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Abstract 

 

Ischemic stroke related brain damage causes loss of multiple cell types, including neural and vascular 

cells. The extent of post-stroke neurogenesis and angiogenesis predicts the level of functional 

regeneration/recovery after stroke. In this regard, my thesis was focused on defining the molecular 

process that modulates post-stroke functional recovery by co-ordinating post-stroke neurovascular 

remodeling. Since stroke-related brain damage releases enriched local microenvironmental cues, I 

examined the role of a signaling-induced epigenetic pathway, an atypical protein kinase C (aPKC)-

mediated phosphorylation of CREB Binding Protein (CBP), in regulating post-stroke neurovascular 

remodeling and functional recovery. This pathway, has previously been shown to be activated by 

metformin, an adenosine monophosphate kinase (AMPK) activator, to promote the differentiation of 

neural precursors in the developing and adult brain.  Here, I first developed a murine focal cortical 

ischemic stroke model with persistent motor function deficits by combined intra-cortical injections of 

endothelin-1 (ET-1) and L-NAME into the sensorimotor cortex. Second, I applied the ET-1/L-Name-

induced focal cortical stroke model in a knock-in mouse CBPS436A where the aPKC-CBP pathway is 

deficient, and showed that the aPKC-CBP pathway is involved in post-stroke functional recovery by 

coordinating neurovascular remodeling. Specifically, CBPS436A-KI mice displayed reduced motor 

recovery, correlated with reduced vascular remodeling and impaired post-stroke angiogenesis. 

Intriguingly, I also observed that CBPS436A-KI mice showed a reduction in the population of stroke-

induced newborn pericytes but an increase in the population of perivascularly-derived neural 

precursors, implying that the aPKC-CBP pathway may be involved in the process that reprograms 

pericytes into neural precursors. Together, this study elucidates the novel role of the aPKC-CBP pathway 

in modulating neurovascular remodeling and functional recovery following focal ischemic cortical stroke. 
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1.0 Introduction 

 

1.1 Stroke: Pathophysiology and Epidemiology 
 

Ischemic stroke is caused by the blockage or disruption of blood flow to a portion of the central 

nervous system1. This rapid loss of blood disrupts the exchange of oxygen and nutrients to the 

brain and causes cell death in a defined area, named the infarct core. The surrounding tissue, 

called the penumbra, becomes hypo-perfused and will die off without rapid medical 

intervention. Stroke often leads to neurological deficits including but not limited to motor 

dysfunction, aphasia, dysphagia, memory loss, and sensory dysfunction1. The exact prognosis, 

from complete rehabilitation to death, is  dependent on the location and extent of the stroke, as 

well as factors including gender, age, co-morbidities, and time to treatment2.  

Improvements in stroke therapy and rehabilitation have failed to keep pace with the increasing 

incidence and severity of stroke in Canada. In Canada alone, there are more than 46,500 people 

hospitalized for stroke3. Stroke represents the number one cause of neurological disability 

among Canadians with a cumulative 405 000 Canadians living with the neurological deficits 

following stroke3. A vast majority of these costs, upwards of 87%, relates to the long term care 

of stroke patients. These numbers highlight the importance of developing novel therapeutic 

approaches towards stroke recovery, especially in the face of a rapidly aging Canadian 

population. 

1.2 Stroke Treatment 
 

During the acute phase of stroke, time to receive treatment from the onset of stroke predicts 

the ultimate clinical outcomes of patients. This is due to the hypoperfusion in the penumbra of 
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the stroke. Therefore, acute stroke treatment aims to restore blood flow and allow reperfusion 

back into the penumbra to halt further damage. Two types of successful acute stroke treatment 

are currently employed, intravenous thrombolysis and mechanical thrombectomy4. Intravenous 

thrombolysis is performed using intravenous injection of recombinant tissue plasminogen 

activator (IV rtPA), which enzymatically break down the blood clots. The therapeutic window 

for treatment with IV rtPA is quite short, only 4.5 hours from the onset of stroke 4,5.  

While IV rtPA treatment is beneficial across all types of ischemic stroke, it still shows generally 

low levels of recanalization (10%-50% depending on the location of the occlusion) 5. Therefore, 

more direct clot disruption methods, such as mechanical thrombectomy, are now approved 6-8. 

The window for this treatment is generally 6-8 hours following the onset of stroke. Although 

acute stroke treatment continues to improve, the narrow therapeutic window will prevent 

large numbers of patients from receiving treatment in time. 

Long-term disability following stroke is mainly manifested by motor and cognitive dysfunction, 

leading to the difficulty to perform normal daily tasks. Rehabilitation in the form of exercise, 

physiotherapy, and goal directed challenges improves the long-term outcomes of stroke 

patients9. However, rehabilitation therapies require intensive and prolonged periods of 

treatment that may not be suitable for many stroke patients who may be constrained by other 

medical conditions (e.g. frailty), motivational deficits, or by cognitive dysfunction9. Clearly, 

additional interventions will be required to produce successful recovery in many stroke 

patients. Understanding of molecular mechanisms that mediate the self-repair process during 

post-stroke recovery will provide potential therapeutic targets to enhance post-stroke recovery. 
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1.3 Mouse Models of Stroke 
 

Many transgenic mice have been produced to provide tools to study the contribution of 

individual genes and cell types to the pathophysiology of stroke and stroke recovery. However, 

currently there is a lack of a single, reproducible murine model of stroke that closely mimics 

human clinical conditions. In order to accurately model human ischemic stroke, animal models 

of stroke must meet the following several criteria. First, the stroke size must be reproducible 

and produce an infarct volume that mirrors treatable human stroke, between 4.5-15% of the 

ipsilateral cortex10. Second, the model must emulate the types of cell damage, reperfusion, 

disability and inflammation observed in humans. Finally, the model must be able to produce 

persistent behavioural deficits. Since human stroke often has limited self-recovery, relevant 

amounts of spontaneous behavioural, histological and cellular recovery should appear in the 

animal model of stroke 11. The most commonly used models of stroke in mice are the middle 

cerebral artery occlusion (MCAO), photothrombosis, and the endothelin-1 (ET-1) models. 

The MCAO model of stroke uses sutures or filaments to occlude the middle cerebral artery. 

There are many variations in the MCAO model including transient versus permanent occlusion, 

distal occlusion, and three-vessel occlusion directly at the surface of the brain11. The MCAO 

model has long been used in mice due to the short surgical time, low morbidity and avoidance 

of any direct physical damage to the brain tissues during surgery. However, the MCAO model 

lacks many aspects relevant to human stroke. The model produces very large infarcts that 

damage deep brain structures including the hypothalamus, hippocampus, striatum, and 

subventricular zone (SVZ) 11-12. The affected diverse brain structures complicate the 

interpretation of behavioural testing and produce surgery-related complications such as 
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hyperthermia. Additionally, the variation in stroke volume can be as high as five-fold even 

within the same cohort of mice11. Based on these shortcomings, recent research has focused on 

the use of focal ischemic stroke models. 

Photothrombosis uses photo-oxidation of injected dyes such as rose-bengal to induce vascular 

damage and permanently disrupt blood flow to the targeted area 13. It has been a reliable 

model of focal stroke in mice due to minimum surgical intervention, small clinically-relevant 

size, and stereotaxic determination of the infarct. These features allow for larger cohorts with 

more reproducible behavioural deficits, especially when used to target the well-mapped motor 

cortex. While photothrombosis can mimic human models of stroke, the type of damage and 

accompanying cellular responses may replicate traumatic brain injury more closely 14, 15. The 

presence of vasogenic edema, not present in human stroke, produces vascular cell death and 

no reperfusion into the infarcted area, which complicates the study of vascular associated 

cells16, 17, 4. Therefore, a murine focal ischemic stroke model that allows for reperfusion and no 

vasogenic edema could prove to be a more clinically translatable model. 

The ET-1 model of stroke uses a direct injection of the vasoconstrictive peptide endothelin-1 

(ET-1) in the brain parenchyma to induce occlusion and natural reperfusion when ET-1 breaks 

down in vivo. The model has been used in rats with great success. It creates a relevant infarct 

size, consistent behavioural deficits, reperfusion, and allows stereotaxic determination of the 

infarct18. The only drawbacks to the procedure are the physical damage of brain tissues from 

the needle injections and longer surgical times. The translation of this procedure to mice has 

proven to be difficult. The initial study was only able to create very small infarcts with 

behavioural deficits that disappeared after three to five days 20. This may be due to inter-strain 
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variability, and possible difference in the expression of the ET-1B receptor 21. Activation of the 

ET-1B receptor counteracts the vasoconstriction of the ET-1A receptor by producing nitric oxide 

(NO) and resulting in vasodilation (Fig 1). More recently, an optimized ET-1 approach using 

three intracerebral injections into the motor cortex was demonstrated to replicate the rat 

model more closely 22. However, this model was only tested on FVBN mice and it is unclear how 

it translates into different strains of mice.  

