ‘pull-push’ territorial exchange, extending and 

retracting respectively from the cell soma over days to weeks (Cudmore et al., 2017, Berthiaume 

et al., 2018a). This appears to occur in an attempt for each process to cover the entire endothe-

lium, with proximal pericytes invading the territory of the pericyte ablated.  

 

 

Fig. 7. Dynamic territorial coverage of pericyte processes in response to laser ablation. 

Ablation of pericytes triggers movement of pericyte processes, in between basal tone of the capillary is lost at the site 

the pericyte was ablated till neighbouring pericyte processes extend over the ablated pericyte territory and reestablish 

basal capillary tone, adapted with permission from (Berthiaume et al., 2018a). 

 

https://www.cell.com/cell-reports/fulltext/S2211-1247(17)31812-0?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2211124717318120%3Fshowall%3Dtrue
https://www.cell.com/cell-reports/fulltext/S2211-1247(17)31812-0?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2211124717318120%3Fshowall%3Dtrue
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According to recent exquisite research by Roger Grant from the lab of Andy Shih, a number of 

morphologically different pericyte sub-types can be found within the microvasculature and can be 

distinguished based on the degree of coverage over the endothelium and cell length (Grant, 

2019). Here, the authors describe that pericytes after the smooth muscle actin terminus (a con-

tractile element present up until the pre-capillary arteriole-arteriole transition) can be distinguished 

into ensheathing pericytes, mesh pericytes and thin-strand pericytes. Ensheathing pericytes 

cover most of the endothelium and are found on large capillaries ~9 μm in diameter, while mesh 

pericytes cover around 70% of the endothelium and are found on vessels approximately 6.3 μm 

in diameter. Thin-strand pericytes are present on higher order capillaries around 4.9 μm in diam-

eter, cover approximately 51% of the endothelium and are the longest cell type at an average of 

over 150 μm when including their processes. Briefly, pericyte vessel coverage decreases as 

branch order increases, but the distance between each pericyte grows with thin-strand pericytes 

extending their processes to reach to the territory of the neighboring pericyte up to 75 μm away.  

 

Fig. 8. Mural cell types exhibit varying cell length and degree of coverage. 

A, B, C, D) varying mural cell types labelled using a PDGFRbCre mouse expressing Tdtomato. E, F, G, H) Morphological 

schematic of different pericyte sub-type appearance. I) Average cell length of each reported mural cell type. J) Average 

vessel coverage in percentage of each mural cell sub-type, adapted with permission from (Grant et al., 2019) 
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2.4 Pericyte function in the healthy brain 

Among all organs, pericytes within the CNS are found in most abundance, with an endothelial: 

pericyte ratio of 1:1-3:1 (Sims, 1986, Mathiisen et al., 2010). Other organs, which have notably 

high pericyte abundance, are the testis and retina and appear to reflect the endothelial barrier 

properties of the CNS and the complexity of the vascular plexus in which they reside (Díaz-Flores 

et al., 2009).  

2.4.1 Pericytes and the blood-brain barrier 

One of the unique aspects of the CNS is that it is preferentially protected from passive transport 

of cells and metabolites across the vessel wall into the parenchyma in favour of specific, targeted 

active transport via tailored receptors. This ‘tightness’, or heavily regulated aspect of the vascu-

lature is called the blood-brain barrier and is crucial for physiological NVU function (Sagare et al., 

2013). Vascular permeability must be regulated in a bespoke way by each component of the NVU 

and an increase in vascular permeability can lead to the development of serious pathological 

conditions such as sepsis, allergic reactions, autoimmune diseases and viral infection. The dou-

ble-edged sword of blood-brain barrier is that it creates a scenario in which the brain is immune 

privileged, which in turn increases the importance of a functional BBB to CNS function. In 1885 

Paul Ehrlich noted that many vital dyes did not stain the brain and spinal cord, but the existence 

of the  BBB as a system was first reported in 1898 – 1900, when intravenous injection of cholic 

acids or sodium ferrocyanide had no pharmacological effects on the CNS, when compared 

against intraventricular application of the same substances (Kraus, 1898, Lewandowsky, 1900). 

Since this early research, the BBB is now recognised as a multicomponent system, with many 

regulatory elements that work in synchrony to achieve a tightly regulated specific non-permissive 

transport system (Abbott et al., 2010).  

Many of these recent advances in the study of the BBB have noted that pericytes play a pivotal 

role in the establishment and maintenance of the BBB, with CNS pericytes harbouring specialised 

functions and marker expression when compared against other organs (Armulik et al., 2010, Bell 

et al., 2010, Daneman et al., 2010). The way in which pericytes regulate the BBB is many fold, 

with the first reports coming from in vitro assays of pericyte-endothelial culture indicating that the 

presence of pericytes increases the trans endothelial electronic resistance (TEER)(Hayashi et al., 

2004, Al Ahmad et al., 2009). Though many of these studies helped elucidate that endothelial 

cells may form tighter junctions with one another in the presence of pericytes when compared 

against other cells such as astrocytes, conflicting reports made a definitive conclusion on the 

matter problematic (Zozulya et al., 2008).  

The understanding of BBB formation and regulation pivotally advanced forward when develop-

mental and vascular labs performed experiments on PDGFRb deficient mice independently, both 

coming to the same conclusions, that pericytes decrease endothelial cell permeability and the 

extent of pericyte loss correlated directly with the amount of vessel permeability (Daneman et al., 

2010, Armulik et al., 2010). Interestingly, both studies noticed that loss of pericytes did not alter 

the general profile related to the endothelial cell signature. Despite this, several altered genes in 

endothelial cells were found using microarray assays such as: vegfa, ang2 and ang1, suggesting 

that these genes play a crucial role in BBB maintenance and that the presence of pericytes aids 

in tailoring the endothelial transcriptomic profile toward a mature BBB. Moreover, the same stud-

ies identified that loss of pericytes stimulates endothelial cells to upregulate transcytosis pathways 

that do not discriminate molecule size, and induces the presence of astrocytic end foot defects.  
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Taken together, pericytes exert several independent, partially understood pathways in a paracrine 

manner on NVU cells in direct contact to create a functioning BBB.  

2.4.2 Pericyte influence on capillary blood flow 

In order to sustain neuronal function, neurovascular coupling (NVC) must effectively couple sup-

ply to demand through the increase of blood flow to the region of neuronal firing, this process is 

known as ‘functional hyperaemia’ and underlies the signal generated from blood oxygen level 

dependent (BOLD) imaging when patients undergo an MRI. Specifically, blood is shunted to re-

gions of high neuronal activity, which requires coordination of the neurovascular unit at multiple 

hierarchical levels from artery to capillary.  

Previously, this blood flow increase at the capillary level was attributed to large vessels upstream 

such as arteries and arterioles, which are coated with large numbers of vSMCs that constrict and 

relax to regulate blood flow. Interestingly, the same molecules which dilate and constrict arterioles 

such as arachidonic acid derivatives and neurotransmitters were shown to work on pericytes cul-

tured on rubber membranes (Shepro and Morel, 1993), and in a series of research, these neuro-

transmitters were shown to alter the intracellular Ca2+ in pericytes; suggesting that intracellular 

Ca2+ may alter pericyte cytoskeleton formation (Puro, 2007). Later, in excellent work from Claire 

peppiatt and colleagues, pericytes were shown to regulate the CNS capillary diameter in a bidi-

rectional manner (Peppiatt et al., 2006). However, data explaining how blood flow increases could 

be attributable to pericytes in the stimulated brain in vivo was still missing. Subsequent in vivo 

research applying thromboxane, which constricted pericytes, highlighted that pericytes were con-

tractile, but in the very same paper, authors suggested that in relation to neurovascular coupling, 

pericytes passively dilated due to the effect of cortical spreading depolarizations on upstream 

arterioles. The authors go on to state that they believe CSDs should be a sufficiently short term 

stimuli to recruit a pericyte response temporally independently from upstream arterioles, but failed 

to demonstrate pericyte involvement in the hyperemic response as a result (Fernández-Klett et 

al., 2010). Recent research has clarified this experimental issue. 

In 2014, Catherine Hall and colleagues demonstrated that pericytes increase blood flow in vivo in 

response to whisker stimulation, and further highlighted that pericytes dilated before arterioles; 

suggesting the presence of a retrograde signal, initiated at the capillary level and back propagat-

ing upstream prior to arteriole dilation (Hall et al., 2014). Not only was this research groundbreak-

ing as it marked the true transition from NVC experimentation on brain slices to the living animal, 

but also in the same paper, the authors attempted to decipher many of the signalling pathways 

through which pericytes could dilate or constrict in exquisite detail. In this work, they reveal how 

prostaglandin E2 mediates pericyte dilation, but requires suppression of 20-HETE (a vasocon-

stricting metabolite) by nitric oxide release in order to successfully relax pericytes and expand 

capillary lumen diameter. 

With the discovery that pericytes can alter capillary diameter, work began on exactly which con-

tractile elements could mediate this pericyte induced capillary dilation. Using flash freezing tissue 

preparation and actin stabilisation methods, Alarcon-Martinez and colleagues could show that 

pericytes express contractile proteins normally associated with vSMCs (Alarcon-Martinez et al., 

2018), though interestingly, not all pericytes require these canonical contractile elements to di-

late/constrict the capillary (Hartmann et al., 2018).  

How these capillary level dilations are coordinated to produce the 100 µm-400 µm spatial size 

corresponding to the area matching neuronal interactions seen with fMRI BOLD imaging 
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remained an intruguing question for pericyte researchers. In 2019, using retinal explants, the 

pericyte connectome was revealed using dye injections into single pericytes, and revealed that 

each pericyte could communicate locally with each other, both along the same capillary network 

and across capillary networks; explaining the spatial blood flow increase noted after BOLD 

imaging at the capillary level. These pericytes were then demonstrated to be capable of signalling 

to one another through intracellular Ca2+ waves in a connected fashion via gap junctions (Con-

nexins) (Hamilton et al., 2010, Alarcon-Martinez et al., 2018, Kovacs-Oller et al., 2019).  

The question of how pericytes preferentially direct blood flow responses to one capillary network 

or another was also recently deciphered last year, when research showed that pericytes direct 

local blood flow at capillary level junctions (Gonzales et al., 2020). To date, understanding of 

whether potassium or Ca2+ transients mediate the change in cytoskeleton required to constrict or 

dilate vessels, remains unclear. 

Since initial contradictory articles suggesting that pericytes may be incapable of initiating func-

tional hyperemia based blood-flow increases at the capillary level (Hill et al., 2015), the under-

standing of pericyte function in relation to blood flow control has staggeringly increased over the 

last decade and is no longer in question. Moreover, recently, two independent labs have used 

channel rhodopsin expression in capillary pericytes to demonstratively prove in vivo that pericytes 

can indeed control capillary diameter in response to optogenetic stimulation. In summary, recent 

research overwhelmingly suggests that pericytes do exert a substantial but slow influence on 

capillary diameter, though the temporal aspects of this dilation in relation to previous research 

require further clarification and remain highly disputed (Hartmann et al., 2021).  

                          

 

 

Fig. 9. Recent advancements in pericyte research. 

 

A) A pericyte on a retinal capillary injected with biotin connects to neighbouring pericytes, proving that interpericyte chan-

nels exist and establishing the notion of a pericyte connectome. B) Pericyte response to channel rhodopsin stimulation 

contracts slowly over 10s of seconds, ablation of pericytes leads to capillary dilation and augmented RBC flux until pericyte 

processes grow over the bare capillary, re-establishing a basal constrictive tone and normal diameter is regained, adapted 

with permission from (Kovacs-Oller et al., 2019, Hartmann et al., 2021) 

A 

B 
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2.5 Pericyte dysfunction in disease 

2.5.1 CADASIL 

CADASIL is the single most common cause of stroke and dementia (Chabriat et al., 1995, 

Dichgans et al., 1998, Chabriat et al., 2009). Caused by mutation of Notch 3 which encodes for a 

surface receptor on smooth muscle cells and pericytes, the mutated form of Notch 3 accumulates 

in blood vessels of CADASIL patients and CADASIL mice. As a result, arteries become fibrotic, 

reducing blood flow and this ultimately results in white matter lesions, thinning of the cortex and 

dementia (Joutel et al., 1996). CADASIL cellular pathogenesis was originally noted in smooth 

muscle cells, which were reported to sustain damage and die due to the accumulation of mutant 

Notch3 extra cellular domain aggregates (Joutel et al., 2010). However, in mouse brains, SMC 

viability appeared to be unaffected, which suggested another origin of CADASIL pathogenesis 

(Joutel et al., 2010). Subsequently, recent work from our lab has shown that a source of CADASIL 

pathogenesis actually occurs in pericytes. With increasing age, mutated notch 3 aggregated 

around periytes causing detachment of astrocytic end-feet, leakage of plasma proteins and re-

duction in adherens junctions on endothelial cells (required for BBB maintenance), ultimately re-

sulting in microvascular dysfunction at the capillary level (Ghosh et al., 2015). 

2.5.2 Alzheimer’s disease (AD) 

Alzheimer’s disease results from the pathological production of Amyloid β (Aβ) oligomers, down-

stream protein tau dysfunction and triggers neuronal damage through loss of synapses, synaptic 

plasticity and eventually cell loss that results in severe cognitive impairment. Surprisingly, though 

most Alzheimer’s research focuses on neuronal pathology, the first biomarker of the disease is 

actually reduced cerebral blood flow; implicating a profound microvascular dysfunction in the pro-

gression of the disease (Iturria-Medina et al., 2016, de la Torre and Mussivand, 1993). This has 

triggered a wave of recent research that implicates pericytes in Alzheimer’s disease progression 

(Nortley et al., 2019, Montagne et al., 2020, Miners et al., 2018, Kisler et al., 2017b). As part of 

this wave of scientific progress, researchers uncovered that Amyloid β oligomers constrict human 

capillaries in Alzheimer’s disease through signalling to pericytes. Specifically, they demonstrate 

using mouse models and fixed brain slices from human patients that capillaries were specifically 

constricted at pericyte location. when applying Aβ oligomers to live human brain slices they could 

demonstrate that pericytes constricted capillaries through a mechanism involving reactive oxygen 

species (ROS) through NOX4 (reduced nicotinamide adenine dinucleotide phosphate oxidase 4) 

which stimulated release of Endothelin-1 acting on ETA receptors to evoke pericyte contraction 

(Nortley et al., 2019). Moreover, this pericyte contraction in the context of Alzheimer’s disease 

appears to reduce blood flow in the brain by half without involvement of arterioles and venules. 

Ultimately, this accumulation of Aβ in pericytes results in cell death (Hamilton et al., 2010). 
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2.5.3 Traumatic brain injury 

Traumatic brain injury (TBI) accounts for 30% of injury-related death in the United States and is 

defined as a brain lesion caused by either direct or indirect external mechanical impact. A direct 

TBI could come from penetration of a projectile like a bullet or blunt object, or in the indirect case, 

explosions that trigger a blast wave, shaking and disrupting the normal function of the brain. Trau-

matic brain injury can be separated into mild (concussion) moderate and severe cases (presence 

of bleeding).  

In 2000 Paula Dore-Duffy’s lab demonstrated that pericytes were capable of migrating away from 

the vessel wall after traumatic brain injury (Dore-Duffy et al., 2000). Interestingly, contrasting with 

other diseases where pericytes remain on the vessel (Alzheimer’s, stroke, subarachnoid haem-

orrhage) 40% of the pericytes are reported to migrate away from the vessel in the site proximal 

to TBI within the first hour. These data represent some of the first investigations of pericytes after 

traumatic brain injury and research carried out since has helped elucidate that pericytes respond 

to TBI in a biphasic fashion. In 2015, researchers identified that pericytes respond to TBI in two 

separate stages, after the initial impact, rapid pericyte loss is observed within the first 12 hours 

and is subsequently followed by reactive pericytosis on day 5 (Zehendner et al., 2015). The au-

thors report stark changes in peri-contusional pericyte morphology, noting an amoeboid shape, 

which did not imply they were in close vascular contact. Furthermore, the authors report that 

pericytes were Ki67+ (a marker for cell cycle entry), suggesting an active cell response at the 

infarct edge. These findings mirror the study of many acute on-set pathologies such as the peri-

cyte response to ischemic stroke, which is discussed in detail below.  

2.6 Pericyte response to stroke  

2.6.1 Acute phase 

Pericytes are reported to constrict during stroke, entrap erythrocytes and fail to restore flow due 

to oxidative-nitrative stress after reperfusion (Yemisci et al., 2009). This contraction is likely the 

result of a failure to expel Ca2+ ions from the cell leading to an intracellular Ca2+ increase, which 

compromises the initial arrangement of the pericyte cytoskeleton, which may be responsible for 

regulating basal capillary tone. Under conditions of chemical ischemia seen in brain slices, this 

constriction maximally occurs within 30 minutes, constricting blood vessels by up to 80% which 

occurs concomitantly with a loss of selective membrane transport indicated by positive propidium 

iodide staining (PI); a membrane impermeable dye under physiological conditions. In these mod-

els, 90 mins of ischemia in the rat was sufficient to kill approximately 70% of pericytes, which then 

constricted vessels and produced long-lasting constriction of the microvascular bed despite reox-

ygenation (Hall et al., 2014).  

Mechanistically, this pericyte death was mediated in part by glutamate excitotoxicity but in con-

trast to earlier work, was unaffected by scavenging free radicals (Yemisci et al., 2009, Deguchi et 

al., 2014). Together, this had led pericyte biologists to the theory that under conditions of ische-

mia, ‘pericytes first constrict and then die in rigor’ (Hall et al., 2014). These findings are partially, 

but not fully supported by compelling new in vivo findings  that demonstrate that pericytes in the 

retina constrict maximally after 30 minutes of ligation of the ophthalmic vessels upstream 

(Alarcon-Martinez et al., 2020). However, according to the authors, maximal constriction of peri-

cytes was not 80%, but 30% in vivo - a radically different result from brain slice experimentation 
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reported earlier (Hall et al., 2014). In stark contrast to this work, using transgenic mouse models 

and in vivo 2-photon microscopy, other researchers could show optogenetic, whisker stimulation 

and spreading depolarisation (which occurs acutely during stroke) induced change in blood flow 

occurred at sites where microvessels were covered in SMCs, but not at the capillary level where 

pericytes are found (Hill et al., 2015). Moreover, using a transient model of middle cerebral artery 

occlusion, these authors could show that hypoperfusion was caused upstream of pericytes, in 

SMC covered vessels. Taken together, this research implies that pericytes are not responsible 

for reducing brain perfusion in pathological contexts. 

In addition, pericytes have also been shown to acutely induce the breakdown of the BBB by rap-

idly releasing MMP9 after occlusion of the upstream vessel using in vivo 2-photon microscopy. In 

this study, the authors report that plasma leakage at the pericyte cell body was three times higher 

than along pericyte processes after cessation of upstream flow (Underly et al., 2017). These find-

ings strongly implicate pericyte induced BBB breakdown in the damaging sequelae, which occur 

from plasma leakage into parenchyma - a facet of stroke known to increase tissue damage (Haley 

and Lawrence, 2017, Brouns et al., 2011). Interestingly, circulating PDGFRb release into the 

blood stream is a biomarker of stroke negatively associated with stroke outcome, which may hint 

at early loss of pericytes (Brouns et al., 2011). 

Taken together, though there is an extreme paucity of longitudinal in vivo research on pericytes 

in the context of stroke, the findings that do exist so far are contradictory. Overall, they appear to 

suggest that unlike endothelial cells, pericytes cluster with neurons into an extremely sensitive 

cell type which die after prolonged exposure to ischemic conditions, entrapping erythrocytes and 

increasing microvascular resistance, further harming neurons. In this way pericytes are currently 

thought of as a cell type deleterious to neuronal survival, contributing from ischemic penumbra to 

ischemic core transition as they constrict and die, starving the brain parenchyma from the O2, 

glucose and other metabolites necessary for cells to survive. 

2.6.2 Sub-acute phase 

Following the first hours of ischemic stroke, the aforementioned reports would suggest that peri-

cytes within the infarct core are dead and remain constricted on the vessel until they are removed 

by microglia (Hall et al., 2014, Fernández-Klett et al., 2013). In the days following stroke, pericytes 

have been reported to upregulate expression of NOX4 in the peri-infarct region, an enzyme that 

produces ROS and leads to downstream production of MMP9, further exacerbating ischemic 

damage on days 1 - 4 post stroke (Vallet et al., 2005, Nishimura et al., 2016). 

In addition, interesting data suggest that pericytes have a multi-potent capacity following stroke 

and may acquire a microglial phenotype in the sub-acute phase. This phenotype switch appears 

to happen within 7 days and occurs concomitantly with proliferation of pericytes, activation and 

migration from the vessel wall into the brain parenchyma (Özen et al., 2014). Pericytes which 

leave the vessel wall in this way may be multipotent, and following stroke have been shown to 

express the activated marker Regulator of G protein coupled signalling 5 (RGS5), an amoeboid 

morphology and galectin-3 - a marker canonically associated with macrophages/microglia (Özen 

et al., 2014, Sakuma et al., 2016). Though RGS5 is a marker of activated pericytes, the research-

ers subsequently showed that genetic knockdown of RGS5 in pericytes leads to neurovascular 

protection (Özen et al., 2018). This research implies that the activation of pericytes and subse-

quent migration away from the vessel wall may be detrimental, though the current mechanisms 

through which this damage is mediated is unknown. Contrastingly, research using a transcription 

factor called Tbx18 to lineage trace populations of pericytes has shown that pericytes do not 
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behave in a stem cell like fashion in vivo, questioning their multipotent capacities in both physio-

logical and pathological contexts (Guimarães-Camboa et al., 2017). 

2.6.3 Chronic phase 

To date, little is known about how pericytes contribute to long-term recovery processes in the 

brain in the weeks post stroke. After the acute damage of stroke has concluded, a glial scar begins 

to form from glial fibrillary acid protein+ astroglia in the peri-infarct area composed of chondroitin 

sulfate proteoglycans such as neurocan and phosphocan along with the generation and secretion 

of large amounts of extracellular matrix proteins like laminin and Collagen IV. This functions to 

separate healthy tissue from compromised tissue and is crucial to the wound resolution process, 

which limits inflammation and further neuron damage. 

Recently, using lineage tracing experiments labelling glutamate aspartate transporter GLAST+ 

pericytes, which represent about 10% of all pericyte cells within the CNS vasculature, researchers 

could show that pericytes are also involved in fibrotic scar formation and that this a highly evolu-

tionarily conserved mechanism. In this work, researchers demonstrate that after spinal cord injury, 

traumatic brain injury, stroke, brain tumor formation and a mouse model of multiple sclerosis 

called experimental autoimmune encephalomyelitis (EAE), the same cellular origin of fibrotic scar 

tissue could be traced back to what they term type A pericytes. In contrast to the work mentioned 

previously (Özen et al., 2014) and in other models of CNS trauma, this study could show that 

nearly all Type A (scar forming) pericytes remained associated with the vasculature and drasti-

cally increased in number on Day 5 post stroke. As opposed to the contralateral hemisphere, 

where Type A+ pericytes represented 10% of all pericytes, the type A+ scar forming pericytes 

represented between 40 - 60% of the PDGFRb+ pericytes in the infarct core. 

Subsequently, it was shown that the lesion gradually condensed over time and the number of 

cells declined. Interestingly, when the lesion was large enough to affect both cortex and striatum, 

the investigation showed that cortico-striatal infarcts displaced a large number of PDGFRb+ stro-

mal cells from the vessel wall; suggesting differential percyte responses based on gray matter 

location (Dias et al., 2020) 

To what extent this pericyte formed scar limits the brains ability to recover is currently unknown. 

On the one hand, scar tissue is necessary to separate the injured brain from the healthy brain, on 

the other hand, scar formation, originated from Type A pericytes, has been shown to inhibit axon 

regrowth in the context of spinal cord injury (Dias et al., 2018).   
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Yemesci et al., 2009 

2.7 Project aim 

In the last 15 years, pericytes, a previously neglected but vital component of the brain, have been 

implicated in a wide range of pathologies which affect the most crucial of NVU components, and 

often in a deleterious manner. While a consensus on pericyte involvement in BBB maintenance, 

contribution to Alzheimer’s disease progression, spinal cord injury and many other pathological 

disorders has been reached, no such consensus can be applied to stroke. In part because stroke 

is a complex, multiphasic, acute onset disease. As previously mentioned, a wide range of con-

trasting and conflicting reports regarding pericyte contractility, dysfunction and eventual cell fate 

muddy the water of pericyte research. One key reason for this relates to the identification of these 

cells, which to date, have no true validated and exclusive marker. Consequently, our understand-

ing of pericyte cell fate after ischemic stroke is incomplete.  

During stroke pathology, identification of on-going deleterious processes related to pericytes in 

vivo is experimentally challenging, and requires the use of complex experimental methods and 

modalities. These difficulties were highlighted in a letter in response to the first intravital imaging 

of pericytes during ischemia-reperfusion injury (Yemisci et al., 2009) in 2010 (Vates et al., 2010). 

In this correspondence, the author’s state that while the experimental evidence provided  is com-

pelling, it is currently incomplete (Yemisci et al., 2009). They go on to state that dynamic evidence 

of pericyte contractility during stroke is missing, stating that the data on entrapment of red blood 

cells (RBCs) is not visually convincing. Furthermore, they highlight the issues with extrapolating 

from ex vivo data to explain in vivo findings by raising concerns about the artifacts associated 

with tissue fixation. They also state that cells reported as pericytes by the publication may not 

indeed be pericytes, citing inconsistencies in the author’s own reporting on the morphology of 

these cells. Ultimately, although this paper was a large step forward in pericyte research, and was 

the first to implicate pericytes in the post stroke ‘no-reflow phenomenon’ in a convincing manner, 

they fall short of providing definitive proof.  

In the 10 years since, our understanding of pericytes, their array of morphologies, criteria for 

identification and knowledge of their physiological function has expanded exponentially (Zhang 

et al., 2020), yet dynamic longitudinal imaging of single pericytes as they experience stroke pa-

thology has still not been achieved. 

 

 

Fig. 10. Pericyte publications since 1960-2021. (source: pubmed) 

Therefore, the aim with this project was to use complimentary imaging modalities (ex vivo and in 

vivo) to characterise and map pericyte cell fate at both the population and single cell level, to 

understand how these cells are damaged by stroke, if as a population they die or survive and 

what functions surviving pericytes may possess. In tandem, the project aimed to unravel the in-

fluence of pericyte contractility on vessel diameter by imaging single pericytes in vivo over the 

course of a week in the oedematous stroked brain; with a view to definitively answer whether 

pericytes are responsible for the long-lasting reduction in blood flow which occurs after stroke.  

Hall et al., 2014 
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3. Materials  

3.1 Mice 

Throughout the project either C57BL/6NJ, NG2DsRed, PDGFRbEGFP or NG2dsRedxPDG-

FRbEGFP mice were used to conduct the investigation. C57BL/6NJ mice are a sub-line of 

C57BL/6J mice separated in 1951 and distinguished by 5 single nucleotide polymorphisms 

(SNP’s). Widely used in the field of stroke research, the C57BL/6N strain produces large, homog-

enously distributed infarcts that do not differ between sexes; making them an ideal test bed for 

monitoring the sequelae of ischemic stroke (Zhao et al., 2019). PDGFRbEGFP mice were bred 

for six consecutive generations until the KO retention motif was eradicated from the mouse line 

to enable dual reporting of pericytes with NG2dsRed and EGFP.  

Table 1: Mice 

Name Description Provider 

C57BL6/NJ  (#005304) A National institute 

of health subline of C57BL6/J 

mice separated from 

C57BL6/J mouse line by 5 

unique single nucleotide poly-

morphisms.  

Jackson Laboratory, Bar Har-

bor, ME, USA 

(Cspg4-DsRed.T1)1Akik-

NG2dsRed 

Transgenic insertion consist-

ing of 208kb C57BL/6J 

mouse bacterial artificial 

chromosome. This BAC con-

tained the Cspg4 gene, modi-

fied by the insertion of an op-

timised red fluorescent pro-

tein variant (DsRed) se-

quence. This mouseline al-

lows visualisation of DsRed in 

NG2 expressing cells.  

Available in-house 

PDGF‐Rßtm3.1Cbet 

(PDGFbret/ret-EGFP) 

In knock-out variants of these 

animals the stop codon in-

serted into exon 6 remains in-

tact and precludes translation 

of the retention motif (ret) 

which is required for invest-

ment of pericytes in the mi-

crovessel wall. (Lindblom et 

al., 2003). However, the re-

tention motif was bred out of 

animals for use in the current 

thesis and wild-type mice pre-

sent no defects. Expression 

of EGFP in this mouse line is 

controlled by the PDGFRb 

promoter. 

Available in-house 
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3.1.1 Antibodies 

Table 2: Antibodies 

Name Description Provider 

anti-mouse PDGFRb 

 

(AF1042), Polyclonal Goat 

IgG 

R&D Systems, Inc. Bio-

techne GmbH, Minneapolis, 

MN 

anti-mouse Collagen IV (ab19808) Abcam, Cambridge, United 

Kingdom 

anti-mouse Ki67 (D3-B5) Cell Signaling Frankfurt am 

Main Germany 

anti-mouse Aqp4 (AB2216) Merck,Millipore, Darmstadt, 

Germany 

anti-NeuN (ab177487) Abcam Cambridge, United 

Kingdom 

anti-Iba1 (019-19741) Wako, Saitama, Japan 

 

3.1.2 PCR Primers for genotyping and RT-PCR 

Table 3: PCR primers for genotyping 

Name  Nucleotide sequence Provider 

Pdgfrb (31796) F GTGGAAGCAGAGAGGAGAG-

CATTTG 

Metabion, Planegg, Ba-

varia, Deutschland 

GS eGFP R3 GGTCGGGGTAGCGGCTGAA Metabion, Planegg, Ba-

varia, Deutschland 

NG2dsRed F 

(IMR8699) 

TTCCTTCGCCTTACAAGTCC Metabion, Planegg, Ba-

varia, Deutschland 

NG2dsRed R 

(IMR8700)  

GAGCCGTACTGGAACTGG Metabion, Planegg, Ba-

varia, Deutschland 

RetWT F CATGCTGCCTTGTAATCCGT Metabion, Planegg, Ba-

varia, Deutschland 

RetWT R CGGCGGATTCTCACCGT Metabion, Planegg, Ba-

varia, Deutschland 

RetRet F CTCGGGTGACCATTCGGTAA Metabion, Planegg, Ba-

varia, Deutschland 

RetRet R TCTAAGTCACAGCGAGGGAG Metabion, Planegg, Ba-

varia, Deutschland 
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Table 4: PCR primers for RT-PCR 

Name  Nucleotide sequence Provider 

GAPDH F ATTGTCAGCAATGGATCCTG Metabion, Planegg, Ba-

varia, Deutschland 

GAPDH R ATGGACTGTGGTCATGAGCC Metabion, Planegg, Ba-

varia, Deutschland 

eGFP F ACGTAAACGGCCACAAGTTC Metabion, Planegg, Ba-

varia, Deutschland 

eGFP R AAGTCGTGCTGCTTCATGTG Metabion, Planegg, Ba-

varia, Deutschland 

Pdgfrb F AGGACAACCGTACCTTGGGT Metabion, Planegg, Ba-

varia, Deutschland 

Pdgfrb R CAGTTCTGACACGTACCGGG Metabion, Planegg, Ba-

varia, Deutschland 

NG2 F AATGAGGACCTGCTACACGG Metabion, Planegg, Ba-

varia, Deutschland 

NG2 R CATCTGTAGTCAACAGCCGC Metabion, Planegg, Ba-

varia, Deutschland 

RGS5 F ATGTGTAAGGGACTGGCAGC Metabion, Planegg, Ba-

varia, Deutschland 

RGS5 R  ATACTTGATTAGCTCCTTAT Metabion, Planegg, Ba-

varia, Deutschland 

DsRed F GGCACCTTCATCTACCACG Metabion, Planegg, Ba-

varia, Deutschland 

DsRed R  CTTGTGGATCTCGCCCTTC Metabion, Planegg, Ba-

varia, Deutschland 

 

3.1.3 Enzymes 

Table 5: Enzymes 

Name Product number Provider 

Collagenase/Dispase® 11097113001 Sigma-Aldrich Chemie 

GmbH, Munich, Germany 

DNAase1 10104159001 Roche Diagnostics, Mann-

heim, Germany 
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3.1.4 Commercial Kits 

Table 6: Commercial kits 

Name Application Provider 

ApopTag® Red In Situ 

Apotosis Detection kit 

(S7165) Detection of frag-

mented DNA in dead cells via 

nick-end labeling  

Merck,Millipore, Darmstadt, 

Germany 

Click-iT ™ Plus EdU Cell 

proliferation kit for imaging 

AlexaFluor™647 dye 

(C10640) Detection of EdU 

positive cells via click-iT ™ 

chemistry 

Thermo Fisher Scientific, 

Waltham, MA, USA 

 

3.1.5 Chemicals  

Table 7: Chemicals 

Name Description Provider 

Agarose, universal DNA 

grade 

(443666A) molecular biology 

grade 

VWR Life Science, Germany 

   

Actinomycin D (11805017) gene expression 

inhibiter; antibiotic 

Thermofisher Scientific, Wal-

tham, MA, USA 

BSA Bovine serum Albu-

min 

(A3912-500g) Heat shock 

fraction pH 5.2  

Sigma-Aldrich Chemie 

GmbH, Munich, Germany 

DAPI (62248)4′,6-diamidino-2-phe-

nylindole; nuclei labelling 

Thermofisher Scientifc, Wal-

tham, MA, USA 

EdU(5-ethynyl-2’-deoxyuri-

dine) 

 (A10044) Injection labelling 

of DNA incorporation for cell 

proliferation 

Thermofisher Scientific, Wal-

tham, MA, USA 

FBS (Fetal Bovine Serum) (F2442) Fetal bovine serum Merck Millipore Darmstadt, 

Germany 

Gelatin from cold water fish 

skin 

(G7041) Fish-skin gelatin Sigma-Aldrich Chemie 

GmbH, Munich, Germany 

Triton ™ X-100 (8X100-500mL) laboratory 

grade 

Sigma-Aldrich Chemie 

GmbH, Munich, Germany 

Tween 20® Polysorbate, Polyoxyethyl-

ene-20-sorbitan monolaurate 

CarlRoth Karlsruhe, Germany 
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3.1.6 Buffers, solutions and media 

Table 8: Buffers, solutions and media 

Name Description Application 

1X PBS- 0.3% Triton X-100 Triton X-100 diluted in PBS Tissue permeabilization 

Primary Antibody buffer 1%BSA, 0.1% Fish-skin gela-

tin, 0.1% Triton X-100, 0.05% 

Tween 20 in 1XPBS pH7.258 

Blocking and permeabiliza-

tion of vibratome fixed brain 

tissue 

4% Agarose in 1XPBS Agarose in powder form di-

luted into PBS 

For creation of brain moulds 

for subsequent cutting at the 

vibratome 

Nuclease-free water Water free of impurity Genotyping 

10X Blocking buffer 2%BSA, 2%FCS, 0.2% Fish- 

skin gelatin diluted down in 

1XPBS 

Immunofluorescence staining 

during the secondary anti-

body step 

4% PFA in 1XPBS Diluted down from 37% PFA 

stock in PBS 

For fixation of cells, fresh-fro-

zen brain slices and isolated 

vessels 

1XPBS Diluted down from 10x PBS 

buffer stock at pH7.4 

Di-Sodiumhydrogen phos-

phate-Dihydrate 148.0g;Po-

tassiumhydrogenphosphate 

23.0g, SodiumChloride 900g 

in 10 litres of water 

Foundation of antibody buff-

ers to Immunofluorescence 

staining an tissue collection 

Everbrite Mounting me-

dium™ 

Anti-fade mounting medium 

used  

Preservation of Cyanine 

spectrum dyes within brain 

sections 

Nail Polish Various providers and types  Sealant of microscope slides 

and coverslips 

Tris-sodium citrate buffer (10Mm tris-sodium citrate de-

hydrate, 2.94g, 0.05% Tween 

20, 0.5Ml) in 1000ml of dis-

tilled water adjusted to pH6.0 

with sodium hydroxide  

For heat-mediated antigen re-

trieval of difficult to reach 

epitopes 

 

3.1.7 Consumable equipment 

Table 9: Consumable equipment 

Name Application Provider 

6,12,24 Multi-well Tissue 

culture plates (353046, 

3513, 3526) 

Storage and staining of vi-

bratome cut brain sections 

FALCON®, NY, USA 
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15, 50ml Falcon tubes 

(352097, 352070)  

Master-mix preparation, 

Brain storage.  

