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ABSTRACT         

 

From mid- to late-life aging, many individuals acquire hundreds or even thousands of tiny 

strokes, known as microinfarcts. These lesions are not apparent using conventional neuroimaging 

and are therefore primarily detected through histopathological analysis. Notably, clinical and 

preclinical researchers are unsure of how cerebral microinfarction impacts the brain’s 

vasculature and its effect on motor output. This thesis aims to characterize a mouse model of 

cerebral microinfarction to assess the impact of these microscopic lesions on blood-brain barrier 

(BBB) integrity and motor behaviour. For the first experiment, mice were unilaterally injected 

through the left common carotid artery with GFP microspheres (20 µm) and were sacrificed at 

different time points post-surgery (days 1, 3, 7, 14, and 21). All mice received an intravascular 

injection of Evans Blue dye (100 µl) through the tail vein thirty minutes prior to being 

transcardially perfused in order to evaluate BBB extravasation, a measurement of BBB 

disruption. To evaluate motor performance post-microinfarction, sham and microinfarct mice 

underwent a battery of behavioural tasks prior to and post-surgery. Cerebral microinfarction 

resulted in acute BBB disruption, where albumin leakage was most prominent one day following 

surgery. With our microinfarct mouse model, a Python script was developed to semi-

automatically detect and register the microspheres to specific brain regions using the Allen 

Mouse Brain Atlas (version 3). Additionally, using several gross and fine motor behavioural 

tasks, analyses performed across both experimental groups revealed no significant motor 

impairments. Having a better insight into how these microscopic lesions affect brain structure 

and function in preclinical models would increase our understanding of how cerebral 

microinfarction impacts the human brain.  
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INTRODUCTION   

  

1.1 Cerebral Microinfarcts  

Microinfarcts are small microscopic lesions that are 10 times 1 more prevalent than symptomatic 

stroke. Due to the difficulty in detecting these small lesions using conventional neuroimaging 2-3, 

microinfarcts are vastly understudied relative to their prevalence. Cerebral microinfarcts are a 

common feature amongst the aging population, in which they are important biomarkers of many 

brain pathologies. These microscopic lesions are also a common finding in patients following 

symptomatic stroke 4-6, where microinfarct load is associated with a two-fold increased risk of a 

subsequent focal stroke 7-8. Cortical cerebral microinfarcts have also been found in Alzheimer’s 

disease patients 9, 10-13 contributing to both white matter loss and aggravation of brain 

degeneration. In addition to stroke and Alzheimer’s disease (AD), cerebral microinfarction are 

commonly observed in other brain pathologies including vascular cognitive impairment and 

dementia (VCID) 2, 14-15, cerebral amyloid angiopathy (CAA) 3, 14, 16-20 and arteriosclerosis 21-23. 

The incidence of microinfarction has been reported in patients with vascular dementia (62%), 

AD (43%) and in individuals who are ≥75 years old who have not been diagnosed with dementia 

(24%) 2, 4, 9. Surprisingly, preclinical models of microinfarction are lacking, making it especially 

difficult to discern the impact of microinfarction on cognition, motor function, and how critical 

these lesions may be towards disruption of brain networks and its vasculature.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

 

1.2 What Do We Know About Cerebral Microinfarcts?  

Microinfarcts are presumed to be of ischemic origin 4, defined as foci of cellular death or tissue 

rarefaction1 that are 0.05 to 3 millimetres in diameter 14-15. Compared to focal ischemic strokes, 

individuals may acquire hundreds or even thousands of these microscopic lesions throughout 

their lifetime 3, 24. Microinfarcts create a widespread form of damage 13, 25 that can extend beyond 

the areas of tissue rarefaction 4 and affect 2% of brain volume 14. Cerebral microinfarcts are a 

known consequence of cerebral small vessel disease 4, 9, 26-27 (e.g. cerebral amyloid angiopathy), 

microemboli 4-5, 23, and hypoperfusion 4, 10, where each case results in the blockage of either 

penetrating or perforating arteries. The most common features of cerebral microinfarcts is the 

presence of tissue pallor and the dense microvascular meshwork that contains string vessels 2, 28.    
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The presence of the string vessels within the infarct zone acts as a marker of disturbances within 

the circulation in and around the microinfarcts 28. Therefore, advanced neuroimaging that can 

detect changes in cerebral perfusion may play an important role in localizing cortical 

microinfarcts at earlier time points. In addition to coinciding with other pathologies, these small 

lesions are present in approximately 30% of otherwise healthy individuals 9 over the age of 65 

years. More recently, the incidence of these miniscule lesions has been established to be 

increased after cardiac surgeries 29, and mechanical thrombectomy 30-31. For example, the number 

of new microinfarcts can be increased 7.6-fold after cardiac surgery 29 and new microinfarcts 

were also found to develop in one-fifth of patients who underwent mechanical thrombectomy30. 

Compared to healthy individuals, the incidence of microinfarction is nearly doubled in the 

elderly that suffer from cognitive decline or dementia 13, 32-33. In fact, the presence of 

microinfarcts can increase the risk of acquiring dementia and cognitive deficits two-fold 5-6, 34. 