Two studies have attempted to optimize the ET-1 model in mice by inhibiting the production of 

NO 20,23. The original paper used the endothelial nitric oxide synthase (eNOS) inhibitor L-NAME 

along with common carotid artery occlusion (CCAO) among many different strains and had 

some success increasing infarct volumes. However, the use of both ET-1 and CCAO caused a 

high mortality rate and an inability to distinguish the usefulness of eNOS inhibition 20. A recent 

study used a single injection of ET-1 and L-NAME to induce ischemia in the internal capsule. 

They demonstrated severe vasoconstriction shortly after injection, long-term functional 

deficits, and a defined infarct with circumscribed penumbra 24. Based on these findings it 

appears that the addition of L-NAME to the ET-1 model may reduce the inter-species and inter-

strain difference of the model and allow for a more clinically-relevant focal ischemic model in 

mice. 
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Figure 1: Endothelin Receptor A and B signaling. A) Activation of ET-1A receptor signaling 

causes the contraction of smooth muscle cells surrounding blood vessels. B) Activation of ET-1B 
receptor signaling releases nitric oxide, leading to vasodilative effects. Figure adapted from 

Wiley, K (2004)21. 
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1.4 Cellular responses following ischemic stroke-related brain injury  
 

Following stroke, natural repair processes give rise to spontaneous recovery4. The cellular 

responses involved in the recovery include: neurogenesis, the production of new neurons, and 

angiogenesis, the production of new blood vessles25. These cellular changes arise in response to 

the microenvironmental cues released from stroke injury sites, leading to cellular growth, 

differentiation, migration, and maturation. This spontaneous recovery often reaches the 

plateau, which leaves long-term disability for stroke patients. Therefore, if we can understand 

how the signaling-induced molecular processes are involved in the endogenous repair 

processes, we may identify valid therapeutic targets to enhance the post-stroke recovery.  

Neurogenesis is the process that gives rise to newborn neurons. Continuous neurogenesis 

throughout adulthood mainly takes place in the two regions of adult brain, the SVZ of the 

lateral ventricle and the hippocampal subgranular zone (SGZ) 26,27. The newborn neurons 

produced in the hippocampal SGZ play a key role in learning and memory, while newborn 

neurons produced in the SVZ migrate through the rostral migratory stream to the olfactory bulb 

and participate in sensory function of the olfactory bulb 28. Recently, carbon-14 dating the birth 

of human neurons showed conclusive evidence of neurogenesis in humans  29. The major 

difference between human and rodent neurogenesis appears to be the final destination of 

neuronal maturation. In rodents, most neuroblasts from the SVZ migrate to the olfactory bulb. 

Whereas in humans, the main area for maturation appears to be the striatum30,31.  

In both rodents and humans, glia-like adult neural stem cells residing in the SVZ and SGZ 

neurogenic regions possess both self-renewal and multipotency24 and express markers such as 
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Nestin, glial fibrillary acidic protein, and Sox2. These cells give rise to transiently amplifying 

cells, which downregulate multipotent markers such as Sox2, and differentiate into 

neuroblasts24 Neuroblasts are proliferative and migratory immature neurons and express 

functional markers such as doublecortin (DCX) and the cellular adhesion protein PSA-NCAM. 

Subsequently, neuroblasts mature into post-mitotic neurons that integrate into neural circuits 

over a period of 6-8 weeks24 and express mature neuron markers, such as NeuN, calretinin, and 

relevant neurotransmitter receptors.  

The discovery of endogenous adult neural stem cells opens the door for the therapeutic 

application of these cells to replace lost neural cells in order to treat the injured brain following 

stroke. Indeed, the proliferation of neural stem cells in the SVZ is increased and these SVZ 

neural stem cells ectopically migrate towards the lesion site in response to stroke-related 

injury31. In addition, recent studies indicate that ischemic stroke-induced neural stem cells may 

also be derived from other local cell sources, such as reactive astrocytes and pericytes around 

the injury site 32-33. These recruitments represent an attempt at endogenous repair. However, 

this level of endogenous repair is often not sufficient to recover perturbed brain function, since 

only a small percentage of neural stem cells and their progeny will survive and integrate into 

neural circuits34-36. A few studies have shown that functional motor and cognitive recovery after 

stroke can be enhanced by increasing the level of post-stroke neurogenesis, while inhibited 

when newly born neurons are genetically ablated37-40. This correlation between the level of 

stroke functional recovery and the extent of post-stroke neurogenesis provides strong support 

for the development of novel regenerative strategies to treat stroke-related brain injury. 

Despite these findings, it remains controversial about the relevance of neurogenesis to clinical 
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application in stroke recovery due to the lack of translation over the past decade, as well as 

recent findings that human neuroblasts do not give rise to mature neurons at the site of cortical 

stroke41. To date, it remains unclear as to the exact causative nature of neurogenesis to stroke 

recovery, and the translational ability of rodent neurogenesis to humans. 

It is possible that the translation of post-stroke neurogenesis to stroke recovery requires 

vascular support. Newborn and integrating neurons must receive trophic support and 

microenvironmental signals from nearby cells in a neurovascular niche 42. The neurovascular 

niche is comprised of neurons, astrocytes, endothelial cells , and pericytes in a well-defined 

spatial organization. Since stroke damages the vasculature, which supports the neurovascular 

niche, it is imperative to promote the growth of new blood vessels and associate them with 

damaged or newborn cells in the penumbra area in order to prevent the spread of the ischemic 

core during the post-stroke recovery43. The growth of new blood vessels can be derived from 

two regenerative processes, angiogenesis and vasculogenesis, which together form vascular 

remodeling. Angiogenesis is the reorganization or growth of new vasculature from locally 

present endothelial cells. This process leads to the extension or widening of existing 

vasculature43. Vasculogenesis refers to the new blood vessels that are generated from bone 

marrow derived endothelial progenitor cells (EPCs). Angiogenesis produces sprouting from 

existing blood vessels and grows into hypoperfused areas 43. Vascular remodeling begins within 

24 hours after the onset of stroke and plays an integral part in stroke recovery 44.  

Vascular remodeling contributes in multiple ways to post-stroke recovery. In early stages, it 

increases vascular support to the fragile penumbral area, thereby reducing the spread of the 

infarct core. For example, an increase in the sprouting of microvessels in the periinfarct 
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reduced apoptosis and decreased the eventual infarct size45-46. Over the intermediate term, it 

acts as physical scaffolding for the migration of both immune cells as well as migrating 

neuroblasts. For example, the systemic administration of endostatin, a potent angiogenic 

inhibitor, abolished neuroblast migration from the SVZ towards the periinfarct area in a rodent 

model of stroke47. Finally, new vasculature acts as the coordinator and physical basis for the 

neurovascular niche. The importance of vascular remodeling post-stroke is better defined than 

that of neurogenesis. In rodents, there is strong evidence that increased vascular remodeling 

contributes to reduced infarct size and greater functional recovery 44,45. This underscores 

vascular remodeling as an important target for therapeutic treatment, which may reduce short-

term damage.  

1.5 Epigenetic regulation of Post-Stroke Recovery and Cellular Responses  
 

Following ischemic stroke, rapid and robust changes in gene expression occur in all cell types of 

the central nervous system. Most of these gene changes are driven by epigenetic modifications 

that alter DNA organization and accessibility, allowing concerted and directed efforts to limit 

the spread of damage and mount a reparative and regenerative response 48. Histone 

acetylation is one of many epigenetic modifications that are altered following stroke. The 

acetylation of histone lysine residues are regulated by two enzymes, histone acetyl transferases 

(HATs) and histone deacetylases (HDACs).  

HATs and HDACs both contain a wide variety of isoforms in order to fine tune histone 

acetylation upon the activation of environmental cues. HDACs contain 11 major isoforms, 

splitting into four families. Three of these families are dependent on zinc for catalytic reactions 
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and consist of class 1 (HDAC 1, 3, and 8), class  2 (HDAC 4,5,6,7, and 9), and class 4 (HDAC 11). 

Class 3 HDACs, termed sirtuins, rely on nicotinamide adenine dinucleotide substrate to catalyze 

histone deacetylation48. HATs fall into four major families consisting of GNAT, MYST, P300/ 

CREB binding Protein(CBP) and SRCs. Of these, the CBP/P300 family is the best studied in 

relation to stroke 48. In addition to its histone acetylation function, HATs serve as scaffolding 

proteins to physically bridge specific transcription factors to general transcriptional machinery. 

They acetylate other non-histone proteins to regulate their function as well 49.  

Following stroke, widespread transcriptional repression occurs within the ischemic core and 

penumbra50,51. This is marked by a dramatic drop in histone acetylation level caused by a 

combination of increased HDAC activity and decreased HAT activity 50,51. In a rat MCAO model 

of stroke, HDAC expression is rapidly upregulated and sustained in the periinfarct 52,53. Two 

common HDAC inhibitors (HDACi), trichostatin A (TSA) and valproic acid (VPA), block the activity 

of HDAC classes 1, 2 and 4 and have been shown to reduce infarct volume and neurologic 

deficits when given in the rat model of MCAO stroke 50-52. Their neuroprotection is driven by the 

expression of anti-inflammation and pro-angiogenic factors.  