FALCON®, NY, USA 

Costar stripette® 2ml, 5ml, 

10ml (4486, 4487, 4488) 

Pipettes for use with the pi-

pette boy 

Corning, Corning incorpo-

rated, New York, USA 

KIMTECH precision wipes Cleaning of microscope 

slides, objectives and general 

use 

Kimberly-Clark® Texas, USA 

Parafilm Sealing of falcon tubes Bemis™, Curwood, USA 

Feather Disposable scalpel Cutting of brain tissue, of par-

afilm- 

Feather Safety Razor CO., 

LTD, Osaka, Japan 

0.5ml,1.5ml,2ml,5ml Eppen-

dorf tubes® (121.023, 

120.094,120.086, 110.401) 

Storage of solutions Eppendorf® Hamburg, Ger-

many 

 

3.1.8 Hardware and equipment 

Table 9: Hardware and equipment 

Name Description Provider 

Axio Observer.Z1  Fluorescence microscope Carl Zeiss AG, Oberkochen, 

Germany 

Vortex UZUSIO VTX-3000L Vortex  Lab unlimited, Dublin, Ireland 

-20oc Freezer. LGex 3410 

Mediline 

Lab freezer Liebherr, Berlin, Germany 

Fridge-Freezer combi, 

KG36VVW30 

Lab fridge freezer Siemens, Munich, Germany 

pH-meter S201, Seven com-

pact 

pH-meter  Mettler Toledo, Gießen, Ger-

many 

NeoMag® Magnetic stirrer 

D-6011 

Magnetic stirring device Neolab, Heidelberg, Ger-

many 

Pippette helper, pipetboy Pipette helper Integra, ZIzers, Switzerland 

Real-time PCR-System Light Cycler 480 II Roche, Penzberg, Germany 

Microwave Microwave Siemens, Munich, Germany 

Heraeus Pico 17 Micro-centrifuge Thermofisher Scientific, Wal-

tham, MA, USA 

Vortex Vortex-Genie 2 Scientific industries, New 

York, USA 

PCR machine PeqStar 2x Peqlab (Avantor), Pennsylva-

nia, USA 

Agarose-gel chamber  (40-

0708) 

Small agarose gel chamber Peqlab (Avantor), Pennsylva-

nia, USA 
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Agarose gel chamber (40-

1214) 

Large agarose gel chamber Peqlab (Avantor), Pennsylva-

nia, USA 

Electrophoresis device peq Power 300 Peqlab (Avantor), Pennsylva-

nia, USA 

Thermomixer Thermomixer pro CellMedia GmBH, Leipzig, 

Germany 

Mini-centrifuge  Mini centrifuge for PCR Sprout, Heathrow scientific, Il-

linois, USA 

IKA Rocker 3D Digital Multi-platform plate shaker IKA®-Werke GmbH & Co.KG, 

Staufen, Germany 

Multi Bio 3D Programmable mini-shaker Biosan, Riga, Latvia 

Centrifuge  5810R centrifuge for FACS Eppendorf, Hamburg, Ger-

many 

Spectrophotometer ND-

1000 

Spectrophotometer for RNA 

measurement 

Thermofisher Scientific, Wal-

tham, MA, USA 

Agilent Bioanalyser 2100 Bioanalyser for RNA integrity Peqlab (Avantor), Pennsylva-

nia, USA 

Vortex V1-Plus (144200B) Kisker Biotech GmbH, Stein-

furt, Germany 

Centifuge 5417R Centrifuge for Westernblot Eppendorf, Hamburg, Ger-

many 

Axioimager M2 Histology microscope  Carl Zeiss AG, Oberkochen, 

Germany 

BioRad C1000 Touch Thermocycler Bio-Rad, Feldkirchen, Ger-

many 

BioRad iMark  Microplate reader Bio-Rad, Feldkirchen, Ger-

many 

Stereo Discovery V8 Leica Dissection microscope Lecia Microsystems, Wetzlar, 

Germany 

Leica VT1200S Leica Vibratome Lecia Microsystems, Wetzlar, 

Germany 

CryoStar NX70 Cryostat for cutting fresh-fro-

zen/fixed tissue 

Thermofisher Scientific, Wal-

tham, MA, USA 

LSM 7MP Twin scanner multi-photon 

microscope 

Carl Zeiss AG, Oberkochen, 

Germany 

Cell sorter (SH800S) Cell sorter for FACS experi-

ments 

Sony Biotechnology, San 

Jose, USA 

Stereo microscope Leica M80 surgery micro-

scope 

Lecia Microsystems, Wetzlar, 

Germany 

Periflux system 5000 Laser Doppler Flowmetry 

measurement device 

Perimed, Las Vegas, USA 

Pericam PSI Laser Speckle Imaging de-

vice 

Perimed, Las Vegas, USA 
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OxyDig O2 measurement device for 

surgery 

Drägerwerk, Prittwiching, 

Germany 

Digiflow Device for measurement of 

flow 

Drägerwerk, Prittwiching, 

Germany 

O2 sensor Measures O2 concentration 

within tubing 

Drägerwerk, Prittwiching, 

Germany 

Isoflurane funnel-fill vapor-

izer 

(34-1040SV) Storage and 

distribution of isoflurane for 

surgery 

Harvard Apparatus, Massa-

chusetts, USA 

Powerlab 16/35 Integration of multiple differ-

ent surgical monitoring de-

vices 

AD Instruments, Sydney, 

Australia 

Mediheat ™  Heating cabinet for mice post-

surgery 

Pecoservices, Brough, United 

Kingdom 

Capnograph Type 340 Measurement of CO2 outflow 

from mouse 

Hugo Sachs Elektronik 

GmbH, March, Germany 

FHC Temperature control-

ler 

Feedback controlled temper-

ature controller  

FHC, Bowdoin, USA 

Weighing scales  Scales for measurement of 

Mouse weight 

OHAUS, Nänikon, Switzer-

land 

X-Cite series 120Q 120 Lumen Fluorscence lamp 

for 2-photon imaging 

Excelitas technologies ®, 

Wiesbaden, Germany 

Newport stabilizer S-2000 

series 

Vibration isolating table for 2-

photon microscopy 

Newport Corportation ®, Cali-

fornia, USA 

Chameleon Ultra Modelocked Ti:Sapphire La-

ser  

Coherent®, California, USA 

Filter Sets (BiG) A range of filter sets for 2-

photon microscopy imaging 

Carl Zeiss AG, Oberkochen, 

Germany 

KL2500 LED light source LED based light-source for 

Lecia surgical stereo micro-

scopes 

Lecia Microsystems, Wetzlar, 

Germany 

Objective W “Plan-Apo-

chromat” 20x/1,0 DIC M27 

70mm objective 

Objective lens used for 2-

photon imaging experiments 

 Carl Zeiss AG, Oberkochen, 

Germany 

Pipettes 

P2,P10,P20,P200,P1000  

A range of Gilson pipettes 

(F167380) 

Gilson, Wisconsin, USA 

Zeiss LSM 800 Inverted Confocal Micro-

scope 

Carl Zeiss AG, Oberkochen, 

Germany 

Zeiss 7MP 2-Photon microscope Carl Zeiss AG, Oberkochen, 

Germany 
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3.1.9 Software 

Table 10: Software  

Name Application Provider 

Microsoft Office Complete suite for word-pro-

cessing, presentations and 

data tabulation 

Microscoft Corporation, WA, 

USA 

Graphpad 8.4.3 Data processing/graphical fig-

ure creation 

Prism, San Diego, USA 

Imaris® 3D reconstruction of cells and 

vessels 

Bitplane, Zürich, Switzerland 

Zen Black/Blue Image processing and data 

acquisition 

Carl Zeiss AG, Oberkochen, 

Germany 

Pimsoft Laser speckle data gathering 

and analysis 

Perimed, Las Vegas, USA 

FlowJo v10 FACS data processing FlowJo LLC, Vancouver, BC, 

Canada 

Matlab Script processing of Laser 

speckle data 

Mathworks,Massachusetts, 

USA 

FIJI (Fiji is just image J) Image presentation and anal-

ysis 

Open-source, collaborative, 

global 

Abodbe Illustrator Figure creation Adobe, California, USA 

Adobe Photoshop Figure creation and image 

representation 

Adobe, California, USA 

Sony SH800s Cell sorting and data analysis 

software 

Sony Biotechnology, Califor-

nia, USA 

 

3.1.10  Drugs (Analgesics, Anaesthetics and post-operative care) 

Table 11: Drugs   

Name Description Provider 

Buprenorphrine Temgesic 0.3mg/ml  Schering-Plough 

Carprofen: Rimadyl 50mg/ml analgesic Zoetis 

Medetomidine 1mg/ml (100mg/kg per injec-

tion) 

Dorbene vet 

Midazolam 5mg/5ml B.Braun 

Fentanyl 0.5mg/10ml  Piramal 

Isoflurane Iso vet 1000mg/g Dechra, Northwich, United 

Kingdom 
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Bepanthen Antiseptic cream Bayervital GmbH, 

Leverkeusen, Germany 

 

3.1.11  Surgery tools and consumables 

Table 12: Surgery tools and consumables   

Name Description Provider 

FMCAo sutures Filament for insertion into 

MCAO to induce stroke 

Doccol®,MA, USA 

Micro serrefines (18055-04) arterial cross 

clamp 

Fine scientific tools, Califor-

nia, USA 

Micro-serrefine clamp  (18057-14) clamp applying 

forceps 

Fine scientific tools, Califor-

nia, USA 

Dumont forceps (11253-20) Micro-blunted tips Fine scientific tools, Califor-

nia, USA 

45o Dumont forceps (11253-25) Micro-blunted tips Fine scientific tools, Califor-

nia, USA 

Dumont #5CO forceps A rough coated tip on one 

side and smooth on the other 

for dura removal 

Fine scientific tools, Califor-

nia, USA 

Extra fine Bonn scissors (14084-08) Fine scientific tools, Califor-

nia, USA 

Needle holders with suture 

cutters 

(12002-12)  Fine scientific tools, Califor-

nia, USA 

Dissecting scissors (14393) World precision instruments, 

Friedberg, Germany 

Spring scissors (15000-08) scissors for cut-

ting common carotid artery 

Fine scientific tools, Califor-

nia, USA 

Straight microtip  (MTB500-02240) laser Dop-

pler fibre 

Perimed, Las Vegas, USA 

Silk braided sutures (10C103000)  Pearsalls limited, London, 

United Kingdom 

Drechseln Maxi cure glue (BSI-112) Cyanoacrylate for 

Doppler attachment 

Drechseln, Weiden, Germany 

Glue accelerator  (BSI-151) Insta-set™ acceler-

ator 

Drechseln, Weiden, Germany 

3M Durapore surgical tape  (1538-0) 3M, Minnesota, USA 

Sodium Chloride (14NM32)  Fresenius kabi GmbH, Bad 

Homburg, Germany 

Aquad ad injectabilia (2822633) Berlin Chemie, Berlin, Ger-

many 
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Gazin® swabs (18504) Gauze Lohmann & Rauscher, Neu-

wied, Germany  

Ti-Cron sutures (5CD30586) Covidien (Medtronic), Dublin, 

Ireland 

Insulin syringe (V-100) BD Safety glide  BD, Heidelberg, Germany 

Surflo® Winged infusion set (SV*S25NL30) Butterfly per-

fusion syring tip 

Terumo Europe, Leuven, Bel-

gium 

Braun Syringes Syringes for IP injection;sub-

cutaneous injection 

Braun, Kronberg, Germany 
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4. Methods 

4.1 Animal surgery & behavior testing 

4.1.1 Transient filament middle cerebral artery occlusion 

30 minutes prior to surgery mice were weighed and injected with 0.1 mg/kg buprenorphine sub-

cutaneously (s.c). Mice were anaesthetized using 4% isoflurane in air (1 l/min) in an induction 

chamber and placed in prone position on a heating pad set to 37°C, a rectal probe was inserted 

into the mice for feedback controlled heat regulation. Anesthesia was maintained with isoflurane 

(1.8 - 2%) in 50% O2 in air using a facemask. Bepanthen was applied to protect the eyes from 

dryness and paw reflex was checked with forceps prior to starting surgery. Ointment was applied 

to the head of the mouse, where a small incision was made on the left side of the head (between 

eye and ear) and the skull was exposed. A sharp scalpel was used to detach the temporal muscle 

from the skull and create a pouch between muscle and bone. The laser Doppler probe was placed 

onto the dry exposed left parietal skull over the middle cerebral artery territory (MCA) and fixed 

using cyanoacrylate glue (1 drop) and glue accelerator. Care was taken to achieve laser Doppler 

flow values of above 200 arbitrary units (AU) and the mouse was flipped face up and fixed in the 

supine position using surgical tape. A longitudinal incision was made along the middle of the neck 

using scissors and the common carotid artery (CCA), external carotid artery (ECA) and internal 

(ICA) were isolated and exposed. During this process, care was taken to avoid touching or harm-

ing the vagal nerve running beneath the CCA. The left CCA and ECA were ligated and an addi-

tional loose knot was made around the CCA. A small surgical clamp was then applied to the ICA 

and a small incision in the CCA between ligation and loose knot was made using micro scissors. 

Subsequently, the occlusion filament was inserted into the incision, the loose knot was tightened 

around the filament and the surgical clamp on the ICA was removed. The filament was advanced 

along the ICA to the base of the circle of Willis until it obstructed the MCA; where an immediate 

reduction of cerebral blood flow (>80%) was achieved. The knot securing the filament was then 

fixed to ensure the filament was held in place and the neck incision was carefully closed using 2-

3 single sutures. The mice were then placed in recovery chambers set to 32°C prior to beginning 

surgery. After 55 minutes of occlusion anesthesia was re-induced, the neck incision was reopened 

and at precisely 60 minutes of ischemia, the filament was removed from the exposed CCA without 

bleeding by tightening the knot immediately after withdrawing the filament. 1 ml of saline and 100 

µl of Carprofen (4 mg/kg) was injected s.c prior to termination of anesthesia. Mice were then 

placed in a recovery chamber at 32°C for 2 hours.  

 

Fig. 11. Schematic detailing the sequential steps involved in transient filament middle cerebral artery 

occlusion. 
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4.1.2 Neuroscore  

Mice subjected to surgery were observed following surgery and assessed for various neurological 

deficits, behavioral condition and core physiological parameters collectively named as the Neu-

roscore; which permits evaluation of each animal and determines termination end-points based 

on humane criteria. An example of the scoresheet is found in the supplementary information 

Chapter 8. 

4.1.3  Experimental stroke scale (ESS)    

In addition to the neuroscore performed on each animal after stroke, the experimental stroke scale 

(used in prior publications (Lourbopoulos et al., 2017)) was used as an evaluation to determine 

focal and general components relating to mouse condition. Focal deficits (fESS) comprise evalu-

ation of specific neurological deficits relating to brain related behavior such as: body symmetry, 

gait, climbing, circling behavior, fore and hind-limb symmetry, compulsory circling, whisker re-

sponse, forelimb placing, posture and beam balance. This focal component is scored out of 42 

points to mimic the scoring system used by the National institute of health stroke scale with a 

higher score indicating more severe impairment. The general component of the experimental 

stroke scale (gESS) relates to the systemic behavior of the mouse and is scored out of 16 points 

based on separate criteria such as condition of the hair, ears and eyes, spontaneous activity and 

anxiety behavior. A complete score sheet is found in the supplementary information in chapter 8.  

4.1.4 Perfusion of mice  

Mice were injected with a triple dose of MMF (medetomidine 0.036 mg, midazolam 0.375 mg, 

fentanyl 0.0039 mg for a 25 g mouse) intra-peritoneally and assessed for reflex action by applying 

forceps to the hindpaws. Once under anesthesia, an incision along the midline from lower stom-

ach to thorax was made to expose the internal organs. Using a surgical clamp, the xyphoid was 

lifted and positioned above the mouse exposing the diaphragm. Using surgical scissors, the dia-

phragm and rib cage was cut allowing it to be folded back, the surgical clamp holding the xyphoid 

was moved further back to expose the pulsating heart. The left ventricle of the heart was pene-

trated with a butterfly needle and the three-way switch of the perfusion pump was moved to the 

open position to allow ice-cold PBS to perfuse at a perfusion pressure of between 100-120 mmHg 

through the mouse vasculature. Immediately after, the returning vena cava was severed to blood-

let the mouse and PBS perfusion was performed for 5 mins. After the outflow of the mouse turns 

from blood red to clear and the liver turned gray, the perfusion was switched to ice cold 4% PFA 

to fix the mouse for 5mins. Following this, the brain of the mouse was extracted by severing the 

head and cleaning away the skin and muscle from the back of the neck and making three angular 

cuts at the base of the skull; followed by a scissor tip insertion to the bregma of the skull and 

opening of the scissors. This exposes the brain by splitting the skull down the middle, then, using 

a small spatula the brain is removed from the skull and placed into a 5 ml Eppendorf tube filled 

with 4% PFA and placed at 4°C overnight where it was switched to PBS for further storage until 

the brain was needed for downstream applications. 
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4.1.5 Post-operative care  

A previously described post-operative care regimen was modified to maximize and preserve the 

survival of animals with large cortical infarcts following fMCAo surgery (Lourbopoulos et al., 2017). 

Briefly, animals were immediately placed in a heating chameber at 32°C after surgery for 2 hours 

before being placed in their home cages. Pellet food (12.8 KJ/g of metabolizable energy;ssniff-

Spezialdiäten GmbH, Soest, Germany) was scattered on the floor of the home cage to allow mice 

to easily reach nourishment. In addition, in the evening after surgery and each morning following 

the initial stroke surgery, petri-dishes filled with a powdered form of the aforementioned pellet 

food were mixed with water into a paste at a 1:3 ratio. Mice were sub-cutaneously injected with 

10% Glucose mixed with saline at a 1:1 ratio and administed 50µl of carprofen in the morning and 

evening to act as pain relief. To supplement dehydration occurring in mice after stroke, petri-

dishes filled with water were laid on the ground of the cage at the same time points, this procedure 

was performed for each mouse until they regained their bodyweight.  

4.2 Animal experimentation, tissue processing and image 

analysis 

4.2.1 Fresh frozen analysis of pericyte death, coverage and proliferation 

bodies 

Twenty male C57BL/6J mice aged between 6 - 12 weeks old were subjected to either fMCAo and 

sacrificed on day 1 or day 3, after sham surgery or in naïve conditions in a randomized, blinded 

manner with five mice per group. At the end of the experiment, mice were anaesthetized with 5% 

isoflurane prior to cervical dislocation; brains were removed and immediately fresh-frozen in dry 

ice prior to serial sectioning in 20 µm sections at the cryostat. Microscope slides containing fresh-

frozen brain slices were rehydrated for 15 mins in PBS at room temperature. Subsequently, brain 

slices were fixed for 10 mins in 4% paraformaldehyde in PBS and washed in PBS 3 times. Slices 

were then blocked and permeabilized in 2% BSA, 2% FCS, 0.2% fish-skin gelatin in 1XPBS and 

0.03% Triton x-100 for 1 hour at room temperature. After blocking and permeabilization, slices 

were sealed with a hydrophobic pen; creating a well in which to incubate the primary antibody 

buffer mix consisting of gtPDGFRb (1:100), rbCollagen IV (1:250) and diluted in 2% BSA, 2% 

FCS, 0.2% fish-skin gelatin in 1XPBS overnight at 4°C on a horizontal shaker. The next day brain 

sections were washed 3x with 1XPBS in a coplin jar and incubated with donkey anti-goat Alexa 

fluor® 488 (1:1000) and donkey anti-rabbit Alexafluor® 647 (1:300) secondary antibodies in 2% 

BSA, 2% FCS, 0.2% fish-skin gelatin in 1XPBS overnight at room temperature in a humidified 

chamber. Sections were then washed in a coplin jar 3x with 1XPBS and samples were then sub-

jected to ApopTag® Red In Situ Apoptosis Detection kit staining (Terminal deoxynucleotidyl trans-

ferase dUTP nick end labelling, TUNEL staining)  following manufacturers guidelines. During the 

secondary incubation of the dioxygenin conjugate antibody which binds to the nick end label on 

fragmented DNA strands, sections were incubated with DAPI in PBS at a concentration of 1:1000 

for 2 hours at 37°C. Finally, brain slices were washed 3x in 1XPBS in a coplin jar and mounted 

with aqueous mounting medium. 

Five images per region of interest were stereotactically acquired: 3x striatum, 2x cortex (infarct 

core, peri-infarct tissue and contralateral side) in two brain slices per animal at a bregma con-

sistent with where the MCA territory feeds the striatum and the cortex. For analysis, the number 
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of PDGFRb+ cells present on microvessels in each region was measured along with the number 

of TUNEL+ cells. Then, the number of TUNEL+ cells that were PDGFRb+ and encased within the 

collagen IV basement membrane were totaled to give the percentage of pericyte cell death at 

each time-point in each region. Total pericyte number was generated from the total cell number 

of PDGFRb+ cells within the collagen IV+ basement membrane at the level of the microcirculation. 

Finally, PDGFRb (green) and Collagen IV (far-red) channels were thresh-holded to generate 

PDGFRb+ masks and Collagen IV+ masks. The percentage of image covered by the collagen IV 

mask was used to quantify vessel density per region while dividing the PDGFRb mask over the 

collagen IV mask was used to generate pericyte coverage per image/region/condition/mouse.  

4.2.2  Analysis of pericyte damage in stroked PDGFRbEGFP+ mice 90 

mins post-reperfusion  

Four male PDGFRbEGFP mice aged between 6 - 20 weeks underwent fMCAo surgery and were 

transcardially perfused with saline and 4% PFA as previously described in section 4.1.4. The fixed 

brains were embedded in 4% agarose and serially sliced into 100 µm thick sections at the vi-

bratome, collected into 12 well plates and stored at 4°C in PBS prior to immunostaining. Im-

munostaining was carried out as follows: 3 100 µm brain sections containing the MCA territory 

were incubated in a primary antibody buffer solution (1% BSA, 0.1% fish-skin gelatin, 0.1% Triton 

X-100, 0.05% Tween 20 in 1XPBS) which blocks and permeabilizes fixed vibratome tissue with 

1:100 dilutions of rabbit anti-collagen IV and goat anti-Aquaporin IV and incubated for several 

days on a rotary shaker at 4°C. Sections were then thoroughly washed in 1XPBS 3x for 30 

minutes on a rotary shaker at medium speed to remove traces of unbound primary antibody 

buffer. Sections were incubated with a secondary antibody buffer mix (in 2% BSA, 2% FCS, 0.2% 

fish-skin gelatin in 1XPBS) containing donkey anti-rabbit AlexaFluor® 594 and donkey anti-goat 

AlexaFluor® 647 (1:300) for two days at 4°C on a rotary shaker until even Collagen IV staining 

was observed. Sections were then washed 3X thoroughly to remove unbound secondary anti-

bodies and during the last washing step DAPI was added to the PBS at a concentration of 1:1000 

for 30 minutes. Washing using 1XPBS was repeated 3X for 30 minutes prior to mounting on glass 

coverslips with EverBrite™ mounting medium.  

For imaging, observation of damaged pericytes within the infarct territory was first assessed and 

pre-defined criteria for damaged pericytes were established. Given that pericytes are ensheathed 

within the collagen IV+ basement membrane under physiological conditions, damaged pericytes 

were assessed as pericytes with EGFP+ extrusions from the cell that reach beyond the basement 

membrane. Then, using high-resolution confocal imaging with the 100x oil objective, approxi-

mately 30 pericytes/mouse in the infarct core region and contralateral hemisphere were imaged 

for downstream analysis. Pericytes were separated by sub-type definition: Thin-strand, Mesh, 

Junctional and re-constructed using IMARIS® software. 3D z-stacks of pericytes were subjected 

to a surface creation pipeline in which the DAPI+ nuclei within EGFP+ pericytes formed a mask in 

which to measure EGFP mean fluorescence intensity in damaged and non-damaged pericytes. 

The surface creation of DAPI+ nuclei allowed measurement of nucleus volume, sphericity and 

generated unique pericyte identification tags, damaged and healthy pericytes were compared 

against contralateral hemisphere pericytes after a randomized selection using the aforementioned 

pericyte ID’s by a research colleague. In total, 61 thin-strand pericytes and 40 junctional pericytes 

were compared for final analyses. Criteria for damaged/healthy pericytes is shown below.  
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Fig. 12. Damage assessment criteria for EGFP+ pericytes. 

Pericytes under physiological conditions are encased within a bi-layer of the basement membrane, a component of which 

is Collagen IV (magenta). Here, Collagen IV staining was used to differentiate two distinct pericyte phenotypes, those, 

which are damaged, and those that are intact. Pericytes which we termed damaged have extracellular accumulations of 

EGFP extending beyond the collagen IV staining (magenta) and points of this extracellular accumulation are shown with 

the white arrows indicated (left). Intact pericytes however, are completely encased within two layers of collagen IV and 

display no signs of extracellular EGFP emanating from beyond the basement membrane (right). Scale bars, 10 µm. 
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4.2.3 Bregma dependent analysis of pericyte survival 3 Days post-stroke  

Four male 6-12 week old PDGFRbEGFP+ mice, subjected to a one-hour transient fMCAO with 

large cortical strokes were sacrificed on day three post-stroke, brains were removed and fixed 

with 4% PFA and serially sectioned into 100 µm thick sections at the vibratome. Three brain 

sections per mouse ranging from the posterior MCA territory (bregma -0.9/-1.2 mm), MCA territory 

(bregma 0/0.1 mm) to anterior cortex (bregma +2.5/2.71 mm) were then subjected to im-

munostaining. First, sections were incubated with primary antibody buffer (1% BSA, 0.1% fish-

skin gelatin, 0.1% Triton X-100, and 0.05% Tween 20 in 1XPBS) with 1:200 rabbit anti-NeuN 

(ab177487) for 2 days on a rotary shaker at 4°C. Sections were thoroughly washed 3x in 1XPBS 

to remove unbound primary antibody and incubated with a secondary antibody mix consisting of 

2% BSA, 2% FCS, 0.2% fish-skin gelatin in 1XPBS and 1:300 donkey anti-rabbit AlexaFluor® 647 

on a rotary shaker at 4°C for 2 days. Sections were then washed twice for 1 hour in 1XPBS to 

remove unbound secondaries and during the third washing step, DAPI was added to the PBS 

wash at a concentration of 1:1000 and left for 1 hour on a rotary shaker at room temperature. 

Sections were then washed 3X in 1XPBS before mounting with Everbrite™ mounting medium.  

Sections were then taken to the confocal microscope and imaged in high quality (1024x1024) by 

using a 5X air objective tile-scan method involving creating a bounding grid around the edges of 

the brain tissue until the tiles created cover the whole brain slice. This process was repeated 

across all mice using the same laser settings across all bregma positions. For analysis of pericyte 

population surivival, images were imported into IMARIS® and the PDGFRbEGFP channel and 

NeuN channel were separated. Using the NeuN+/- signal within the tissue three areas were traced: 

infarct core, ipsilateral hemisphere and contralateral hemisphere. By tracing around the separate 

regions, infarct volume, ipsilateral hemisphere volume and contralateral volume could be calcu-

lated and converted to mm2. Furthermore, by using each distinct region the PDGFRbEGFP was 

masked in respect to infarct core, ipsilateral hemisphere and contralateral hemisphere. Then, the 

PDGFRbEGFP channel was subjected to surface creation based on a minimum feature size of 8 

µm which highlighted all mural cell soma in the brain tissue. This procedure immediately allows 

calculation of the mural cell number in each distinct region: infarct core, ipsilateral hemisphere 

and contralateral hemisphere. Finally, spots were deleted based on their vascular location (arter-

ies, veins) or doublets; leaving capillary level cell soma that were PDGFRbEGFP+ which shared 

a morphology with pericytes and thus were termed as such. Finally, the number of pericytes per 

mm2 in each region was normalized to the number in the contralateral hemisphere/mm2 to allow 

a fair calculation of pericyte density reduction in relation to the contralateral hemisphere per 

mouse.  

4.2.4 Cell cycle entry analysis Day 3 post-stroke 

Four male 6-12 week old PDGFRbEGFP+ mice, subjected to a one-hour transient fMCAo with 

large cortical strokes were sacrificed on Day 3 post-stroke, brains were removed and fixed with 

4% PFA and serially sectioned into 100 µm thick sections at the vibratome. Two brain sections 

per mouse at a bregma where the MCA enters the brain were chosen for further immunostaining. 

Briefly, sections were incubated with primary antibody buffer (1% BSA, 0.1% fish-skin gelatin, 

0.1% Triton X-100, and 0.05% Tween 20 in 1XPBS) with 1:200 rabbit anti-Ki67 (Cell Signaling 

clone D3B5) for 2 days on a rotary shaker at 4°C. Sections were thoroughly washed 3X in 1XPBS 

to remove unbound primary antibody and incubated with a secondary antibody mix consisting of 

2% BSA, 2% FCS, 0.2% fish-skin gelatin in 1XPBS and 1:300 donkey anti-rabbit AlexaFluor® 647 

on a rotary shaker at 4°C for 2 days. For imaging, three regions of interest were chosen in the 
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striatum and cortex in the infarct core, the peri-infarct region and contralateral regions per mouse. 