Cerebral microinfarcts do not appear to affect all cognitive systems equally, having the strongest 

impact on perceptual speed 34 and the weakest association with semantic and episodic memory 15, 

34; a hallmark of AD. In addition to a decline in processing speed, microinfarcts can reduce an 

individual’s capacity to recover cognitive function after an acute ischemic stroke, increasing the 

cognitive vulnerability that is typically seen within the acute phase of a stroke 6. In contrast to 

other pathologies (i.e. AD, cerebral amyloid angiopathy, arteriosclerosis, VCID), the relationship 

between cerebral microinfarction and dementia in aged populations is not well-understood. It is 

not clear whether microinfarction directly affects certain cognitive systems or indirectly 

exacerbates other vascular pathologies associated with cognition 15. An example of this is seen 

where in addition to being associated with microinfarction, white matter 

demyelination/hyperintensities and microbleeds lead to diffuse changes throughout the brain 

including disruption of cognitive networks 35.  

While a relationship between microinfarction and cognitive decline exists, less is known about 

their impact on motor function. This is especially important because with advanced age, a 

decline in sensorimotor control and function occur over time 36-39, where the decline in fine 

motor control, balance, and gait affect the ability of older individuals to perform daily activities 

of independence and living. A significant limitation to studying the impact of microinfarction on 

cognitive/motor performance in humans is that the onset and location of microinfarcts are 
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unpredictable and individuals are often unaware of their existence. Making investigation more 

difficult, microinfarction is often not discovered until a post-mortem autopsy is performed 24, 40. 

Since post-mortem quantification of microinfarcts is only accomplished in a small portion of the 

human brain, the total number of microinfarcts that are reported during histological examinations 

significantly underestimates the total burden of infarction 40. In addition, it is difficult for clinical 

studies to isolate the negative consequences of microinfarction from other comorbid pathologies. 

Using animal models to re-create the widespread distribution of microinfarcts provides us with a 

method to shed light on this problem; however, few models actually re-create the clinically 

observed brain-wide distribution of microinfarcts.  

 

1.3 Animal Models of Microinfarction  

1.3.1 Importance of Animal Models 

Animal modelling of microinfarction has the potential to significantly contribute to our 

understanding of the impact of microinfarction on the brain. Through different experimental 

techniques microinfarct size, location, and load can be manipulated along with parallel testing of 

cognitive and motor function. In addition, it is much more realistic to quantify the total burden of 

microinfarction through histological analysis. In humans it is not possible to determine when 

microinfarction occurred, making it impossible to investigate their acute impact, leaving only the 

potential to assess the delayed and chronic impact of microinfarction. Since microinfarcts can be 

experimentally produced in animal models, both the acute and chronic impact of cerebral 

microinfarction can be assessed. To date, several different rodent models have been used to 

recapitulate microinfarction in a controlled environment. 

1.3.2 Laser-Induced Occlusion of Single Penetrating Arterioles  

By coupling laser irradiation with in vivo two-photon imaging, single-penetrating arterioles can 

be selectively occluded with photothrombosis 41-42. To include an arterial, a photosensitive dye 

(Rose Bengal) is introduced into the circulation of a rodent and when the vessel is irradiated with 

green excitation light, the coagulation process is initiated, resulting in a localized-ischemic lesion 

43. These types of occlusions are generated near the pial surface, creating wedged or column-

shaped cortical infarcts 44. Laser-induced occlusion models are used to create reproducible 

cortical photothrombosis in rats and mice, where the surgical procedure is minimally invasive 
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and mortality rate is low 45. This type of model allows for exquisite control over the location of 

the ischemic lesion, allowing for the size of the cortical lesions to be controlled by adjusting the 

plasma concentration of the Rose Bengal and the intensity and duration of the green laser 45. 

Limitations of this model are that the lesions are restricted to the cortex and there is an end-

arterial occlusive nature, making the lesions resistant to blood flow following surgery. Notably, 

this type of microinfarct model only produces an infarct in one area of the brain (dependent on 

the location of the laser); however, in humans these lesions occur throughout the entire brain. 

Therefore, the laser-induced occlusion model does not accurately mimic the widespread 

distribution of microinfarcts.  

 

1.3.3 Bilateral-Carotid Artery Stenosis (BCAS) 

Bilateral carotid-artery stenosis (BCAS) uses microcoils to induce chronic cerebral 

microinfarcts. Although mainly a model of VCI, after long periods (6 months) 46 of BCAS, mice 

develop subcortical microinfarcts. Advantages of using this model are that the mortality rate is 

normally less than 2%, and the severity of cerebral hypoperfusion can be controlled through the 

regulation of the internal diameters of the microcoils 47.The disadvantages of using BCAS 

models include a lack of motor dysfunction since it primarily impacts the hippocampus47, an 

abrupt decrease in cerebral blood flow that occurs with the placement of the coil, and the 

duration of time before microinfarcts develop.  

 

1.3.4 Intra-Carotid Injection of Microemboli  

The injection of microemboli into the circulatory system of the brain is another method that has 

been used to create a widespread distribution of microinfarcts. To date, two types of microemboli 

have been injected through the internal carotid artery (ICA) to produce microocclusions: 

cholesterol crystals 13, 48 and fluorescent microspheres 49. These microemboli have been shown to 

produce a wide-spread form of damage throughout the brain where the incidence of 

microinfarction has been quantified in several brain regions (i.e. the cortex, hippocampus and 

thalamus) 48-49. The type of infarcts that are seen in the cortex and pial surfaces include wedged 

and column-shaped lesions while smaller microinfarcts occur in deeper cortical layers 40. To 

obtain a reliable microinfarct model using microemboli, the size and number of emboli injected 

are important factors to consider. A limitation of using cholesterol crystals 13, 48 to produce 
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microinfarction is that different immunofluorescent antibodies (i.e. GFAP, CD68, CD11b, and 

NeuN) are required to localize the microinfarcts throughout the rodent brain, whereas the 

location of the fluorescent microspheres 49 is easily detected using a fluorescent microscope. 