HAT activity is thought to be greatly reduced following stroke, possibly through metabolic 

limitations50. Following ischemia, the availability of acetyl-CoA drops as aerobic metabolism is 

unable to proceed. Without a readily available source of acetyl-CoA, HATs are unable to reverse 

the changes induced by high HDAC activity, which could produce lethally low levels of 

transcription for the cells in the penumbra 53-56. Additionally, CBP and P300 are essential for the 

transactivation of hypoxia inducible factor -1α (HIF-1α), which subsequently increases the 

transcription of proteins that are important in surviving from ischemic insult. However, it 
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remains controversial whether HAT activity is actually decreased post-stroke 57. The 

involvement of histone acetylation in the acute phase of stroke injury is well studied53-56. Until 

recently, a couple of studies using HDACi treatment suggest participation of histone acetylation 

during post-stroke recovery. In a juvenile murine MCAO stroke model, TSA and VPA both 

increase SGZ neurogenesis and improve neurological outcomes in memory and motor testing54. 

An additional study using adult murine MCAO model found that VPA treatment increases 

neurogenesis in the periinfarct, associated with increased histone 4 acetylation58. Another 

comprehensive study using sodium butryrate (SB), a potent HDACi, showed that SB increases 

the proliferation of neural precursors in the SVZ, SGZ, striatum, and cortex, as well as enhances 

the population of newborn neurons and nestin expressing cells in the periinfarct 56. These 

findings suggest that increased histone acetylation could promote neural cell genesis, 

consequently enhancing the regenerative capacity of the damaged brain. Since histone 

deacetylase pan-inhibitors are compounds with a wide spectrum of functions, their clinical use 

is of limited viability. Therefore, it is important to understand the underlying molecular 

mechanisms that could be targeted therapeutically to regulate histone acetylation and promote 

brain repair and stroke recovery. 

 The contribution of histone acetylation to angiogenesis is well studied outside of the context of 

stroke. Silencing or inhibition of specific HDAC isoforms leads to pro-angiogenic effects by 

increasing expression of fibroblast growth factor, Platelet-derived growth factor β (PDGF-β), 

PDGF-β receptor (PDGFR-β), VEGF as well as promoting migration of EPCs, sprouting of 

microvessels and proliferation of pericytes 59-63. A recent study from the rat MCAO model 

showed that VPA treatment following stroke increases blood vessel density in the periinfarct 
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region and improves global cerebral blood flow. This was associated with increased expression 

of pro-angiogenic proteins VEGF, matrix metalloproteinase 2 and 9, and the transcription factor 

HIF-1α in the periinfarct region 64.Therefore, it is possible that histone acetylation plays an 

important role in post-stroke vascular remodeling. 

1.6 aPKC-CBP Signaling 

  

To date, most research work investigating the role of histone acetylation has focused on the 

role of HDACs due to the simplicity of using small molecules to inhibit HDAC activity. Very little 

work has focused on HATs and their role in post-stroke recovery during the chronic phase. Of 

the limited work that has been done, it is evident that P300/CBP family plays a key role in 

ischemic resistance 65.  The repression of p300/CBP by HDAC 1 and 2 leads to reduced ischemic 

resistance to stroke-related brain damage 66. While these findings focus on the role of 

CBP/p300 during the acute phase of ischemic stroke, it remains largely unknown regarding its 

involvement in brain regeneration and recovery during the chronic phase of stroke. Given the 

important role of histone acetylation in neurogenesis and vascular remodeling, it will be 

interesting to elucidate its contribution to post-stroke regeneration and recovery.  

CBP acts as a transcriptional co-activator, interacting with a wide variety of transcription factors 

including NF-KB, CREB, retinoic acid receptor alpha, p53 and AP-167. CBP-mediated transcription 

controls many cellular processes including differentiation and maturation. When CBP is 

haploinsufficient in humans, it causes the genetic disorder Rubinstein-Taybi syndrome (RTS), 

characterized by severe cognitive disabilities along with facial abnormalities 68, 69. This cognitive 

dysfunction in RTS has been causally linked to deficits in developmental neurogenesis due to 
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CBP haploinsuficiency 70. Moreover, CBP phosphorylation at Ser436 by aPKCζ was necessary for 

CBP to regulate the differentiation of neural precursors through activating histone acetylation 

at neural gene promoters. The activation of the aPKC-CBP pathway by metformin, a FDA-

approved drug and AMPK (adenosine monophosphate kinase) activator, has been shown to 

enhance adult neurogenesis and improve spatial memory 71. Recent work from our lab (as a co-

first author, appendix A) shows that the aPKC-CBP pathway regulates adult hippocampal 

neurogenesis and hippocampal-dependent memory in an age-dependent manner, supporting 

the concept that the aPKC-CBP pathway is a homeostatic signaling that maintains homeostatic 

adult neurogenesis, which is required for increased memory as mice age72. 

Interestingly, CBP is also involved in the process of angiogenesis. CBP is required for both 

thrombin- and mechanical shear force- induced angiogenesis 72,73. It also regulates the cell cycle 

and differentiation of endothelial progenitor cells through interaction with HIF-1α 72. 

Additionally, mice carrying a truncated form of CBP show severe developmental deficits in 

vasculogenesis and angiogenesis, resulting in embryonic lethality 74. While CBP is important to 

angiogenic signaling, it remains to be determined whether aPKC-CBP pathway is involved in 

post-stroke angiogenesis and recovery.  

Following the initial discovery that metformin can enhance adult neurogenesis and improve 

spatial memory, several groups have assessed the therapeutic potential of metformin 

treatment on animal models of stroke in the past two years75-79. They found that chronic 

metformin treatment improves stroke functional recovery, associated with increased 

neurogenesis77, 79 and angiogenesis  76,77,. While the beneficial effects of metformin in stroke 

recovery are evident, the underlying molecular mechanisms remained to be determined. In this 
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regard, it is important to delineate the role of the aPKC-CBP pathway, the metformin-induced 

epigenetic pathway, in post-stroke neurogenesis, angiogenesis, and functional recovery. 
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1.7 Objectives and Hypothesis 
 

The objective of this study was to determine the role of the aPKC-CBP pathway in neurogenesis, 

angiogenesis and functional recovery following sensorimotor cortical stroke using the 

CBPS436A Knock-in (KI-CBPS436A) mouse. 

The four aims of the study were: 

Aim 1: Optimize and confirm the ET-1 focal ischemic stroke model in our transgenic mouse line. 

Aim 2: Determine whether the aPKC-CBP pathway regulates stroke infarct sizes and functional 

recovery following ET-1 cortical stroke.  

Aim 3: Investigate the role of the aPKC-CBP pathway in the modulation of post-stroke 

neurogenesis following ET-1 cortical stroke. 

Aim 4: Investigate the role of the aPKC-CBP pathway in the modulation of post-stroke 

angiogenesis following ET-1 cortical stroke. 

Hypothesis: 

 I hypothesize that the aPKC-CBP pathway mediates the intrinsic self-repair and recovery 

following focal ischemic ET-1 stroke through modulating neurovascular remodeling.  

 

 



18 
 

2.0 Methods and Materials 

 

2.1 Animals and drug treatment 
 

All animal use was approved by the Animal Care Committees of the University of Ottawa in 

accordance with the Canadian Council of Animal Care policies. A transgenic mouse line 

CBPS436A was maintained on a 12 h light/12 h dark cycle with ad libitum access to food and 

water. Heterozygous CBPS436A were used for breeding to produce littermates of WT and KI-

CBPS436A for the experiments. The transgenic CBPS436A mouse line was obtained from the 

laboratory of Dr. Fredric Wondisford at John Hopkins University (Baltimore, MD).  

2.2 ET-1 Surgery 
 

Mice from the CBPS436A genetic background between the ages of 2-4 months were 

anesthetized using 4-5% isoflurane and 1.5% oxygen and mounted to a stereotaxic frame. 

Injections were performed using a Hamilton 10uL gastight syringe with a 0.49mm diameter 

needle (Hamilton Robotics, Reno NV, 7653-01). Injections of saline, ET-1 (Abcam, Cambridge, 

UK, AB120471) (2 µg/ µl) alone, or ET-1 (2 µg/ µl) + L-NG-Nitroarginine methyl ester (L-NAME) 

(Sigma-Aldrich, St. Louis MS, N5751) (2.7 µg/ µl) were performed at +0.0mm anterior-posterior 

(AP), -1.0mm Medial-Lateral (ML), -1.3mm Dorsal-Ventral (DV); +0.2AP, -1.0ML, -1.4DV; and 

+0.4AP, -1.0ML, -1.6DV. ET-1 and L-NAME were dissolved in PBS and sonicated in a 4oC water 

bath for 15 minutes before use. The injection was performed at 0.2 µL/minute for 5 minutes 

per site for a total of 1µL/injection. Upon needle insertion, a one-minute waiting time was used 

to allow for settling of tissue. Following injection, a three-minute waiting time before needle 

removal was used to reduce back-flow. Body temperatures were continually monitored and 
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maintained at 37oC during surgery using a heating pad and anal thermometer. Local 

Bupivacaine  and subcutaneous buprenorphine were administered post-surgery and 4 hours 

later. Approximate surgery time was 50 minutes per mouse.  