The pericyte density was assessed by counting the number of PDGFRbEGFP+ cells at the capil-

lary level. The number of Ki67+ cells were then counted to generate the number of proliferating 

cells and finally the number of Ki67+ pericytes was counted. Pericyte density was normalized and 

represented as a percentage of the contralateral side and the number of Ki67+ pericytes was 

represented as a percentage of that normalized population density. 

4.2.5 5-Ethynyl-2’-deoxyuridine (EdU) administration and staining Day 3 

post-stroke 

Four PDGFRbEGFP+ male mice aged between 6-12 weeks old were subjected to one-hour tran-

sient fMCAo. 24 hours post stroke, each animal was injected intra-peritoneally every 8 hours with 

80 mg/kg (2 mg EdU/injection) EdU dissolved in aqua ad injectabilia (Chemie, Berlin) until sacri-

fice at 72 hours. Mice were injected with MMF as previously described (methods section 4.1.4) 

and  transcardially perfused with ice cold 1XPBS for 5 mins, followed by 4% PFA for 5 mins and 

brains were stored in 4% PFA at 4°C for 24 hours before exchange to 1XPBS. 100 µm thick 

sections of the brain were cut at the vibratome and serially collected and 3 brain sections corre-

sponding to the posterior MCA territory, the MCA territory and anterior cortex (as previously de-

scribed) were used for further processing. Brain sections were stained in a free-floating manner 

with Click-iT ™ Plus EdU Cell proliferation kit following manufacturer’s instructions and during the 

last washing step DAPI was added at 1:1000 before three more washes in 1XPBS. Once sections 

were thoroughly washed, Everbrite™ mounting medium was applied to a coverslip and folded 

over the microscope slide containing the brain sections and sealed with ethanol free nail varnish 

to prepare slides for imaging. Using the 40X oil objective at the confocal, three images per brain 

section/mouse per region were stereotactically acquired (3x Infarct core striatum, 3x Infarct core 

cortex, 3x Peri-infarct striatum, 3x Peri-infarct cortex, 3x Contralateral striatum, 3x Contralateral 

cortex). For image analysis total number of pericytes, EdU+ cells and DAPI+ cells were counted 

per region of interest. The number of pericytes and DAPI+ nuclei positive for EdU were totaled to 

give a percentage of cells per region that incorporated EdU into their DNA (during S-phase of the 

mitotic cycle) and percentage of EdU+ pericytes. Finally, the number of total pericytes per ROI 

was normalized to the contralateral pericyte number to display pericyte density in relation to the 

contralateral hemisphere and the total number of EdU+ pericytes were displayed as a percentage 

of the remaining pericyte density within each region (infarct core/periinfarct striatum, cortex).  

 

Fig. 13. EdU uptake in the ischemic brain (day 3 post-stroke). 
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4.2.6 Bulk RNAseq analysis pipeline 

Methodology for bulk sequencing library preparation was performed as described in a prior pub-

lication (Safaiyan et al., 2021). Briefly, pools of 50 DsRed/EGFP+ cells isolated from the brains of 

day 3 stroke or sham animals were sorted into 96 well plates, already filled with 4 μL lysis buffer 

containing 0.05% Triton X-100 (Sigma) and, ERCC (External RNA Controls Consortium) RNA 

spike-in Mix (Ambion, Life Technologies) (1:24000000 dilution), 2.5 μM oligo-dT, 2.5 mM dNTP 

and 2 U/μL of recombinant RNase inhibitor (Clontech) then spun down and frozen at -80°C. 

4.2.7 Library preparation for Smart-seq2 

The 96-well plates containing the sorted pools were first thawed and then incubated for 3 min at 

72°C and thereafter immediately placed on ice. To perform reverse transcription (RT), we added 

to each well a mix of 0.59 μL H2O, 0.5 μL SMARTScribe™ Reverse Transcriptase (Clontech), 2 

μL 5x First Strand buffer, 0.25 μL Recombinant RNase Inhibitor (Clontech), 2 μL Betaine (5 M 

Sigma), 0.5 μL DTT (100 mM), 0.06 μL MgCl2 (1 M Sigma), 0.1 μL Template-switching oligos 

(TSO) (100 μM AAGCAGTGGTATCAACGCAGAGTACrGrG+G). Next, RT reaction mixes were 

incubated at 42°C for 90 min followed by 70°C for 5 min and 10 cycles of 50°C 2 min, 42°C 2 min; 

finally ending with 70°C for 5 min for enzyme inactivation. Pre-amplification of cDNA was per-

formed by adding 12.5 μL KAPA HiFi Hotstart 2x (KAPA Biosystems), 2.138 μL H2O, 0.25 μL 

ISPCR primers (10 μM, 5′ AAGCAGTGGTATCAACGCAGAGT-3), 0.1125 μL Lambda Exonucle-

ase under the following conditions: 37°C for 30 min, 95°C for 3 min, 19 cycles of (98°C for 20 sec, 

67°C for 15 sec, 72°C for 4 min), and a final extension at 72°C for 5 min. Libraries were then 

cleaned using AMPure bead (Beckman-Coulter) cleanup at a 0.7:1 ratio of beads to PCR product. 

Library was assessed by Bio-analyzer (Agilent 2100), using the High Sensitivity DNA analysis kit, 

and also fluorometrically using Qubit’s DNA HS assay kits and a Qubit 4.0 Fluorometer (Invitro-

gen, LifeTechnologies) to measure the concentrations. Samples were normalized to 160 pg/µL. 

Sequencing libraries were constructed by using an in-house produced Tn5 transposase (Picelli 

et al., 2014). Libraries were barcoded with the Illumina Nextera XT (FC-131-1096, Illumina) and 

pooled, then underwent three rounds of AMPure bead (Beckman-Coulter) cleanup at a 0.8:1 ratio 

of beads to library. Libraries were sequenced 2x100 reads base pairs (bp) paired-end on Illumina 

HiSeq4000. 

4.2.8 Processing and analyses of Smart-seq2 data 

BCL files were demultiplexed with the bcl2fastq software from Illumina. After quality-control with 

FastQC, reads were aligned using rnaSTAR (Dobin et al., 2013) to the GRCm38 (mm10) genome 

with ERCC synthetic RNA added. Read counts were collected using the parameter “quantMode 

GeneCounts” of rnaSTAR and using the unstranded values. From that point, Seurat R v.3.1.2 

package was used (Stuart et al., 2019). Low-quality samples were filtered out from the dataset 

based on a threshold for the number of genes detected (min 1000 unique genes/pool), percentage 

of mitochondrial genes (max 0.75%), percentage of ERCCs (2.5% max) and number of reads 

(between 200k to 2M). 189 pools passed the quality-control. Gene expressions were log normal-

ized using the NormalizeData function of Seurat with a scale factor of 100,000. Dataset were 

scaled and percentage of ERCCs and plate batches were regressed using ScaleData function. 

The top 2000 most variable genes were considered for the PCA. PC1 explained 4.4% and PC2 

explained 1.8% of the variance. The pericyte score per sample is the average expression of the 

pericytes-specific genes from (He et al., 2016). The normalized counts were used to compute this 
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average. Cell-cycle was assessed using the CellCycleScoring function and the cc.genes list pro-

vided in Seurat. 

4.3 In Vivo imaging of pericytes, microvasculature and 

cerebral blood flow after fMCAo/sham surgery  

4.3.1 Chronic cranial window implantation 

All tools required for surgery were sterilized prior to operation. Mice were injected with 0.1 mg/kg 

buprenorphine s.c 30 minutes prior to surgery for intraoperative anesthesia. Animals were in-

jected with (Medetomidine 0.5 mg/kg, Midazolam 5 mg/kg and Fentanyl 0.05 mg/kg, MMF). Paw 

reflex was tested to ensure that anesthesia was taking effect before mice were placed onto a 

heating pad at 37°C and fixed by ear bars and nose clamp into a stereotactic frame. Once the 

head was fixed, the surface was cleaned by ethanol before making a ~ 1.5 cm incision on the 

surface of the head from left to right. Lidocaine (2%) was then topically applied as local anesthesia 

before using a fresh cotton swap to clear the skull area of fascia and skin. A 4 mm biopsy punch 

was lightly applied to the skull and rotated to indent landmarks for drilling over the somatosensory 

cortex of the left hemisphere before applying iBond® self-etching curing agent to the surrounding 

skull bone. This curing agent was treated with UV light for ~ 30 seconds to harden and cover the 

exposed skull surface. 

With the guide ring created by the biopsy punch in place and the exposed skull protected by the 

agent, a dental drill was used to gently trace around the biopsy punch to thin the skull until it 

became lightly transparent; during this process skull fragments created by the drilling were 

cleared using compressed air. Once drilling was near complete, the tip of the dental drill was 

rested against the resulting bone island to assess whether more drilling was necessary. Once the 

bone island was pliable, the skull flap was lifted with forceps and pulled carefully away from the 

skull; exposing the cortex underneath. Immediately after removal of the bone island, saline-coated 

gelfoam was placed on the exposed cortex to avoid drying of the brain surface. Any bleeding of 

the dura mater and vessels within the skull was absorbed through the gel foam without touching 

the cortex by resting a dry cotton swab against the gel foam, drawing up any blood by capillary 

action.  

The gel foam was removed and saline was applied to the exposed cortex allowing the dura mater 

to be slowly peeled from the brain surface in a clockwise motion with a blunted, abrasive forcep 

tip that captures the dura mater. Gel foam soaked in saline was applied again to the brain surface 

and resultant blood absorbed using the cotton swab to clean the exposed cortex. A 4 mm round 

customized cover glass cleaned with ethanol and air-dried was applied to the brain surface and 

the surrounding saline was absorbed using sugi-swabs leaving the window placed within the 

boundaries of the skull resting on a small drop of saline. Vetbond® adhesive was applied to the 

boundary of cover glass and skull creating a bond between the two that was left for several 

minutes to dry. After sealing the cortex with the round cover glass, tetric evoflow® UV hardening 

dental cement was injected over the exposed skull surface creating an insulated layer on which 

to place a titanium ring holder. This dental cement was hardened for ~ 30 seconds with UV light, 

fixing the titanium ring in place. To further attach the ring, dental cement was carefully placed 

around the inner circumference of the titanium ring and dried by UV light to finish the surgery.  
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Mice were then injected with antagonist (Atipamezol 0.5 mg/ml, Flumazenil 5 mg/ml, Naloxon 3 

mg/ml) and allowed to wake before being placed in a heating chamber at 32°C for observation 

for 2 hours.  

4.3.2 Customized cover glass preparation for cranial window implantation 

Briefly, a 4 mm round coverslip was placed onto a microscope slide coated with Kwik-SilTM silicone 

sealant (wpiinc, Sarasota, Florida, USA) and held in place with forceps by applying light directed 

pressure to the coverslip. A softened drill bit on low speed was used to make two circular inden-

tions ~ 1mm apart at the top of the coverslip for use as coordinate markers in later experiments. 

The drill indentations were then filled in with black permanent, water resistant marker after the 

chronic cranial window procedure was complete to create vessel independent, fixed landmarks 

for use in 2-photon microscopy.  

 

Fig. 14. Components and creation of customized cover glass for chronic cranial window experimen-

tation. 

Left, dried Kwik-SilTM on a microscope slide forms a stable gripping bed on which to place the 4mm round cranial win-

dows. Middle, the soft tipped drill bit is pressed into the cranial window until circular depressions are made. Right, per-

manent marker is drawn into the depressions and set to dry, creating coordinate markers for subsequent use. 

4.3.3 In vivo imaging of pericyte cell fate and blood-flow post stroke 

NG2DsRed+/-PDGFRbEGFP+ mice between 14-20 weeks old were implanted with customized 

cranial windows as previously described and subjected to either sham or stroke surgery in an 

attempt to fate map pericytes and their response to stroke, cerebral blood flow alterations and 

response to stroke induced damage in the ischemic brain over the course of a week. Specifically, 

mice with cranial windows were left for a minimum of one month to recover from the initial surgery 

induced injury during cranial window surgery. 15 mins prior to laser speckle/2-photon imaging, to 

provide subtle anaesthesia and label the vasculature, mice were injected with two small subcuta-

neous injections of 100 mg/kg of medetomidine and 50 µl of 25 mg/ml (3000 MW) TexasRed® 

neutral anionic dextrans. Low levels (0.5% - 0.75%) of isoflurane were used in combination with 

medetomidine injection to maintain mice in a shallow level of anesthesia.  

Mice were subjected to one round of baseline imaging (1hour) 3 - 4 days prior to either sham or 

fMCAo surgery, where a 3 minute baseline of laser speckle imaging recorded cortical CBF within 

the cranial window. Immediately after, mice were transferred to the 2-photon imaging platform 

and 4, 425 µm x 425 µm x 300 µm (x, y, z dimensions, z step=1 µm) ROI’s were imaged from the 

brain surface down to cover the pial surface and capillary beds in cortical layers 1-3. In detail, the 

2-photon imaging was comprised of first navigating to two custom-made window drilled dots using 

the binoculars at the 2-photon microscope. Once the left dot was in the center of the field of view 

(FOV) the stage coordinates of the microscope were set to 0, then the FOV was navigated to the 

right dot and the stage position was recorded (this served to set scale for comparison of laser 

speckle and 2-photon imaging sets). After, the stage position was returned home to the left dot at 
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coordinate X=0, Y=0, the brain surface was scanned at the oculars from left to right, recording 

stage positions that represented FOVs that had minimal pial vessel coverage and highlighted 

capillary beds within the MCA and ACA territories. Each of the 4 ROIs were then imaged subse-

quently, with each ROI taking approximately 11-12 minutes to complete.  

After 3-4 days, mice were subjected to either stroke or sham surgery as previously described 

without the attachment of the LDF probe. After 30 mins of either sham or stroke surgery animals 

were imaged for 3 minutes using the laser speckle device to record CBF alterations following 

stroke or sham. This step allowed validation of stroke induction as well as the selection of two of 

the most appropriate ROIs; image areas of extremely low blood flow that correspond to the area 

perfused by the MCA. After 3 minutes of baseline imaging at the laser speckle, mice were imme-

diately transferred to the 2-photon imaging platform, the left drill dot was located and the stage 

set to 0. Finally, the selected coordinates of the ROIs to be imaged were typed into the stage 

system and adjusted using a line-grid comparison to the same area at baseline. Here, special 

care was taken to line up cortical pericytes with the voxels occupied by that of the same cortical 

pericytes at baseline using a 1024x1024 line grid. This ensured the same regions could be fol-

lowed up longitudinally over time with minimal post-processing. This process was repeated for all 

subsequent follow up time-points: +90 mins post reperfusion, +24 hours, +3 Days, +7 Days. A 

schematic of how pericytes were voxel matched over time as well as the experimental outline is 

shown on the two pages below. 

At the end of the experiment, mice were injected with MMF (as described in section 4.1.4) and 

subjected to ice-cold 1XPBS perfusion for 5 minutes followed by 4% PFA perfusion for 5 minutes 

to fix the brain tissue, the brain was extracted and placed in 4% PFA at 4°C overnight and ex-

changed to 1XPBS the next day for further processing.  
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4.3.4 Experimental plan for acute-chronic multimodal imaging (2-photon 

microscopy and laser speckle imaging) after transient ischemic 

stroke 

 

Fig. 15. Experimental protocol for pericyte in vivo imaging after stroke. 
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4.3.5 Voxel matching of capillary pericytes across multiple time-points in 

the context of stroke/sham surgery with 2 photon microscopy 

 

 

Fig. 16. Voxel matching of capillary pericytes across time-points using placement grids. 

In the above image, evenly spaced grid lines 25 µm apart are used to line up cortical pericytes within the ischemic tissue 

with the same pericytes imaged 3 – 4 days prior at the baseline imaging time-point. White arrows indicate the EGFP+ 

pericytes that are lined up. This process of cellular alignment to the same grid positions at subsequent time-points was 

necessary to image the same cortical pericytes in the capillary bed over time and while not perfect, it allowed for direct 

longitudinal measurement of cortical pericyte characteristics in the context of edema, vessel loss and pericyte loss. Over-

all, this process took between 2-5 mins prior to the 11 minute imaging process per ROI allowing each time-point meas-

urement at the 2-photon in less than 30 mins - which reduces the chances that the experiment will be compromised by 

prolonged exposure to mild (0.5% - 0.75% isoflurane, 100 mg/kg medetomidine) anesthesia. In the context of edema, 

cellular alignment is notably more difficult due to pial vessel rearrangement on the cortical surface, for that reason, priority 

was given to capillary beds and not the pial vasculature, because the study of pericytes during stroke pathology is the 

primary aim of this research project.  
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4.3.6 Longitudinal vessel lumen diameter analysis at pericyte cell soma  

To analyze pericytes and the microvasculature in each mouse after stroke or sham surgery the 

cortical brain surface was removed from each image by cropping because the TexasRed® dye 

leaks from sinusoidal-like porous vessels on the brain surface. After cropping was complete, im-

age sets were separated into 4 ~ 50 µm - 60 µm stacks of increasing depth (eg. 180 - 240 µm, 

120 - 180 µm, 60 - 120 µm, 1 - 60 µm) to allow a maximum projection in z to be created which 

highlighted mural cells at the capillary level. The pericytes in these maximum z projections were 

then divided into sub-types from baseline images into: thin-strand pericytes, junctional pericytes, 

mesh pericytes and ensheathing pericytes based on previously published criteria (Grant et al., 

2019). Each pericyte sub-type definition was then individually labelled to generate a pre-defined 

‘pericyte annotation map’ which could be used as a reference point for analysis. Once pericyte 

annotation maps were generated for all mice across all depths, tables were created in Excel and 

measurement of lumen diameter proximal to the cell soma of each pericyte was measured by 

drawing a line across the lumen in FIJI software at 3 points (left, middle, right) of the cell soma in 

individual z-sections. These measurements were then averaged to give an average lumen diam-

eter for each pericyte at each location and the measurement lines were added to the pericyte 

annotation map to serve as landmark measurement points for the same pericytes across either 

sham or stroke surgery. The measurement of these points was repeated across all time-points to 

assess the diameter change of the lumen across the course of stroke/sham disease pathology. 

Care was taken at each time-point to measure exactly the same location (left, middle, right) at the 

cell soma. These measurement points were then averaged to give lumen diameter changes at 

the pericyte cell body over time. A schematic detailing this work flow is shown below. If a pericyte 

disappeared at future time-points or if the vessel edges could not easily be defined, this was noted 

and the possible reason for no measurement taking place was added to the table. This occurred 

for several reasons such as: edema pushing the pericyte out of the FOV, a decrease in signal-

noise ratio, a loss of the vessel itself or pial surface rearrangement creating a vessel shadow over 

the pericyte which limited 2-photon excitation of the vessel in that location. Once the dataset was 

completed for all mice, a duplicate check was performed to check whether any cells from the 

boundaries between two adjacent stacks (eg. 120 - 180, 180 - 240 µm) had been measured twice 

and if they were, the cell was removed from the final analysis. To analyze normalized diameter 

changes over time, the time point normalized was divided over the baseline value to give a change 

in percentage representing the relative change in lumen diameter in relation to baseline.  
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4.3.7 Definition of pericyte annotation maps & lumen diameter analysis 

 

 

Fig. 17. Workflow of pericyte sub-type analysis after stroke. 
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4.3.8 Analysis of capillary stalls and their association with pericytes in 

the 2-photon data set 

Capillary stalls were analyzed in stroke/sham animals in each of the four cortical z-columns that 

were created to define the pericyte annotation maps, giving a value of number of capillary 

stalls/~50 µm per ROI during stroke. To do this, z-stacks were assessed for red blood cells (which 

appear as a shadow in the vessel lumen not stained by TexasRed®) according to the following 

pre-defined criteria. The scan time of 1 frame at the 2-photon microscope was 1.6 seconds, there-

fore, If the RBC shadow in the capillary was present for 3 or more consecutive frames of scanning 

(4.8 seconds) the capillary was deemed ‘stalled’ by an RBC. This is because the average flux of 

50 RBC/s is reported in pia 0-100 µm below the surface, and the number of capillary stalls was 

quantified in this way using the cell counter in FIJI software (Schmid et al., 2017). This process 

was repeated over additional time-points during stroke/sham, 90 minutes post-reperfusion and 

24 hours post-stroke/sham with the additional criteria for assessing whether pericytes were asso-

ciated with the stalls in question. Pericytes were termed stall associated if the stall appeared less 

than 5 µm from the pericyte soma, or excluded from the analysis if the stall was greater than 5 

µm from the cell soma. This process was repeated across all cortical depths. 

 

Fig. 18. Capillary stall analysis within the 2-photon dataset 

A) Left, Example of a stalled capillary bed during stroke, stalled segments are highlighted by white dotted circles. Right, 

zoomed in view of a junctional pericyte associated capillary stall during stroke. B) Quantification and depiction of trav-

ersing subsequent z-sections over-time to create a pseudo-time analysis of the non-flowing vascular element high-

lighted in A (Right). The stall within this image did not move for almost 10 seconds of 2-photon scanning. 
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4.3.9 Laser speckle imaging  

Three minutes prior to 2-photon imaging after either stroke or sham surgery; mice were anesthe-

tized as previously mentioned (100 mg/kg, medetomidine subcutaneous and 0.5% - 0.75% isoflu-

rane) and fixed in a head holder with a titanium ring, the laser speckle imaging device was placed 

over the cranial window and positioned 10 cm distal to the surface of the superficial cortex. Focus 

over the cortical surface was determined automatically by pimsoft® software and images were 

acquired at a frame rate of 44 images/second and averaged 10 times to produce an average of 

4.4 images a second. Three mins of cortical blood flow was imaged for each time-point: Baseline, 

During fMCAo/Sham, 90 mins post reperfusion, + 24 hours, + 3 Days, + 7 Days.   

4.3.10  Statistical analyses and figure creation         

To begin ex vivo experimental work, an experiment was performed to determine the extent of 

pericyte loss/death after experimental stroke. Five male 6-12 week old C57BL6/J mice were ran-

domly assigned to either Naïve, Sham, Day 1 or Day 3 post-stroke groups. After tissue processing 

and immunofluorescence staining, microscope slides were blinded and equal numbers of images 

were stereotactically taken in each brain region across all groups, pericyte density was compared 

using an unpaired, two-tailed Student’s t-test after passing a Shapiro-Wilk test for normality. This 

process was repeated for vessel coverage, but normality tests failed for pericyte coverage (Infarct 

core – p<0.03), therefore a non-parametric Mann-Whitney rank sum test was used to determine 

significant differences between groups and data was displayed as median with interquartile range. 

Shapiro-Wilk tests for normality also failed for the number of proliferation bodies observed (peri-

infarct day 1 – p<0.04, infarct core day 1 – p<0.0001), therefore, a Mann-whitney rank sum test 

was performed to assess significant differences between groups. (Fig.20, 21). 

Once no death or alteration in pericyte density was observed in either sham or naïve groups, the 

decision was made to ask whether pericytes are visibly damaged within stroked animals hyper 

acutely post-reperfusion, because pericyte death was observed in stroked animals in the prior 

experiment. Here, 4 PDGFRbEGFP mice were sacrificed 90 minutes post reperfusion of the oc-

cluded artery and high-resolution images were taken of individual pericytes in either infarct core 

or contralateral areas in an unbiased, stereotactic manner. Individual selection of the pericytes to 

be analyzed was performed by a colleague in a randomized manner and this was used to deter-

mine the percentage of damaged/intact pericytes in the infarct core. Then, analysis was per-

formed using an equivalent pipeline across all groups for nuclear volume, nuclear sphericity and 

nuclear EGFP intensity. Damaged pericytes were subsequently separated from intact pericytes 

in the infarct core and contralateral pericytes, and differences between the groups were assessed 

using an unpaired Student’s t-test for junctional and mesh pericytes after passing a Shapiro-Wilk 

normality test in Junctional and Mesh pericyte nuclear EGFP intensity in intact, damaged and 

contralateral groups. Nuclear EGFP intensity in the damaged population of the thin-strand peri-

cytes however, failed a Shapiro-Wilk normality test (p<0.01). Therefore, a Kruskall-Wallis test was 

used to determine significant differences and data was displayed as median and 95% confidence 

intervals. For assessment of nuclear volume, all intact, damaged or contralateral pericytes were 

compared using an unpaired two-tailed Student’s t-test and no significant differences were found 

(Fig.22).  

Subsequently, variances in pericyte density throughout the brain were assessed on day 3 post-

stroke along a caudal-rostral axis in four 6 - 12 week old male PDGFRbEGFP mice. Here, com-

plete brain sections were stained with NeuN to label neurons and scanned at high resolution using 
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confocal microscopy. A pipeline within Imaris® was created to identify EGFP spots greater than 8 

µm in size, which corresponded to EGFP soma within the tissue. Subsequently, the pipeline high-

lighted EGFP soma and soma on large vessels (arterioles, venuoles, arteries or veins) were ex-

cluded from the analysis by deselecting the dots. Then, masks were applied to each region of the 

brain depending on whether the cells were in either ipsilateral, infarct core or contralateral brain 

regions.  Number of spots per region was normalized to mm2 by using the masks to determine 

the size of the region each population of spots were located within. Then, the number of 

spots/mm2 was divided over the contralateral number of spots/mm2 to generate the pericyte den-

sity reduction/mm2 within infarct core and ipsilateral regions. Differences along a caudal-rostral 

axis were compared against each other using an unpaired, two-tailed Student’s t-test after pass-

ing a Shapiro-Wilk test for normality. 

To investigate pericyte EdU uptake and Ki67 reactivity with a view to determine whether pericytes 

were entering the cell cycle post-stroke, equal numbers of images were taken stereotactically in 

each PDGFRbEGFP mouse on day 3 post-stroke in infarct core, peri-infarct and contralateral 

regions of the striatum and cortex respectively. Differences between groups in each region for 

EdU+ and Ki67+ pericytes were compared using an unpaired, two-tailed Student’s t-test after pass-

ing a Shapiro-Wilk test for normality. These experiments also served to assess differences in 

pericyte density between cortex and striatum in ipsilateral, infarct core and contralateral tissue 

respectively and were subject to the same statistical tests after confirming normality of the data 

using a Shapiro-Wilk test (Fig.24). 

 

After discovering that a portion of pericytes were indeed surviving stroke and entering the cell 

cycle. FACS isolation and transcriptomic sequencing was performed to investigate the pericyte 

transcriptomic profile alterations within ipsilateral, contralateral, infarct core or sham animals on 

day 3 post-stroke. Care was taken to ensure that one stroked animal and one sham animal was 

used per FACS isolation, to ensure pericytes were isolated under exactly the same conditions for 

downstream analyses. This was repeated three times, during which point the quality was as-

sessed by BGI (a transcriptomic sequencing company, (https://www.bgi.com/global/sequencing-

services/rna-sequencing-solutions/transcriptome-sequencing/) which determined that one of the 

sham samples contained poor quality RNA and was thus excluded. This left an n=3 stroke animals 

and n=2 sham animals. For downstream analysis, raw transcript counts were normalized using 

the NormalizeData function of Seurat with a scale factor of 100,000. Dataset were scaled and 

percentage of ERCCs and plate batches were regressed using ScaleData function. This enabled 

effective discrimination and comparison of the stroke-isolated pericytes, ipsilateral pericytes and 

contralateral pericytes within stroked animals together with sham isolated pericytes, using down-

stream analytical methods such as principal component and gene ontology analyses. To deter-

mine the percentage of each transcriptomic pool entering the cell cycle within each brain region 

(sham, ipsilateral, contralateral and stroke) normalized counts were processed through the Seurat 

cell cycle scoring function (Fig.26, 27, 28).  

In vivo experimentation: To assess differences of laser speckle blood flow post either stroke or 

sham surgery, a two-way ANOVA with greenhouse-geisser correction method was used because 

one stroke mouse which died before the end-point of the experiment, creating empty values which 

cannot be assessed using a standard two-way ANOVA. This makes the data unspherical and the 

greenhouse-geisser method is used to compensate for such scenarios. To compare individual 

time points, a Shapiro-Wilk test was performed to confirm normality and differences between 

stroke and sham animals were compared using multiple unpaired Welch’s t-tests, one per row, to 

https://www.bgi.com/global/sequencing-services/rna-sequencing-solutions/transcriptome-sequencing/
https://www.bgi.com/global/sequencing-services/rna-sequencing-solutions/transcriptome-sequencing/
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account for the uneven group size (n=7 in stroke group, n=4 in sham group) in order to assess 

significant differences at individual time-points (Fig.29).  

To test for differences between the lumen diameter associated within a pre-determined (at base-

line) population of pericytes during either sham or stroke surgery, a Shapiro-Wilk test was per-

formed to confirm normality within pericyte sub-type populations across all time-points. This was 

followed by a two-way ANOVA with greenhouse geisser correction and was repeated for 

stroke/sham pericytes 90 mins post-reperfusion of the occluded artery or 90 mins post-sham sur-

gery at all subsequent time-points. Next, investigations on whether variance existed between per-

icyte sub-types that constricted during ischemia were performed. Here, the normalized extent of 

constriction of stroked pericytes within each sub-type was compared using an unpaired Student’s 

t-test after a Shapiro-Wilk test was performed to confirm normality of the dataset (Fig.31, 33).  

After establishing that pericytes constricted during stroke, the average number of capillary stalls 

during either stroke or sham surgery were assessed as a function of cortical depth after confirming 

normality of the data using a Shapiro-Wilk test. Here, within groups a one-way ANOVA was per-

formed across cortical depths, and to test between groups an unpaired Welch’s t-test was used 

at each cortical depth to control for uneven group size (n=7 stroke group, n=4 sham group). To 

test for differences in stalls associated with pericytes over time between stroke and sham, a 

Shapiro-Wilk normality test was performed. Once data normality was confirmed, each pericyte 

sub-type during either stroke/sham, 90 mins post reperfusion or sham surgery and 24 hours after 

sham/stroke surgery was assessed with a two-way ANOVA with greenhouse-geisser analyses 

was performed with Sidak’s multiple comparison to assess difference between groups over time. 

Finally, to test for differences in the association of capillary stalls with each pericyte sub-type 

during stroke, an unpaired Welch’s t-test was used following confirmation of normality using a 

Shapiro-Wilk test (Fig.32). 

To test for variances in pericyte constriction as a function of cortical depth, an unpaired Student’s 

t-test was performed after confirming normality of the data with a Shapiro-Wilk test within the 

stroke group at the during stroke time-point. Then, to find out how lumen diameter changes as-

sociated with pericytes differed between stroke and sham across subsequent time-points (since 

prior data normality was confirmed during analysis of figure 30), a two-way ANOVA with green-

house-geisser correction was used and individual time-points were compared between groups 

using an unpaired Welch’s t-test. Once a bi-phasic constriction profile in pericytes was elucidated, 

659x659 pericytes from the six surviving stroke mice were arranged on a heatmap from least 

constricted to most constricted and the relationship between each pericyte was assessed by look-

ing at how each pericyte behaved across all 5 time-points after baseline using a Pearson’s corre-

lation co-efficient. This correlation co-efficient was then normalized using a z-fisher transform to 

spread the data and normalize the correlation scores across the population (Fig.34). 

Finally, to assess whether laser speckle variations in blood flow are correlated with pericyte vessel 

constriction during stroke, we first performed a Shapiro-Wilk test to confirm normality of the data, 

then a Pearson’s correlation test between the six surviving stroke mice. To assess the coefficient 

of determination and thus give an R2 value for the dataset, we performed a linear regression 

analysis of the data (Fig.35). These statistical analyses were performed in Graphpad (Prism®) 

9.1.0 and the resulting figures were then made using Adobe Illustrator ®.  
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5. Results 

5.1 Standardization of a transient 60-minute transient middle 

cerebral artery occlusion model 

Before assessing the pericyte response to stroke, it was necessary to develop the technical skills 

to produce a large cortico-striatal infarct, which produces ischemic cell death and simulates reper-

fusion injury after stroke in a clinically relevant manner. To that end, we performed a standardi-

zation aptitude test to confirm the consistency of filament middle cerebral artery occlusion across 

10, 6-week-old C57BL/6 mice. We confirmed the induction of stroke using a laser doppler flux-

metry probe attached to the temporal bone of the skull, which can be used to measure blood flow 

in the distal MCA and noted a significant reduction in blood flow of less than 20% of baseline in 

all animals (p<0.0001) (Fig.19.A). We then sacrificed the animals after 24 hours and performed a 

sectional analysis evaluating the size of the infarct in sections serially cut across the whole brain 

every 750 µm using Nissl staining (Fig.19.B).  