While cholesterol crystals are variable in size (40 to 100 µm in diameter) and cannot be 

quantified easily in brain sections, fluorescent microspheres of a discrete size (20 to 50 µm in 

dimeter) and can mimic the shower of lesions that are apparent in the human brain 50. This in 

turn allows for easy post-mortem localization of lodged microspheres within brain vasculature. 

Models such as the laser-induced microlesions and intra-carotid injection of microemboli allow 

researchers to determine the effect of microinfarcts on brain structure and connectivity, 

independent from other brain pathologies 40. However, with intra-carotid injection models, 

researchers have less control over lesion location and occluded vessels are permanently blocked, 

mimicking microinfarct cases without reperfusion 45.  

 

1.4 Brain Microvascular Network and Cellular Death  

1.4.1 The Blood-Brain Barrier 

The neurovascular unit (NVU) is formed from a complex structural and functional multicellular 

relationship between the brain and vasculature. The cellular components which make up the 

NVU are the neurons, perivascular astrocytes, microglia, pericytes, endothelial cells, and the 

basement membrane 51, all of which collectively protect the brain’s ionic balance and refute the 

passage of neurochemicals from the rest of the body 52-54. In addition to controlling the cerebral 

blood flow 55, the NVU plays several roles throughout the brain; however, the two main 

responsibilities are the maintenance cerebral homeostasis and conservation of the BBB 51. The 

NVU links neurons to the cerebral vessels through neurovascular coupling, where the blood 

supply is matched to the demand of neurons via changes in the intraluminal diameter of the 

vessels 51, 56. The cellular components from the NVU also play a fundamental role in the 

development and maintenance of the BBB. An example of which are the endothelial cells that 

provide paracellular permeability through the BBB via endothelial tight junctions, and contribute 

towards the BBB homeostatic function by metabolizing enzymes 51, 57. While the NVU is 

responsible for a large portion of the central nervous system, the BBB is more confined to 

isolating the central nervous system from the systematic circulation 52 to protect the central 

nervous system from toxins, pathogens, injury and inflammation 58-59. The blood vessels within 
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the central nervous system are formed from two distinct cell types: endothelial cells, which form 

the walls of the vessels, and mural cells that sit above the endothelial layer 59. The endothelial 

cells of the central nervous system are held together by tight junctions that lead to firm regulation 

for the movement of ions, molecules and cells between the blood and the brain 58. Although the 

endothelial cells are the important contributing cells to the BBB, properties and the functions of 

the BBB are controlled through the interactions between murals cells, immune cells, glial and 

neural cells.  

Patients suffering from an acute ischemic stroke undergo magnetic resonance imaging (MRI) 

within the first hours after the onset of the stroke, at which point the disruption of the BBB can 

be identified. To date, most information about BBB disruption in humans mainly comes from 

larger focal stroke. For instance, the permeability of the BBB has been linked to post-stroke 

edema 54, where the first phase begins with the regulation of endothelial transcytosis during the 

early period of reperfusion (6 hours following stroke). In comparison to the first phase, the 

second phase reveals major remodeling of the tight junction complexes between 24-48 hours 

following stroke 60. After the onset of an acute ischemic stroke, the BBB is promptly disrupted, 

resulting in its integrity being diminished during the acute and early subacute phases of stroke. 

During the acute phase, infiltration and accumulation of peripheral immune cells into the 

parenchyma contributes to the progression of the injury 61, at which point prolonged disruption to 

the BBB is associated with stroke severity 54, 62. Even though the filtering capacity of capillaries 

are robust, disease or injury (e.g. stroke) to the brain results in the rupture and acute permeability 

of the BBB, allowing pathogens to infiltrate 53. A series of protein transformations and 

degradations occur during BBB disruption. These changes include tight junction degradation and 

redistribution, modifications in astrocytic end feet and pericyte coverage, whereby the 

cytoskeleton of the endothelial cells undergo further transformation 58, 63. The tight junctions and 

the adhesion properties of the cerebral capillaries are what maintain the BBB integrity 58. During 

the acute phase of the BBB permeability, the configuration of the tight junctions are normal, 

however between 48-58 hours after stroke, these protein complexes become degraded, leading to 

a second peak of BBB permeability 54, 58. This second peak of permeability leads to uncontrolled 

entry of blood and molecules into the brain parenchyma, spreading further damage throughout 

the brain. 
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Since it is challenging to study BBB disruption in humans, preclinical models are needed to 

grasp a better understanding of when these disruptions occur throughout the brain. To date, a 

vast majority of preclinical stroke models have assessed BBB disturbance using focal ischemic 

stroke models. Preclinical middle cerebral artery occlusion (MCAO) models of stroke have 

revealed that at 4 and 24 hours after stroke, there’s an increase in ischemic BBB breakdown 60, 64-

65. In contrast to larger ischemic strokes, an intra-carotid injection of microemboli stroke model 

injected cholesterol crystals (60 to 100 µm in size) to create a widespread form of damage 

throughout the brain to investigate the disruption of the BBB 48. It was discovered that the 

perivascular albumin staining was evident at 4 days post-occlusion; however, the histological 

marker did not persist beyond 1 week 48. Another study evoked cortical spreading 

depolarizations over the right hemispheres of mice where BBB disruption was assessed using 

Evans blue or dextran between 3-4 hours post depolarizations 66. It was found that cortical 

spreading depolarizations induced the opening of the BBB to water and larger molecules 

between 3-6 hours and lasting 24 after, all of which was mediated by endothelial transcytosis 66. 