2.3 5-ethynyl-2’-deoxyuridine (EdU)/5-bromo-2’-deoxyuridine (BrdU) Injections 

 

To label dividing cells, mice received an intraperitoneal injection (I.P) with 50mg/kg EdU 

(Cedarlane, Burlington, ON, AB16186) prepared in sterile PBS using a 25-guage needle. 

Injections were performed once a day from 2-5 days post-stroke for a total of four injections. 

A separate cohort of mice received I.P injections with 100mg/kg BrdU (Sigma-Aldrich, B9285) 

prepared in sterile PBS using a 25-guage needle. Injections were performed beginning 24 hours 

before surgery and were repeated four times, once every three hours. 

2.4 Tissue Preparation 
 

At 3 or 14 days post-surgery, mice were anesthetized by an I.P injection of 0.1µl of 65mg/ml 

sodium pentobarbital. The mice were transcardially perfused with 35 mL of 4oC PBS (7ml/min 

for 5 minutes) followed by 70mL (7mL/min for 10 minutes) of 4oC 4% Paraformaldehyde (PFA) 

(Sigma-Aldrich, 1518127) in PBS. Then the brains were removed and transferred to 4% PFA for 

24 hours, followed by a dehydration step using cold 30% sucrose solution containing 0.1% 

sodium azide (Fisher, Toronto ON 19038-1000) for 48 hours. Samples were flash frozen over dry 

ice in optimal cutting temperature solution (VWR, Randor PN, 25608-930). All samples were cut 

in a CRYOSTAT (Leica Biosystems, Buffalo Grove IL, CM1850) at 20 µm. Serial sections were 

mounted on 10 glass slides. Sections were stored at -80oC until needed. 
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Samples that were stained for CD31 or PDGFR β were perfused with PBS, followed by 

immediate dissection and snap freezing in 100% ethanol cooled with dry ice. Samples were cut 

in the same way as mentioned above, and fixed with acetone in room temperature immediately 

following collection of cut sections. The slides were allowed to dry and were stored at -80oC 

until needed. 

2.5 Immunostaining 
 

The sections were defrosted at 37oC for 15 minutes. For PFA perfused sections, Two 5-minute 

washes with PBS were performed before 15-minute fixation with 4oC 4% PFA. For acetone fixed 

sections; the sections were directly fixed with -20oC acetone for 15 min and dehydrated with -

20oC 100% ethanol. Three 5-minute washes with PBS were performed on all slides sections 

before proceeding to the permeabilisation/blocking step. 

One hour incubation with 10% goat serum (Jackson Immunoresearch, West Grove PA, 008-000-

121) (horse serum if primary antibody was produced in a goat) containing 0.3% triton x-100 in 

PBS was performed to slides to permeabilize and block the brain sections. Samples to be 

labelled for BrdU were treated with 2N HCL at 45oC for 20 minutes and then rinsed with borate 

buffer solution (pH=8.0) prior to permeabilization/blocking step. Brain sections were then 

incubated with the primary antibody in 10% goat serum containing 0.3% triton x-100 in PBS at 4 

oC overnight. Antibodies used were: rat anti-CD31 (1:200) (BD Pharminogen, Franklin Lake, NJ, 

550274), rat anti-BrdU (1:200) (AbD Serotec, Oxford UK, OBTOO30G), rabbit anti-Sox2 (1:200) 

(Millipore, Billiereca MA, 49005), goat anti-DCX (1:200) (Santa Cruz Biotechnologies, Dallas TX, 
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sc-8066), rabbit anti-PDGFR-β (1:100) (Santa Cruz Biotechnologies, sc-1627), mouse anti-NeuN 

(1:500) (Millipore, Mab377). 

Following overnight incubation, three 5-minute PBS washes were performed before addition of 

the Alexa fluora conjugated secondary antibody (Cell Signaling Technologies) diluted in PBS 

with 0.3% triton x-100 (Fisher, 9002-93-1) for one hour. Immediately after the secondary 

antibody incubation, brain sections were counterstained with Hoechst 33342 stain (New 

England Biotech, Ipswich MA, 40825) at 1ug/mL in PBS for 3 minutes followed by three 5-

minute washes with PBS. Permafluor solution (ThermoFisher, TA-030-FM) was used to mount 

the slides, which were imaged after drying for 24 hours.  

2.6 Three Dimensional (3-D) Blood Vessel Staining, Imaging and Quantification 
 

At 25 days post-surgery mice were anesthetized as described above and killed by cervical 

dislocation. The cortices were dissected, flattened between two layers of glass and immersed in 

4% PFA overnight at 4oC. The brains were then removed from between the glass and washed 

with PBS, and then embedded in 2% agarose in PBS. The cortices were then cut tangentially 

into 120µm sections using a vibratome (Leica WT1000S). Sections were blocked with 10% horse 

serum, permeabilized with 0.2% tritonx100 and 0.5% fish gelatin followed by overnight 

incubation with rat anti-CD31 (BD Pharminogen 550274, 1:200). The sections were then rinsed 

in PBS and incubated for two hours in anti-rat Alexa fluor 488 conjugated antibodies (Jackson 

Immunoresearch, 1:300). Slides were then mounted with fluoromount G and visualized using 

fluorescent confocal microscopy (LSM510/Axioimager.M1, Zeiss). Z-Stacks between 60-80µm 

were obtained. Stacks were obtained at 10x magnification on a Zeiss LSM510/AxioImager M.1. 
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Two images per hemisphere per section for three sections were captured and outsourced for 

computational analysis of vasculature length and branch points using Python 2.7 as described in 

Lacoste B et al. 201480  

2.7 Imaging and Quantifications 
 

Digital image acquisition was performed using either a Zeiss Axioplan 2 fluorescent microscope 

with Zeiss Axiovision software that contains z-axis capability, or a Zeiss LSM 510 confocal 

microscope using Zeiss Zen Pro software V2.0 (Oberkochen, Germany). 10-15 images were 

captured in the Z-axis per section at a maximum of 1 µm apart and processed as an optical 

stack of 10-15 scanned slices for quantification.  

For quantification, positive cells in the peri-infarct/infarct region were quantified using imageJ 

software (National Institute of Health, Bethesda MD). Images were obtained at 20x 

magnification. Three images per section for 6-10 sections were quantified, dependent on the 

extent of the stroke and presence of immunoreactive cells. Cell counts in the periinfarct were 

measured as labelled cells per area. The identity of cells was confirmed using Hoechst as a 

counterstain. 

Particle analysis for vascular coverage was performed using ImageJ. The auto threshold 

function was used in conjunction with particle analysis for area coverage. Particles below 5 

pixels were excluded from analysis for area coverage. 

2.8 EdU Click-it Chemistry Labelling 
 

EdU was visualized using the click-it chemical reaction kits from Cell Signaling (C10338) 

according to commercial instructions. Briefly, the components were combined in the suggested 
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ratio and sequential order and were applied to the sections for 20 minutes, following fixation. 

The Click-it reaction solution was washed with three 5-minute PBS washes before 

permeabilization/blocking mentioned as described above. 

2.9 Horizontal Ladder Test 
 

Mice were placed at the beginning of a horizontal ladder consisting of two plexiglass walls and 

irregularly placed metal bars across from their home cage. The home cage was placed at the 

end of the ladder. The mice were videotaped crossing the bar from slightly below in order to 

have full view of all four limbs. Five trials per day were videotaped and only trials in which mice 

made clear, uninterrupted movement across the ladder were later analyzed. The mice were 

given one day of pre-training and one day of baseline measurements prior to surgery. Mice 

were re-tested at 7 and 14 days post-stroke. The videos were later analyzed in a blinded fashion 

using VLC media player at a reduced speed. Steps in which the mice slipped on or missed a bar, 

or the use of the wall to support their weight, were counted as an error. The percentage of 

steps containing an error was reported. Data for forelimb errors is reported. 

2.10 Cylinder Test 
 

Mice were placed in a clear plastic cylinder under red light and were videotaped from above for 

the time it took for the mice to perform twenty rears. One pre-surgery baseline value was 

obtained and the mice were re-tested at 7 and 14 days post-stroke. The videos were later 

analyzed frame-by-frame in VLC media player (Version 2.2.3). The total number of ipsilateral, 

contralateral, and double paw touches against the cylinder wall was counted. The percentage 

ipsilateral preference was calculated as:  
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(total ipsilateral paw touches – contralateral paw touches) *100) / total paw touches 

2.11 Adhesive Tape Test 
 

Prior to testing, the home cage of the mouse was emptied of bedding, food, and water. One 

researcher held the mice while a second placed 1cm2 pieces of tape on each forepaw. Once the 

mice were placed back into their home cage, the time to contact and the time to remove the 

tape for each paw were measured in real time by both researchers. The mice were pre-trained 

on the task for 4 days with 1 trial per day to reach a plateau in contact and removal time. The 

final day was taken as the baseline time for each mouse. The test was performed again at 7 and 

14 days post-stroke. The mice were allowed to habituate to the environment for 30 minutes 

prior to testing in order to reduce freezing associated with anxiety and fear. The data is 

reported as fold-change over the average of the last two days of pre-training. 