Nissl staining is an immunohistochemical method commonly used for the study of pathology in 

neural tissue (Kádár et al., 2009). Once fresh-frozen brain sections are stained with the cresyl 

violet dye, Nissl staining reveals the cytoplasm of neurons through binding interactions with DNA 

in the cell nuclei and RNA which is highly concentrated in the rough endoplasmic reticulum of 

neurons, where the amount of active protein synthesis is very high (Knowles et al., 1996, Kosik 

and Krichevsky, 2002). Nissl staining can be used to discriminate neurons that are structurally 

intact from those which have died and can be used without recognizing the cytoplasm of other 

cells within the brain, in this way we tested the severity of our stroke model. We found that the 

infarct spread from the anterior cortex to the posterior cortex and produced an average cortico-

striatal infarct volume of 80 mm3 after measuring all mice. All mice showed a large region of Nissl- 

area after 24 hours consistent with the loss of neurons within the ischemic territory perfused by 

the occluded MCA (Fig.19.C, D). Therefore, we conclude that stroke can be effectively induced 

to produce a large infarct that eradicates neurons from the post-stroke brain after 24 hours, serv-

ing as a test bed to study the pericyte response to stroke under the same conditions. 
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Fig. 19. Standardization of the filament middle cerebral artery occlusion model of transient ischemia  

A) Normalized LDF fluxmetry of stroke induction and blood flow reduction during fMCAo. B) Average section-by-section analysis of infarct 

area in 6-week-old C56BL/6J mice. C) Average non-corrected infarct volume (Nissl- area) per mouse. D) Left, average corrected infarct 

volume of all mice stroked. Right, Section-by-section view of Nissl staining depicting the Nissl+ and Nissl- area (red dotted line delineates 

the border between the two). Statistics, unpaired two-tailed Student’s t-test. Data is shown as mean +/- SD. 
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5.2 Ex vivo characterization of pericyte cell fate 

As a starting point, we aimed to determine the extent of pericyte death following transient cerebral 

ischemia. Previous reports suggest that the majority of the pericyte population is lost in the acute 

phase. To investigate this, we first attempted to use PDGFRbEGFP mice in combination with 

Terminal deoxynucleotidyl transferase (Tdt) dUTP nick end labeling (TUNEL); an enzymatic re-

action that transfers nucleotides to the 3’ hydroxyl termini of DNA double strand breaks for visu-

alization. These double strand breaks in DNA are a prominent feature of apoptotic cells; allowing 

dead cells to be separated from living populations through TUNEL+ vs TUNEL- cell counts. To-

gether with EGFP this would have enabled assessment of dying pericytes present in the infarct 

core acutely after stroke, however despite repeated efforts (data not shown), PFA fixed vibratome 

tissue appears incompatible with Tdt enzyme function. Therefore, the experiment was ap-

proached from a different angle.  

5.2.1 Characterization of pericyte density after stroke 

We subjected five 6-12 week old C57BL6/J male mice to either immediate sacrifice, sham or 

stroke surgery (Day 1 and Day 3).  Using LDF fluxmetry, we confirmed stroke induction (Fig.20.B, 

upper) in all stroke mice and utilized serial fresh-frozen brain sections to confirm cortical-striatal 

infarction leaving a large region of neuronal cell death at the MCA territory using Nissl staining 

(Fig.20.B). We then treated the fresh-frozen tissue with a combination of antibodies to label peri-

cytes (PDGFRb), the basement membrane (Collagen IV), dying cells (TUNEL) and nuclei (DAPI), 

to assess pericyte density and death in the acute phase of stroke (Fig.20.A).  

PDGFRb+ cells encased within a Collagen IV+ matching pericyte morphology were counted 

across each group: Naïve, Sham, Day1 and Day3 fMCAo groups. Groups were assessed in a 

randomized, blinded manner based on cell counting in three regions: Contralateral, peri-infarct 

and infarct core areas (Fig.20.B). 350/363/346 pericytes per mm2 were observed in each region 

corresponding to the contralateral, peri-infarct and infarct core areas (under conditions of stroke) 

respectively under naïve conditions (Fig.20.D). The difference in pericyte density between regions 

selected for analysis within the naïve group was not significant, suggesting pericyte density was 

broadly uniform in the regions selected. In addition, sham surgery did not significantly alter peri-

cyte density in any region when compared against naïve mice. These data indicate that sham 

surgery does not significantly affect pericyte density after 24 hours. After stroke, pericyte density 

in the infarct core and peri-infarct regions was reduced by ~ 25% compared to contralateral re-

gions after 24 hours (infarct core: 292 cells/mm2, peri-infarct region 300 cells/mm2 - contralateral: 

399 cells/mm2), however, this reduction in pericyte density did not reach significance, but instead 

implied a trend toward mild pericyte loss after 24 hours. 3 days post stroke, pericyte density in 

the infarct core was reduced by ~ 16% and 15% in the peri-infarct regions compared to the con-

tralateral region (infarct core: 328 cells/mm2, peri-infarct region 333 cells/mm2 - contralateral: 388 

cells/mm2). This density reduction did not reach significance (Fig.20.D). These results suggest 

that stroke does not significantly affect visibility of the PDGFRb+ pericyte population between days 

1 and 3 and imply a trend toward a transient pericyte density reduction ( ~ 25% on day 1, 16% on 

day 3) post stroke in the acute phase, and may indicate a partial reconstitution of the pericyte 

population on day 3 post stroke.  
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5.2.2 Characterization of pericyte cell death 

In the same experiment, TUNEL+ cells were visualized under 3 out of 4 conditions tested (Naïve, 

days 1 and 3 post stroke) and appeared as red cells which allowed separation of the contralateral, 

peri-infarct and infarct core regions after stroke respectively (Fig.20.A, upper to lower image 

panel). Under Naïve and sham conditions, little to no evidence of TUNEL+ cells/pericytes could 

be visualized across putative contralateral, peri-infarct and infarct core regions with the exception 

of one TUNEL+ pericyte in the naïve group and these differences did not reach significance 

(Fig.19.A, E). On day 1 and 3 after stroke however, both TUNEL+, PDGFRb+ and TUNEL- PDG-

FRb+ cells matching pericyte morphology could be visualized in both the infarct core and peri-

infarct regions (Fig.20.C). These cells were quantified as a percentage of the total pericyte popu-

lation counted within each region (Fig.20.E).  

We found that stroke induced the appearance of significantly more TUNEL+ pericytes in the infarct 

core compared to the number of TUNEL+ pericytes in the contralateral hemisphere on day 1 post-

stroke (Infarct core 30% TUNEL+ pericytes - 0.2% TUNEL+ pericytes in contralateral hemisphere, 

p<0.000002). In addition, we found significantly more TUNEL+ pericytes within peri-infarct re-

gions, than in the contralateral hemisphere (17% - 0.2%, p<0.001). At a population level, 88/291 

pericytes of pericytes were TUNEL+ in the infarct core and 49/300 pericytes were TUNEL+ in the 

peri-infarct region compared with just 1/399 TUNEL+ pericytes in the contralateral hemisphere of 

stroked mice after 24 hours. On day 3 post stroke however, just 3% of pericytes within the infarct 

core and peri-infarct regions were TUNEL+ (infarct core: 9/328 pericytes, peri-infarct region: 

11/333 pericytes) with no TUNEL+ pericytes observed in the contralateral hemisphere (Fig.20.E). 

These differences indicate significantly more pericyte loss in the infarct core and peri-infarct re-

gion than in contralateral regions on day 3 post-stroke (infarct core – contralateral, p<0.004, peri-

infarct region – contralateral, p<0.009). Furthermore, we found significantly more TUNEL+ peri-

cytes were present on day 1 post-stroke than on day 3 post-stroke within infarct and peri-infarct 

regions (infarct core day 1 – day 3, p<0.000005, peri-infarct regions day 1 - day 3, p<0.004).  

Taken together, these results (Fig.20.D, E) suggest that transient cerebral ischemia (60mins) re-

sults in incomplete, but acute pericyte cell death within the infarct core, peaking after 24 hours 

and continuing at low levels on day 3 post-stroke. This is accompanied by a 25% reduction in the 

pericyte density before 24 hours, and a milder 15 - 16% reduction in pericyte density on day 3 

post-stroke in infarct core and peri-infarct regions respectively. Cumulatively, these data indicate 

that pericyte cell death is an acute response to stroke, which ultimately leaves a large portion 

(approximately ~ 50%) of the pericyte population intact in the sub-acute phase, where low levels 

of pericyte cell death continue. 
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Fig. 20. A population of pericytes die in the acute phase of stroke. 

A) Confocal micrographs of Collagen IV (gray), PDGFRb (green) TUNEL (red) immunofluorescence staining in C57BL/6J mice after no 

surgery, sham, day 1 or day 3 post stroke. B) Upper, validation of stroke induction using LDF fluxmetry at the distal MCA territory. Lower, 

average infarct area at the MCA territory calculated using Nissl staining (day 1 and day 3 post-stroke), infarct core is highlighted with red 

dotted line (right). C) TUNEL- pericytes in the infarct core surrounded by TUNEL+ cells on day 3 in the infarct core and contralateral 

hemisphere (upper). TUNEL+ pericytes in the infarct core on day 1 and day 3 post-stroke. D) Pericyte density per mm2 in each region, 

number of TUNEL+ pericytes are highlighted in red. E) TUNEL+ pericytes expressed as a percentage of the total pericyte density recorded. 

n=5 mice per group, Statistics, unpaired two-tailed Student’s t-test, Scale bars 50 µm and 10 µm respectively. Data is shown as mean +/- 

SD. 
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5.2.3 Analysis of pericyte coverage, vessel density and pericyte 

clustering 

Since, decreased pericyte coverage and pericyte migration is reported after a number of neuro-

logical pathologies (Dore-Duffy et al., 2000, Ghosh et al., 2015, Kisler et al., 2017b), we next 

sought to assess whether pericyte coverage and location were affected by stroke. To that end, 

the images generated by the experiments described in Fig.20 were assessed for variances in 

vessel density, pericyte coverage and pericyte clustering.  

Across all brain regions and all mouse groups (Naïve, Sham, Day 1 post stroke, Day 3 post stroke) 

no significant differences in vessel density were observed in any region post stroke (Fig.21.A, B). 

Pericyte coverage was assessed by dividing the PDGFRb+ pixel area per image by the collagen 

IV+ pixel area. Under naïve conditions, pericytes covered approximately 30 - 35% of the vessel 

area (Fig.21.C) No significant differences between pericyte coverage per area were observed in 

naïve, sham or day 1 post stroke time points between regions, however, a significant increase in 

pericyte coverage was measured on day 3 post stroke in both peri-infarct and infarct core regions 

when compared against the contralateral pericyte coverage at the same time-point (Infarct 

core/contralateral, p<0.008, peri-infarct/contralateral, p<0.008). These data indicate that collagen 

IV+ vessel structures remain present after acute infarction and that PDGFRb+ cells are expanding 

vessel coverage in the sub-acute phase of stroke. 

Furthermore, we noticed stroke induced the appearance of ‘proliferation bodies’ which we termed 

as a result of their appearance (Fig.21.D, left panel images). These ‘proliferation bodies’ were 

accumulations of PDGFRb+ cells present with the collagen IV+ basement membrane comprising 

at least two or more cells in close physical contact. We found this intriguing, as pericytes are 

normally territorial in their distribution along the cerebral vasculature. Therefore, we quantified the 

phenomenon. We found proliferation bodies on both days 1 and 3 after stroke in both infarct core 

and peri-infarct areas (0.6 proliferation bodies/mm2/ group, day 1, Fig.21.E) and their frequency 

was significantly more prevalent on day 3 in the peri-infarct region compared to day 1 (p<0.02), 

while an increase between day 1 and day 3 in the infarct core was also detected, there was no 

significant difference at the statistical level. In summary, initial observations of pericyte death fol-

lowing transient cerebral ischemia suggested that pericyte death was incomplete and the popu-

lation of pericytes that remained within the stroked tissue may still be viable and actively respond-

ing to ischemic sequelae.  
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Fig. 21. Surviving pericytes expand vessel coverage and form clusters suggestive of proliferation on 

day 3 post stroke. 

A) Confocal micrographs of Collagen IV (gray), PDGFRb (green) TUNEL (red) immunofluorescence staining in C57BL/6J mice after no 

surgery, sham, day 1 or day 3 post stroke. B) Vessel density expressed as the amount of total pixels covered by Collagen IV+ pixels in 

each experimental group. C) Quantification of pericyte coverage expression as a ratio of PDGFRb+/Collagen IV+ pixel area. D) Confocal 

micrographs of the contralateral hemisphere and infarct core on day 3 post stroke respectively (left). Border zone of the infarct with the 

presence of PDGFRb+ and Collagen IV+ cell clusters within the infarct border zone (Right). Quantification of the appearance of proliferation 

bodies per mm2 induced by stroke. n=5 mice per group, Statistics, unpaired two-tailed Student’s t-test, Scale bars 50 µm and 10 µm 

respectively. Data is shown as mean +/- SD. 
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5.2.4 Pericytes incur membrane damage during ischemia and diverge into 

intact and damaged phenotypes acutely post-reperfusion  

To further refine our understanding of pericyte damage/death, we sought to return to experimen-

tation with PDGFRbEGFP mice, as they provide a more robust assessment of pericytes under 

experimental conditions and allow morphological distinction of pericyte subtypes. Although we 

observed almost no signs of pericyte loss in fixed tissue from PDGFRbEGFP animals 24 hours 

post-stroke (data not shown), we speculated that this may be dependent on the relatively long 

half-life of the EGFP protein and therefore hypothesized that signs of ischemic pericyte damage 

may be still be visible acutely after the reperfusion of the occluded artery (Danhier et al., 2015). 

Fortuitously, at the same time, during the establishment of pericyte in vivo imaging after stroke, 

we noted the sparse formation and appearance of blebs in pericytes under ischemic conditions 

(Fig.22.A). We hypothesized that these small blebs may be indicative of pericyte damage, which 

may be easier to visualize ex vivo (given that confocal imaging provides up to 2.5x the resolution 

of the 2-photon microscope). We then quantified the prevalence of this newly appearing pheno-

type acutely; 90 minutes post reperfusion of the occluded artery in fixed tissue sections from 

PDGFRbEGFP mice using high-resolution confocal imaging. We observed the loss of Iba1+ mi-

croglia and GFAP+ astrocytes when scanning across toward the infarct from the extra-lesional 

tissue to the infarct core, but pericytes remained visible (Fig.22.B). 

Upon closer examination, using Collagen IV staining to label the basement membrane (in which 

pericytes are normally encased), we found that pericytes split into two distinct categories 

(Fig.22.B, lower panel), those with an intact cytoplasm in which EGFP was contained within the 

basement membrane, and pericytes which appeared to have pathological protrusions of EGFP 

beyond the basement membrane. Using line profile measurement, we confirmed that EGFP par-

ticles had escaped the basement membrane (Fig.22.C) which in turn suggested that molecules 

of EGFP had leaked from the pericyte into the surrounding parenchyma. When quantifying the 

prevalence of these two distinct phenotypes (Intact, damaged pericytes), we found that 59% of 

thin-strand pericytes appeared damaged with leakage of EGFP from beyond the cytoplasm of the 

pericyte, while 41% appeared to have retained an intact cytoplasm. 47.5% of junctional pericytes 

appeared to be damaged, leaving 52.5% of the junctional pericyte population intact (Fig.22.D, E). 

We then quantified the prevalence of damage within the mesh pericyte population, we observed 

that 57.1% of the mesh pericyte population appeared damaged, leaving 42.9% of the population 

with an intact cytoplasmic appearance (Data not shown due to low n number).  

To further investigate the divergence of pericyte phenotypes 90 minutes after reperfusion follow-

ing one hour of transient ischemia, we used nuclear staining (DAPI) within pericytes to gate and 

compare the amount of EGFP fluorescence intensity within pericytes that appeared damaged 

with those that had an intact cytoplasm. We performed analysis of EGFP intensity in the nucleus 

and not the cytoplasm for three reasons. Firstly, pericytes possess a wide array of morphologies 

and extend processes over large regions of the vasculature making quantitative immunofluores-

cence of the entire cytoplasm impractical at high-resolution. Secondly, EGFP can freely translo-

cate in and out of the nucleus and therefore we postulate that this should be consistent among 

the entire pericyte population. Thirdly, nuclear volume and sphericity were not statistically signifi-

cantly different when comparing pericytes which appeared damaged and those which appeared 

intact. We observed that pericytes which were split prior into a damaged phenotype had signifi-

cantly less EGFP intensity in their nuclei compared to those pericytes with an intact cytoplasm 

(damaged - intact, p<0.0003, damaged - contralateral, p<0.0001) while EGFP intensity in pericyte 

nuclei with an intact cytoplasm did not differ significantly with EGFP intensity within the nuclei of 
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the same pericyte sub-type in the contralateral hemisphere (Fig.22.F). These differences re-

mained consistently significant within the junctional pericyte population (damaged - intact, 

p<0.0005, damaged - contralateral, p<0.0001). However, we observed no difference in EGFP 

intensity in the nuclei of damaged mesh pericytes compared to intact mesh pericytes, but differ-

ences between damaged mesh pericyte nuclear EGFP intensity and contralateral mesh pericyte 

nuclear EGFP intensity were still significant (damaged - contra, p<0.03, data not shown). These 

data strongly suggest that pericyte membrane integrity is compromised during stroke, which per-

sists up to 90 mins post reperfusion - allowing separation and quantification of damaged/intact 

pericytes in fixed tissue. 
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Fig. 22. Pericytes are damaged during ischemia and damage persists post reperfusion. 

A) In vivo evidence of membrane blebs associated with membrane damage during ischemia. B) Upper, Ex vivo brain slice overview in 

PDGFRbEGFP mouse brain day 90 mins post reperfusion. Right, extra-lesional tissue staining with Iba1 (microglia) GFAP (astrocytes). 

Lower, divergence of intact and membrane damaged pericyte phenotype. C) Line profile measurement of EGFP leakage beyond the col-

lagen IV+ basement membrane. D) 3D Imaris reconstruction of Intact and damaged pericytes. E) Percentage of intact vs damaged pericytes. 

F) Quantification of nuclear EGFP intensity in intact, damaged and contralateral pericytes 90 mins post reperfusion. n=4 stroked PDG-

FRbEGFP mice, Statistics, after assessing normality of the data with Shapiro-Wilk test, Kruskall-Wallis test (F, Nuclear EGFP intensity) 

and unpaired two-tailed Student’s t-test (F, lower) Scale bars, 10 µm, 500 µm, 10 µm. Data is shown as mean +/- SD, for F (Nuclear EGFP 

intensity) - Median with interquartile range. 
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5.2.5 Pericyte survival after stroke is region dependent (Day 3 post 

stroke) 

To interrogate the validity of previous findings (Fig.20, Fig.21, Fig.22) and develop an anatomical 

understanding of where pericyte survival was most prominent, four adult PDGFRbEGFP mice 

were stroked and sacrificed on day 3 and stained for markers for neurons, astrocytes and micro-

glia (NeuN, GFAP/Aqp4/Iba1,Fig23.A). This experiment allowed comparison of how pericyte sur-

vival compared to other crucial cell types within the NVU. A qualitative assessment of neurons 

and astrocytes indicated that both cell types were eliminated from the infarct core, while pericytes 

and a small population of microglia remained visible (Fig.23.A).  

Using a caudal-rostral analysis of PDGFRbEGFP mice stained with NeuN to label neurons, sur-

viving pericytes could be visualised within the NeuN- infarct core (Fig.23.B left, right). Quantifica-

tion of caudal-rostral sections from posterior MCA territory (Bregma -0.9/-1.2 mm), MCA territory 

(Bregma 0/1 mm) - anterior cortex (Bregma +2.5/2.71 mm) revealed a caudal-rostral axis depend-

ency of pericyte survival within the NeuN- infarct core region. Pericyte loss was highest within the 

posterior stroked MCA territory, with a highly significant reduction in pericyte cell density of 56% 

(p<0.008, 63 pericytes/mm2) relative to the contralateral pericyte density (152 pericytes/mm2). 

Proximal to the stroked MCA territory, pericyte density was significantly reduced by 45% (p<0.03, 

82 pericytes/mm2) compared to the MCA territory of the contralateral hemisphere (150 peri-

cytes/mm2). Surprisingly, pericyte density in the anterior cortex infarct core was reduced by only 

15% (102 pericytes/mm2), leaving 85% of pericytes visible when compared against the contrala-

teral hemisphere, this difference, was not significant (122 pericytes/mm2) (Fig.23.B, lower panel 

quantification).  

When comparing regional differences in pericyte loss between each stroked territory, it is crucial 

to take into account the relative pericyte densities in each section of brain tissue. Therefore, the 

pericyte density in the stroked hemisphere was calculated relative to the pericyte density in the 

same region in the contralateral hemisphere to generate a pericyte density reduction for the an-

terior cortex, MCA territory and posterior MCA territory respectively. We observed that pericyte 

survival in the anterior cortex was significantly higher than in the posterior MCA territory (p<0.002) 

and MCA territory (p<0.02). These results suggested that pericyte loss is highest in caudal sec-

tions of the brain where the main branch of the middle cerebral artery directly enters the brain and 

that pericyte survival increases as one examines the infarct along a caudal-rostral axis. Moreover, 

these data also suggested increased survival as the cortex becomes a larger proportion of the 

infarct relative to the striatum. To test this notion, we examined coronal sections taken from the 

MCA territory of PDGFRbEGFP mice on day 3 post stroke (Fig.23.D). Within the infarct core, the 

difference in remaining pericyte density was not significantly different in the striatum compared to 

the cortex (58% in the striatum compared with 69% in the cortex), while differences in pericyte 

density trended toward significance in the peri-infarct striatum and cortex respectively (60%, 80%) 

(Fig.23.D). Cumulatively, these data suggested that pericytes survive after ischemic stroke in a 

region dependent manner, and that pericyte death occurs most where the main branch of the 

middle cerebral artery directly enters the brain. Importantly, these data also hinted towards in-

creased pericyte survival in the cortex of stroked animals. 
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Fig. 23. Pericytes survive ischemic stroke in a region-dependent manner. 

A) Confocal overviews of NeuN (Neurons) EGFP, Iba1 (Microglia) Aqp4 (Astrocyte end-feet) and GFAP (astrocytes) on day 3 post stroke. 

B) Caudal-rostral brain slice overviews of PDGFRbEGFP, NeuN and DAPI on day 3 post-stroke (left). Brain slice overview of the NeuN- 

infarct core (right). Quantification of pericyte density within the NeuN- area as a percentage of the contralateral hemisphere per mm2 

(lower). C) Coronal view of PDGFRbEGFP pericyte survival from contralateral, peri-infarct and infarct core from left to right. D) Quantifica-

tion of pericyte density in the MCA territory in striatum and cortex respectively compared as a percentage of contralateral pericyte density. 

n=4 PDGFRbEGFP mice per quantification, Statistics, after confirming normality with Shapiro-Wilk test, unpaired two-tailed Student’s t-

test, scale bars, 1 mm, 50 µm, 1 mm, 10 µm from upper to lower. Data is shown as mean +/- SD. 
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5.2.6 Surviving pericytes enter the cell cycle where pericyte density is 

reduced in the sub-acute phase (Day 3 post-stroke) 

The experiments performed previously indicated that pericytes were not eliminated from the is-

chemic brain. In addition, the appearance of proliferation bodies between days 1 and 3 post stroke 

(Fig.21.D) implied that a population of pericytes may be responding to stroke in a compensatory 

capacity. To investigate this further, we injected four PDGFRbEGFP mice intraperitoneally with 

EdU 24 hours after stroke every 8 hours until sacrifice on day 3, to explore whether pericytes may 

incorporate this traceable nucleotide base into their DNA during DNA synthesis (Fig.24.A).  

We observed that many cells in the ischemic brain incorporated EdU into their nuclei (Fig.24.B). 

Overall, 15% of all cells in the infarct core striatum and 8% of cells in the infarcted cortex were 

EdU+, significantly more than in each region in the contralateral hemisphere (infarct core striatum-

contralateral striatum p<0.001, infarct core cortex-contralateral cortex, p<0.004). In the peri-infarct 

striatum, 21% of all cells were EdU+ in the striatum and 9.5% of all cells were EdU+ in the cortex 

(peri-infarct striatum-contralateral striatum p<0.0001, peri-infarct cortex-contralateral cortex 

p<0.02). In the contralateral striatum and cortex, just 0.5% of all cells were EdU+; indicating that 

stroke significantly induces EdU uptake in living cells between day 1 and day 3 post stroke in the 

ischemic territory. 

Upon closer inspection of EdU+ cell populations, we found that several EdU+ nuclei were co-

localised with EGFP+ cells matching a pericyte morphology (Fig.24.C, D). Specifically, in areas 

where pericyte density was reduced by stroke, EdU+ pericytes could be found (Fig.24.D). Pericyte 

density was significantly reduced in the infarct core striatum compared with contralateral striatum 

tissue (p<0.01) and in this region we found a significant increase in the amount of pericytes that 

were EdU+ compared with pericytes in the contralateral striatum (15% of pericytes were EdU+ in 

the infarcted striatum, compared with 0% in the contralateral striatum, p<0.009, Fig.24.E). In the 

infarcted cortex we found significantly more (8% of all pericytes) EdU+ pericytes than when com-

pared against 0% of EdU+ pericytes found in the contralateral cortex, and in the infarcted cortex, 

pericyte density was significantly reduced compared against the contralateral pericyte density 

(pericyte density - p<0.04, difference in EdU+ pericytes, p<0.008). In peri-infarct striatum where 

density was also significantly reduced (by 40% in the striatum, compared to contralateral striatum 

p<0.007) we also noted a 13% increase in the percentage of EdU+ pericytes compared to the 

number of EdU+ pericytes in the contralateral striatum, though this difference was not significant 

(Fig.24.E). In peri-infarct cortex tissue, where pericyte density was reduced by 20% compared to 

contralateral cortical pericyte density, we noted a 0.7% increase in the percentage of EdU+ peri-

cytes compared to the percentage of contralateral EdU+ pericytes, where both the density reduc-

tion in pericytes and difference in EdU+ pericyte count did not reach significance (Fig.24.E). Taken 

together, these results suggest that significant reductions in pericyte density caused by stroke, 

initiate significantly more cell cycle entry in a small population of pericytes within and around the 

infarcted tissue and that this occurs most prominently within the core of the infarcted tissue. 

To validate these findings, we stroked a fresh cohort of PDGFRbEGFP mice and sacrificed them 

on day 3 post stroke for subsequent Ki67 staining (an established marker for cell cycle entry). 

Once again, we noted the appearance of Ki67+ cells in the infarct core on day 3 post stroke 

(Fig.24.F). In detail, some of these Ki67+ cells co-localised with EGFP+ cells matching pericyte 

morphology (Fig.24.G). Upon quantification, we observed a significant 50% and 43% reduction in 

pericyte density in the infarct core striatum and cortex respectively (p<0.00002, p<0.001). Within 

the remaining population, 12% of pericytes in the infarct striatum were Ki67+ and 15.9% of peri-

cytes were Ki67+ in the infarct cortex (significantly more than in each respective region in the 
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contralateral hemisphere, p<0.04, p<0.01). In peri-infarct tissue, striatal pericyte density was 65% 

of contralateral striatal pericyte density (significantly reduced, p<0.0001) and pericyte density was 

reduced 43% in the peri-infarct cortex (significantly reduced, p<0.03). Within these regions, 26% 

of pericytes were Ki67+ in the striatum and 9.9% of pericytes were Ki67+ in the peri-infarct cortex 

(significantly more than contralateral Ki67+ pericytes in the striatum, p<0.007, but not in the cortex) 

(Fig.24.H). Taken together, these results provide evidence that pericytes respond to ischemic cell 

death within the population by entering the cell cycle, incorporating nucleotides for DNA synthesis 

and responding to pericyte network damage in a compensatory capacity in the sub-acute phase 

of stroke, particularly in sites where pericyte density is reduced. 
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Fig. 24. Surviving pericytes enter the cell cycle on day 3 post stroke. 

A) Schematic of EdU injection. B) Overviews of EdU+ cells in PDGFRbEGFP mice day 3 post stroke. C) Region specific images of EGFP+ 

cells stained with DAPI (blue) and EdU647 (red). D) Zoomed in view of region specific EdU647+ pericytes. E) Quantification of pericyte 

density and percentage of EdU+ pericytes on day 3 post stroke. F) Region specific images of EGFP+ cells stained with DAPI (blue) and 

Ki67 (red). G) Zoomed in view of region specific EdU647+ pericytes.H) Quantification of pericyte density and percentage of Ki67+ pericytes 

on day 3 post stroke. n=4 PDGFRbEGFP mice per quantification, Statistics, unpaired two-tailed Student’s t-test, scale bars B= 1 mm, C, 

F=25 µm, D, G=10 µm. Data is shown as mean +/- SD. 
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5.2.7 Establishment of FACS isolation of pericytes in stroked tissue 

Cumulatively, these data indicate after an initial wave of pericyte death between day 1 and 3 post 

stroke, surviving pericytes begin to enter the cell cycle in areas where pericyte density is reduced. 

These data also suggested that pericytes may be activated by stroke, potentially responding to 

local reductions in pericyte density by replicating where the pericyte cell network is disrupted. 

Therefore, we reasoned that surviving pericytes in the infarct core might display a unique tran-

scriptomic profile when compared against pericytes in the contralateral hemisphere - possibly 

providing further insights about their pathophysiological function. We formed a collaboration with 

the lab of Ozgun Gokce (group leader of the Gokce lab of Systems Neuroscience - Cell diversity) 

and worked together to adapt an existing protocol (Crouch and Doetsch, 2018) specifically for the 

isolation of pericytes from the adult mouse brain using endogenous reporters EGFP (under the 

control of the PDGFRb promoter) and DsRed (under control of the NG2 promoter). Together with 

Buket Bulut (from the Gokce lab) we isolated EGFP+ and DsRed+ cells from distinct brain regions 

in PDGFRbEGFPxNG2DsRed animals on day 3 post-stroke/sham for bulk transcriptomic se-

quencing. 6 - 12 week old male mice were operated in pairs (1 stroke and 1 sham) per FACS 

experiment to ensure equal comparison across repeated FACS isolation attempts. 

After three days of either stroke or sham surgery mice were sacrificed via cervical dislocation, the 

brain was extracted and immediately placed on ice cold 2% FBS in 1XPBS solution in a petri-

dish. Brains were transported from animal surgery to the laboratory and placed in a Perspex brain 

mold and kept consistently hydrated with 2% FBS in 1XPBS solution. Once in the brain mold, the 

cerebellum and olfactory bulbs were removed and the remaining tissue was dissected using a 

small dissection scalpel into three distinct regions: infarct core, ipsilateral hemisphere and con-

tralateral hemisphere and placed in three separate petri dishes containing 3 ml of tissue collection 

solution (HBSS/BSA/glucose buffer)  and 150 µl of DNAase stock solution at a concentration of 

10 mg/ml. Next, brain tissue from each region was carefully dissociated mechanically by gently 

splitting the tissue up into pieces about 1 mm in size using micro-forceps and placed in a 15 ml 

falcon containing tissue collection solution. A crucial note at this point is that the density of tissue 

differs between the stroke core regions (stroke tissue is much less dense) and the other regions, 

care was taken to ensure that tissue pieces were of a similar size and viscosity when collected in 

the tissue collection solution (Fig.25.A). Each falcon tube containing the brain homogenate was 

then centrifuged at 300 g at 4°C for 5 minutes. During this time preparation for the enzymatic 

dissociation began by warming up collagenase/dispase solution (250 µl of collagenase/dispase 

100 mg/ml stock solution in ultrapure dH20 added to 7.5 ml of 2% FBS in 1XPBS) in at water bath 

at 37°C. Once centrifugation of tissue homogenate was complete, supernatant was discarded 

and 7.75 ml of collagenase/dispase solution was added and the homogenate was resuspended 

and incubated on a rotisserie device in at incubator at 37°C for 30 minutes. This process breaks 

down extracellular matrix components such as collagen IV and other basement membrane pro-

teins to release mural cells into the tissue homogenate. Once complete, falcon tubes containing 

the cell homogenate were centrifuged at 300 g at 4°C to generate a pellet of cells from which the 

supernatant was decanted and the remaining cell pellet was resuspended in 1 ml of trituration 

solution (2% FBS in 1XPBS). Cell pellet was triturated carefully with p1000 pipettes, then p200 

pipettes 100x respectively, to breakdown remaining tissue components into an individual cell so-

lution; care was taken at this point to match the consistency of cell suspensions across the differ-

ent regions of the stroked brain. The triturated cell solution was then centrifuged at 300 g for 5 

minutes at 4°C, the supernatant was discarded and the pellet was resuspended in 1 ml of 

HBSS/BSA/Glucose buffer containing 40 µM of actinomycin (a chemical compound which inhibits 

mRNA synthesis) and filtered through a 40 µm cell strainer and split into three tubes. These tubes 
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were then centrifuged at 300 g for 5 mins at 4°C and the supernatant was discarded, the resultant 

pellet was resuspended in 1 ml of HBSS/BSA/Glucose buffer containing 40 µM actinomycin, and 

immediately placed on ice for further processing. Each region: infarct core, ipsilateral hemisphere 

and contralateral hemisphere cell solutions were split into three tubes respectively each contain-

ing 1 ml of cell suspension in HBSS/BSA/Glucose buffer. Here, we confirmed that EGFP+ cells 

had survived the mechanical and enzymatic digestion procedure by placing the cell suspension 

on a microscope slide and staining the cells with NucRed647, a vital dye that labels living nuclei 

(Fig.25.B). Subsequently, the first tube in each sample was left unstained and was used to adjust 

gating strategies for EGFP and dsRed while the second tube was incubated with DAPI at a con-

centration of 1:500 on ice for 20 minutes. The final tube was left on ice as it represented the final 

cell populations to be sorted. After defining the gating strategy for EGFP and DsRed, the DAPI+ 

sample was washed 3X in HBSS/BSA/Glucose buffer in a sequence of centrifugation and resus-

pension till no DAPI stain was left in the sample and processed through the cell sorter to define 

the gating strategy for DAPI- negative EGFP+ and DsRed+ cell populations. Finally, the third tube 

of each brain region: infarct core, ipsilateral hemisphere and contralateral hemisphere were used 

to sort cells for bulk sorting (50 cells in each well of a 96 well plate on a high yield setting) while 

single cells were sorted using an ultra-high purity setting into single wells of a 96 plate using the 

Sony SH800 cell sorter (Fig.25.C). This experiment was repeated 3X to generate 3 replicates of 

NG2DsRed+xPDGFRbEGFP+ cells from each region 3 days after stroke and 3 replicates of sham 

treated cells three days after surgery. In this way, the difference ischemia had on the transcrip-

tome of NG2DsRED+xPDGFRbEGFP+ mural cells could be interrogated without the effect of sur-

gery confounding the data set.  