While the general analysis of BBB disruption is beneficial to determine time periods of 

extravasation, molecular mechanisms that control the BBB formation is critical. A study 

demonstrated spatiotemporal development profiles of BBB functionality in embryonic mice, 

whereby they discovered that the major facilitator super family domain containing 2a (Mfsda) 

gene is expressed in the BBB 67. Genetic ablation of the Mfsda2a gene resulted in BBB 

extravasation from embryonic period to adulthood 67. Following the ablations, electron 

microscopy showed an increase in endothelial cell vesicular transcytosis in Mfsda2a knockout 

mice 67. Overall, their keys findings suggest that Mfsda2a is an important gene that helps in the 

regulation of the BBB function by overcoming transcytosis in the endothelial cells 67.  

In contrast to focal strokes, not much is known about the impact microinfarction has on the BBB 

in humans since these microscopic lesions are normally discovered during post-mortem 

histological analyses. Therefore, the acute stages of BBB disruption after microinfarction cannot 

be studied without preclinical models.  
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1.4.2 Cellular Death and Neuronal Injury 

Together, the central nervous system and the immune system are strongly interconnected and 

communicate with one another through different networks 68. Microglia are the innate immune 

cells that dwell throughout the brain parenchyma 69 responding first during an immune defence 

throughout the central nervous system. Macrophages and other immune cells (i.e. dendritic cells 

and lymphocytes) surround the blood vessels, choroid plexus and leptomeninges (combination of 

arachnoid and pia matter) monitoring immune functions that occur throughout the brain 69. These 

monocytes will engulf and digest cellular debris and foreign substances, cleaning up the central 

nervous system. After brain ischemia, reactive microglia and macrophages infiltrate the site of 

damage, peaking around four days post-injury in both rats and mice.  

Acute cerebral microinfarcts are defined as being either incomplete or cavitated, with evidence 

of cell injury or death and the infiltration of immune cells 2. Throughout the cortex post-

microinfarction, cellular death occurs along with delayed demyelination, microglial activation 

and neuronal damage 13.  The microinfarct core contains BBB leakage and an increased amount 

of oxidative protein damage within cells, vasculature, and astrocytes, while degenerating cells 

are located around the border of the infarct 13, 41. Furthermore, microinfarction results in the 

formation of a cellular migratory path of microglia and macrophages along the stroke border and 

subcortical white matter tracts that can extend into the contralateral hemisphere 41, 70. 

 

1.5 Histopathological Analysis of Microinfarction in Humans and Animal Models   

Through clinical histological examination, acute cerebral microinfarcts have been defined as foci 

of cellular injury without the presence of cavitation or cell death4. In contrast, chronic cerebral 

microinfarcts are described as being focal cavitated tissue with the presence of gliosis and 

several remaining macrophages 2, 4 that can occur in the superficial, middle and deep layers of 

the cortex 28. Smaller lesions may contain only neuronal cell loss with or without the presence of 

macrophages or gliosis with folding of the surrounding tissue 4. At the chronic phase of 

microinfarction, activated macrophages tend to remain within the core of the infarct where they 

can uptake extracellular granules, which are a result from neuronal cell death, and iron deposits 

that remain due to neuroinflammation 28. Histological findings that are common in all chronic 

microinfarcts include tissue pallor, loss of neurons and the accumulation of lipofuscin pigments 

(granules) that are surrounded by a dense microvasculature network within the infarct core 28. 
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Microinfarcts have also been shown to vary in regard to their shape, size and the amount of iron 

accumulation in the microinfarct core which influences their detection using clinical 

neuroimaging 28. Using haematoxylin and eosin staining 25, cortical red hypoxic neurons are 

evident surrounding the infarct core 4. Although many researchers use haematoxylin and eosin-

staining to readily identify acute and subacute cerebral microinfarcts, immunohistochemical 

staining has also been used as a marker of tissue injury. Examples include the marker CD68 for 

macrophages, human leukocyte antigen to label activated microglia 9, 12, and glial fibrillary acidic 

protein for gliosis 2, 4. While the sensitivity and specificity for different histological markers 

remains unclear, these approaches make the microinfarcts stand out and easier to quantify 25.  

Cerebral microinfarction induced in animal models results in a similar injury profile to humans. 

The main difference that is found between humans and rodents is the angioarchitecture. The 

rodent cortex contains more penetrating venules compared to penetrating arterioles, the inverse 

of what is seen in the human cortex 71. When assessing cerebral microinfarcts in both humans 

and rodents, the size, shape and location of these lesions tend to show notable similarities. These 

similarities are thought to occur due to a proportional cortical vascular scale between the two 

species 14, 71. While brain size may differ between species, the penetrating arterioles range in 

diameter between 15-30 µm 72 and 15-40 µm 73 across the cortex in both rodent and human 

brains respectively.  