2.12 Cresyl Violet Staining 
 

Slides containing serially collected sections were dried at 37oC for 15 minutes. The slides were 

then submerged in cresyl violet solution (Sigma-Aldrich, C5402) (0.2% cresyl violet dissolved in 

0.5% acetic acid solution, pH = 3.5) for 20 minutes. Sequential washes in 70%, 95% and 100% 

ethanol were performed before clearance with citrosolv (Fisher, 22-143-975) clearing agent. 

The slides were mounted with permount solution and placed on a 37oC slide warmer to dry 

overnight.  

2.13 Infarct volume Measurement 
 



25 
 

Cresyl violet images were captured using an Aperio digital pathology slide scanner (Leica 

Biosystems) and analyzed using Image J. To calculate infarct volume, the infarct area was 

analyzed every tenth 20-µm section and the infarct volume were calculated using following 

formula below: 

 

(total area of infarct * 20 (section thickness) * 10 (serial collection factor)) = infarct volume 

 

2.14 Statistical Analysis 
 

Data analysis was performed using GraphPad Prism 6 (Graphpad Software, La Jolla CA). 

Behavioural analysis was performed using either one-way ANOVA with Dunnet’s post-hoc test 

or two-way ANOVA with Tukey’s post-hoc test. Single comparisons were performed using two-

tailed Student’s T-test. Alpha = 0.05 for all tests performed. 
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3.0 Results 

3.1 The injection of ET-1 + L-NAME induces ischemic brain damage in the mouse sensorimotor 

cortex 
 

In order to study the contribution of the aPKC-CBP pathway on stroke recovery, a viable model 

of focal cortical stroke had to be optimized. The ET-1 model of stroke is well validated in rats 

but shows large variability in mice, often in a strain dependent manner20. Higher expression of 

the ET-1B receptor leads to production of the vasodilative nitric oxide (NO) in the mouse brain. 

This has been thought to be one of reasons for different responses of rats and mice to ET-1 

injections 21 (Fig 1). Therefore, to optimize a mouse ET-1 stroke model, I used the nitric oxide 

synthase inhibitor L-NAME to block the vasodilative effects of the ET-1B receptor. Three 

stereotaxic injections of saline, ET-1, or ET-1 + L-NAME into the sensorimotor cortex were 

performed and the mice were sacrificed 3 or 14 days later. Histological analysis using cresyl 

violet stain showed that only ET-1 + L-NAME produced significantly increased infarct volume 

over saline injections at both 3 and 14 days (Fig 2). These results indicate that blockage of nitric 

oxide production is necessary for the production of consistent ischemic brain damage in the 

CBPS436A mouse line.  
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Figure 2: A comparison of infarct volumes produced by ET-1 injections alone and ET-1/ L-

NAME co-injections. (A) Cresyl violet staining from the wild type brain 3 days following ET-1/L-
NAME co-injections, captured using an Aperio digital pathology slide scanner from sections. (B-

C) Quantification of infarct volumes using cresyl violet staining at 3 days (C) and 14 days (D) 
post-stroke in saline, ET-1, and ET-1/L-NAME injections. Data was analyzed by one way ANOVA 

(3 days: F(2,14) = 7.528, P = 0.006, n= 3 (saline), 7 (ET-1), 9 (ET-1+L-NAME). 14 Days: F(2,18) = 
24.60, P = 0.0001, n = 3 (saline), 8 (ET-1), 9 (ET-1+L-NAME)) with Dunnets post-hoc test in 

comparison to saline injection (* p < 0.05). 
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3.2 ET-1/L-NAME co-injection causes forepaw motor impairment 
 

The stereotaxic injection of ET-1 + L-NAME induces focal ischemia in the sensorimotor cortex. 

This localization is useful to study specific motor outcomes  post-stroke. In order to determine if 

the co-injection of ET-1 and L-NAME is capable of producing consistent motor deficits, three 

behavioral tests were used. The adhesive tape test for sensorimotor function and motor skill; 

the horizontal ladder test for gross motor function and weight bearing; and the cylinder test for 

spontaneous motor function 81. The mice were tested at 7 and 14 days post-stroke in order to 

investigate both initial deficits and short-term recovery. 

The adhesive tape test is used to measure sensorimotor function. Fine motor abilities 

determine the capability of mice to remove tape from both the contralateral and ipsilateral 

forelimbs. It is a reliable test for assessing post-stroke motor deficits in mice 82. The mice were 

pre-trained for four days to reach a plateau in both time to contact and time to remove the 

tape (Fig 3. A, B).  ET-1 and ET-1/L-NAME injections cause a slight increase (2-3 fold over 

baseline) in time to contact and remove the tape (Fig 3. C, D) at day 7, and these deficits were 

totally recovered at day 14, suggesting that the adhesive test is not sensitive to capture 

persistent behavioral deficits induced by ET-1 and ET-1/L-NAME injections.  

The horizontal ladder test was used to determine gross motor function. The mice were placed 

across a horizontal ladder with irregularly spaced rungs from their home cage and were allowed 

to spontaneously traverse it. The amount of errors made, including slips, misses , and the use of 

the walls to support their weight were counted and the percentage of steps containing an error 

was recorded. 
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Figure 3: Adhesive tape test to measure sensorimotor deficit following saline, ET-1, and ET-
1/L-NAME injections. (A-B) Pre-training data showing (A) time to contact and (B) time to 
remove the adhesive tape for four consecutive days. (C) Time to contact and (D) time to 
remove the tape at 7 and 14 days post-stroke. Data presented as fold changes over pre-training 

time (day 0). Data was analyzed by two-way ANOVA (for Contact, Treatment x Testing day F 
(10,60) = 0.533 P=0.86, testing day f(2,60) = 6.240 p=0.004, Treatment F(5,60) = 0.5831 

P=0.7127,  n =7 per group. For Remove, Treatment x Testing day F(10,60) = 1.454 P=0.1837, 
testing day F(2,52)=14.64 P=0.001, Treatment F(5,52) = 1.757, n=7 per group) with Tukey’s 

post-hoc test (* p < 0.05 over contralateral saline # p < 0.05 over pre-stroke baseline).  
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ET-1/L-NAME co-injection method showed significantly higher deficits at 7 and 14 days 

compared to injection of ET-1 or saline alone (Fig 4A). While the horizontal ladder was able to 

measure the increased motor deficits correlating to an increase in infarct volume, the test did 

not show asymmetrical difference between contralateral and ipsilateral forelimbs and 

hindlimbs.  

To test the asymmetrical difference post-stroke, the cylinder test for spontaneous weight 

bearing was used in ET-1/L-NAME co-injected group. The total amounts of contacts for each 

paw when rearing up and contacting the inside of a clear cylinder were counted. Using this test 

an asymmetrical deficit was found at both 7 and 14 days post-injection of ET-1/ L-NAME (Fig 

4B). Therefore, the combination of the horizontal ladder test with the cylinder test allows for 

the analysis of gross motor deficits and asymmetrical deficits, respectively. 

3.3 ET-1 + L-NAME model of focal ischemic stroke induces robust neurogenic response 
 

The proliferation and migration of neuroblasts from the SVZ is an endogenous response to 

ischemic stroke36. Therefore, we sought to determine if our ET-1/L-NAME co-injection increased 

the neurogenic response when compared to  ET-1 or saline injections. Total counts of DCX+ 

neuroblasts within the peri-infarct of the ipsilateral cortex were performed. The ET-1/L-NAME 

co-injection was found to greatly increase the amount of neuroblasts at 14 days post-stroke 

when compared to ET-1 alone or saline (Fig 5). These results allowed us to confirm that the 

expected post-stroke neurogenesis occurs in our model. Based on these findings we used the 

ET-1/L-NAME model of stroke for our future experiments. 
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Figure 4: Horizontal ladder and cylinder tests to measure motor deficits after saline, ET-1, or 

ET-1/L-NAME injections. (A) Percentage of Forelimb steps containing errors in the horizontal 

ladder test at 7 and 14 days post-stroke. Data was analyzed by two-way ANOVA(Treatment x 

Testing day F (10,60) = 0.5330 P=0.86, testing day f(2,60) = 40.12 p=0.0001, Treatment F(5,60) = 

4.89  P=0.0306, n =7 per group) with Tukey’s  post-hoc test in comparison to baseline data (* p < 

0.05 over contralateral saline # p < 0.05 over pre-stroke baseline). (B) Percentage of hindlimb 

steps containing errors in the horizontal ladder test at 7 and 14 days post-stroke. Data was 

analyzed by two-way ANOVA(Treatment x Testing day F (10,60) = 1.685 p=0.91, testing day 

f(2,60) = 7.28 p=0.03, Treatment F(5,60) = 0.67 P=0.89, n =7 per group) with Tukey’s  post-hoc 

test in comparison to baseline data (C) The ipsilateral preference at 7 and 14 days post-stroke 

induced by ET-1/L-NAME co-injection in the cylinder test. Data analyzed by one-way ANOVA 