Prior to these experiments, validation experiments determining the signature of EGFP+ cells and 

DsRed+ cells was carried out in which C57BL/6 mice carrying neither fluorescent reporter were 

compared to NG2DsRed+xPDGFRbEGFP+ mice to define boundaries of fluorescence using the 

same isolation procedure (Fig.25.D).  
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Fig. 25. FACS isolation of pericytes after stroke. 

A) Workflow of pericyte isolation from cortical-striatal regions of mouse brain following fMCAo day 3 post stroke. B) EGFP positive mural 

cells (Left) stain positive for the vital dye NucRed-647 (Middle, Right) following enzymatic and mechanical dissociation. C) EGFP and 

DsRed+ cells are DAPI negative in both stroke core and contralateral hemisphere (95.1% and 97.4% respectively). D) Gating strategy for 

isolation of EGFP+/DsRed+ pericytes for BulkSeq. Scale bars, 10µm 
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5.2.8 Pericytes in the ischemic brain show a unique, region dependent 

transcriptomic profile on day 3 post stroke 

Because the promoters used for FACS isolation labels numerous types of mural cells (pericytes, 

fibroblasts, smooth muscle cells, oligodendrocytes) we first sought to verify the specificity of our 

isolation procedure by comparing our transcriptomic database against a panel of transcripts typi-

cally associated with various cell types within the brain (Fig.26.A, produced by Simon-Besson 

Girard). To do this, transcript counts were normalized across each sample isolated and arranged 

in a heat-map corresponding to log fold enrichment. We found little to no expression of transcripts 

associated with the following cell types: microglia, neurons, neural stem cells (NSCs), oligoden-

drocytes, oligodendrocyte precursors (OPCs). A small percentage of transcripts overlapped with 

astrocytes and vascular associated transcripts; however, the majority of the significantly enriched 

transcripts were associated with pericytes (Fig.26.A). Transcripts used to identify the pericyte 

signature were taken from a study performed in  2016 which analyzed the mural transcriptome 

for the first time (He et al., 2016). In this study, the authors validated their results using single cell 

fluorescent in-situ hybridization techniques ultimately finding the following combination of gene 

expression unique to pericytes: Acta2, Kcnj8, pdgfrb, cd248, Anpep, Des, Dlk1, Zic1, Abcc9, 

Rgs5, and Cspg4.  

Our transcriptomic pericyte signature (Fig.26.B, produced by Simon-Besson Girard) shows high 

expression of 7 out of 11 transcripts listed by the previous study: Acta2, Kcnj8, pdgfrb, Cd248, 

Abcc9, Rgs5 and Cspg4. Interestingly, we found low expression of a typically specific reporter of 

pericytes CD13 (Anpep), in addition, we saw little to no expression of Dlk1, Zic1 and Desmin 

(Des). Importantly however, Cspg4 (NG2) and pdgfrb were controlling expression of DsRed and 

EGFP respectively, validating our gating strategy specificity. These data strongly suggest that the 

pericyte component of mural cells is enriched within our dataset. Therefore, we attempted to 

grade the quality of each sample using a ‘periscore’, which relates each sample isolated to the 

relative expression of the pericyte specific gene list (Fig.26.C). We found that each sample iso-

lated was highly enriched (Log fold enrichment > 3 or greater) for pericyte associated transcripts 

and using dimensionality reduction, we showed that many of the samples remain transcriptomi-

cally distinct, while retaining the presence of a common pericyte signature (Fig.26.C).  

Using principal component analysis on 2000 of the most variable genes, we found that each set 

of samples isolated from each brain region: infarct core, ipsilateral hemisphere and contralateral 

hemisphere was transcriptomically distinct in the brain 3 days after stroke. Samples from the 

infarct core, clustered with samples from the ipsilateral hemisphere, whereas samples from the 

contralateral hemisphere clustered with samples isolated from the ipsilateral hemisphere of sham 

operated animals (Fig.26.D). 
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Fig. 26. Pericytes upregulate distinct transcriptomic profiles in response to stroke. 

A) Transcriptomic heat-map of genes associated with each cell type within the NVU. B) Specific regional expression variances in genes 

associated with the pericyte signature. C) Principal component analysis of all samples sequenced within the brain and their relative expres-

sion of pericyte associated genes listen in B. D) Principal component analysis of samples from each section of the brain, contra (red), ipsi 

(blue) core (green) sham (purple). Samples from each brain region cluster together, meaning samples from each isolated brain region are 

transcriptomically distinct. n = 3 PDGFRbEGFP mice day 3 post stroke, 2 PDGFRbEGFP sham mice, PCA based on 2000 genes per 

sample. 
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We detected enrichment of 259 genes in samples isolated from the infarct core, while 75 genes 

were found depleted. 50 genes were found to be enriched in the contra, while 179 were found to 

be depleted. 1 gene was found enriched in the ipsilateral samples and 1 gene was found to be 

depleted. Together, this transcript variance explains each samples position along the principal 

component analysis.  

5.2.9 Protein level qualitative validation of the bulk transcriptomic gene 

enrichment in the infarct core pericyte gene set 

To validate bulk RNA sequencing of the pericyte population at the protein level and confirm our 

sequencing has intrinsic value in deciphering pathophysiological function of pericytes, we first 

sought to visualise the largest contributors to each principal component analyses (Fig.27.A). 

Briefly, these genes are significantly differentially regulated between infarct core samples and 

ipsilateral, contralateral and sham samples (p<0.05) – meaning they are either significantly en-

riched or depleted in the infarct core relative to other genes.  

These differentially enriched genes were loaded into string database (Jensen et al., 2009) 

(Fig.27.B) where initial gene ontology analysis suggested many pathways were altered in peri-

cytes in the infarct core compared to pericytes in other isolated brain regions. Among these al-

tered pathways, we focused in on proteins involved in cell-cell interaction and identified galectin 

1 (Lgals1), a gene with a log 2 fold enrichment of 893 within in the infarct core compared to other 

regions (adjusted p value <9.44E-19) and performed immunofluorescence staining with an anti-

galectin1 antibody. We found galectin1 (a protein involved in apoptosis regulation and a regulator 

of cell proliferation) to be highly expressed within the infarct core on day 3 post stroke and spe-

cifically localised its expression to cells in the infarct core, including pericytes (Fig.27.C). These 

qualitative data suggest that transcriptomic changes within our bulk sequencing may indeed re-

flect important changes within the ischemic pericyte population at the protein level. 
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Fig. 27. Transcriptomic sequencing of pericytes provides identification of novel transcripts upregu-

lated after stroke expressed at the protein level. 

A) PC1 loadings, these genes contribute most to the variance between core samples and other samples (ipsi, contra, sham) PC2 loadings 

explain the resulting variance not explained by PC1. Galectin-1 is upregulated in core samples 893 fold. B) String database analysis of 

upregulated transcripts in the core relative to other samples. The top left cluster is associated with ribosomal synthesis, the bottom left 

cluster is associated with extracellular matrix reorganization. C) Immunofluorescence staining of galectin-1 (magenta)  in the infarct core 

of a PDGFRbEGFP mouse on day 3 post stroke (left). Galectin-1 expression co-localizes with a PDGFRbEGFP+ pericyte (right). Scale 

bars, 200 µm, 10 µm respectively. 
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5.2.10  Gene ontology enrichment analysis suggests an active, 

remodelling and proliferative state of surviving pericytes within 

stroked tissue 

Knowing our transcriptomic sequencing can at least partially reflect changes at the protein level, 

we returned to the principal component analysis on the top 2000 most variable genes. Using this 

form of dimensionality reduction, each gene is weighted based on how much they contribute to 

the variability of the dataset. In our case, PC1 explained 4.4% of the variability in our dataset, 

PC2 explained 1.8% and PC3 explained 1.4% of the variation. This indicates that relatively few 

genes from our initial analysis of 2000 contribute to the major differences between samples (core, 

ipsi, sham and contra). Therefore, we selected the top 100 genes and bottom 100 genes from PC 

1 and 2 (Fig.27.A) and ran a gene ontology analysis to better understand pathways which are 

significantly altered within the transcriptome of pericytes in each brain region (Fig.28A). We found 

that PC1 negative loadings (lower left quadrant Fig.28.A) were primarily associated with a group 

of transcripts encoding for an alteration towards an endothelial cell differentiated transcriptome (-

log10p6.247) while PC1 positive loadings appeared to show that samples in the core (Fig.28.A 

lower right quadrant) were upregulating transcripts associated with extracellular matrix reorgani-

sation (-log10p16.74). PC2 positive loadings showed primarily contralateral and sham samples 

heavily skewed toward transcriptional pathways encoding for transcripts associated with blood 

vessel morphogenesis (-log10p-15). Interestingly, PC2 negative loadings showed contra, ipsi and 

core samples primarily associated with cell division (-log10p-6.5). While these altered tran-

scriptomic pathways require further investigation, this last gene ontology analysis particularly 

piqued our interest because of previous findings related to cell cycle entry and proliferation 

(Fig.21, 24). 

Therefore, Simon-Besson Girard (from the Systems Neuroscience - Cell diversity group) ran our 

sequencing data through the Seurat cell cycle vignette script (an R package for transcriptomic 

analysis). This script searches for genes associated with two distinct phases with the cell cycle, 

G2/M phase and S phase. Those samples with a low relative expression of both of these cell 

cycle phases remain associated with G1 phase (Interphase).   

 

G2/M genes S genes 

Hmgb2,Cdk1,Nusap1,Ube2c,Birc5,Tpx2,T

op2a,Ndc80,Cks2,Nuf2,Cks1b,Mki67,Tmp

o,Cenpf,Tacc3,Fam64a,Smc4,Ccnb2,Cka

p2l,Ckap2,Aurkb,Bub1,Kif11,Anp32e,Tubb

4b,Gtse1,Kif20b,Hjurp,Cdca3,Hn1,Cdc20,

Ttk,Cdc25c,Kif2c,Ran-

gap1,Ncapd2,Dlgap5,Cdca2,Cdca8,Ect2,K

if23,Hmmr,Aurka,Psrc1,Anln,Lbr,Ckap5,C

enpe,Ctcf,Nek2,G2e3,Gas2l3,Cbx5,Cenpa 

Mcm5,Pcna,Tyms,Fen1,Mcm2,

Mcm4,Rrm1,Ung,Gins2,Mcm6,C

dca7,Dtl,Prim1,Uhrf1,Mlf1ip,Hell

s,Rfc2,Rpa2,Nasp,Rad51ap1,G

mnn,Wdr76,Slbp,Ccne2,Ubr7,Po

ld3,Msh2,Atad2,Rad51,Rrm2,Cd

c45,Cdc6,Exo1,Ti-

pin,Dscc1,Blm,Casp8ap2,Usp1,

Clspn,Pola1,Chaf1b,Brip1,E2f8 

Table 13: Genes of interest. 
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Surprisingly, we found that a large number of our transcriptomic samples were associated with 

cell cycle entry in the ischemic brain on day 3 post stroke. 100% of sham samples had little to no 

expression of the cell cycle genes listed in the table above and as a result, all pericytes were 

scored into G1 (interphase). In the ischemic brain, 20% of contralateral samples showed an up-

regulation of transcripts associated with S-phase of the cell cycle (upregulation of genes in the 

right box of table 13) while the rest of the samples remained associated with interphase. In the 

ipsilateral hemisphere 20% of samples showed an upregulation of transcripts associated with S-

phase, 10% of samples showed an association to G2/M phase (left box of table 13) and 70% 

remained associated with interphase. Within the ischemic core however, 70% of samples ap-

peared to be upregulating genes associated with the cell cycle. 40% of samples were upregulating 

transcripts associated with S-phase of the cell cycle and a further 30% of samples were found to 

be upregulating transcripts associated with G2/M phase of the cell cycle (Fig.28.C). Cumulatively, 

this suggests a gradient of cell cycle activation in the brains of stroked animals, which curiously, 

also occurs in the contralateral hemisphere. Samples moving toward the infarct show an upregu-

lation of transcripts associated with cell division (G2/M phase) suggesting that pericytes in the 

infarct core may be pushed toward entering the cell cycle and thus upregulate transcripts associ-

ated with proteins associated with mitosis. Crucially, these results provide transcriptional evi-

dence for the protein level evidence displayed in figure 24, and may explain many of the core 

upregulated pathways making the ischemic pericyte transcriptome distinct from sham samples. 

Together, these results suggest pericytes are responding to stroke with the purpose of reconsti-

tuting the pericyte population lost, and remodeling the extracellular matrix and associated vascu-

lature early after stroke.  
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Fig. 28. Pericytes activated by stroke engage in extracellular matrix reorganization and enter the cell 

cycle. 

A) PC analysis broken down through gene ontology. Each quadrant displays specific gene ontological pathways that discriminate samples 

from each other. PC1+ve is associated with ECM organization while PC1-ve is associated with endothelial cell differentiation, PC2+ve is 

associated with blood vessel morphogenesis while PC2-ve is associated with cell division. B) Seurat’s cell cycle vignette applied to the 

PCA, which determines transcriptional uniqueness among samples isolated from each region of the stroked brain. Core samples are pref-

erentially associated with cell cycle entry, while sham is preferentially associated with interphase pericytes. Contra and ipsi samples show 

a mild level of cell cycle entry compared to core. C) Bar graph of percentage cell cycle associated genes per brain region. n=3 

NG2dsRedxPDGFRbEGFP stroke mice, 2 NG2dsRedxPDGFRbEGFP sham mice. 
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5.3 In vivo characterisation of pericyte cell fate and blood flow 

regulation 

The previous ex vivo findings indicate that a population of pericytes can survive the initial phase 

of ischemic stroke in a region dependent manner. Put simply, these findings informed us that 

imaging pericytes in the living brain under conditions of stroke might be possible. Therefore, we 

aimed to decipher how pericytes regulate blood flow under conditions of ischemia by designing a 

chronic multi-modal in vivo imaging experiment (detailed in methods section 4.3) to address at 

both mesoscale level (laser speckle) and single cell level (longitudinal 2-photon microscopy im-

aging), if pericytes possess the capacity to constrict the microvasculature during and after stroke.  

5.3.1 Laser speckle can detect fMCAo induction and reveals a biphasic 

blood flow variation post-stroke/sham surgery 

Confirmation of stroke induction for this experiment would normally be achieved by attaching a 

laser Doppler probe (LDF) to the skull proximal to the distal branch of the MCA. However, place-

ment of a chronic cranial window to image pericytes in the somatosensory cortex of the left hem-

isphere takes prohibits measurement of blood flow reduction using conventional methods; there-

fore, we validated stroke induction and blood flow alterations for one week post stroke/sham using 

a laser speckle device placed above the cranial window.  

At baseline, pial blood flow appears red (Fig.29.A) while parenchymal flow is typically yellow. 

During stroke surgery as the filament was inserted, both pial flow and parenchymal flow appear 

heavily reduced (Fig.29.A,C) while mild reductions in flow are seen during sham surgery. We 

grouped each MCA territory measurement and separated regions by stroke or sham and noted a 

highly significant decrease in blood flow in the MCA territory during fMCAo compared with sham 

surgery induction (sham - stroke, p<0.000001). 90 minutes after reperfusion of the occluded artery 

we observed a highly significant reduction in blood flow within the stroke group compared to 90 

mins after sham surgery (sham - stroke, p<0.000001). 24 hours post sham/stroke a significant 

difference in blood flow between groups was not observed. In the sub-acute phase, differences 

in blood flow between stroke and sham animals showed a strong trend toward significant 

reductions in blood flow in the stroke group, but did not reach significance while on day 7, stroke 

animals had a significant reduction in upper cortical bloodflow compared to sham animals 

(p<0.002). To further confirm infarction of the cortex and striatum had taken place in a manner 

resembling typical fMCAo, we stained fixed brain tissue from animals sacrificed after the last 

imaging time-point on day 7 with NeuN, a marker labelling neurons. We observed the loss of 

neurons along a caudal-rostral axis within the infarct core of the ipsilateral hemisphere in all 6 

stroke animals which survived till day 7 (Fig.29.D). To further validate stroke induction produced 

infarction in the in vivo imaging cohort, we performed MR imaging on the fixed brain tissue prior 

to serial sectioning at the vibratome (performed by Antonia When). We observed no infarction in 

all four sham animals, while all six surviving stroke animals produced an average lesion volume 

of 36 mm3 (Fig.29.E). Taken together, these qualitative data of infarction and quantitative data of 

stroke size and blood flow alterations indicated that transient ischemic stroke was correctly 

induced in these animals and that as a result, blood flow was persistently altered within the 

ischemic cortex in a biphasic manner. This suggested that the 2-photon imaging data set would 

provide valuable insight about how ischemic pericytes respond to stroke in the ischemic brain. 
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Fig. 29. Laser speckle assessment of blood flow reveals a bi-phasic reduction post stroke. 

A) Raw laser speckle fluxmetry of the sham animal cranial windows over the course of the experimental timeline. High and moderate levels 

of flow are represented as red and yellow respectively, while low flow is represented in green and blue. B) Bright-field microscopy view of 

the cranial window of an animal experiencing stroke, perfused areas are a pink red color, while non-perfused tissue is white (upper). C) 

Laser speckle flow during fMCAo, white line indicates the MCA territory occluded by the filament (left) while to the right of the white line, 

flow is partially maintained within the ACA territory. D) Caudal-Rostral axis qualitative immunostaining of neurons (NeuN, magenta) and 

PDGFRbEGFP (green) in sham and stroke animals respectively, gray bars indicate approximate location of cranial window. E) Lesion 

volume on day 7 post-stroke/sham measured in fixed brains using MR imaging. F) Quantification of normalized laser speckle values in 

stroke and sham groups over the experimental time course. n=7 stroke mice, 4 sham mice. Statistics, after confirming normality (Shapiro-

Wilk test), two-way ANOVA with greenhouse-geisser correction, individual time points, unpaired Welch’s t-test. Scale bar, 1mm. Data is 

shown as mean +/- SD. 
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5.3.2 Identification of pericyte sub-types and their baseline vessel 

characteristics 

 

Fig. 30. Identification of pericyte sub-types and associated baseline diameters. 

A) A typical capillary bed splayed out covering a region of interest perfused by a penetrating arteriole used for in vivo analysis. Yellow text 

identifies pericyte sub-types emanating from the penetrating arteriole, MP-mesh, JP-Junctional, TSP-Thin-strand pericytes; SMC and EP 

represent smooth muscle cells and ensheathing pericytes. B) Schematic of morphological features of pericyte sub-types analyzed. C) Mean 

average vessel lumen diameter measured at each pericyte sub-type soma. n=11 PDGFRbEGFP mice. Scale bars, 50 µm. Data is shown 

as mean +/- SD.  
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5.3.3 Ischemia constricts all cortical pericyte sub-types in vivo and 

pericytes remain constricted acutely after reperfusion 

By selecting capillary beds emanating from penetrating arterioles (Fig.30.A) unobstructed by large 

pial vessels, we imaged pericytes up to 250 µm deep in the somatosensory cortex to record a 

baseline diameter of the vessel lumen at the pericyte soma and further classify and number per-

icytes into their respective sub-types (Fig.30.A, B, C). Using the vascular territory affected during 

stroke to select two ischemic regions of interest out of four regions of interest previously imaged 

at baseline, we then quantified variances in vessel lumen diameter at pericyte soma during and 

after stroke/sham surgery (Fig.31.B).  

We found that during stroke, 87% of all vessel lumen diameters at pericyte soma (thin-strand, 

mesh, junctional) constricted heavily relative to baseline compared to vessel lumen diameters at 

pericyte soma sub-types during sham surgery (Fig.31.C). 

When comparing the mean of constriction amongst vessel lumen diameters associated with each 

pericyte sub-type, we found that the lumen diameters associated with thin-strand pericyte soma 

constricted significantly more than vessel lumen diameters proximal to mesh or junctional peri-

cytes (Fig.31.D). Vessel lumen diameters associated with thin-strand pericytes constricted by an 

average of 25% after stroke compared to an average constriction at vessel lumen diameters as-

sociated with mesh and junctional pericytes of 20% and 21% respectively (thin-strand-junctional, 

p<0.0001, thin-strand-mesh, p<0.0005). 

When comparing stroke and sham, vessel lumen diameters associated thin-strand pericytes con-

stricted by an average of 25% during stroke compared to an average of 2.5% during sham surgery 

(p<0.000001) and remained constricted by an average of 10% 90 mins post reperfusion of the 

occluded artery compared to an average dilation of 3% 90 mins post-sham (p<0.000001).  These 

findings in vessel lumen diameters associated with thin-strand pericytes mimic those of the junc-

tional pericyte population, where vessel lumen diameters constricted by an average of 20% during 

stroke compared to sham, where vessel lumen diameters associated with junctional pericytes 

constricted by 5% on average (p<0.000001). 90 mins after reperfusion of the occluded artery in 

the stroke group, vessel lumen diameters associated with junctional pericytes were constricted 

by an average of 9% in the stroke group whereas 90 mins post sham surgery, vessel lumen 

diameters associated with junctional pericytes were constricted by less than 1% (p<0.000001). 

Moreover, vessel lumen diameters associated with mesh pericytes constricted significantly during 

stroke by an average of 21.3% compared to an average during sham surgery of 2.7% 

(p<0.000001). 90 mins after reperfusion of the artery, vessel lumen diameters associated  with 

mesh pericytes were constricted by an average of 11.2% which reached significance compared 

to vessel lumen diameters associated with mesh pericytes in the sham group which were con-

stricted by less than 1% (p<0.000001)(Fig.31.E).  

These findings are likely a reflection of the how the whole pericyte subtype population responds. 

To that end, we separated vessel lumen diameters associated with each pericyte sub-type into 

constricting (>5% constriction relative to baseline) dilating (>5% dilated relative to baseline) or 

baseline diameter (within 95% - 105% of baseline diameter) (Fig.31.F). We found that during 

stroke 92% of lumen diameters associated with thin-strand pericytes were constricted, while 

48.5% of lumen diameters associated with thin-strand pericytes during sham surgery were con-

stricted. 
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Less than 1% of vessel lumen diameters at thin-strand pericyte soma were dilating during stroke 

while 7% remained at baseline. During sham surgery however, 21% of vessel lumen diameters 

associated with thin-strand pericytes were dilated relative to baseline and 29% remained within a 

baseline threshold. 90 mins post reperfusion of the occluded artery 69% of vessel lumen diame-

ters associated with thin-strand pericyte soma remained constricted, while 11.9% dilated; leaving 

19% of vessel lumen diameters associated with thin-strand pericyte soma remaining within base-

line levels. Conversely, 90 mins after sham surgery, 24% of vessel lumen diameters associated 

with thin-strand pericytes remained constricted while 38% of vessel lumen diameters dilated, 36% 

of vessel diameters associated with thin-strand pericyte soma 90 mins after sham surgery re-

mained within baseline levels.  

In line with results concerning thin-strand pericytes, 86% of vessel lumen diameters associated 

with mesh pericytes constricted during stroke, while 43% of vessel lumen diameters associated 

with mesh pericytes constricted during sham surgery. Only 3% of vessel lumen diameters asso-

ciated with mesh pericytes dilated during stroke, while 10% remained within baseline diameter 

measurement levels. Furthermore, 16% of vessel lumen diameters proximal to mesh pericytes 

were dilated during sham surgery while 39% remained at baseline levels. 90 mins after reperfu-

sion in the stroke group 71% of vessel diameters associated with mesh pericytes remained con-

stricted, leaving 5.6% dilated and a further 23.4% returning to baseline levels. 90 mins after sham 

surgery, 33% of vessel lumen diameters associated with mesh pericytes constricted, while 17.5% 

dilated and 49.5% were found at baseline levels.  

Vessel lumen diameters associated with junctional pericytes showed the same pattern, 85% of 

vessel lumen diameters associated with junctional pericytes were constricted during stroke while 

3.7% were dilated leaving 11.3% unchanged from baseline. During sham surgery, 52.8% of ves-

sel diameters associated with junctional pericytes constricted while 16.4% were dilated leaving 

30.82% unchanged from baseline levels. 90 mins after reperfusion of the occluded artery, 66% 

of vessel lumen diameters associated with mesh pericytes remained constricted, while 11% were 

dilated and 22.6% returned to baseline levels. 90 mins after sham surgery, 36.7% of vessels 

associated with mesh pericytes were constricted, while 29.1% were dilated, 34.2% of vessels 

associated with mesh pericytes remained at baseline diameter levels. 

Taken together, these results demonstrate that the majority of the pericyte population constricts 

in response to ischemia in vivo, that thin-strand pericytes are particularly affected by ischemia 

and that constriction persists for at least 90 minutes post reperfusion of the occluded artery in the 

majority of the pericyte population – strongly implicating pericyte constriction as a contributor to 

‘no-reflow’ phenomenon.  

*From this point on, having established that pericytes convey a strong influence on vessel diam-

eter, we collapse the phrase ‘vessel lumen diameters associated with mesh, junctional or thin-

strand pericytes’ to simply mesh, junctional or thin-strand pericyte constriction/dilation to describe 

the effects they exert on vessel lumen diameter*.    
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Fig. 31. Ischemia constricts all pericyte sub-types and constriction persists post reperfusion.  

A) Schematic of the imaging plane covered (upper) and cortical area covered by 2-photon imaging (lower left) experimental groups (lower 

right). B) Capillary beds imaged, EGFP+ pericytes shown in green, blood vessels, TexasRed3000MW (magenta). C) 2 photon images of 

each pericyte sub-type at baseline, during stroke and 90 mins post reperfusion. D) Quantification of the mean constriction of each pericyte 

sub-type during stroke, individual pericytes shown in pink. E) Upper, XY graphs of normalized individual pericyte sub-types during 

stroke/sham surgery, 90 mins post reperfusion. F) Percentage of each sub-type population either constricting by more than 5% (red) dilating 

by more than 5% (blue) or within 10% of baseline diameter (green). n=7 stroke, 4 sham PDGFRbEGFP mice. Statistics, after confirming 

normality (Shapiro-Wilk test), D, unpaired two-tailed Students t-test, E, two-way ANOVA corrected using the greenhouse-geisser correction. 

Scale bars 50 µm, 5 µm. Data is shown as mean +/- SD. 



5 Results 94 

5.3.4 Capillary stall frequency is increased by stroke and the frequency of 

capillary stalls associated with pericytes increases under ischemic 

conditions 

After establishing that ischemia constricts pericytes, we next sought to address whether these 

constrictions would increase the likelihood of capillary stalls. We term TexasRed negative loca-

tions that are present across multiple z-steps of our imaging modality capillary stalls and not 

erythrocyte entrapment because we cannot discriminate between RBC’s and leukocytes with our 

current experimental design. Essentially, these regions of the vasculature are non-flowing, and 

could to contribute to on-going ischemia downstream of the stalled vessel segment. We noted 

capillary stalls form under both stroke and sham conditions in all mice (Fig.32.A, B), however 

mice undergoing fMCAo surgery had significantly more capillary stalls across all cortical depths 

per region of interest imaged (Fig.32.B). Stroked mice had on average 15.8 capillary stalls 50 - 

100 µm below the cortical surface compared to 1.9 capillary stalls in the sham group. 100 - 150 

µm below the cortical surface, stroked mice showed an average of 8.14 capillary stalls per region 

of interest, while sham only displayed one on average. 150 - 200 µm below the cortical surface, 

stroked mice had 7.8 capillary stalls on average, compared to 1.4 capillary stalls in the sham 

group, 200 - 250 µm below the cortical surface, stroked mice showed 7.4 capillary stalls compared 

with 1.1 capillary stalls in the sham group; overall, the differences between each group reached 

statistical significance. (p<0.02). Taken together, these results indicate that ischemia increases 

the frequency of capillary stalls in mice undergoing fMCAo surgery.  

Interestingly, when examining differences within cortical depth within groups, significant differ-

ences in number of capillary stalls were only found within the stroke group (sham, all cortical 

depth comparisons, n.s). Within the stroke group, we observed significantly more capillary stalls 

50 - 100 µm below the cortical surface compared to deeper cortical depths (100 - 150 µm, 

p<0.001, 150 - 200 µm, p<0.0006, 200 - 250 µm, p<0.0003) but not within deeper, adjacent cor-

tical layers (Fig.32.B). These data imply that during stroke, significantly more entrapped, ‘non-

flowing’ vascular elements are sequestered close to the cortical surface. 

Next, we sought to indirectly establish whether pericytes played a role in this capillary stall for-

mation during stroke, 90 mins post-reperfusion and 24 hours post-reperfusion (in collaboration 

with Fabio Loredo, a GSN masters student). To achieve this, we used pre-defined criteria to as-

sess whether a capillary stall was pericyte associated. Pericytes are widely reported to present 

‘nodal-like’ constrictions preferentially at the cell soma; and during our analysis of pericyte con-

striction, we noted capillary stalls at pericyte soma which appeared to be persistent over time 

(Fig.32.D, Upper) (Yemisci et al., 2009, Hall et al., 2014). Therefore, we analyzed our images to 

locate capillary stalls and termed them ‘pericyte associated’ if they were within 5 µm distance 

from the cell soma, if capillary stalls were found further than 5 µm from the cell soma, they were 

excluded from this analysis (Fig.32.C). We subsequently found that there were significantly more 

pericyte associated capillary stalls during stroke than during sham surgery, with 30% of pericytes 

associated with capillary stalls compared to 4% of pericytes associated with capillary stalls in 

sham-treated mice (p<0.0002) (Fig.32.D). 90 minutes reperfusion of the occluded artery in the 

stroke group, we found 9% of pericytes were associated with capillary stalls, compared to 1.8% 

of pericytes in the sham group. This difference was statistically significant (p<0.04). Crucially, this 

suggested that a small population of pericytes might entrap elements within the vasculature 

acutely after ischemia (Fig.32.D). 24 hours after stroke or sham surgery, we found little evidence 

of pericyte associated capillary stalls, with only 3.5% of pericytes associated with capillary stalls 

in the stroke group, and 0.3% of pericytes associated with capillary stalls in the sham group, the 
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difference between the two groups was not significant. These data indicate that pericytes are 

more likely to be associated with capillary stalls under conditions of ischemia than after sham 

surgery and demonstrate that capillary stalls remain associated with pericytes acutely after reper-

fusion following transient ischemia.  

To understand variances within each pericyte sub-type population, we compared the average 

percentage of each pericyte sub-type population associated with capillary stalls during stroke (Fig. 