1.6 Animal Models of Cerebral Microinfarction Induced Cognitive and Motor Deficits  

Recently, a clinical study reported patients who had cerebral microinfarction show subtle motor 

deficits. In humans, cerebral microinfarcts have an impact on brain structure as well as cognitive 

5-6, 15, 34 and motor function 36. Similarly, rodent models using either unilateral or repeated 

bilateral injections of cholesterol crystals to induce microinfarction have revealed deficits in 

cognition and motor learning tasks. Several cognitive tasks have been used in animal models 

with hippocampal 50 and striatal injuries 10, 13 to reveal impairments in spatial memory 

acquisition and retention 48. While the relationship between microinfarction and cognitive 

function has been investigated in several studies 13, 41, 48, less is known about the impact of 

microinfarcts on motor function. For example, following intra-carotid injection of cholesterol 

crystals (60 to 100 µm in diameter) to induce microinfarction in rats, it has been demonstrated 

that motor learning on the Rota-Rod task was impaired 48. In contrast to the Rota-Rod task, intra-
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carotid injection of cholesterol crystals in rats (60 to 100 µm) or in mice (40 to 70 µm) resulted 

in no significant difference in locomotor activity between sham-operated animals and embolized 

animals 13, 48. Notably, intra-carotid injections of fluorescent microspheres in mice resulted in a 

significantly higher neurological deficit score (NDS) over four weeks compared to sham mice 50. 

Additionally, using the clasping reflex test to analyze limb dystonia, is was concluded that post-

surgery, the microinfarct mice had a higher clasping score, where sham mice did not go above 

zero when compared to baseline performance 50. 

Although several motor tasks have revealed significant differences between microinfarct animals 

and sham-operated controls, many of these impairments are subtle. For my thesis, a more 

comprehensive behavioural assessment was warranted to evaluate basic neurological deficits, 

balance, hindlimb/forelimb function, sensorimotor deficits, spontaneous forelimb and skilled 

forepaw use. While both the rotarod and NDS have poor sensitivity to detect small deficits, and 

the open field test measures general motor deficits, the tasks that I have chosen are more 

sensitive for detecting minor deficits 74.  

1.7 Rationale 

Cerebral microinfarction is difficult to study in humans. These microscopic lesions go 

undetected using clinical neuroimaging and are primarily detected once the person has passed 

away. Furthermore, few preclinical studies model the widespread injury that has been observed 

throughout the human brain. Using intra-carotid injections of fluorescent microspheres to create 

the microscopic lesions has numerous benefits compared to other models of microinfarction. We 

are able to create a widespread injury throughout the brain, where we can easily detect each 

fluorescent microsphere and their location throughout the brain vasculature. Our cerebral 

microinfarct mouse model allowed us to mimic the diverse distribution of infarcts that is 

normally seen within the general population by targeting the arterioles of the brain.  

While BBB breakdown has been assessed following larger focal strokes, the time course of its 

integrity has not yet been investigated in cerebral microinfarction. While it is difficult to 

longitudinally study the impact of microinfarction in humans, experimentally inducing 

microinfarction permits the investigation of the time course of BBB disruption across time. The 

first study of this thesis addresses whether intravascular microsphere (IVM) injections disrupts 
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the BBB and characterizes how long the disruption persists. It was hypothesized that IVM 

injections would result in acute disruption of the BBB where Evans Blue (EB) dye would be 

most evident within the parenchyma during the first week post-surgery.   

Due to small sampling of the human brain, the total damage that occurs from microinfarction is a 

plausible estimation based on smaller sections that have been analyzed. A limitation to studying 

microinfarcts in humans is that one cannot obtain a precise number of how many infarcts occur 

throughout the entire brain and in which specific brain regions these lesions are located. 

Therefore, using our model, quantification of the total number of IVMs throughout the brain was 

to be completed to determine whether this model of microinfarction would produce a widespread 

distribution of IVMs throughout the brain, being variable amongst animals. Thus we analyzed 

the distribution of IVMs across several experimental days post-IVM surgery and performed 

whole-brain localization of IVMs in a subset of mice to validate a semi-automated Python script 

to automatically localize IVMs throughout the mouse brain. This script will be used to determine 

how IVM load in specific brain regions (e.g. motor cortex) impacts motor function.  

Furthermore, while most preclinical studies have focused their attention on evaluating the impact 

of microinfarction on cognition, the second experiment of this thesis evaluates the impact of 

microinfarcts on motor function. The evaluation of motor impairment in a clinical setting is 

problematic for researchers to conduct due to the difficulty in controlling other pathologies that 

may coincide with microinfarcts. I hypothesized that mice with induced microinfarction would 

result in subtle motor impairments acutely after surgery.  
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MATERIALS & METHODS       

 

Experiment 1 

 

2.1 Animals & General Procedures  

All experimental procedures were conducted in accordance with the guidelines of the Canadian 

Council on Animal Care and approved by the Animal Care Committee at the University of 

Ottawa. All mice were housed in a 12-hour light/12-hour dark cycle and were provided with food 

and water ad libitum.  

To investigate whether intravascular microsphere (IVM) injections result in BBB disruption, we 

conducted a time course experiment to determine if, and when, BBB integrity was compromised 

(Figure 1). In the first set of experiments, a total of 38 mice (see APPENDIX A Table 1) were 

distributed into five experimental groups that were sacrificed at different time points post-

microinfarction (Day 1 n=10, Day 3 n=12, Day 7 n=6, Day 14 n=4, and Day 21 n=6).  