(F(2,21) = 17.14, P = 0.0001, n=7 per group) with Tukey’s  post-hoc test in comparison to pre-
stroke baseline data. (* p < 0.05). 
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Figure 5: The ET-1/L-NAME model produces a neurogenic response. (A) Fluorescent 

micrograph of DCX (red) and Hoechst (blue) in the cortex of saline, ET-1, and ET-1/L-NAME 

injected mice at 14 days post-injection. Images were obtained from the periiinfarct region. (B) 

Quantification of DCX+ cells in the cortex as shown in (A). The total number of DCX + cells 

counted from six sections was normalized by multiplication of a factor of ten to account for 

serial tissue collection. Scale bars =50µm. Data analyzed by one-way ANOVA (F(2,9) = 11.21, P = 

0.0036, n= 3 per group) with Dunnetts post-hoc test in comparison to saline treatment (* p < 

0.05). 
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3.4 Disruption of the aPKC-CBP pathway does not alter stroke infarct volume  
 

Previous studies suggested that CBP plays a key role in neuronal ischemic resistance through its 

interaction with HIF1-α 65. It is not clear whether this resistance is conferred through the aPKC-

CBP pathway. Therefore, it was important to assess whether the genotypes affect infarct 

volume that could complicate post-stroke cellular or behavioural results. Cresyl violet staining 

was performed at 3 and 14 days post-stroke to assess infarct volume. No difference in infarct 

volume was found between WT and KI-CBPS436A mice at either time point (Fig 6). Thus, the 

aPKC-CBP pathway does not regulate ischemic resistance. 

3.5 The aPKC-CBP pathway modulates post-stroke motor recovery  
 

Mice were tested on the horizontal ladder and cylinder tasks at 7 and 14 days post-stroke to 

assess motor deficits. Both WT and KI-CBPS436A mice showed a comparable baseline (4-7% 

error rates) pre-stroke in the horizontal ladder test (Fig. 7A). Seven days after stroke, an 

increase in the step error (14-18%) occurred in both genotypes from both contralateral and 

ipsilateral forelimbs (not hindlimb). Interestingly, 14 days after stroke, KI-CBPS436A mice 

displayed severe deficits when compared to WT mice (Fig 7A). A very similar pattern was shown 

in the cylinder test as well. Both WT and KI-CBPS436A mice displayed no preference in 

forepaws to touch the cylinder wall pre-stroke. ET-1/L-NAME injections caused an ipsilateral 

preference (24%) at 7 days post-stroke for both genotypes. 14 days post-stroke, KI-CBPS436A 

mice showed significantly higher error rate than WT mice, implicating less recovery in KI mice 

(Fig 7B).  
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Figure 6: KI-CBPS436A mice do not have altered infarct volumes at 3 and 14 days post-stroke. 

A) Cresyl violet staining images of the ipsilateral cortex from WT and KI-CBPS436A mice at 3 and 
14 days following ET-1/L-NAME co-injections. Scale bars =50 µm (B-C) infarct volumes were 

analyzed at 3 (B) and (C) 14 days following ET-1/L-NAME co-injections. Data analyzed by 
Student’s T-test (n=6/per group for 3 days; n = 9/ per group for 14 days). 
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Figure 7: KI-CBPS436A mice show reduced post-stroke motor recovery. (A) The percentage of 

forelimb error step at 7 and 14 days post-stroke using ET-1/L-NAME cortical stroke model in WT 

and KI-CBPS436A mice. (Two-Way ANOVA, Time x Genotype, F (6,168) = 0.76 P=0.7587, Time 

F(2,168) = 4.607 p = 0.0113, Genotype F(3,168) = 0.7047 p = 0.56, n= 17 for WT, n= 13 for KI 

with Dunnet’s Post-hoc test (*P<0.05 compared to contralateral WT, # p < 0.05 compared to 

pre-stroke baseline). The percentage of hindlimb error step at 7 and 14 days post-stroke using 

ET-1/L-NAME cortical stroke model in WT and KI-CBPS436A mice. (Two-Way ANOVA, Time x 

Genotype, F (6,152) = 2.174, P=0.899, Time F(2,168) = 5.30 p = 0.0453, Genotype F(3,168) = 

3.25 p = 0.32, n= 17 for WT, n= 13 for KI with Dunnet’s Post-hoc test. (C) The ipsilateral 

preference in the cylinder test at 7 and 14 days post-stroke induced by ET-1/L-NAME co-

injections in WT and KI-CBPS436A mice. Data analyzed by Two-Way ANOVA (Time x Genotype 

F(2,42) = 2.395 P=0.1035, Time F(1,20) p=0.0838, genotype F(20,20) p=0.878, n= 17 for WT, n= 

13 for KI) with Tukey’s Post-Hoc test (* p < 0.05 compared to WT, # p < 0.05 compared to pre-

stroke baseline).  
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3.6 Disruption of the aPKC-CBP pathway does not alter neuroblast population in the injured cortex 

following stroke  
 

The robust proliferation, activation, and migration of neuroblasts from the SVZ towards the site 

of ischemic injury is a well-documented in rodent models of stroke 83. I have confirmed a robust 

increase in the population of DCX+ cells following ET-1/L-NAME injections as compared to saline 

injections 14 days post-stroke (Fig 5). To assess whether the aPKC-CBP pathway regulates post-

stroke neurogenesis, I performed the same experiment as shown in Figure 5 to a group of KI-

CBPS436A mice and their wildtype littermates. Surprisingly, the population of DCX+ newborn in 

the injured cortex was not altered in KI-CBPS436A mice at 14 days post-stroke (Fig 8A-C).  

3.7 The aPKC-CBP pathway regulates vascular remodeling  
 

Previous studies have demonstrated that epigenetic modifications with HDACi can increase 

angiogenesis and vascular coverage post-stroke63-64. To assess whether the aPKC-CBP pathway 

modulates post-stroke vascular remodeling, brain sections collected at 14 days post-stroke with 

CD31 to label endothelial cells using immunohistochemistry. Manual counts of the number of 

CD31+ micro-vessels (Fig 9D) and automated counts of vascular coverage using Image J (Fig 9E) 

revealed that the ipsilateral cortex in both genotypes had reduced vasculature compared to 

contralateral cortex (Fig 9). In addition, KI-CBPS436A mice showed a significant decrease in the 

number of microvessels and the vascular coverage when compared to WT mice in the ipsilateral  

cortex (Fig 9). I further performed 3D cortex vasculature analysis using brains from 25 days 

post-stroke. Interestingly, quantification analysis showed that ipsilateral vessel length and 

branching points from WT mice were comparable to those in contralateral cortex, implying a  
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Figure 8: KI-CBPS436A mice show unaltered post-stroke neurogenesis. (A) Fluorescent 

micrograph of DCX (red) and Hoechst (blue) labelling in the post-stroke periinfarct region. Scale 
bar= 50µm. (B) Representative area of periinfarct region for cell counts. (C) Total DCX+ cell 

counts within the periinfarct region. The total number of DCX + cells counted from six sections 
were normalized by multiplication of a factor of ten to account for serial tissue collection.  Data 

was analyzed by Students T-test, n = 5. 
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Figure 9: KI-CBPS436A mice show reduced vascular coverage and density post-stroke. (A) 

Fluorescent micrographs of CD31 (green) in the ipsilateral cortex from WT and KI-CBPS436A 
mice 14 days post-stroke. Scale Bar =100um. (B) Representative images location in the cresyl 

violet staining picture (C) Total blood vessel counts from WT and KI-CBPS436A mice 14 days 
post-stroke in the ipsilateral and contralateral cortex. Values were normalized to the average 

WT contralateral value. Data was analyzed by two-way ANOVA (Genotype x Hemisphere 
interaction F(1,12) = 1.116 P = 0.3022, Genotype F(1,12)=4.317 p=0.0599, hemisphere F(1,12) = 

0.03353 p=0.857, n=7/per group), with Tukey’s post-hoc test. * p < 0.05 (D) The percentage of 
vascular coverage of WT and KI-CBPS436A mice 14 days post-stroke in the ipsilateral and 

contralateral cortex measured by particle analysis using Image J. Data was analyzed by two-way 
ANOVA (Genotype x Hemisphere interaction. F(1,8) = 0.225, P = 0.649, Genotype F(1,8)=0.58.76 
p=0.0001, hemisphere F(1,8) = 2.093 p=0.1860, n=4/per group), with Tukey’s  post-hoc test (* p 
< 0.05). 
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Figure 10: KI-CBPS436A mice showed reduced vessel length and branching points post-stroke 

as measured by 3D morphometric analysis. (A) Z-Projection of 80-100 µm confocal microscopy 
images obtained from the periinfarct region and contralateral hemisphere of WT and KI-

CBPS436A mice 25 days post-stroke, immunostained for CD31 (green). Scale bar = 100 µm. (B-C) 
Vessel Length and (C) Branching points normalized to the average WT contralateral area as 

analyzed with 3D morphometric analysis using python 2.7. Values were normalized as fold 
change over contralateral for each mouse (Genotype x Hemisphere interaction F(1,22) = 1.116 

P = 0.3022, Genotype F(1,12)=4.317 p=0.0599, hemisphere F(1,12) = 0.03353 p=0.857, n=7/per 
group for vessel length; Genotype x hemisphere interaction Genotype x Hemisphere 

interaction. F(1,4) = 1.225, P = 0.0389, Genotype F(1,12)=0.06017 p=0.8104, hemisphere F(1,12) 
= 0.0268 p=0.8726 for Branching points)( n=5 for WT, n = 3 for KI). Data further analyzed by 
Tukey’s post-hoc test, * p < 0.05. 
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sign of vasculature recovery. However, KI-CBPS436A mice displayed consistently reduced 

ipsilatereral vessel length and branching points when compared to WT mice (Fig 10).      