32.E). We found that during stroke, significantly more of the thin-strand and junctional pericyte 

populations were associated with capillary stalls than mesh pericytes, but that the differences 

between associations in junctional and thin-strand populations during stroke were not significant 

(TSP-MP, p<0.02, JP-MP, p<0.02). These data imply that different pericyte sub-types are asso-

ciated with capillary stalls to differing degrees during ischemia. 

In addition, we compared capillary stalls associated with each sub-type against each other after 

either stroke or sham. We found that during stroke, significantly more thin-strand pericytes were 

associated with capillary stalls compared to thin-strand pericytes during sham surgery (stroke 

35.3%, sham, 2.7%, p<0.00007). 90 minutes post-reperfusion of the occluded artery, 9.5% of 

thin-strand pericytes were associated with capillary stalls compared to 1.3% of sham thin-strand 

pericytes, but the differences between the two groups were no longer significant. 24 hours after 

stroke, we observed that 5.4% of thin-strand pericytes were associated with capillary stalls com-

pared to just 0.6% of sham thin-strand pericytes 24 hours after surgery, but again these differ-

ences did not reach statistical significance (Fig.32.F, left). 

During stroke we observed significantly more mesh pericytes were associated with capillary stalls 

compared to than mesh pericytes during sham surgery (stroke, 17.4%, sham, 1.5%, p<0.013). 90 

minutes after reperfusion we observed 3.4% of mesh pericytes were associated with capillary 

stalls compared with 0.7% of mesh pericyte associated capillary stalls in the sham group, however 

this difference was not significant. 24 hours after stroke, we found 1% of mesh pericytes were 

associated with capillary stalls, while we found no mesh pericytes associated with capillary stalls 

in the sham group, which again did not reach statistical significance (Fig.32.F, Middle).  

Concerning junctional pericytes, we found significantly more junctional pericytes were associated 

with capillary stalls under conditions of stroke than in the sham group (Stroke, 33.9%, sham, 

6.9%, p<0.0002). 90 minutes after reperfusion of the occluded artery in the stroke group, we found 

7% of junctional pericytes were associated with capillary stalls, while 3.1% of sham junctional 

pericytes were associated with capillary stalls, this difference did not reach statistical significance. 

24 hours after stroke we observed 4.6% of junctional pericytes were associated with capillary 

stalls and found no junctional pericyte associated capillary stalls 24 hours after sham surgery, 

which again did not achieve statistical significance (Fig.32.F, Right). Taken together, these results 

indicate that ischemic pericytes are more likely to be associated with capillary stalls than pericytes 

during sham surgery, and that this continues at a pericyte population level post-reperfusion, caus-

ally implicating pericytes in the ‘no-reflow’ phenomenon.   
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Fig. 32. Ischemia increases capillary stall occurrence near the cortical surface and promotes asso-

ciation of capillary stalls with pericytes. 

A) Left, capillary stalls during either stroke or sham surgery, yellow bands indicate sites of capillary stalls highlighted in zoomed in images, 

Right. B) Quantification of total capillary stalls per cortical depth/ROI during either stroke or sham surgery. C) Inclusion and exclusion 

criteria for capillary stalls associated with pericytes. D) Upper, in vivo evidence of ‘no-reflow’ at a pericyte soma. Lower, Percentage of 

capillary stalls associated with either stroke or sham pericytes over time. E) Percentage of each pericyte subtype associated with capillary 

stalls during stroke. F) Percentage of capillary stalls associated with either stroke or sham pericyte sub-types over time. n=7 stroke and 4 

PDGFRbEGFP Sham mice. Statistics, after confirming normality (Shapiro-Wilk test), between groups B, unpaired Welch’s t-test, within 

groups one-way ANOVA   D, F - Two-way anova with Sidak’s multiple comparisons test E, unpaired Welch’s t-test. Scale bars, 50 µm and 

10 µm respectively. Data is shown as mean +/- SD for B, for D, E, F – mean +/- S.E.M.  
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5.3.5 Surviving pericytes constrict vessels in a biphasic manner post 

stroke while pericyte visibility declines after 24 hours  

After confirming that pericytes constrict acutely during stroke and remain constricted 90 mins post 

reperfusion (Fig.31) we followed up pericyte influence on vessel lumen diameter and tracked the 

same individual pericytes at 24 hours post stroke, 3 days post stoke and 7 days post stroke 

(Fig.33.A, D, G upper panels).  

While thin-strand pericytes constricted significantly during stroke and 90 mins post reperfusion 

when compared to sham thin-strand pericytes (Fig.31.E, left), we found that thin-strand pericytes 

had dilated by 10% (101% of baseline) at 24 hours post stroke relative to 90 mins post reperfusion 

and that the difference between thin-strand pericyte diameter in stroke and sham groups was no 

longer significant (sham were mildly dilated with a mean average of 105% of baseline diameter) 

(Fig.33.B). 3 days post-stroke, thin-strand pericytes constricted on average by 6% compared to 

baseline levels, while sham thin-strand pericytes had dilated by 5% relative to baseline diameter, 

indicating thin-strand pericytes had significantly re-constricted on day 3 post stroke (p<0.0001). 

By day 7, thin-strand pericytes had constricted 7% compared to baseline levels while sham thin-

strand pericytes had dilated 2% relative to baseline levels, the difference between stroke and 

sham thin-strand pericyte constriction was again significant (p<0.0001).    

Concomitantly with these vessel alterations, within the stroke group the number of visible thin-

strand pericytes started to decline while the number of thin-strand pericytes in the sham group 

remained consistent (165 measured at baseline, 164 measured on day 7). We were able to track 

345 thin-strand pericytes at baseline in the stroke group, during stroke however, the number of 

visible thin-strand pericytes dropped by 1% (342), 90 mins post-reperfusion by 1.2% (341), 24 

hours post reperfusion by 10% (313) by 20% 3 days post stroke and on day 7 post stroke by 44% 

(194) (Fig.33.C). The reasons for this decline within the stroke group are many fold (edema push-

ing cells out of the imaging frame, loss of signal-noise ratio and importantly, pericyte loss) and 

will be discussed in further detail in the discussion section.  

As referred to previously (Fig.31.E, middle panel) mesh pericytes constricted significantly (by 

21%) during stroke and 90 mins post reperfusion (11%) compared to sham mesh pericytes (2.7%, 

1% respectively) (p<0.000001). At 24 hours post-stroke, mesh pericytes had returned to baseline 

levels (100.4% of baseline) while sham mesh pericytes 24 hours post surgery were found dilated 

by 1% (Fig.33.E). The difference between or within groups at 24 hours did not reach significance. 

On day 3 post stroke, mesh pericytes were significantly constricted by 4.2% compared to baseline 

levels (p<0.007) while mesh pericytes in the sham group had constricted by 3.1% relative to 

baseline levels, this difference between groups was not significant. By day 7 post stroke, mesh 

pericytes were constricted by 3.3% relative to baseline levels though this difference was not sig-

nificant, while sham mesh pericytes were constricted by 1.1% relative to baseline levels. Interest-

ingly, no significant difference could be observed between groups on day 7 either (Fig.33.E). 

As with thin-strand pericytes, mesh pericyte visibility declined in the stroke group while the sham 

group was unaffected (Fig.33.F) (sham number of mesh pericytes at baseline-96, on day 7, 96). 

During stroke, 2% of mesh pericytes were no longer visible (197/201), 90 mins post reperfusion 

this remained unchanged until 24 hours post stroke where a further decline of 9% in mesh pericyte 

visibility could be observed (179/201). On day 3 post stroke, mesh pericyte visibility declined by 

a further 15% (149/201) and again by 7% on day 7 (136/201). 
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As previously described, junctional pericytes constricted significantly during stroke (by 20%) and 

90 mins post reperfusion (by 9%, Fig.31.E right panel) when compared to junctional pericytes in 

the sham group (p<0.000001, p<0.000001 respectively). Interestingly, at 24 hours post stroke, 

junctional pericytes had dilated to baseline levels with less than a 1% change relative to baseline 

diameter (1%) while 24 hours post sham junctional pericytes were significantly dilated by 4% 

relative to baseline diameter (p<0.02) (Fig.33.H). Differences in junctional pericyte diameter at 24 

hours relative to baseline in the stroke group were not significant, but remained significant be-

tween groups (p<0.01). On day 3 post stroke, we observed that junctional pericytes were con-

stricted by 5.5% in the stroke group relative to baseline diameter and were significantly more 

constricted than junctional pericytes in the sham group on day 3 (2% dilated, p<0.000001).  Within 

the stroke group, this 5.5% constriction was significant compared to baseline (p<0.0001) however 

sham junctional pericytes were not significantly altered relative to baseline on day 3. On day 7, 

junctional pericytes in the stroke group were significantly constricted by 5.4% relative to baseline 

levels (p<0.0001) and the difference between junctional pericyte constriction on day 7 and junc-

tional pericyte dilation (1% dilated relative to baseline) in the sham group was significant 

(p<0.000001). On day 7, the 1% dilation of junctional pericytes within the sham population was 

not significant compared to baseline levels.  

As reported for the mesh pericyte population, the number of junctional pericytes imaged within 

the sham group remained remarkably consistent over time (159 at baseline, 157 on day 7) how-

ever; stroke induced a reduction in the number of visible junctional pericytes (Fig.33.I). 345 junc-

tional pericytes were imaged at baseline within the stroke group, this number dropped by 2.4% 

during stroke (337) by 1.5% relative to baseline 90 mins post reperfusion (340), by 7% 24 hours 

post stroke (321), by 16% (290) 3 days post stroke and by 21% (273) on day 7 post stroke. 

Taken together, these results demonstrate a bi-phasic profile of pericyte constriction occurs dur-

ing the first week of stroke in the thin-strand pericyte and junctional pericyte population during 

which time, visibility in the population decreases within a period consistent with our previous find-

ings concerning pericyte death (Fig.20). Curiously, mesh pericytes appear to constrict akin to thin-

strand and junctional pericytes during stroke and 90 minutes post reperfusion of the occluded 

artery, but appear to sustain a baseline level of influence over vessel tone in the sub-acute phase 

similar to that of sham. These results suggest heterogeneity of response between pericytes. To 

dive deeper into what determines surviving pericyte constriction profiles after stroke, we gathered 

the data generated such that individual pericyte traces could be visualized against each other and 

the relationships between them could be teased apart. We envisaged this would allow a greater 

dissection of the variances in pericyte response to stroke and provide additional insight into the 

factors driving pericyte influence over vessel diameter. 
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Fig. 33. Pericytes constrict the microvasculature in a bi-phasic manner post-stroke. 

A,D,G) Upper, In vivo image time-course of pericyte subtype response to stroke and sham, Lower, percentage of pericyte sub-type popu-

lation constricting, dilating or remaining at baseline. B, F, H) Quantification of vessel diameter changes over time associated with each 

pericyte sub-type. C, F, I) Percentage of each pericyte sub-type visible over experimental series in sham and stroke group. n=7 (up to 24 

hours), 6 (after 24 hours) stroked mice, 4 sham PDGFRbEGFP mice. Statistics, after confirming normality (Shapiro-Wilk test), two-way 

ANOVA with greenhouse-geisser correction, comparison of individual time points, unpaired Student’s t-test, Scale bars, 10 µm. Data is 

shown as mean +/- 95% CI for B, E, H. For C, F, I, data is shown as mean +/- SEM.  
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5.3.6 Pericyte constriction is cortical depth dependent and future pericyte 

influence on vessel diameter is determined by severity of 

constriction during stroke 

As previously shown (Fig.31.A), we imaged pericytes in a z-stack over time. This allowed us to 

segregate pericyte responses to stroke at a variety of depths, 50 - 100 µm below the cortical 

surface, 100 - 150 µm below, 150 - 200 µm and 200 - 250 µm below the brain surface. Such a 

step-wise depth dependent imaging modality should cover both neuronal cortical layer 1 and lay-

ers 2/3. We hypothesized that a depth dependent constriction effect may be present within our 

dataset. To test this, we grouped pericyte sub-types by the cortical depths previously mentioned.  

We found that thin-strand pericytes between 50 - 100 µm below the brain surface constricted on 

average by 21.3%, while thin-strand pericytes 100 – 150 µm constricted by 23.6%, the difference 

between the two layers did not reach significance (Fig.34.A, left). However, when comparing thin-

strand pericytes 50 - 100 µm below the surface to those 150 - 200 µm below the surface, which 

constricted by 26.4% on average, a significant difference was observed (p<0.003). Thin-strand 

pericytes 200 - 250 µm constricted by 25.1% on average, however when compared against those 

50 - 100 µm below the surface, only a trend was observed. Significant differences between con-

striction levels in thin-strand pericytes within adjacent cortical layers was not found. 

No significant difference in mesh pericytes 50 - 100 µm (19.4% constriction) below the brain sur-

face was observed when compared against those 100 - 150 µm below the cortical surface (19.3%) 

(Fig.34.A, middle). Mesh pericytes 150 - 200 µm below the surface constricted by 20.7% on av-

erage, but not significantly more than mesh pericytes 50 - 100 µm or 100 - 150 µm below the 

surface. Mesh pericytes 200 - 250 µm below the brain surface constricted on average by 23.1% 

but did not constrict significantly more than mesh pericytes at any other cortical depths measured.  

When examining the differences in the junctional pericyte population, we observed that junctional 

pericytes 50 - 100 µm below the brain surface constricted by 18.8% but this constriction was not 

significantly different from junctional pericytes 100 - 150µm below the brain surface (Fig34.A, 

right). Junctional pericytes 150 - 200 µm below the surface constricted by 18.2% on average but 

did not constrict significantly more than junctional pericytes above. Junctional pericytes at a depth 

of 200 - 250 µm constricted on average by 23.1% which reached statistical significance when 

compared to those 50 - 100 µm below the surface (p<0.008) but not when compared to junctional 

pericytes between 100 - 200 µm below the brain surface.  

Taken together, these differences indicate a depth dependent pericyte sub-type specific con-

striction effect. These data imply that thin-strand and junctional pericytes within different cortical 

layers constrict to different degrees during stroke. 

To elucidate commonalities and differences in surviving stroked pericytes as a population 

throughout our time series (during stroke, 90 mins post reperfusion, 24 hours, 3 days and 7 days); 

we calculated the relationship between every pericyte with every other pericyte by computing the 

Pearson’s linear correlation coefficient. We then arranged all surviving pericytes (659x659 in six 

stroke mice) based on the severity of constriction into a ‘right-tailed’ Pearson’s linear correlation 

coefficient heat-map. To spread out the data generated by the Pearson’s r correlation and trans-

form the sample distribution to match normally distributed data, we used a z-fisher transformation 

and visualised the result in the heat-map (Fig.34.C).  

We found that pericytes that did not constrict strongly during stroke (Fig.34.C, Q1) have a low 

level of correlation with each other at subsequent time-points post-stroke, with a correlation score 
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of Q1:0.199, and a standard deviation of +/-0.585. As the extent of pericyte constriction during 

stroke grew (Q2, Q3, and Q4), so did the correlation between pericyte diameter at subsequent 

time-points (Q2, 0.509+/-0.508, Q3: 0.866+/-0.469, Q4: 1.229+/-0.466).  

 

 Mean diameter 

% Q1 (SD) 

Mean diameter % 

Q2 (SD) 

Mean diameter % 

Q3 (SD) 

Mean diameter % 

Q4 (SD) 

Baseline 100 (0) 100 (0) 100 (0) 100 (0) 

During stroke 95.8 (6.7) 82.8 (2.5) 73.8969 (2.8) 61.8 (5.9) 

+ 90 mins post 

reperfusion 

93.8 (10.9) 92.7 (11.7) 89.59 (12.2) 87.6 (10.2) 

+ 24 hours 103.5 (13.3) 99.4 (11.5) 100.6 (12.4) 98 (11.5) 

+ 3 days 95.8 (12.6) 94.3 (12.3) 94.771 (14.1) 91.3 (10.8) 

+ 7 days 97.19 (14.8) 94.9 (13.7) 94.627 (10.6) 92.87 (11.5) 

Table 14: Mean of quadrant-by-quadrant analysis on pericyte behaviour post-stroke. 

These data strongly suggest that pericyte constriction during stroke drives pericyte influence over 

vessel diameter at later time-points. Specifically, pericytes that constrict strongly during stroke 

are more correlated at subsequent time-points than those pericytes that did not constrict strongly 

during stroke, with the latter showing almost no correlation at later time-points (Q1:0.199 – Q4 

1.229). 

Taken together, these data indicate that pericytes at deeper cortical layers constrict more, and 

that those which constrict heavily maintain a basal level of constriction in the sub-acute phase 

below that of what would be considered ‘basal tone’ after transiently dilating at 24 hours. Moreo-

ver, these data imply that beyond a certain amplitude of constriction during stroke, reconstriction 

of those same pericytes in the sub-acute phase is almost a certainty. 
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Fig. 34. Pericyte constriction during stroke determines future pericyte influence over vessel diame-

ter. 

A) Individual pericyte constriction during stroke per cortical depth analyzed 50-100 µm (blue), 100-150 µm (green), 150-200 µm (orange) 

200-250 µm (red). B) Individual stroke pericyte traces from quadrants 1 - 4 as they respond to stroke over the experimental time course. 

Right, constriction or dilation from baseline. C) Left, correlation score in each quadrant. Right, heat-map of 659x659 pericytes arranged by 

amplitude of constriction correlated against each other. A deep red indicates a strong correlation at subsequent time-points, while a blue 

colour indicates no correlation. n=6 PDGFRbEGFP stroked mice. Statistics, A) unpaired two-tailed Student’s t-test after passing Shapiro-

wilk normality test C) Pearson’s rank correlation corrected using z fisher correction.  Scale bars, 10 µm. 
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5.3.7 Pericyte influence over vessel diameter correlates with mesoscale 

blood flow changes after stroke 

After ascertaining that severity of pericyte constriction drives predictability of future pericyte influ-

ence over capillary diameter, we next sought to assess whether this influence was reflected at 

large, in a broader context within our dataset. We noted that over the course of our experimental 

series, percentage changes in lumen diameter at pericyte soma at a population level after stroke, 

mimic our observations of blood flow reduction post-stroke using the laser speckle device 

(Fig.35.A, B). To that end, given that the capillary bed and capillaries proximal to feeding arterioles 

represent the largest resistance to cortical blood supply, we hypothesized that blood flow reduc-

tion within the somatosensory cortex affected by stroke may well be partly determined by changes 

in pericyte diameter and attempted to interrogate the cross talk between the two datasets (Gould 

et al., 2017). We grouped stroke animals to display the average change in MCA laser speckle 

perfusion over time, and in the same animals, grouped the pericyte response in terms of lumen 

diameter change at all pericyte sub-type soma together, to assess whether the two experimental 

variables were correlated. We found a significant correlation between the two datasets (Pearson’s 

correlation, p<0.04) and tested whether the correlation relationship can be explained using a lin-

ear regression model. We subsequently found that these data display an R2 value of 0.79, indi-

cating that pericyte induced changes in capillary diameter are reflected in broad, mesoscale al-

terations in blood flow observed using laser speckle measurement (Fig.35.C). Specifically, the 

relationship between these data imply that approximately 79% of the measured blood flow alter-

ations within the cranial window can be explained by stroke induced alteration of pericyte con-

tractility following stroke. Taken together, these data explain that pericyte contraction of the lumen 

alters the resistance to flow within the capillary network over broad scales that are large enough 

to be detected using mesoscale imaging systems.  
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Fig. 35. Pericyte influence over vessel diameter informs laser speckle blood flow. 

A) Normalized laser speckle blood flow over the MCA territory perfused by the distal MCA within the stroke group. B) Normalized lumen 

diameter change at pericyte soma sub-types within the stroke group. C) Pearson correlation and simple linear regression between normal-

ized changes in lumen diameter at pericyte soma during stroke -7 days post stroke and associated laser speckle perfusion changes. D) 

Left, Representative raw laser speckle images of stroked animal 294. Right, alterations in individual pericyte influence over capillary lumen 

diameter over time. n=6 PDGFRbEGFP stroked mice. Statistics, Pearson’s rank correlation corrected using z fisher correction. Scale bars, 

10 µm. Data is shown as mean +/- SD. For B, mean +/- 95%CI, C, Mean and error. 
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5.3.8 Regarding pericyte death in vivo (a qualitative assessment) 

During the course of in vivo experimentation, we noticed a divergence in stroke response based 

on the development or absence of malignant edema formation. While the data presented on per-

icyte constriction groups these differential outcomes into one stroke group, we noticed that peri-

cyte visibility declines predominantly in animals that develop edema. Because only two out of 7 

stroked animals developed significant edema, we do not at present have enough data to quanti-

tatively assess pericyte loss in vivo and so term it ‘pericyte visibility’ in prior figures (Fig.33). De-

spite this, we qualitatively assessed one such animal with malignant edema, animal 294 

(Fig.36.C, bottom panel) in which blood flow was consistently reduced on days 3 and 7 post 

stroke.  

We found that the vascular bed looks drastically different in these animals over-time (Fig.36.A). 

At 24 hours post-stroke edema formation appears to enlarge the field of view imaged and the total 

visible vasculature appears to be reduced, while pericytes remain visible on the upper brain sur-

face, (Fig.36.B) pericytes in deeper cortical layers start to disappear (Fig.34.C). Curiously, these 

findings become more apparent on day 3 post-stroke where pericyte visibility further declines 

considerably. These findings in vivo are in line with a pericyte density reduction on day 3 post-

stroke in PDGFRbEGFP animals reported earlier (Fig.23.A); leading us to believe we are observ-

ing pericyte decline.  

By looking closer at how these pericytes affect vessel diameter, we can appreciate that pericytes 

gradually disappear from view, appearing to degenerate on the vessel and importantly, at this 

time, the vessel continues expanding in diameter (dotted lines indicate that we can’t accurately 

measure vessel diameter further) (Fig.36.C, D). This appeared to be the case in almost all peri-

cytes that disappeared from view (Fig.36.D); suggesting pericyte degeneration leads to a loss of 

constrictive basal tone, which is normally promoted by functional pericytes and is required for 

efficient neurovascular coupling.  

Concomitantly with the loss of pericyte visibility in these regions of animal 294, TexasRed 3000 

MW, which was used to visualize blood vessels, appears to spread in a diffuse pattern around 

the vessel; gradually decreasing the signal-noise ratio in deeper cortical layers until day 7 where 

lower layers can no longer be visualized. These findings may hint at BBB damage at sights of 

pericyte degeneration, or could imply that the vessel itself is beginning to degenerate. 

While pericytes which survive in the upper cortical layers of the same field of view are still visible, 

many appear to be constricted on days 3 and 7 which we find suggestive of on-going damage 

within the area. Together, these data strongly support that we have managed to image the infarct 

core in stroke animals and that in the context of edema, pericyte survival may be particularly 

compromised. To that end, imaging more mice which go on to develop malignant edema after 

stroke will be important in the future - though it is sadly beyond the scope of this PhD thesis. 
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Fig. 36. Pericyte loss appears to be depth dependent. 

A) XY and XZ maximum intensity projections of the capillary bed imaged in animal 294 over the stroke experimental time-line. B) Surviving 

pericytes and their relative diameters over-time within the capillary bed imaged. C) Degenerating pericytes within the capillary bed imaged. 

D) Thin-strand pericyte diameter traces across different cortical depths in the capillary bed imaged, note that many pericytes disappear 

before day 7, each orange dot represents one time-point. n= Animal 294, PDGFRbEGFP stroked mouse. Scale bars, 50 µm, 10 µm.  
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6. Discussion 

6.1 Reconciliation of ex vivo and in vivo experimentation 

Only recently, pericytes have been reported as an integral cell type of the neurovascular unit, 

conveying stability to the endothelium, enabling the formation and maintenance of the BBB 

(Armulik et al., 2010), regulating blood flow under physiological conditions (Hartmann et al., 2018, 

Peppiatt et al., 2006) and crucially, potentially contributing to the ‘no-reflow phenomenon’ in the 

context of ischemia in many organs (Hall et al., 2014, O'Farrell and Attwell, 2014). While the lack 

of a specific pericyte marker had previously made identification of pericytes challenging (Armulik 

et al., 2011), leading to controversy about their role in NVC (Hill et al., 2015), recent advance-

ments in characterization make the study of pericyte dysfunction in cerebral ischemia possible 

through a more focused, accurate lens (Grant et al., 2019). In the current thesis, we attempt to 

specifically address the fate of the pericyte cell population in the context of stroke by using com-

plementary imaging modalities and techniques to answer questions posed by previous research 

(Hall et al., 2014, Yemisci et al., 2009) and uncover several novel properties of pericyte dysfunc-

tion and cell fate during the first week of stroke.  

6.1.1 Hyper-acute phase pericyte response to stroke 

In our dataset we find that during stroke, the majority of all pericyte sub-types in the ischemic 

brain constrict the vasculature heterogeneously in a sub-type and depth dependent manner 

(Fig.22, 31, 34). Concomitantly, ischemia induces an increase in the frequency of entrapped non-

flowing vascular elements associated with pericytes and the total number of capillary stalls near 

the cortical surface, which crucially, continues acutely post reperfusion of the occluded artery 

because the majority of pericytes remain constricted (Fig.32). Within this period, we demonstrate 

that 50-60% of pericytes sustain visible membrane damage during ischemia itself, and this dam-

age persists at least 90 minutes after reperfusion of the occluded artery; in the form of visible 

extrusions of cytoplasmic EGFP beyond the basement membrane in which pericytes are encased 

(Fig.22). Importantly, our data confirm pericyte constriction during stroke and their persistent con-

striction in relation to the ‘no-reflow’ phenomenon acutely after reperfusion, using established 

morphological criteria consistent with existing reports on the appearance of distinct pericyte sub-

types (Grant et al., 2019).  

6.1.2 Acute pericyte response to stroke 

24 hours after ischemic stroke, we report that pericyte loss occurs in a region dependent fashion, 

with preferential survival along a caudal-rostral axis in regions where the cortex represents the 

majority of infarcted tissue; importantly this happens in the same region neurons are eradicated 

from the brain (Fig.23). We further show that PDGFRb+ pericyte density is reduced by 25% 

(Fig.20, Fig.23) and 30% of remaining pericytes appear TUNEL+ proximal to the MCA territory, 

suggesting a small amount of hyper-acute necrotic pericyte death and a slower mechanism of cell 

death involving DNA fragmentation that peaks after 24 hours, compromising approximately half 

of all pericytes in the ischemic brain. Crucially, this leaves half of the pericytes intact where they 

are able to transiently restore vessels to a baseline diameter, but without neuronal input, as the 

severity of our transient ischemia model causes neuronal loss within 24 hours (Fig.19, 20). These 
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findings strongly complement our analysis of pericyte membrane damage and suggest such dam-

age may indeed prove fatal to pericytes irreversibly compromised by ischemia (Fig.22). Never-

theless, such data highlight pericytes as more resistant to ischemia than previously appreciated 

and demonstrate that pericytes can outlive neurons after transient ischemia - raising questions 

about how pericytes regulate blood flow amidst the loss of neuroglial cells within the NVU (Fig.23) 

(Fernández-Klett et al., 2013, Hall et al., 2014).  

Qualitatively, we note that this pericyte death appears to occur on the vessel, in deeper cortical 

layers in vivo, and as pericytes degenerate between days 1 and 3, the associated vessels appear 

to expand (Fig.36). 

6.1.3 Surviving pericyte response to stroke 

Day 3 post-stroke marks a divergent point in which the majority of pericytes heavily damaged by 

stroke have died in a region dependent manner, leaving the surviving population in an activated 

state, expanding their process coverage over the remaining vasculature and clustering within the 

basement membrane (Fig.21). Concomitantly, in the upper ischemic cortex, surviving pericyte 

sub-types perfused by the distal MCA transiently reestablish basal vascular tone, before re-con-

stricting in a manner in on days 3 and 7 to an extent governed by how strongly each pericyte 

constricted initially during ischemia (Fig.33, 34). These data implicate severity of constriction dur-

ing stroke as one of the primary determinant factors in future pericyte influence over vessel diam-

eter. Importantly these pericyte population changes in vessel diameter regulation are reflected 

and correlated with blood flow alterations at the mesoscale level, suggesting pericytes play an 

important role in mediating vascular resistance to flow (Fig.35). Moreover, we demonstrate that 

within this population of surviving pericytes, 70% begin to express mRNA transcripts associated 

with cell cycle entry, along with 30% of pericytes in the ipsilateral hemisphere and 20% of cells in 

the contralateral hemisphere (Fig.27) suggesting brain wide alteration in the pericyte transcrip-

tome by day 3 post-stroke.  

Importantly, pericyte cell cycle entry appears to occur most prominently in areas where pericyte 

density is reduced by stroke, and is accompanied by striking changes in infarct core pericyte 

morphology (Fig.24). Small amounts (10 - 20%) of this population of surviving pericytes incorpo-

rate EdU into their DNA in the infarct core and peri-infarct edge and express Ki67, providing proof 

of pericyte viability and protein level evidence that pericytes are entering the cell cycle and re-

sponding to the changes in their local microenvironment caused by ischemic stroke (Fig.24). 

These findings are supported by gene ontology analyses, which demonstrate a shift toward ex-

tracellular matrix reorganization in the infarct core, blood vessel morphogenesis and cell division. 

Interestingly, pericytes in the ipsilateral and contralateral stroke regions show a transcriptional 

shift toward endothelial cell differentiation. Taken together, transcriptomic sequencing data pro-

vides crucial hints for further study and mirrors much of the published data which suggest peri-

cytes shift toward a developmental, wound healing state after experiencing an acute on-set is-

chemic injury.  

In summary, the results presented here demonstrate that despite acutely incurring membrane 

damage in approximately half of the population during ischemia, pericytes are more resilient than 

previously believed. Surprisingly, pericytes survive in the infarct core where they contribute to no-

reflow in a bi-phasic manner potentially harmful for other cells within the NVU. Despite this, a 

population of PDGFRb+ pericytes appear to recover from the damage sustained and engage in a 

proliferative response at both the transcriptomic and protein level, maintaining their location within 



6 Discussion 109 

the basement membrane and entering a blood vessel remodeling transcriptomic pathway in the 

sub-acute phase.  

In the following discussion, we attempt to assimilate our data into the existing scientific literature 

concerning pericytes in the context of stroke, by comparing and contrasting our dataset with those 

already published to gain a greater understanding of how the research presented here clarifies 

questions posed by previous research. Ultimately, with a view to suggest when and how a thera-

peutic stratagem to modulate pericyte function could be developed to ameliorate stroke outcome.  

 

Fig. 37. Divergent fate of cortical pericyte response to transient cerebral ischemia. 

Conceptual view of the pericyte response to ischemia according to experiments performed within this thesis. Gray bands 

indicate possible fate of an observed pericyte according to our experimental series. 
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6.2 Pericyte response during ischemia 

Under ischemic conditions, pericytes have been reported to contract and impede the microcircu-

lation in response to oxidative-nitrative stress even after the reopening of an occluded artery 

(Yemisci et al., 2009). Here, the researchers implicate the prominent increase in free-radical gen-

eration within the microvasculature under ischemic conditions as an important mechanism of per-

icyte contraction by demonstrating that pericytes contract in response to peroxynitrate application 

(Chan, 1996, Chong et al., 2005, Heo et al., 2005). Furthermore, they show that suppression of 

oxidative-nitrative stress relieves pericyte contraction, reducing erythrocyte stalls and recovering 

microvascular patency after the reopening of the occluded artery. These data, while implying per-

icytes may be involved in ‘no-reflow’ in the context of ischemia, leave considerable room for dis-

cussion. Many of the findings presented lacked definitive histological proof of pericyte involve-

ment, extrapolation from ex vivo data regarding vessel diameter from fixed tissue and a lack of 

convincing in vivo demonstration of erythrocyte trapping by pericytes. In subsequent years, re-

search stimulated by publications like these have further refined our understanding of pericytes 

in ischemic contexts. 

In 2014, we learned that glutamate release from neurons evokes the release of messengers to 

dilate capillaries by actively relaxing pericytes, which requires the use of ATP. This process is 

understood to be mediated by prostaglandin E2 and is dependent on the suppression of 20-HETE 

synthesis by nitric oxide to provide a sustained increase in capillary diameter (Hall et al., 2014). 

In the same study, the authors show that this may increase blood flow by as much as 84% and is 

impaired in the context of ischemia where pericytes are reported to constrict. This constriction, 

studied in ex vivo slices under conditions of simulated ischemia, reduces capillary diameter by 

60% at pericyte soma locations in a nodal-like fashion as previously reported (Yemisci et al., 

2009) (Hall et al., 2014). Subsequently, they demonstrate this constriction is followed by death ‘in 

rigor’ (in this context, meaning permanent constriction of the vessel) with pericytes appearing 

propidium iodide positive after one hour. In detail, the authors postulate that pericyte constriction 

and death occur because of an intra-cellular Ca2+ increase following ATP depletion and failure of 

the Na+/K+ exchange pump, in turn causing a permanent failure in membrane potential.  