 

 

 

Figure 1. Experimental timeline for the time course of BBB disruption. Mice were sacrificed 

days 1, 3, 7, 14, and 21 post-surgery where they received EB dye injections prior to being 

perfused (n= 38). 
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2.2 Experimental Surgery  

2.2.1 Preparation of Microsphere Solution 

To perform the IVM surgeries, a microsphere stock solution was purchased (FluoroSpheres 

polystyrene, Polysciences, Cat# 19096-2; 20µm particles packaged as 2.5% aqueous suspension; 

5.68 x 106 particles/ml). The microsphere size was selected based on the approximate size of the 

arterioles within mice, ranging between 10 to 20 μm in diameter. The microsphere working 

solution was prepared the morning of the surgeries. The microsphere stock solution was mixed in 

a vortex mixer for approximately 1 minute before and after being placed inside a sonicator 

(ultrasonic bath 1.9L) for 5 minutes to agitate the liquid in order to prevent the microspheres 

from adhering to one another. Next, 4.0 µl was extracted from the stock solution and added to 2 

ml of saline, giving a final concentration of 1.14 x 104 particles/ml of saline for our working 

solution. Each mouse that received the microinfarct surgery was injected with 100 µl of the 

working solution (1138 microspheres/injection). Immediately prior to each surgical injection, the 

working solution was mixed (~ 20 seconds) using a vortex to ensure that the microspheres were 

separated from one another. If a yellow-green film was visible at the top of the solution, the 

microspheres were not separated properly and the solution would be mixed again until the 

yellow-green film disappeared. Prior to surgeries, two samples (100 µl each) were extracted from 

the working solution, imaged using the EVOS FLAuto2 microscope (GFP 510nm) and analyzed 

in Image J to determine the number of particles that were in each injection 

2.2.2 Intravascular Microsphere Surgery 

Mice were anesthetized with isoflurane (2% induction, 1.5% maintenance in air) until they were 

unresponsive to a foot pinch. A saline (1 ml) and Meloxicam injection (5mg/ml; undiluted) were 

given subcutaneously to the mice followed by a surgical preparation; neck area being shaved and 

sterilized with alcohol and the eyes being lubricated (1 drop/eye with Optixcare eye lube; 

20g/0.70oz). For each surgery, all mice were surgically prepared followed by a small neck 

incision (~1 cm) to allow access to the common carotid artery (CCA). Once the vasculature was 

accessible, the external carotid artery (ECA) was temporarily clamped and the area was irrigated 

with saline. Using a syringe (31-gauge needle), we injected 100 µl from the working solution 

(~20 µm in size; 1138 microspheres/100µl) into the left CCA (Figure 2A), resulting in a 

widespread distribution of micro occlusions throughout the mouse brain (Figure 2B)49. After 
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removing the needle, surgifoam (absorbable gelatin sponge) was then placed onto the CCA to aid 

coagulation and the neck incision was closed. Following surgery mice were placed in an 

incubator chamber (35-37 °C) until they were awake and began to move. Subsequently, mice 

were returned to their home cage.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Microinfarct surgery. (A) A ventral view of the unilateral intravascular microsphere 

(IVM) injection 49. (B) Dorsal view of GFP-labelled microspheres within the left hemisphere. 
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2.3 Intravascular Injections of Evans Blue (EB) 

A mouse tail illuminator restrainer was used to confine an awake mouse in a tube in order to 

proceed with the tail vein injections. To clearly see the veins, the tails of the mice were swabbed 

with 70% ethanol and placed within a slit where light warmed the tail to expose the veins. To 

assess BBB permeability, mice were injected intravascularly with EB dye (2% solution in saline; 

MW= 960.81 g/mol; 100 µl/mouse) through the tail vein 30 minutes prior to perfusion. BD ultra-

fine insulin needles with a 31 gauge were used for the tail vein injections. 

 

2.4 Euthanization & Histology  

2.4.1 Perfusion, Tissue Sectioning & Histology  

Mice were anesthetized with sodium pentobarbital (working solution=65mg/mL; 

injection=1.6mg/25µl) and transcardially perfused with 10 mL of phosphate-buffered saline 

(PBS) followed by 50 mL of 10% neutral buffered formalin (flow rate for perfusions= 3-5 

mL/min). Brains were carefully removed and post-fixed in formalin at 4°C for a minimum of 24 

hours. Sections were cut at 50 µm using a modified vibratome to accommodate blockface 

imaging. Serial sections were collected along the anterior/posterior axis between -2000 to 3000 

(0=anterior commissure) and mounted on 1% gelatin-coated slides. To assess the number of IVM 

in each section and EB dye extravasation in Experiment 1, slides were also stained with DAPI 

(4′,6-diamidino-2-phenylindole) and imaged at 4X magnification using an EVOS FLAuto2 

microscope (GFP 510nm: IVM, Texas Red: EB 680nm).  

2.4.2 Blockface Imaging 

The long-term goal of using this IVM model of microinfarction is to automate the process of 

counting and localizing IVMs. Serial blockface imaging has been used to obtain 3D data from 

thick volumes of tissue, where one must image the sections prior to being cut; continually 

imaging the entire blockface 75. With slide-mounted sections it is difficult to maintain the normal 

shape of the brain, reducing the potential to register IVMs to a mouse brain atlas. Therefore, we 

have begun to develop a blockface imaging technique (Figure 3A) using a Raspberry Pi camera 

and a blue light fixed to a vibratome in order to capture serial images of the tissue block to 

visualize the location of the IVMs (Figure 3B). In order to delineate the edges of the tissue in the 

blockface images, we immersed the tissue in a block of opaque (black) agarose. Prior to 
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immersing the brain in to the block, a drop of black India ink was mixed in with the agarose gel 

(0.1g of agarose/5 ml of dH2O) so the entire blockface would become black in colour. The 

blockface was then glued to a vibratome, whereby each serial section of the tissue was captured 

using the Raspberry Pi camera prior to being sectioned. After cutting through the entire 

blockface, a stack of images was generated going from the anterior to the posterior sections that 

were cut. To localize IVM to specific brain regions, it is essential to visualize certain structures 

of biological tissue and create a three-dimensional (3D) reconstruction of the sample. By using 

serial blockface imaging, this removes the problem of having to deal with delicate tissue 

sections, which is quite often difficult and distorted using histological sections 76. Brains from 

Experiment 1 (38 brains) have been imaged, sectioned and used for our EB quantification and 

analysis for IVM distribution. 