To determine whether the reduced vasculature in KI-CBPS436A mice was caused by their 

impaired ability to form newly-generated blood vessels, I assessed post-stroke angiogenesis by 

analyzing the population of newborn endothelial cells post-stroke. To do that, the thymidine 

analog EdU was given to mice by I.P injection from 2-5 days post stroke (50mg/kg), and the 

brains were collected 14 days after stroke and fixed with acetone. EDU was visualized using 

click-it chemistry, which provides a much cleaner staining when compared with BrdU staining 

procedure. The number of EDU and CD31+ co-labeled newborn blood vessels was counted and 

shown as a percentage of total EDU+ cells in the ipsilateral cortex (Fig 11). As expected, the 

percentages of EDU/CD31+ newly generated blood vessels was significantly reduced in KI-

CBPS436A mice. Since pericytes are known to stabilize the newly-formed blood vessels and 

neurovascular units85, I also immunostained the brain sections from the same group of mice 

with EDU and PDGFRβ, and observed that the percentage of EDU+/ PDGFRβ+ pericytes was also 

significantly decreased in KI-CBPS436A mice (Fig 12). These results suggest that the aPKC-CBP 

pathway is required for post-stroke vascular remodeling, possibly through regulating post-

stroke angiogenesis.  

3.8 KI-CBPS436A mice show a larger population of multipotent pericytes post-stroke 
 

 Recent findings show that pericytes can enter a multipotent state following stroke, 

representing a Nestin+/Sox2+ population with endothelial morphology in the infarct region that 

does not arise from the SVZ 33, 86. This population of multipotent pericytes is able to  
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Figure 11: KI-CBPS436A mice show reduced post-stroke angiogenesis. WT and KI-CBPS436A 

mice who received EDU injections (50mg/kg, I.P) 2-5 days post stroke, and were sacrificed at 14 
days post-stroke. (A) Orthogonal confocal image of CD31 (green) and EDU (red) co-localization 

in the periinfarct region 14 days post stroke. Scale bars= 50µm. (B) Fluorescent micrographs of 
the ipsilateral cortex, immunostained for CD31 (green) and EDU (red), from WT AND KI-

CBPS436A mice. Representative location where images were taken is shown on the right. Scale 
bars= 50µm. (C) The percentage of CD31+/EDU+ cells out of total EDU+ cells in the ipsilateral 

cortex at 14 days post-stroke from WT and KI-CBPS436A mice. Data analyzed by Student’s T-
test, * p < 0.05, n = 4/per group. 
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Figure 12: KI-CBPS436A mice show reduced newly-generated pericytes post-stroke. (A) 

Fluorescent micrographs of the ipsilateral cortex , immunostained for PDGFRβ (green) and EDU 
(red), from WT and KI-CBPS436A mice who received EDU administration (50mg/kg, I.P) 2-5 days 

post stroke, and sacrificed at 14 days after stroke. Scale bars= 50µm (B) The percentage of 
PDGFRβ+/EDU+ cells out of total EDU+ cells in the ipsilateral cortex 14 days post-stroke from WT 

and KI-CBPS436A mice. Data analyzed by Student’s T-test, * p < 0.05, n = 4/per group. 
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differentiate into both neural precursor cells and microglia post-stroke. I asked whether the 

reduced number of stroke-induced newborn pericytes in KI-CBPS436A mice is the outcome of 

increased reprograming of pericytes to other cell types.  

To first confirm that any populations of Sox2+ cells in the post-stroke cortex were not derived 

from the SVZ, we injected BrdU 4 times, three hours apart, beginning 24 hours before surgery. 

This paradigm is expected to label the vast majority of actively proliferating neural precursors in 

the SVZ. The mice were sacrificed at 3 days following stroke and the brains were stained for 

BrdU and Sox2. BrdU+/Sox2+ cells appeared in the SVZ, but only Sox2+/BrdU- cells were 

identified in the cortex (Fig 13). Therefore, the Sox2 population in the cortex was confirmed to 

be locally derived after stroke and not derived from proliferating cells labelled pre-stroke. 

On the basis of this finding, we further immunostained brain sections from 3 days post-stroke 

with Sox2 and Nestin to identify multipotent pericytes. Two populations of Sox2+/Nestin+ were 

observed in the ipsilateral cortex; cells on the edge of the glia scar with astrocyte-like 

morphology and cells projected from the meninges with longer endothelial-like morphology. 

The cells with endothelial-like morphology were assumed to be pericytes, with the double 

positive population showing similarities to previously described multipotent pericytes which 

appear post-stroke 33, 86. KI-CBPS436A mice displayed a significant increase in the population of 

the Sox2+/Nestin+ multipotent pericytes post-stroke (Fig 14). 
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Figure 13: Locally derived Sox2 positive neural precursors were observed in ET-1/L-NAME 

cortical stroke. (A) Flow chart showing that mice were injected with BrdU (100mg/kg, I.P) four 
times, 3 hours apart, beginning 24 hours before stroke. (B) Representative areas for the 

identification of cells in the periinfarct and SVZ. (C) Fluorescent micrographs of the ipsilateral 
cortex and SVZ at 3 days post-stroke, stained for Sox2 (red) and BrdU (green), Scale bar= 100 

µm. Enlarged images showing co-staining of Sox2 (red) and BrdU (green) within the SVZ and 
cortex. Arrows denote co-labelled cells, arrow heads denote single-labeled cells with Sox2+.  
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Figure 14: KI-CBPS436A mice show increased multipotent pericytes 3 days post-stroke. The 

post stroke ipsilateral cortex was stained for nestin (red), Sox2 (green) and hoechst (blue) at 3 
days post-stroke. (A) Nestin (red) staining photographs show representative areas for glia and 

endothelial like morphology, scale bar = 100µm (B) Immunostaining images display 
Sox2+/Nestin+ cells with endothelial like morphology, Scale bars=50µm. (C) Quantification of 

Sox2+/Nestin+ cells with endothelial-like morphology within the infarct/periinfarct regions. * p < 
0.05. 
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4.0 Discussion 
 

Using ET-1/L-NAME induced focal cortical stroke model and a genetically-modified KI-CBPS436A 

mice, I demonstrate three key events that are mediated by the aPKC-CBP pathway post-stroke : 

1) intrinsic stroke functional recovery  2) vascular remodeling through modulation of 

angiogenesis 3) production of locally-derived neural precursor cells, possibly through 

reprograming of stroke-induced pericytes.  

 

4.1 Addition of L-NAME to the ET-1 model of stroke increases infarct size and produces consistent 

functional deficits 
 

ET-1-induced cortical stroke model was originally outlined in mice in 2008 20. However, deficits 

were only observed for 3 days and recovered rapidly. Since then, the model was further refined 

and studied. In 2014, a triple injection of ET-1 was shown to create long-lasting and larger 

infarcts in FVBN mice 22. We were unable to replicate either the infarct size or motor deficits 

using the triple injection ET-1 model of stroke in our CBPS436A mouse line of mixed 

background. Previously, the difference in the efficacy of the ET-1 model between mice and rats 

was studied. Higher expression of the ET-1B receptor that leads to higher levels of vasodilation 

was evident in mice21. It seems plausible that the ET-1B receptor may also have differential 

expression among different mouse lines. In fact, previous work testing the ET-1 model on a 

variety of strains of mice demonstrated that only C57Bl/6 and FVB mice showed infarcts 

consistently in response to ET-1 alone 20. Our work shows that the triple injections of ET-1 alone 

are not sufficient to produce consistent cortical stroke in our transgenic mouse strain. 
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Based on the fact that activation of the ET-1B receptor leads to production of nitric oxide and 

blocks the vasoconstrictive effects of the ET-1A receptor, the eNOS inhibitor L-NAME was used 

in previous studies to block the production of nitric oxide and enhance ET-1 induced 

vasoconstrictive effect 23. However, in this specific study, the group also combined ET-1/L-

NAME with common carotid artery occlusion (CCAO), making it difficult to interpret results for 

ET-1 and L-NAME co-injection. Recently, the co-injection of ET-1 and L-NAME into the internal 

capsule has been used to produce a subcortical stroke 24. Thus, I co-injected ET-1 and L-NAME 

into the sensorimotor cortex and produced consistent focal cortical stroke. I found that the 

combination of ET-1 with L-NAME increased the size of stroke infarcts approximately four-fold 

to an average of 0.6mm3, when compared to ET-1 injection alone.  