While these data are convincing, and the use of propidium iodide as a marker for cell death is 

appropriate and has been long recognized by the literature as a marker for cell death, these per-

icytes are not responding to a clinically translatable model of ischemia in vivo. Counter-intuitively, 

in the context of TBI (in which regions around the contusion suffer from ischemic damage due to 

reduced blood flow), many cells can recover membrane integrity by 24 hours and even after la-

belling propidium iodide positive, can be TUNEL- living cells in the injured brain (Whalen et al., 

2007). Moreover, to date, pericyte ‘death in rigor’ has never been observed in the living brain. 

Understanding whether pericyte constriction is terminal, or represents a functional impairment of 

pericytes that can recover, is pivotal in deciphering whether they represent a therapeutic strategy 

to ameliorate stroke outcome. The research presented in this thesis, attempts to address these 

questions and sheds light on aspects of all three previous publications mentioned, which we now 

attempt to discuss in detail.  
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6.2.1 Pericyte influence over vessel diameter during stroke 

Specifically, we imaged pericytes in the somatosensory cortex during the last 30 minutes of a 

one-hour fMCAo surgery, which is in line with observing maximally constricted pericytes from 

previous publications in models of retinal and simulated ischemia (Hall et al., 2014, Alarcon-

Martinez et al., 2020). We find that all pericyte sub-types constrict during ischemia in vivo, how-

ever to a lesser extent than reported in previous research (Hall et al., 2014). Specifically, while 

pericytes in our dataset can constrict during stroke by 60% (Fig.31.E) we find that to be the ex-

treme end of a spectrum of constriction, with a typical average constriction across the whole per-

icyte population of between 20 - 25%. Nevertheless, in our dataset, 87% of all pericytes con-

stricted during stroke (average of all pericyte sub-type constricting populations Fig.31.F), which 

can be expected to impart a vast increase in resistance to remaining flow within the ischemic 

cortex and exacerbate ischemic sequelae when already dwindling cellular energy stores are de-

pleted.  

Importantly, this constriction appears to be depth dependent, with pericytes in deeper cortical 

depths constricting significantly more than pericytes proximal to the cortical surface (Fig.35). This 

may occur for several reasons as our model of transient ischemia is severe and results in com-

plete neuronal loss within 24 hours (Fig.19, 20). Consequently, it is possible that the higher neu-

ronal density in cortical layer 2/3, which represents the lower cortical depths in our data set 

(Fig.34), provides a more intense source of local glutamate release during ischemia, which in-

duces constriction via excitotoxic damage and can kill pericytes (Hall et al., 2014). In contrast, 

pericytes in cortical layer 1 sit amid the apical dendritic arbors of pyramidal neurons, which may 

reflect a less damaging environment. 

Alternatively, this difference in constriction may reflect changes in O2 availability following RBC 

trapping in capillaries in upper cortical layers, which we also provide indirect evidence for in our 

experimentation (Fig.32 A, B). Specifically, we find that trapped vascular elements representing 

capillary stalls are significantly more common proximal to the cortical surface, which could con-

ceivably starve vascular elements downstream of crucial energy supplies required to maintain 

membrane potential, with eventual constriction following in sequence. This hypothesis is sup-

ported by recent research, showing that the largest pressure drop in RBC flow occurs in capillaries 

at cortical depths of <400 µm from the cortical surface. This may make RBC flux particularly 

sensitive to ischemic insult in upper cortical layers, in which capillaries account for 37% of the 

pressure drop. This is not the case in depths greater than 400 µm, where arterioles account for 

61% of the pressure drop (Schmid et al., 2017). In our experimental paradigm, we focused on 

imaging up to 250 µm deep into the ischemic cortex, and so we would expect these effects to be 

at play. Consequently, a superficial energy gradient could exist from the cortical surface down-

ward, with the rate of energy loss a function of depth; this may cause differential rates of glycogen 

depletion in astrocyte end-feet following ischemia and therefore compromise pericyte energy me-

tabolism and membrane potential differentially (Alarcon-Martinez et al., 2019). It is also possible 

that the CSF influx reported early during stroke (Mestre et al., 2020)  washes away harmful glu-

tamate release from neurons as it travels deeper into the cortex from above and that this extra-

cellular glutamate builds up in more dense cortical layers causing differential constrictive effects.  

Our data support the notion that pericyte constriction occurs in a ‘nodal-like’ like fashion by 

demonstrating longitudinal images of EGFP+ pericyte soma directly above the sites of most se-

vere vascular diameter decrease (Fig.31, 32, 33). Therefore, in our data set, we assume that 

contractile elements within the pericyte proximal to the pericyte soma mediate the constrictive 
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effects observed on the vascular lumen at this point. This is completely in line with previous liter-

ature and consequently we address the decreases in lumen diameter at the pericyte soma as 

‘pericyte constriction’ thereafter (Peppiatt et al., 2006, Yemisci et al., 2009).  

Despite this, we cannot exclude that pericytes also convey a broader constrictive range than the 

one we describe here, and recent reports suggest γ-actin, which is expressed in pericyte pro-

cesses, could also potentially mediate a constrictive effect (Alarcon-Martinez et al., 2018). We did 

not quantify the vascular diameter over the entirety of the pericyte cytoplasm, or at non-pericyte 

locations. This is because measurement of entire vascular networks vessel diameters is ex-

tremely time intensive when analysis is performed manually without the use of machine learning 

(which fails to measure accurately vessel diameters in the context of ischemia), therefore, we 

made the decision to focus exclusively on the lumen diameter at pericyte soma and here, the 

constrictive effect is most apparent.  

6.2.2 Differential constriction between pericyte sub-types during stroke 

We note that the aforementioned nodal constriction occurs most prominently in junctional and 

thin-strand pericytes, whereas mesh pericytes appear to constrict in a broader bi-concave fashion 

(Fig.31, 33). This may reflect cellular alterations in cytoskeletal arrangement, differential expres-

sion of αSMA along the arterio-venous axis or individual pericyte contractile force, or simply relate 

to changes in the way outward pressure of RBC velocity imparts on contractile morphology and 

capability. 

Interestingly, we find that on average, thin-strand pericytes constrict significantly more than junc-

tional or mesh pericytes (Fig.31.D). There are many potential reasons for such differential con-

strictive effects between pericyte sub-populations. On average, pericytes sit between 8 - 23 µm 

away from neurons and so are well positioned to receive chemical messengers from the neuropil. 

It is plausible that the differences in constriction we observe may relate to the proximity of each 

pericyte to constrictive cellular messengers released by neuroglial cells under conditions of is-

chemia. In such a scenario, thin-strand pericytes may be particularly prone as they convey the 

broadest single cell coverage distance along the endothelium, whereas mesh and junctional per-

icytes for example are typically located on slightly larger capillaries and sit closer to neighboring 

pericytes (Fig.30.B) (Grant, 2019). Furthermore, differential constriction may be related to topo-

logical gradients of ischemia within the tissue or an epiphenomenon of differential flow within the 

microvasculature. If plasma flow under conditions of ischemia is partially maintained, and the 

outward radial force this provides is higher in lower order capillaries than in higher order capillaries 

(where thin-strand pericytes reside), this may impart a greater resistance to constriction on the 

endothelial tube acted upon by the pericyte (Dalkara, 2019). 

Alternatively, these constrictive differences may reflect fundamental differences in the internal 

components and response rates of pericyte sub-types. Unlike ensheathing (which we did not find 

numerous enough to quantify) or mesh pericytes, thin-strand pericytes present on >4th order ca-

pillaries are typically reported to respond up to 25 times slower to optogenetic stimulation and 

produce a very small pool of αSMA - which is expressed in pericytes in an inverse fashion along 

the arterio-venuous axis (Grant, 2019, Hartmann et al., 2018, Alarcon-Martinez et al., 2018, 

Hartmann et al., 2021). Though this topic remains contentious, a small pool of αSMA has recently 

been found to exist in pericytes on higher order capillaries of the retinal plexus, and it is entirely 

possible that its rapid degradation under ischemic conditions is sufficient to produce a more se-

vere long-lasting constriction as a result. One could also speculate that the location of thin-strand 

pericytes on higher order capillaries, when compared against ensheathing or mesh pericytes, 
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predisposes them to more intense bouts of ischemia, as they tend to reside further along the 

arterio-venous axis and may take longer to resynthesize or rearrange cytoskeletal elements 

(Fig.38). 

 

Fig. 38. Thin-strand pericytes in the retinal plexus express α-SMA only detectable through rapid 

methanol fixation.  

Adapted with permission from (Alarcon-Martinez et al., 2018) 

In contrast to this notion, under physiological conditions, reports indicate that thin-strand pericytes 

do not require αSMA to alter their associated vessel diameter and constrict at the same rate as 

thin-strand pericytes which express αSMA; producing a decrease in capillary diameter of 20% 

over 10s of seconds when optogenetically stimulated in vivo (Hartmann et al., 2018). These data 

imply that the rate of pericyte contraction is independent of αSMA expression, but do not address 

constriction severity in relation to other pericyte sub-types. 

Moreover, these findings use light-sensitive channel rhodopsin gated calcium channels to permit 

calcium influx, which likely reflects a different, less severe route of constriction than under condi-

tions of ischemia found in our model, but interestingly produce a very similar average extent of 

constriction (our data report 25%, their data show 20%). Consequently, a 20% reduction in capil-

lary diameter produces a 20% reduction in red blood cell velocity at the thin-strand pericyte soma. 

While the average constriction of thin-strand pericytes within our dataset is 25%, we also find 

pericyte constriction is a spectrum, with some that constrict up to 60% in our in vivo experimen-

tation during ischemia (Fig.31.D). These findings imply that optogenetic stimulation of pericyte 

constriction, which causes Ca2+ influx, does not reach the constriction maxima of pericytes, and 

suggests that additional contractile stimulants present under ischemic conditions may mediate 

these effects. Here, many pathways could exacerbate pericyte contraction such as higher levels 

of intracellular Ca2+, unsuppressed 20-HETE production, elevations in ROS production, loss of 

prostaglandin E2 binding to associated receptors on pericytes, or high levels of extracellular glu-

tamate, all of which will constrict pericytes (Hall et al., 2014). Deciphering what compounds me-

diate this spectrum of pericyte contraction, and through which downstream cellular components 

under conditions of ischemia in vivo, will be an important challenge for the future. So far, we 

understand that the actin cytoskeleton plays an important role in pericyte contraction. Research-

ers have recently shown that the clinically approved Rho-kinase inhibitor Fasudil, prevented opto-

genetic induced Ca2+ mediated pericyte contraction and even prohibited erythrocyte arrest at per-

icyte soma locations, suggesting reorganization of actin filaments may be enough to modulate 

basal vascular tone at higher order capillary levels.  

We do not find this surprising, as circumferential arrangement of actin filaments (which could exert 

such a nodal constrictive effect) in pericytes has been previously reported (Wallow and Burnside, 

1980), and we think it likely that a pericyte produces exactly as much constrictive elements as is 
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required to actively regulate basal capillary tone and respond to stimulation at each section along 

the arterio-venuous axis. Logically, at sites upstream, where blood pressure is higher, the amount 

of contractile elements required to maintain flow at a steady, controlled state would also increase. 

Ultimately, while this remains to be thoroughly investigated, we expect the extent of contractile 

elements in pericytes to be inversely proportional to the blood pressure at each stage of the vas-

culature.  

Taken together, these data provide to our knowledge, the first detailed evidence of pericyte con-

striction in the context of a clinically relevant model of cerebral ischemia that simulates reperfusion 

injury in vivo, and identifies pericyte constriction as a ubiquitously occurring, depth and sub-type 

dependent heterogeneous phenomenon during stroke. Crucially, pericyte constriction appears to 

be transient in the ischemic cortex, as lumen diameters at pericyte soma increase upon reperfu-

sion and strongly suggests that pericyte constriction during stroke occurs because of functional 

impairment, and temporally precedes permanent constriction and ‘death in rigor’ in the cortex by 

a significant margin (Fig.33, 36) (Hall et al., 2014). One limitation of our approach is that we cannot 

confirm whether this post-reperfusion lumen diameter increase occurs locally within the ischemic 

capillary bed imaged and is initiated by the pericyte, or by the flow increase generated by removal 

of the filament upstream. Here, we find that blood flow is increased by 20% in the ischemic cortex 

90 minutes following filament removal using laser speckle imaging and therefore cannot defini-

tively state that pericytes themselves recover vessel diameter acutely post-reperfusion (Fig.29.F). 

However, we note that the majority of ischemic pericytes remain visible in subsequent imaging 

time-points after stroke and it follows that both options are equally plausible. In the future, opto-

genetic stimulation of pericytes to induce vasodilatation through pericyte relaxation after stroke 

would be of benefit here; this will definitively answer whether the vasoconstriction we observe is 

an intrinsic property of pericyte dysfunction or involves mechanisms upstream, though these ex-

periments were beyond the scope of this thesis. 

6.2.3 Pericyte sub-type damage during ischemia 

During conditions of oxygen-glucose deprivation or situations of intense optogenetic stimulation, 

pericytes are reported to form membrane blebs which may be associated with damage. In recent 

publications (Hartmann et al., 2021) 30% of pericytes opto-genetically stimulated to permit Ca2+ 

influx through light sensitive channel rhodopsins formed localized protrusions of the fluorescent 

reporter YFP in a ‘bleb’ like manner (Fig.39.C). The authors speculate that these blebs, which 

form as protrusions from the membrane a few microns in circumference, may occur due to cyto-

skeletal rearrangement proximal to the pericyte cell membrane. Interestingly, blebs of a similar 

appearance, but more variable in size and appearance, also formed when researchers exposed 

retinal capillary pericytes to ischemia; suggesting a conserved pericyte response to cellular stress 

within the pericyte population (Alarcon-Martinez et al., 2020) (Fig.39.A).  
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Fig. 39. Membrane blebs reported to form after Ca2+ influx are Rho-kinase dependent. 

A) An NG2DsRed expressing pericyte forming membrane blebs after oxygen-glucose deprivation. (Adapted with per-

mission from Alarcon-Martinez et al., 2020) B) Upper, Chr2-YFP expression in pericytes before light induced stimulation 

together with I.V dye to label blood vessel. Lower, an optically stimulated pericyte forming a membrane bleb along pri-

mary pericyte processes, a’ before stimulation, b’ after stimulation. C) Rho-kinase inhibitor Fasudil decreases bleb for-

mation in a dose dependent manner. (Adapted with permission from Hartmann et al., 2021). Scale bars 5 µm and 20 µm 

respectively. Data is shown as mean +/- SD. 

Intriguingly, our data are in line with these findings, and confirm that membrane blebs form in vivo 

under conditions of ischemia in the cerebral cortex (Fig.22.A). These membrane blebs appear 

similar in nature to that of recent research (Alarcon-Martinez et al., 2020) and do not form in sham 

treated animals or in the contralateral hemisphere, suggesting they form primarily under hy-

poxic/stress conditions. One limitation of our approach to quantify this damaged phenotype is that 

we could only detect evidence of membrane damage in three out of seven stroke animals within 

our in vivo imaging experiment. This is likely because of the limiting spatial resolution in X/Y of 

the 2-photon microscope (0.415 µm) and imaging artifacts associated with vasomotion. Unfortu-

nately, this does not allow an effective sample size to determine whether membrane blebs are 

especially associated with more severely constricting pericytes in vivo, or whether there are sig-

nificant differences in contractile forces between ‘blebbing’ and ‘non-blebbing’ pericytes, though 
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one might assume in response to cellular stress that pericytes constrict more, or are more prone 

to dying at later time-points. Nevertheless, it is curious that many pericytes imaged in the upper 

cortex had no obvious membrane protrusions in vivo, those that did often only displayed them 

transiently and pericytes that did not at all still constricted (Fig.36). This suggests ischemia causes 

a spectrum of pericyte damage, resulting in different levels of membrane damage and possibly 

different levels of Ca2+ influx, which trigger a non-uniform pericyte stress response within the 

pericyte population.  

Although our transient ischemia model is severe and causes neuronal loss within 24 hours, this 

cannot be extrapolated to the survival of pericytes after ischemia, and our data would instead 

imply that pericytes are on the edge of a viability threshold within ischemic tissue, which produces 

two distinct phenotypes; pericytes with membrane damage and pericytes with an intact mem-

brane. Our data show at least half of the pericyte population appear to have an intact membrane 

within the ischemic territory, indicating that a proportion of pericytes can withstand our 60-minute 

fMCAo model of transient ischemia and display no membrane deformations acutely after the 

reperfusion of the occluded artery (Fig.22).  

Importantly however, using high-resolution confocal microscopy, we demonstrate that membrane 

blebs are found in pericytes that show extracellular extrusions of EGFP beyond the basement 

membrane in fixed tissue ex vivo 90 minutes post-reperfusion of the occluded artery, in all mice 

(Fig.22.B, C, D). This is important, because the entirety of a pericyte cytoplasm is encased within 

the basement membrane under physiological conditions, and the nature of extracellular EGFP 

found beyond the pericyte cytoplasm does not match that which we would expect of programmed 

exocytosis (Kuo et al., 2008). Therefore, we believe we are observing pericyte membrane dam-

age and catch pericytes in fixed tissue that are actively leaking intracellular contents into the 

extracellular space 90 minutes following reperfusion of the occluded artery. This could be ex-

pected after ischemia as consistent anoxic depolarization triggers membrane potential failure and 

has previously been reported in pericytes in ex vivo brain slices modeling ischemia, where peri-

cytes stain propidium iodide positive (Hall et al., 2014). When examining the extracellular accu-

mulations of EGFP found in infarct core pericytes, we found that 59% of thin-strand pericytes 

showed signs of extracellular EGFP. In addition, 47.5% of junctional pericytes and 57% of mesh 

pericytes showed extracellular accumulations of EGFP, implying that at least half of the pericyte 

population suffer membrane damage as an immediate consequence of ischemia in the hyper 

acute phase (Fig.21).  

We believe extracellular accumulations of EGFP emanating from pericytes to be a morphologi-

cally distinct phenomenon to blebbing, and therefore quantified it as such. We find it probable that 

what we observe is temporally distinct phases of necrotic cell death, and blebbing may represent 

the precursor to irreversible pericyte membrane damage or possibly the initiation of apoptotic 

processes; thus, they both fall under the same rubric (Fig.22.E, F). It will be necessary to investi-

gate this in detail in the near future to determine what exact factors trigger these dramatic mor-

phological alterations. 

Taken together, these data lead us to identify a novel damaged phenotype occurring during stroke 

in vivo and persisting hours after reperfusion where it could be quantified ex vivo (Fig.22). We 

speculate that these morphological criteria identify a population of pericytes critically damaged by 

ischemia. Though an exact mechanism of pericyte cell death in the hyper-acute phase remains 

elusive (though we have tested for inflammasome and pyroptotic cell death markers), it is highly 

likely that a portion of pericytes succumb to ischemia in a manner that resembles necrosis, and 
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we believe this could may well be the downstream cellular consequences underlying our current 

observations. 

Cumulatively, our data imply that at least half of the pericyte population experience high levels of 

membrane damage, resulting in acute changes in cytoskeletal arrangement in the form of blebs, 

which may be in part mediated by Rho kinase (Hartmann et al., 2021). This would be consistent 

with literature on cellular responses to ischemia, which demonstrate that cellular membrane blebs 

form after ischemia mediated Ca2+ influx in a variety of cell types (Armstrong et al., 2001, Yi et 

al., 2012, Jansen et al., 2019). Ultimately, we speculate this could damage pericyte function, as 

an astrocytic end-foot sheath, covering approximately 98% of the vasculature, envelops pericytes. 

It is conceivable that these plasma membrane deformations affect signaling between astrocytes 

and pericytes, and affect micro-domains within the pericyte cytoplasm, potentially negatively af-

fecting propagation of intercellular Ca2+ waves between pericytes and disrupting the retrograde 

signaling cascade reported to be at play within the pericyte connectome (Kovacs-Oller et al., 

2019, Peppiatt et al., 2006). Further work dissecting the exact cytoskeletal deformation caused 

by this damage is planned and currently being performed and will provide useful information on 

this issue.  

6.3 Pericyte death post-stroke 

To date, pericyte loss after stroke has been investigated in two key publications. Francisco Fer-

nandez-Klett and colleagues investigated pericyte loss after stroke using CD13 as a marker for 

pericytes responding to fMCAo (Fernández-Klett et al., 2013). They found a 40% loss in CD13+ 

pericytes after 24 hours, with a progressive loss of 80% of the population occurring over the 

course of one week. Later, Catherine Hall and colleagues investigated pericyte response to chem-

ical ischemia in rat cerebellar slices and found 70% of pericytes were dead after one hour of 

oxygen-glucose deprivation. Furthermore, experiments performed in a rat model of 90-minute 

fMCAo assessed 22.5 hours later indicated a similar amount of pericyte loss (75%) (Hall et al., 

2014). Taken together, these results would appear to suggest that the majority of the population 

is lost acutely after stroke. 

Our results are semi-compatible with prior publications, we report 25% of pericyte loss prior to 24 

hours, with 30% of the remaining 75% of pericytes appearing TUNEL+ in the infarct core; but 

crucially, this leaves half of the pericyte population intact after 24 hours. Subsequently, low levels 

of pericyte death continue to occur on day 3 (3%) but as a whole, our data suggest that pericytes 

are more resilient than previous publications would indicate and that when pericytes die, they die 

acutely after stroke. The discrepancy in results may occur for several reasons such as the exper-

imenter performing the model of stroke, age of the mice used and criteria used for pericyte meas-

urement. Nevertheless, our transient fMCAo model produces a severe stroke in adult mice, re-

ducing cerebral blood flow by more than 80% and results in the complete loss of neurons within 

the infarct core in 24 hours (Fig.19, 20, 23). 

Of particular note in relation to previous publications is the use of CD13 as a marker for pericytes 

(Fernández-Klett et al., 2013). While CD13 is reported to be a specific marker for pericytes, our 

data would imply that CD13 is not transcribed at particularly high levels in relation to other tran-

scripts that are commonly used for labelling pericytes (PDGFRb, NG2, RGS5, Kcnj8, Fig.25.B). 

It is therefore possible that the early loss of pericytes after 24 hours simply reflects protein deg-

radation that may occur following stroke and that transcription of a new pool of CD13 is initially 

inhibited by hypoxic conditions, but the pericytes may still be viable. This calls the use of CD13 
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as a marker acutely post-stroke to measure pericytes into question, as do reports of endothelial 

upregulation of CD13 under hypoxic conditions (Bhagwat et al., 2001).  

When comparing our dataset with pericyte death under conditions of oxygen glucose deprivation 

in brain slices extracted from the rat cerebellum, clear differences can be observed. These are 

likely due to pericyte damage during tissue processing, differential O2 diffusion and placing peri-

cytes in an environment lacking endothelial tone and a steady state of blood/plasma flux. There-

fore, we take observations of pericyte death ex vivo into consideration, but would not attempt to 

state that they reflect the truth in vivo, particularly because of the large amounts of pericyte death 

reported in sham preparations in ex vivo models (Hall et al., 2014). Subsequently, in the same 

paper, the authors report 75% pericyte loss after 22.5 hours of a 90-minute fMCAo surgery. We 

find these data convincing, as our model show approximately 50% pericyte loss after 24 hours 

following 60 minutes of fMCAo and we would expect the number of dying pericytes to scale with 

the duration of ischemia as damage within ischemic tissue scales with the severity of the occlusion 

and the duration (Dirnagl and Macleod, 2009). We find the observation that a small population of 

remaining pericytes become cleaved caspase 3+ on day 3 post stroke in the infarct core to be 

highly likely, as we also report low levels of on-going pericyte death on day 3 post-stroke which 

could be mediated through this mechanism (Fernández-Klett et al., 2013). 

Moreover, our investigation into pericyte density in PDGFRbEGFP mice on day 3 post-stroke 

reveals an approximate 60% reduction in pericyte density proximal to the MCA territory when 

examining EGFP+ pericytes. These data synergize nicely with TUNEL+ pericyte data presented 

previously (Fig.20) and the aforementioned publications and we therefore believe a combination 

of all datasets to triangulate on the true nature of pericyte decline (Fernández-Klett et al., 2013).  

Taken together, the datasets would appear to present pericyte death as an acute phase phenom-

enon, with a small number of pericytes dying in the hyper-acute phase through unregulated ne-

crosis followed by a wave of pericyte death claiming a larger population due to terminal membrane 

failure in which pericytes stain propidium iodide+ and then become TUNEL+ thereafter. This re-

sults in approximately 50% pericyte loss in the infarct core, with a further 10% reduction in pericyte 

density occurring in the sub-acute phase, likely through a mechanism involving apoptosis induc-

ing factor (AIF) or cleaved caspase 3 mediated apoptosis. Interestingly, our qualitative observa-

tions of pericyte visibility decline in in vivo experiments would support this viewpoint (Fig.36). 

Here, we observe pericyte loss peaking on day 3 post-stroke, not 24 hours post-stroke. This likely 

reflects the time-taken for EGFP to degrade (15 hours, (Danhier et al., 2015)) and so naturally 

pericyte death at 24 hours would still leave the pericyte visible for up to 39 hours post-death if 

pericytes degenerate on the vessel and are not removed by local activated microglia, which is 

speculated by prior investigations (Hall et al., 2014).  

In conclusion, pericyte death is a region dependent acute response to stroke and regions in which 

pericytes survive within the infarct core are likely to be perfused by the distal branch of the MCA, 

possibly in specific sections of particularly hypoxic tissue reminiscent of previously reported mini-

cores and mini-penumbras after stroke (del Zoppo et al., 2011). Ultimately, this appears to leave 

many cortical pericytes intact in a hypoxic environment, where they no longer receive input from 

neurons or astrocytes (Fig.23). While the reasons for pericyte death were not fully explored within 

the focus of this thesis (because it is surviving pericytes that represent an opportunity for pericyte 

directed therapy), we speculate that loss of membrane potential due to highly ischemic conditions 

for one hour will ravage the pericyte population. Curiously, we note that membrane damage ap-

parent in the form of blebs in vivo does disappear in some cases (Fig.36.B) but we speculate 

many of the pericytes visibly affected during stroke will die between day 1 and day 3 post-stroke. 
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One more point of inquiry relates to ‘pericyte death in rigor’. While we note that the majority of 

membrane-damaged pericytes appear constricted (Fig.22, 36) our qualitative data would suggest 

that at least in the cortex, pericytes degenerate between days 1 and 3 and that in this time, their 

constrictive capacity declines in accordance with their degeneration. Consequently, we would 

expect a modification of this theory in relation to cortical pericytes, which appear to die slower. 

We find it more plausible that a pericyte must be alive to constrict, as prolonged degeneration 

appears to be associated with vessel expansion (Fig.36.D). Moreover, when comparing our re-

sults to those of laser ablation studies of pericytes, in which pericytes also degenerate after one 

to three days, the vessel also expands (Hartmann et al., 2021, Berthiaume et al., 2018a). 

Taken together, we speculate that complexity of the cytoskeleton is required to produce a con-

strictive effect, a complexity that one would expect to be compromised once apoptotic processes 

are initiated. As apoptotic vesicles containing the cytoskeleton are formed during pericyte degen-

eration, this constrictive effect should no loosen a pericytes grasp on its associated vessel, with 

a loss of basal tone and vessel expansion following in sequence. Such a scenario would mimic 

those pericytes which appear to recover basal tone 24 hours post-stroke in our dataset, but vessel 

expansion would continue further after the pericyte degrades between day 1 and day 3 (Fig.36.D). 

Conversely, if pericytes die via unregulated necrosis (an unregulated form of cell death), we would 

expect the effect to be congruent with the idea of ‘pericyte death in rigor’. In such a scenario, one 

would indeed expect a long-lasting resistance to flow at these former pericyte locations; however, 

from 890 pericytes imaged in the ischemic brain, we did not see any evidence of this in the upper 

layers of the ischemic cortex. Put simply, we saw no pinched vessels at locations pericytes used 

to be - throughout our dataset. Importantly, in future work, 3-photon imaging, which will allow us 

to penetrate deeper into the brain may provide evidence for the existence of both hyper-acute 

and prolonged pericyte degeneration in vivo, and provide an understanding of the threshold of 

ischemia required for each possible pathway of pericyte death. This will be important in future to 

develop a therapeutic strategy targeting pericytes for the improvement of stroke outcome.  

6.3.1 Understanding regional differences in pericyte death within the 

ischemic brain 

One confounding limitation of the data presented within this thesis relates to the use of the tran-

sient fMCAo model to assess pericyte death. Though this model is well established, and accu-

rately simulates both ischemia and reperfusion injury, it is susceptible to variation like other pre-

cisely controlled permanent stroke models such as distal coagulation of the MCA or photothrom-

botic stroke induction because of the unique anatomical nature of each mouse stroked, and the 

presence of collaterals (Fluri et al., 2015). Though this variation itself mimics the unique aspects 

of human response to stroke, it can lead to difficulties when observing the phenomenon of cell 

death described in this thesis.  

We observe the highest reductions of pericyte density posterior to, and directly where the main 

branch of the MCA enters the brain. Specifically we observe a 60% reduction within the posterior 

MCA territory and a 40% reduction in pericyte density within regions perfused by the main branch 

of the MCA (Fig.23.D). The high level of pericyte loss at this location within the mouse brain is not 

surprising, as lenticulostriate arteries which perfuse the striatum, basal ganglia and regions of the 

thalamus are reported to be ‘end’ arteries which have little access to collaterals or proximal anas-

tomoses (Bozzao et al., 1989). Though variable interferences in flow after insertion of the filament 

during fMCAo occur, we validated the reliability of the experimentation performed and so the level 
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of ischemia caused at ‘end’ arteries that perfuse the striatum should be severe (Fig.19) (Zhang 

and Faber, 2019). Contrastingly, we observe a pericyte density reduction of just 20% in the ante-

rior cortex (Fig.23.D). We speculate that though the level of ischemia was sufficient to eradicate 

neurons within this region, pericytes may outlive neurons and subsequently be able to make use 

of the energy supplied by neighboring collaterals or retrograde flow from vasculature proximal to 

the infarcted region during and after stroke. Pial collaterals are well known to connect the outer-

most branches of the MCA, anterior communicating artery and posterior communicating artery 

trees (Faber et al., 2014, Nishijima et al., 2015, Bang et al., 2015). When one of these arterial 

tree systems becomes blocked or receives insufficient blood supply, in this case the MCA, it has 

been shown that leptomeningeal collaterals (LMCs) emanating from the ACA can provide a ret-

rograde source of blood flow, which may indeed sustain anterior cortical pericytes, but not termi-

nally damaged neurons (Ma et al., 2020). Though it is not known when LMCs are recruited after 

stroke in humans, the recruitment of blood flow from LMCs to an ischemic zone has been shown 

to occur immediately in mice (Akamatsu et al., 2015). LMCs in humans are found in varying mag-

nitude in 80% of stroke patients with an MCA occlusion, and if this mechanism provides an ex-

tended period of survival to pericytes, differential caudal rostral survival of pericytes may therefore 

translate to human stroke as well (Tariq and Khatri, 2008). Overall, the selection of the filament 

middle cerebral artery occlusion model allowed the investigation of how pericytes respond to se-

vere ischemia, like other models such as coagulation of the distal MCA and photothrombotic 

stroke, but it also permitted the study of how ischemic pericytes respond once blood flow is re-

stored. 

6.4 ‘No-reflow’ 

One of the key novel aspects of this thesis is the attempt to longitudinally follow pericytes in the 

post-stroke brain with a view to determining their fate and the duration of their influence over the 

vessel in the context of ‘no-reflow’. This has important clinical implications as alluded to in the 

introduction section because ‘time is brain’ and the transition of penumbra to infarct is inevitable 

in the context of sustained oligemia. Therefore, it is imperative to ascertain whether pericytes 

permanently constrict vessels in the aftermath of ischemia to identify a therapeutic window for 

treatment of these cells, which govern how blood flow and resistance to blood flow will be distrib-

uted throughout the brain.  

6.4.1 Pericytes entrap non-flowing vascular elements during and acutely 

after reperfusion of the occluded artery 

To ascertain whether the pericyte constriction observed within our in vivo experiment was causally 

responsible for ‘no-reflow’ after stroke, we analyzed the frequency of capillary stalls within stroke 

and sham groups. This is important because previous reports suggest that pericytes may be re-

sponsible for inducing erythrocyte arrest despite the reopening of the occluded artery following 

ischemia, but provide little convincing evidence of this at the single cell level (Yemisci et al., 2009). 

Though we lack dynamic RBC flux measurements of erythrocyte stalling in action due to the na-

ture of our experimental setup, which is something we can address in future. We can confidently 

assess whether a vascular segment is flowing or non-flowing because of the time it takes for each 

singular z-step of 2-photon scanning across a capillary to complete (see methods section 4.3.7). 