 

 

Figure 3. Serial Blockface imaging set-up. (A) Blockface imaging using the vibratome. (B) A 

serial section captured using the blockface imaging (green dots= microspheres). 
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2.4.3 Semi-Automatic Detection of EB Dye Using Ilastik 

Quantification and analyses of EB signal was conducted using Ilastik, a deep neural net pixel 

classification software (ILASTIK version 1.3.2.) 77. This software was used to semi-

automatically detect the EB signal across all sections that were captured and imaged using the 

EVOS FLAuto2 microscope. This pipeline was used to determine the amount of EB 

extravasation that occurred in each brain at a given time point post-microinfarction. From the 

histological sections imaged using the EVOS FLAuto2 microscope, a total of 100 images with 

varying EB signal were selected. Three independent raters were blinded to images and were 

asked to “manually threshold” each image to what they deemed was EB signal (Figure 4A-C). 

This step was completed using a custom Image J script where all 100 images were placed in a 

random order followed by the raters manually thresholding each image (Image > Adjust > 

Threshold). Of the 100 images, each image was presented three times to each rater in order to 

assess intra-rater reliability (i.e. each image was assessed 9 independent times in total). Each 

pixel within an image was assessed for EB signal. If a pixel was deemed to have EB signal each 

time a rater manually thresholded the image and across the three independent raters (9 separate 

times), this was considered “True signal”. Ilastik was then trained on 22 of these 100 manually 

scored images to detect the EB signal versus background signal (Figure 4C). To assess the 

capacity of Ilastik to detect EB signal, we compared the remaining 78 manually evaluated 

images to the same images when processed using this training algorithm.  
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Figure 4. Ilastik EB Classification (EB signal=white). (A) Left panel: Image of EB where 

Ilastik underestimated EB signal the most compared to manual computation. Middle panel: 

Ilastik EB classification. Right panel: manual EB classification. (B) Left panel: Image of EB 

where Ilastik overestimated EB signal the most compared to humans. Middle panel: Ilastik EB 

classification. Right panel: manual EB classification. (C) Left panel: EB image that Ilastik was 

good at classifying. Middle panel: Ilastik EB classification. Right panel: Manual EB 

classification.  

 

2.4.4 IVM and EB Dye Quantification 

All brains were selected to quantify the number of IVMs in all sections using a customized 

Image J script, and a total of 35 brains were used assess the change in EB extravasation 

throughout the brains at each time point post-surgery. Three brains were excluded for the EB 

analysis due to unsuccessful intravascular injections of the dye. A region of interest (ROI) of 

each brain section was identified by thresholding the image to the DAPI signal. These ROIs were 

then divided into right and left hemispheres by manually drawing a line down the midline of the 

brain section. The anterior/posterior coordinates of each section were determined relative to the 

posterior portion of the anterior commissure. The number of IVMs were identified by 

thresholding to the GFP signal and running the analyze pixels function where particles greater 

than 10 µm were counted as IVMs. EB damage for all sections was determined based on the 

Ilastik segmentation maps produced by the aforementioned training dataset and the area of EB 

signal was calculated using ImageJ’s analyze pixels function. Total volume of damage was 

determined by summing the area of EB signal throughout serial sections. In addition to analyzing 

the raw values for the total number of IVMs and EB volume, we normalized each value (both the 

number of IVMs and EB volume) to the area of the ipsilesional and contralesional hemispheres 

to create a common scale between mice across time without distorting the experimental errors 

across experimental days. 

2.4.5 IVM Distribution and Localization  

To further our goal to develop a workflow to automate the allocation of IVMs to given brain 

regions based on the Allen mouse brain  atlas, a Python script was developed to manually align 

all serial blockface images of each section and to manually label the microspheres throughout the 

entire brain (to be used to ultimately validate our automated approach). This script was used in a 

subset of mice from Experiment 1 (n=8) to determine if manually counting the IVMs was 
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significantly different from the automated detection of the IVMs. Furthermore, the long-term 

goal will be to also apply this approach to Experiment 2 to perform whole-brain localization of 

IVMs in order to determine how IVM load in specific brain regions (i.e. motor cortex) impacts 

behaviour.  

Manual Labelling of IVMs 

Blockface images that were captured during sectioning were placed into a single stack of images 

per brain. While the images show both tissue and agarose, only the brain tissue was selected for 

segmentation. After thresholding all images to grayscale (Figure 5A), a bounding blue box was 

calculated around the center area of the tissue. The blue box is expanded by 75 pixels in both the 

width and height of the image (Figure 5B). Any pixels that were located outside of the blue box 

were identified as background signal, while the pixels located within the box were further used 

for segmentation (Figure 5C). All images were then manually aligned to the brain tissue that was 

centered within the image based on the user’s selection of the anterior commissure (ac; the last 

section where the ac was seen crossing the midline). The brain section was then rotated after the 

user drew a vertical line down the images, separating the two hemispheres (Figure 5D left and 

right panels). Images were aligned by clicking a common feature between serial sections (i.e. 