To test the extent of motor deficits post-stroke using ET-1/L-NAME co-injections, I performed 

behavioral analysis at 7 and 14 days post-stroke using adhesive tape test, horizontal ladder test, 

and cylinder test. The adhesive tape test measures both sensory perception and fine motor 

skill. It is a well-established test for post-stroke analysis in mice 82. To my surprise, mice 

receiving either ET-1 injections alone or ET-1/L-NAME co-injections did not show consistent 

motor deficits in the adhesive test. There are two potential explanations for the failure to the 

adhesive test using ET-1/L-NAME cortical stroke model in our transgenic mouse strain. First, the 

baseline values pre-stroke from our transgenic mouse strain were much lower than those 

obtained from other strains, such as C57Bl6. Average time to remove the tape at day 1 from our 

transgenic mouse is 14-second, which is the time that other strains of mice are able to obtain 

after 5 days of pre-training (personal communications with the lab members in the Lagace lab). 

It is possible that our mice respond differently to the stress of the test causing less overall time. 
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Second, stereotaxic injections may mainly target motor cortex but not sensory cortex, or motor 

cortex related to elbows and shoulders, not wrist and limbs, therefore causing deficits in motor 

tests involving weight bearing instead of fine motor control of the paw. Thus, the ET-1/L-NAME 

stroke model I developed here is not sensitive to measure deficits in sensory perception and 

fine motor control with the adhesive tape test.  

Using the horizontal ladder test, which measures limb placement and weight bearing ability, I 

was able to detect motor deficits at both 7 and 14 days post-stroke following ET-1/L-NAME co-

injections. Interestingly, forelimbs showed more consistent deficits when compared to the 

hindlimbs. It is possible that the speed of traversing the ladder could alter the gait of the mice. 

Mice that move slowly across the ladder will place more weight on their hind limb, while faster 

moving mice will lean forward during movement and place more weight on the forelimbs, 

causing more forelimb errors. Since horizontal ladder run test showed significant motor deficits 

without contralateral preference in ET-1/L-NAME cortical stroke model, I further used cylinder 

test, which measures spontaneous forelimb use, to confirm that ET-1/L-NAME co-injections can 

lead to asymmetric motor deficits, showing ipsilateral preference to use uninjured forepaw. 

Thus, both horizontal ladder and cylinder tests demonstrate motor deficits in limb placement 

and weight bearing caused by ET-1/ L-NAME co-injections. 

 4.2 KI-CBPS436A mice show reduced functional recovery following stroke 
 

A previous study has shown that mice with CBP haploinsuficiency (CBP+/-) display lower 

ischemic resistance, therefore causing larger infarcts following stroke induction 65. In this 

regard, it is important to assess whether the aPKC-CBP pathway is involved in initial stroke-
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related brain damage. Interestingly, I observed that WT and KI-CBPS436A mice show similar 

infarct volumes at 3 and 14 days post-stroke measured by cresyl violet staining, indicating no 

contribution of the aPKC-CBP pathway to initial stroke-related brain damage. The unaltered 

stroke infarct size in KI-CBPS436A mice allows me to further dissect the role of the aPKC-CBP 

pathway in stroke recovery phase. Indeed, I found that both WT and KI-CBPS436A mice have 

initial motor deficits at 7 days post-stroke. While WT mice show noticeable recovery at 14 days 

post-stroke,  KI-CBPS436A mice display the same extent of motor deficits at both 7 and 14 days 

post-stroke. The reduction of stroke functional recovery in KI-CBPS436A mice strongly argues 

the importance of the activation of aPKC-CBP pathway in promoting post-stroke functional 

recovery. This is supported by indirect evidence, showing that metformin, an activator of this 

epigenetic pathway, can increase post-stroke functional recovery through both angiogenesis 

and neurogenesis76-79.  

 4.3 The aPKC-CBP pathway modulates post-stroke vascular remodeling  
 

To determine underlying cellular mechanisms for the role of the aPKC-CBP pathway involved in 

post-stroke functional recovery, post-stroke neurovascular remodeling was further analyzed.  

My study is the first to demonstrate the direct involvement of CBPS436 phosphorylation in 

post-stroke vascular remodeling by showing reduced vessel density/vascular coverage and 

decreased newly generated blood vessels in KI-CBPS436A mice. These results appear to be in 

line with previous studies showing the beneficial effects of metformin on angiogenesis 76-79. 

Therefore, my results point to the fact that deletion of the aPKC-CBP pathway produces the 

opposite effect on angiogenesis as activating it through metformin treatment.  
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Interestingly, increasing evidence emphasizes the role of CBP in vasculogenesis and 

angiogenesis. One study shows that a truncated form of CBP produces deficits in vasculogenesis 

causing embryonic lethality 74. Other studies from the same group demonstrate that CBP and 

early growth factor -1 (EGR-1) act as binding partners in EPCs to promote vasculogenesis 92,93. 

Our own work has found that EGR-1 expression is downregulated in KI-CBPS436A mice 

(unpublished data in the lab). In these studies, CBP knockdown led to a decrease in the 

expression of PDGF-β in endothelial cells, the ligand to activate PDGFR-β which is exclusively 

expressed in pericytes. Stroke induced expression of PDGF-Β in endothelial cells  acts as a potent 

signal for pericyte proliferation to participate in vascular remodeling 60,61. Thus, it is possible 

that the disruption of endothelial cell-pericyte signaling may occur in KI-CBPS436A mice lacking 

the aPKC-CBP pathway, causing the decreased stability of newly-generated blood vessels and 

reduced angiogenesis. 

4.4 Stroke induced multipotent pericytes 
 

Locally-derived neural precursors, not migrating from conventional neurogenic regions like the 

SVZ, have been identified post-stroke in the periinfarct/infarct regions, including neural 

precursors derived from stroke-induced multipotent pericytes expressing Sox2 and Nestin87-89. 

Interestingly, the locally derived neural precursors (Sox2+) exist in the injured cortex of our ET-

1/L-NAME stroke model. Furthermore, I observed that the reduced population of pericytes at 

14 days post-stroke in KI-CBPS436A mice is correlated well with increased population of 

multipotent pericytes (Nestin/Sox2+ cells with endothelial morphology) at 3 days post-stroke. 

This suggests that the aPKC-CBP pathway modulates the production of local neural precursors 

from perivascular pericytes post-stroke, possibly through epigenetic reprograming. To my 
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knowledge, this is the first epigenetic reprograming pathway identified to be involved in 

producing stroke-induced local neural precursors. To further confirm and characterize the role 

of the aPKC-CBP pathway in the stroke-induced epigenetic reprograming process to generate 

local neural precursors, future work will involve 1) developing stroke-induced multipotent 

pericyte culture, and characterizing the function of the multipotent pericytes from both WT and 

KI-CBPS436A mice; 2) in vivo lineage-tracing pericyte-derived neural precursors following stroke 

in both WT and KI-CBPS436A mice. My study sets up a solid foundation to initiate this exciting 

project, which potentially provides an alternative resource to enhance endogenous 

neurogenesis other than the conventional SVZ neurogenic regions.   

 4.5 Post-stroke neurogenesis 
 

Our recent study shows that the aPKC-CBP pathway is required to maintain adult hippocampal 

neurogenesis in response cellular/molecular changes as mice age during early 

adulthood84(Appendix 1). Therefore our initial hypothesis was that the aPKC-CBP pathway may 

be activated post-stroke through stroke-induced transient AMPK activation, an upstream 

activator of the aPKC-CBP pathway, to enhance post-stroke neurogenesis 75,78,90. Surprisingly, 

the total DCX positive newborn neurons in the injured cortex were not altered in KI-CBPS436A 

mice at 14 days post-stroke.  

This can be explained by a few possibilities described below. The increased phosphorylation of 

CREB 90 following stroke may compensate the neurogenesis defects caused by the deficient 

aPKC-CBP pathway in KI-CBPS436A mice, as we observed in hippocampal neurogenesis under 

physiological conditions 84. In addition, it is possible that the time point at 14 days post-stroke 
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was too short to observe long-term changes in survival and maturation of neuroblasts. 

However, the fact that behavioural difference observed at 14 days post-stroke points out that 

alternative mechanism other than neurogenesis are responsible for spontaneous recovery. 

5.0 Conclusion 
 

In summary, I developed the ET-1/L-NAME-induced cortical stroke model, which shows 

consistent stroke infarct size and motor deficits. Using this model of cortical stroke and 

CBPS436A knock-in mouse line, I demonstrate that the aPKC-CBP pathway contributes to post-

stroke functional recovery, possibly through modulating neurovascular remodeling following 

stroke. 
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