Strikingly, our data fully confirm existing findings which indicate blood flow is interrupted at nodal 

sections within the vasculature and indicate that during stroke, 1 in 3 pericytes are associated 



6 Discussion 121 

with capillary stalls (which themselves are found more frequently during and after stroke, than 

after sham surgery) (Fig.32.A, B, D) (Yemisci et al., 2009).  This can be expected to exacerbate 

on-going ischemia within the capillary bed associated with the stall, precisely at the pericyte soma 

location.  

Furthermore, 90 minutes post reperfusion of the occluded artery; we find a persistently higher 

amount of capillary stalls at pericyte locations after ischemia when compared against sham peri-

cytes. In this scenario, 1 in 10 pericytes are associated with capillary stalls and this data provides 

indirect evidence that pericytes play a causal role in ‘no-reflow’ by functionally impairing the flow 

of vascular elements acutely after reopening of the occluded artery (Fig.32.D, upper). This is 

expected, as our data demonstrate that the majority of the pericyte population remain constricted 

acutely after reperfusion of the occluded artery and is consistent with previous literature (Fig.33) 

(Yemisci et al., 2009). Importantly, unlike other models of ischemia that assess pericyte contrac-

tion, this effect in our experiment appears to be transient, because ischemic pericytes are no 

longer associated with capillary stalls 24 hours after stroke when compared to sham pericytes 

(Yemisci et al., 2009, Hall et al., 2014). In future, scaling the length of ischemia to define upper 

and lower limits on the time required to produce long-lasting pericyte constriction after reperfusion 

must be performed to delineate and better understand how pericytes contribute to ‘no-reflow’. 

Cumulatively, these data clearly indicate that during the acute phase, ‘no-reflow’ is transiently 

promoted by functional impairment of pericytes acutely after the reopening of the occluded artery 

after one hour of ischemia. Given that the majority of capillary stalls were found near the upper 

cortical surface within our dataset, we speculate this may jeopardize the function and health of 

the microvasculature in deeper cortical layers, and may underlie the loss of signal we observe in 

lower cortical layers (Fig.36.A). 

6.4.2 Bi-phasic constriction of pericytes after stroke 

To date, very little research has been performed on the sub-acute phase of ischemic stroke con-

cerning no reflow in pericytes, making comparison to existing data difficult. This is in part, due to 

previous publications, which suggest pericytes constriction is followed by ‘death in rigor’ (Hall et 

al., 2014). Consequently, it is implied that the vasculature can no longer be perfused to sufficient 

levels because of pericyte constriction, leading to tissue necrosis. In such a scenario, the re-

searchers state ‘death of pericytes in rigor, after they have been constricted by a loss of energy 

supply, should produce a long-lasting increase in the resistance of the capillary bed. ’. While we 

find this theory entirely plausible in regions proximal to the main branch of the MCA territory (stri-

atum), the data generated by our in vivo experiment in the upper layers of the somatosensory 

cortex, which is perfused by the distal MCA, are not entirely compatible with this conclusion. Our 

data indicate that pericytes ubiquitously constrict during ischemia (87% of pericytes, Fig.31) and 

the majority of the population remain constricted 90 minutes post-reperfusion of the occluded 

artery (68% of pericytes). However, when the capillary diameter at pericyte soma at 24 hours 

post-stroke is measured, each pericyte sub-type population has relatively equal proportions of 

constricting, dilating and baseline diameter associated pericytes (Fig.33, Fig.40).  

Consequently, pericytes display an average vessel diameter that is no longer significantly differ-

ent compared to their pre-stroke baseline levels. These temporal differences strongly suggest a 

transient recovery phase of pericytes at 24 hours, in which the proportion of constricting pericytes 

dramatically decreases concomitant with an increase of the dilating pericyte population and a 

gradual increase in pericytes reaching baseline diameter one day post stroke. The reasons for 

this global shift toward baseline diameter may lie upstream and if not, could be many fold in 
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relation to pericytes. Pericytes damaged and thus constricted initially by stroke may have recov-

ered, pericytes originally at baseline diameter may have dilated to compensate for those still con-

stricting and pericytes that are irreparably damaged may begin to degenerate (Fig.22), releasing 

their control of basal tone in a manner that appears dilatory when, truly, it is a loss of basal con-

strictive tone due to pericyte death. It is unfortunate we were unable to decipher this within the 

time period required for the thesis, although many of the pericytes shown in Figure 36C/D appear 

to dilate before disappearing from view and may represent a significant proportion of those peri-

cytes dilating at 24 hours. Nevertheless, this apparent convergence in the relative populations of 

pericytes constricting, dilating and at baseline diameter will result in an increased perfusion rela-

tive to prior time-points, which is reflected at the mesoscale level (Fig.29.D) in which blood flow 

alterations post-stroke are no longer significantly different to those of sham animals at the 24 hour 

time point. It is important to note we cannot exclude the contribution of collateral flow as a con-

tributor to mesoscale measurements of blood flow. We would not consider this an artifact how-

ever; as it is entirely possible that pericyte survival is dependent on the opening of lepto-menin-

geal collaterals (Bozzao et al., 1989, Tariq and Khatri, 2008, Akamatsu et al., 2015, Bang et al., 

2015, Nishijima et al., 2015, Zhang and Faber, 2019, Ma et al., 2020). Measurements of blood 

flow direction and diversion following stroke could be performed in future to address this and will 

provide useful information on the issue. Ultimately, our data indicate that blood flow transiently 

increases 24 hours post-stroke and in that time, the mean relative diameters of pericyte sub-types 

recover to baseline levels. These findings impart critical new information regarding ‘no-reflow’ in 

relation to pericytes, and suggest that initial constriction induced by ischemia is transiently com-

pensated at 24 hours post-stroke by an increase in the dilating pericyte population and the amount 

of pericytes which expand vessel diameter back toward baseline levels. 

By tracking the same pericytes into the sub-acute phase, intriguingly, our data show a second 

phase of pericyte constriction. We find that after 24 hours, thin-strand and junctional pericytes 

constrict the vasculature again by an average of 6% on days 3 and 7 (Fig.33). Although, we see 

no such significant difference in the mesh pericyte population, suggesting a pericyte sub-type 

dependent effect on bi-phasic constriction. This secondary constriction represents a divergence 

of constricting, dilating and baseline associated pericyte populations in which constricted peri-

cytes again dominate the control of blood flow - accounting for control of approximately half of all 

pericyte controlled vessel diameters (Fig.33, Fig.40). Consequently, this would be expected to 

reduce blood flow across the cortex and our mesoscale data obtained from the laser speckle  
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Fig. 40. Pericyte population behavior post-stroke. 

A,B,C) Percentage of each stroke pericyte sub-type either constricting, dilating or maintaining baseline diameter over the 

course of experimental series.  

support this view (Fig.29.D); with a drop of 15% in blood flow in the stroke group from 55% of 

baseline to 40% of baseline pre-stroke levels. Though not significant on day 3 when compared 

against the sham group, blood flow at the mesoscale is significantly reduced in the stroke group 

compared to the sham group on day 7, suggesting a delayed hypoperfusion of the upper cortex 

because of a second phase of milder pericyte constriction. We do not believe this has been re-

ported before, however we speculate that this reduction in blood flow may mimic the sequelae of 

pericyte degeneration reported elsewhere (Kisler et al., 2017b). In recent publications, research-

ers used pdgfrb+/- mice, which display a 25% loss of pericytes at 1-2 months of age and found a 

gradual reduction in oxygen supply to the brain as a result of neurovascular uncoupling, put 

simply, neurons could no longer efficiently communicate with pericytes to confer a basal tone or 

effectively dilate pericytes during functional hyperemia. This may indeed lead to a deleterious 

feedback process in which neurons further degenerate due to limited oxygen supply.  

Our experimental series likely functions to display the reverse of these results. We show that 

living neurons are completely eradicated from the infarct core within 24 hours and are not found 

in stroked PDGFRbEGFP mice on day 3, while pericytes can survive in a region dependent man-

ner in the infarct core, particularly in the cortex (Fig.19, 20, 23.A). These findings allude to the 

possibility that pericytes no longer receive crucial feedback from neuron firing, such as potassium 

release after neuronal activity, which is reported to initiate a decrease in intracellular Ca2+ in per-

icytes, which one would expect to cause pericyte dilation. Recent research performed in the lab 
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of Bruno Weber by Chaim Glück gives credence to this idea (Glück et al., 2020). The researchers 

propose that activity induced extracellular elevations in potassium act to suppress intracellular 

Ca2+ increase in pericytes through Kir2.2 and KATP activation. Inwardly rectifying potassium chan-

nels such as these are found extensively within the pericyte transcriptome and are present in our 

data (Fig.26.B, Kcnj8) and could also mediate these effects (Longden and Nelson, 2015). If po-

tassium release from neurons is necessary to maintain a certain level of dilatory basal tone in 

pericytes, it would logically follow that on days 3 and 7 post stroke, when capillary pericytes (which 

sit on average 8 ~ 23 µm away from neurons, (Hall et al., 2014)) no longer receive this external 

messenger from neuronal activity, that constriction follows. This may explain the second phase 

of constriction we observe post-stroke, but it is one of many possibilities which further investiga-

tion will help to elucidate. 

Nevertheless, here we identify a previously unknown bi-phasic constriction in pericytes after 

stroke, which is reflected in mesoscale blood flow (Fig.29.D, Fig.35.A, B, C), the second wave of 

which occurs after the initial phase of pericyte cell death (>24 hours). Indeed by looking deeper 

at the relationship between pericyte constriction and laser speckle blood flow alterations within 

the stroke group, we observe a significant Pearson correlation (p<0.04) between changes in lu-

men diameter at pericyte soma and laser speckle blood flow changes over time. Furthermore, 

when assessing the relationship between laser speckle blood flow alterations and pericyte-asso-

ciated vessel diameters, we observe an R2 value of 0.79, suggesting pericyte influence over ves-

sel diameter is indeed contributing causally to mesoscale alterations in blood flow post-stroke 

(Fig.35.C). We do not find this surprising, as the capillary bed and capillaries proximal to feeding 

arterioles offer the largest hydraulic resistance to cortical blood supply and may explain the cur-

rent observations (Gould et al., 2017). In turn, we speculate that this could cause further ischemic 

damage and impart a greater vaso-modulatory burden on the remaining pericytes associated with 

the vasculature, where they fail to maintain adequate blood flow to the injured cortex - with blood 

flow only reaching 50% of pre-stroke baseline levels.   

6.4.3 Interrogating pericyte sub-type behavior post-stroke 

Curiously, during our investigation into pericyte sub-types and their differential constrictive effects, 

we realized that thin-strand pericytes constricted significantly more than mesh or junctional peri-

cytes (Fig.31). We have previously mentioned why we find this counter-intuitive (6.2.2) when 

viewed from a classical standpoint of the mechanical machinery involved in conferring con-

striction, but viewed from other angles, it makes logical sense. Thin-strand pericytes may not be 

dependent on αSMA for contraction and according to beautiful work carried out by Roger Grant 

and David Hartmann and others, have a total cell length of 159 µm on average within the mouse 

cortex (Grant, 2019, Hartmann et al., 2021). While this may be an efficient way to maintain ade-

quate coverage over the endothelium, under pathological conditions it may confer a disad-

vantage. Conceivably, the large surface area covered by these cells may make them particularly 

susceptible to ROS species generation, which occurs at high-rates within the microvasculature 

during stroke (Yemisci et al., 2009). In contrast, mesh and junctional pericytes have average ves-

sel lengths of 100 µm, which may make these sub-types less exposed to constrictive, damaging 

extracellular compounds. 

Therefore, we find it conceivable that thin-strand pericytes may be the weakest link in the pericyte 

connectome chain, as they reside typically on solitary lengths of capillaries, distal to bifurcations 

and further away from other neighboring pericytes on higher branch orders than mesh or junc-

tional pericytes (Kovacs-Oller et al., 2019). This may expose thin-strand pericytes to complete 
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ischemia, where junctional pericytes may receive low levels of oxygen due to their location over 

capillary bifurcations. Furthermore, mesh pericytes, which typically reside on larger capillaries 

and at lower branch orders within the capillary network, contain a larger pool of αSMA, which may 

take longer to degrade under ischemic conditions. While these constrictive effets may stymie 

blood flow, and in 17% of the stroked mesh pericyte population be associated with capillary stalls, 

as a population, they may not bring blood flow to a complete standstill.  

Contrastingly, thin-strand pericytes and junctional pericytes were found trapping non-flowing vas-

cular elements significantly more frequently than mesh pericytes and both significantly recon-

stricted in the sub-acute phase when compared against sham pericytes within our dataset. Indeed 

one in three thin-strand and junctional pericytes were associated with capillary stalls in our dataset 

during stroke, suggesting that in combination with their contractile capacity, they induce flow ar-

rest much more often. Importantly, damage was non-uniformly disturbed across pericyte sub-type 

populations as well, with thin-strand pericytes showing the highest percentage of damaged mem-

branes (59% TSP vs 57.5% MP & 47.5% JP, Fig.21). Furthermore, of all pericyte sub-types that 

disappeared from view during in vivo experimentation, we observed the loss of thin-strand peri-

cytes most frequently (40% loss in TSP, 30% loss of MP and 20% loss of JP, Fig.33, 36.D).  

Taken together, multiple lines of enquiry from our experimentation converge on the notion that 

thin-strand pericytes may be a particularly sensitive sub-type during ischemic conditions and that 

mesh pericytes appear to be more resilient. We speculate this could reflect a combination of their 

location within the capillary network and non-flowing elements within it, contractile apparatus, and 

susceptibility to damage and exposure to O2. Unfortunately, one limitation of our study was that 

our investigation into pericyte death was performed prior to characterization of pericyte sub-types 

reported in the aforementioned work (Grant, 2019), therefore, we are sadly unable to discern at 

the current time, differences in death within distinct pericyte sub-type populations.  

6.4.4 Limitations of in vivo experimentation on the pericyte response to 

stroke 

Within the in vivo experiments described here, we reveal how pericyte sub-types constrict the 

microvasculature during ischemia, post-reperfusion and negatively contribute to the ‘no-reflow’ 

phenomenon in a bi-phasic manner post-stroke to a degree which is observable in mesoscale 

alterations in blood flow in the somato-sensory cortex (Fig.29 - 36). However, the results de-

scribed here necessitated many rounds of iterative improvement in experimental design. Though 

we have achieved our primary aim of imaging ischemic pericytes in vivo through careful selection 

of many criteria, many caveats associated with in vivo imaging must be addressed, as they may 

impose an impact on the phenomena we observed.  

Firstly, we imaged pericytes through the implantation of a 4 mm round chronic cranial window 

after removing the skull and dura from the somatosensory cortex of our mice. We chose not to 

thin the skull but remove it due to its opacity and negative effects on imaging quality (Xu et al., 

2007). Although all mice were imaged one month after implantation of the cranial window, many 

acute inflammatory processes (reported to peak at 3 - 10 days post drilling of the cranial window) 

may not be entirely resolved. Reports of chronic astroglial and microglial reactivity post-cranial 

window implantation show that most glial reactivity is resolved after 3 - 4 weeks, but despite this, 

we cannot exclude low levels of on-going inflammation (which are undetectable through histolog-

ical methods) affecting our observations of the NVU in a fully nascent, naïve state (Goldey et al., 

2014, Holtmaat et al., 2009). 
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A more serious consideration is that we removed the dura mater before the chronic cranial window 

was implanted, while this conveys several imaging advantages because the dura is not fully trans-

parent and can regrow; it also compromises several physiological functions of the brain. Remov-

ing the dura can compromise cortical layer 1 in mice, promote tissue swelling and alter intra-

cranial pressure if not performed carefully. Therefore, a colleague (Severin Filser) with extensive 

experience in this area performed the chronic cranial window procedure (Dorostkar et al., 2014, 

Luckner et al., 2018). Nevertheless, this may stimulate vascular growth on the surface of the brain 

and rearrangement of pericytes as even minor manipulations of the dura can elicit cortical spread-

ing depolarizations (Ayata et al., 2004). Despite this, we imaged both sham and stroke mice with 

the dura removed and any alterations caused by dura removal we therefore expect to be the 

same in both groups.  

One further cause for caution is the use of medetomidine in our experimental paradigm. Though 

the amount of medetomidine used was low (100 mg/kg) and retains mouse consciousness at a 

level high enough to enable modelling of cortical networks using transgenic neuronal 

Thy1GCaMP6 mice, it is possible that this interfered with stroke outcome (Cramer et al., 2019). 

Medetomidine is an adrenergic α2- agonist that was used in our experimental paradigm to sedate 

animals prior to in vivo imaging at the 2-photon microscope and laser speckle imaging platforms. 

In addition to its sedative effects, additional effects include peripheral hypertension, hyperglycae-

mia, diuresis, muscle relaxation and analgesia. Specifically, medetomidine causes sedation 

through activation of α2-adrenoreceptors in the locus coeruleus, which prevents excitatory neu-

rotransmitter release in the CNS, and therefore depresses cortical arousal. It is therefore possible 

that administration of medetomidine in our stroke animals suppresses excitatory neurons during 

on-going ischemia; and that this leads to reduced amounts of excitotoxic cell death in our exper-

imental paradigm. Though we note that this does not prevent neuronal cell death in our model 

(Fig.28), it may alter the rate at which excitotoxic compounds are released into the brain paren-

chyma. This may differentially affect the pericyte response and their tolerance to ischemic dam-

age. Nevertheless, we also see pronounced pericyte survival in the absence of medetomidine 

administration from our ex vivo experimentation (Fig.19, 20, 22, 23).  

Another caveat in our in vivo experimental paradigm relates to the glass covering the cranial 

window itself. Under normal conditions, the temperature at the cortical surface of the brain is 

similar to the core temperature of mice (38-39°C). However, under the glass of a chronic cranial 

window, temperatures are reported to be 2-3°C lower than normal physiological parameters, 

which may influence cerebral blood flow (Roche et al., 2019). Furthermore, we imaged the cortex 

through a 20x water immersion objective at the 2-photon for approximately 30 minutes during a 

one hour transient filament middle cerebral artery occlusion. During this time, research shows 

that the brain would have dropped by 2-3°C close to the cortical surface, which may have caused 

a drop in resting capillary flow, capillary pO2, haemoglobin saturation and tissue pO2 (Roche et 

al., 2019). While this undoubtedly altered the rates of the phenomena we observed, this difference 

was consistent across both sham and stroke mice groups.  

Taken together, several caveats must be applied to the in vivo results generated within this thesis, 

but all applied caveats were consistent across both sham and stroke treated animals, and we 

expect all caveats mentioned to alter the brain in a less severe way that the induction of ischemia 

itself. As a whole, our dataset represents a window on the true phenomena occurring during and 

after stroke, though it cannot claim to reflect the true nature of the pericyte response in an entirely 

unaltered physiological brain. To address this in the future, 3-photon microscopy can and will be 
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used through the intact skull and dura, enabling a more realistic picture on how pericytes respond 

to stroke, though it will also be subject to its own experimental limitations. 

6.5 Pericyte activation in the sub-acute phase of stroke 

Pericytes are generally considered to respond differentially with respect to their location in the 

infarcted hemisphere of the brain. Pericytes within the infarct core are widely reported to be del-

eterious for neuronal survival because of interruptions in microvascular flow and the negative 

impacts pericyte death imparts on BBB integrity, ultimately, promoting the transfer of penumbra 

to infarcted tissue as a consequence of ‘no-reflow’. Conversely, pericytes in peri-infarct tissue are 

widely reported to be favorable for stroke outcome (Ozerdem and Stallcup, 2003, Gerhardt and 

Betsholtz, 2003, Zhang et al., 2012). Within peri-infarct tissue, a range of reports indicate that 

pericytes detach from vessels and engage in an activation state which promotes neurogenic and 

angiogenic properties within at risk tissue. This is in part, due to the plastic nature of pericytes, 

which have been found to dynamically remodel the vasculature in laser ablation studies and 

mouse models of epilepsy (Berthiaume et al., 2018a, Arango-Lievano et al., 2018). 

Our ex vivo findings fully support the existing data in this regard. We find significant upregulation 

of pericyte coverage in infarct core and peri-infarct tissue on day 3 post-stroke, maintenance of 

vessel density and the appearance of pericyte clusters that we term ‘proliferation bodies’ within 

the infarct core and peri-infarct borders (Fig.21). We hypothesize that this occurs as a result of 

PDGFb upregulation in regions proximal to hypoxia and ultimately serves to confine tissues suf-

fering from ischemic damage from those regions of the vasculature still salvageable after stroke 

(Schito et al., 2012). Endothelial cells, which survive stroke preferentially compared to pericytes 

(Hall et al., 2014) start to proliferate and produce angiogenic sprouts as early as 12 - 24 hours 

post ischemia resulting in new vessel formation in peri-infarct regions on day 3 post-stroke 

(Hayashi et al., 2003, Beck and Plate, 2009). In tandem, upregulation of PDGFb by endothelial 

cells within the core of the infarct should benefit pericyte recovery as the reciprocal interaction 

between PDGFb and PDGFRb promotes pericyte survival (Olson and Soriano, 2011). 

The appearance of proliferation bodies (Fig.21) within our dataset also fits well with previous re-

search as concomitantly with endothelial cell proliferation, pericyte proliferation is also reported 

in peri-infarct tissue where they attach to newly formed vessel sprouts and ensure their maturation 

(Dore-Duffy et al., 2000, Dulmovits and Herman, 2012). Interestingly, while some of this research 

implies that pericytes detach from the vessel wall in order to mediate this angiogenic effect, we 

see PDGFRb pericyte proliferation bodies appearing within the Collagen IV+ basement mem-

brane, which is more in-line with how neuroblasts migrate to sites of injury post-stroke (Thored et 

al., 2007). A novel aspect we believe to be at play within our dataset, is the difference in number 

of proliferation bodies in each region affected by stroke. We observe that stroke induces the ap-

pearance of these proliferation bodies 24 hours after stroke in both infarct and peri-infarct regions, 

however a significant increase in the number of proliferation bodies from day 1 to day 3 post-

stroke is only observed in peri-infarct tissue and not in the infarct core. This may suggest that a 

population of pericytes are inhibited from progressing through the cell cycle within the infarct core, 

and would be in-line with previous publications which imply that OGD inhibits cell cycle progres-

sion in pericytes through down regulation of several cell cycle proteins that act to arrest pericytes 

at the G2/M phase checkpoint (Wei et al., 2017).  

Despite this, our data strongly imply that a population of pericytes (5 - 20%) affected by stroke in 

the ipsilateral hemisphere are committed to engage in cell cycle entry (Fig.24) with around 10-
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20% of pericytes up-taking and incorporating the nucleotide EdU into their DNA and staining pos-

itive for the cell cycle entry marker Ki67. These findings are strengthened by FACS isolation and 

transcriptomic analyses of pericytes within the infarct core, of which 70% are associated with cell 

cycle entry. Congruent with the previous histological data (Fig.24), 30% of pericytes in the ipsilat-

eral hemisphere also show transcriptional commitment to cell cycle entry (Fig.26.C). These find-

ings are entirely consistent with existing literature where the number of CD13+ Ki67+ pericytes 

significantly increases after stroke on day 3 (Fernández-Klett et al., 2013) and under conditions 

of ischemia in skeletal muscle, where pericyte proliferation is also reported at the transcriptomic 

level (Teng et al., 2021). It remains to be determined whether this proliferation is truly beneficial 

for stroke outcome or whether it contributes to the beginning of aberrant angiogenesis(Yao et al., 

2014).  

Concomitant with the proliferation and expansion of the pericyte population observed within our 

dataset and those within the literature, a strong upregulation of PDGFRb is reported, which is 

replicated within our transcriptomic dataset and is accompanied by the upregulation of a myriad 

of genes associated with extracellular matrix deposition such as: Col18a1, Col3a1,Col4a1, Bmp1, 

Dcn, Mmp11 and sparc (Fig.28, gene ontology analyses). These data are entirely consistent with 

reports of pericytes contributing to extracellular matrix deposition post-stroke (Fernández-Klett et 

al., 2013) and encompassed by a broadly conserved transcriptional program of wound-repair ex-

erted by pericytes in response to acute injury. Though this dramatic extent of extracellular matrix 

deposition appears to perform a beneficial role in stroke recovery (Kamouchi et al., 2012), it is not 

favorable in all disease contexts and appears to inhibit the growth of axonal projections following 

spinal cord injury (Dias et al., 2018). Specifically here it is crucial to mention the contributions of 

scientists like Christian Göritz and Alexander Birbrair, who describe the existence of two pericyte 

sub-types that contribute differentially to tissue repair. Type 1 pericytes are nestin- and have re-

markable regenerative capacities in the context of adipogenesis, whereas type 2 pericytes are 

nestin+ and contribute to angiogenesis and neurogenesis within the CNS. Christian Göritz, who 

describes pericytes as Type A or type B pericytes based on the presence or absence of the 

Glutamate aspartate transporter (GLAST) further highlights the differences between pericyte sub-

type populations in the context of injury. In a recent paper, his team describe that type A pericytes 

(GLAST expressing, representing 10% of all PDGFRb+ pericytes) as the scar forming pericyte 

sub-type after ischemic stroke. Currently, due to the bulk sequencing nature of our transcriptomic 

analyses, it is not possible to dissect these two distinct populations from one another, but it is 

likely that the pericytes that enter the cell cycle in the infarct core and peri-infarct regions on day 

3 after stroke in our dataset represent type A pericytes. 

In conclusion, our transcriptomic analyses and histological data on pericyte activation after stroke 

mimic recent work by others and suggest that pericytes proliferate in response to stroke in order 

to form a fibrotic scar around the lesion and that this process is on-going on day 3 (Birbrair et al., 

2014). This may serve to limit the exfiltration of harmful damage associated molecular patterns 

(DAMPs) into functional parts of the ipsilateral hemisphere, cordoning the damaged brain from 

regions of the intact brain and stimulating angiogenesis that ultimately benefit stroke recovery. 

Conversely, one could also argue that it secures the fate of the ischemic tissue over-time, inhib-

iting neurogenesis once neurons have died following ischemia. This may prevent previously is-

chemic tissue from any chance of repopulation with a newborn set of neurons derived from the 

sub-ventricular zone, which ultimately are forced to settle on peri-infarct tissue proximal to the 

lesion (Liang et al., 2019, Cheng et al., 2018). While it may be possible to modulate pericyte 

activation in the sub-acute phase in a manner beneficial to stroke recovery, those engaged in 

pericyte research would target pericytes earlier in an attempt to ameliorate stroke outcome. 
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7. Targeting pericyte dysfunction to ameliorate stroke 

outcome 

Our results confirm in vivo, embellish and specify how pericytes contribute to the ‘no-reflow’ phe-

nomenon in the upper cortical layers in the context of transient cerebral ischemia and support the 

notion that pericytes jeopardize reperfusion following stroke. To that end, given that ‘time is brain’ 

during ischemia, we echo the thoughts of pericyte researchers (such as David Attwell, Turgay 

Dalkara and Catherine Hall) who believe targeting pericytes immediately upon reperfusion may 

be the best therapeutic approach to promote tissue and by extension, neuronal survival. Incom-

plete reperfusion is a consistent feature of patients suffering from stroke who have undergone 

intra-arterial or intra-venous recanalization therapies, of which only 20% are eligible to begin with 

(Albers et al., 2018, Horsch et al., 2015). Furthermore, throughout several clinical studies, reper-

fusion has been shown to be best predictor of outcome following stroke in patients (del Zoppo et 

al., 2011). Despite the view that reformation of micro-thrombi downstream of the primary clot may 

be involved, and recent reports that leukocyte plugging plays a previously underappreciated role 

(El Amki et al., 2020), it is overwhelmingly clear due to evidence from the basic science to clinical 

level that microcirculatory impairment plays a leading role in ‘no-reflow’. Our data show that peri-

cytes play a significant role in mediating that impairment. 

These findings are likely translatable to humans, and are made particularly clear in primarily an-

giograms of contrast material injected distally from the thrombus in patients suffering from stroke. 

Here, clinical evidence suggests that if the capillary network distal to the thrombus can be visual-

ized, a favorable outcome is more likely, but in approximately 1/5th of patients, this is not the case 

(Al-Ali et al., 2013). Such findings highlight that the microcirculation downstream of the clot is 

already severely compromised, and push the need for a drug ameliorating pericyte dysfunction 

into the spotlight of ischemic stroke research. Critically, our research suggests that these peri-

cytes may still be viable, but functionally impaired. 

 

Fig. 41. Significant microcirculatory injury during ischemia negatively impacts postrecanalization 

reperfusion. 

Adapted from (Dalkara, 2019)(Wolters Kluwer Health, Inc.) who reprinted it from (Arsava et al., 2018) with permission. A) 

microcirculation can’t be visualized distal to the thrombus in 7 out of 34 patients, all of whom had an unfavorable prognosis 

(modified Rankin Scale [mRS] score of >2) at 90-d, in contrast 48% of patients exhibiting post-thrombus capillary filling 

before recanalization as shown in  B), had a good prognosis (mRS score =0–2) at 90-d.  
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7.1 Uncovering a therapeutic strategy 

Given that our data and the data of others suggest that pericytes remain contracted following the 

reperfusion of the occluded artery, but most do not immediately die before 24 hours, it seems 

apparent that treating pericytes acutely after reperfusion would be a sound strategy to bridge the 

gap between restoration of baseline diameter and further potentiate neuronal survival. Indeed, by 

using adenosine (a powerful relaxant of pericyte contraction) nanoparticles injected after reperfu-

sion researchers could restore capillary flow in mice (Gaudin et al., 2014). This data was also 

replicated in the context of myocardial infarction and appears to show potential (O'Farrell and 

Attwell, 2014). Alternative approaches also confirmed to be effective were the use of inhaled nitric 

oxide, which strongly relaxes pericytes and the use of free radical scavengers such as N-tert-

butyl-α-phenylnitrone, which both improved ‘no-reflow’ after stroke in mice (Yemisci et al., 2009). 

While these therapies attempt to target pericyte contraction following stroke, curiously others have 

had equal success ameliorating plugging of the microvasculature with the use of BBB imperme-

able molecules such as Sodium 2-sulfophenyl-N-tert-butyl nitrone (S-PBN) to confer neuropro-

tection, suggesting pericyte contraction is not the only deleterious factor at play (Gursoy-Ozdemir 

et al., 2012).  

The aforementioned therapeutic options, while attractive, are not without drawbacks. Given that 

our data identify a bi-phasic, long lasting contraction of pericytes interrupted by a transient recov-

ery to baseline at 24 hours, they may need to be administered consistently for several hours after 

the recanalization of the occluded artery. Furthermore, while the use of adenosine nano-particles 

and inhaled nitric oxide acutely may not be deleterious to blood pressure short-term (Terpolilli et 

al., 2012, Gaudin et al., 2014), not enough is known about their long-term effects to support their 

clinical use to date. Moreover, none of the proposed therapies so far can claim to restore pericyte 

health, and therefore may promote increased blood flow into a damaged brain in which pericytes 

return to a damage state as soon as the therapy is ceased. We have described in this thesis how 

pericyte membranes are damaged during stroke and that this persists for at least 90 mins post 

reperfusion of the occluded artery. By taking advantage of the passive targeting that pericyte 

contraction provides to the sight of ischemic injury by nature of utilizing the vasculature to deliver 

compounds, we believe that a polypharmacy approach would be of most benefit to a stroke pa-

tient. Such a polypharmacy approach would benefit from the addition of Fasudil, which has re-

cently been shown to ameliorate RBC trapping by pericytes in vivo following optogenetically me-

diated pericyte contraction (Hartmann et al., 2021). 

Fundamentally, a drug cocktail aimed at ameliorating microcirculatory dysfunction in pericytes 

after recanalization should avoid risk of hemorrhagic transformation (Powers et al., 2018), recover 

pericyte membrane potential, restore basal tone and dilatory capacity, reduce the production of 

free radicals and avoid lowering blood-pressure for as long as it is administered. To date, no 

single drug provides such effects, though certain therapies such as 3K3A-APC (A Recombinant 

Variant of Human Activated Protein C) are approaching this level of effectiveness (Lyden et al., 

2019).  

In the coming years, a flurry of technological advances in diagnoses will enable differentiation of 

hemmorhagic from ischemic stroke within the ambulance, by making use of the inherent differ-

ence in absorption spectra of oxy/deoxhemoglobin, regardless of depth within the brain using 

holography. Concomitantly, at the basic science level, new technological imaging methods such 

as 3-photon imaging and mesoscale imaging modalities will help us understand the true nature 

of this complex multiphasic disease, and provide better definition of exactly when and how to 

develop better therapeutic strategies targeting at risk brain cells within ischemic tissue.                                                 
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Table 14: Experimental stroke scale 
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