IVMs; Figure 5E). IVMs were then either manually counted or automatically detected (Figure 

5F) where the x, y, z coordinates for each IVM was written and saved as a csv file. This step was 

completed using both methods to validate the automated detection of the IVMs.  

Automatic IVM Detection 

Once the IVMs were detected based on thresholding to IVM signal and their x, y, z coordinates 

were saved, each IVM was clustered across serial sections and the true depth and location of the 

IVMs were identified (Figure 5G). Masks were further generated for the true location of each 

IVM. Each brain image was then transformed to the fixed Allen Brain Atlas (Mouse CCF, 

Reference Atlas, Version 3 2017) using advanced normalization tools (ANTs) 78; an image 

registration and segmentation toolkit (Figure 5H left panel). This transformation of the Allen 

Brain Atlas to each image was then applied to the masks of the IVMs, allowing the Python script 

to detect the location of each IVM throughout specific brain regions (Figure 5H right panel). 
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Once all transformations and registrations were completed, an anatomical tree of brain regions 

was then produced for each brain (Figure 6).  

 

Figure 5. Manual and automated IVM detection. (A-C) To obtain a finalized image to use for 

segmentation, images are thresholded to grayscale and a bounding blue box is traced to crop out 

the pixels located exterior to the brain tissue (50 µm). (D) The images become centered by 

selecting the last section where the anterior commissure is seen midline. The brain is then rotated 

by drawing a line (blue line) between both hemispheres (left to right panel). (E) All images 

within the stack are then aligned based on common features (i.e. red arrows= IVMs; or brain 

structures if no IVM is present). Each individual IVM is represented as a white dot (F) IVMs 

were either manually counted or automatically detected using the Python script (black dots = 

manually labelled IVMs). (G) A sample of the location of several IVMs that were identified 

within 8 serial brain sections. IVMs are clustered across serial sections where the true 

depth/location of the IVMs are identified. (H) Each brain image is then transformed to the fixed 

Allen Brain Atlas (version 3) using ANTs (left panel; red brain area= nucleus accumbens). This 

transformation is then applied to the IVMs (right panel; red box= IVM in the nucleus 

accumbens), allowing the Python script to detect the location of each IVM throughout the brain.  
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Figure 6. IVM localization output data. Output data from the transform matrix that is applied 

to the bead localization step in the automated microsphere script. The panel shows the automatic 

localization of the microspheres and their distribution within specific brain regions. 
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Experiment 2 

 

In a second experiment, a battery of gross and fine motor behavioural tests were used to evaluate 

whether IVMs induced behavioural impairments in certain motor domains and if so, how the 

motor performance changed over time. A total of 35 mice (see APPENDIX A Table 1) were 

trained at baseline on the single pellet reaching task (SPRT; 7days/week for 3 weeks), the 

tapered beam task (3 trials in 1 day), adhesive removal task (5 days; performance of last 2 days 

were averaged), cylinder task (1 day) and NDS (1 day; 4 testing categories/mouse; Figure 7). 

Following the baseline training for SPRT, two mice were excluded from the experiment because 

they did not learn how to reach for the pellets during the second phase of the task (see Materials 

and Methods section 2.5.5). All mice that were assigned to the microinfarct group underwent the 

same experimental procedures as in the first experiment (see Material & Methods section 2.2.2; 

each injection= 1138 microspheres/100 µl) however, the side of injection (left or right CCA) for 

both sham and microinfarct mice was based on paw preference during the second phase of the 

SPRT baseline training (sham and IVM injections: contralateral to preferred paw; see Materials 

& Methods section 2.5.5). For sham injections, the same steps were completed; however, 100 µl 

of saline was injected into the CCA rather than the microsphere working solution. Following 

sham and IVM surgeries, motor performance using the SPRT was scored every day while the 

remaining behavioural tasks were assessed on days 3, 7, 14 and 21, followed by all mice being 

sacrificed the next day. Data were collected and analyzed for the remaining 28 mice (sham= 14; 

microinfarct= 14; mortality rate= 15.2%).  The day after all behavioural testing was completed, 

all mice were euthanized in the same manner as in the first experiment (see Materials & Methods 

section 2.4). Brains were removed and kept in storage for further processing. 
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Figure 7. Experimental timeline for behavioural testing of mice before and after sham and 

IVM surgery. Single pellet reaching task (SPRT; baseline testing = -22 to -1 days prior to 

surgery; days 3-22 post-surgery), adhesive removal test (adh), cylinder test (cyl) and tapered 

beam were tested at baseline (1 week prior to surgery) and days 3, 7, 14 and 21 post-surgery. All 

mice were perfused once behavioural testing was completed (Sham= 14; IVM= 14).   

 

2.5 Behavioural Testing  

Every behavioural test, except for the NDS, was recorded using a Raspberry Pi camera to capture 

high definition videos of each mouse’s performance.  

2.5.1 Neurological Deficit Score (NDS)  

The NDS was used to assess neurological impairments following sham and microinfarct 

surgeries 50. This test consisted of four categories that were scored separately, where both the left 

and right side of the body were evaluated (max score= 16). Mice were placed on a flat surface 

and gently lifted by the base of their tails until the forepaws were no longer touching the table. 

Forelimb flexion (0-2) was graded from 0 (uniform extension of forelimb), to 2 (full wrist 

flexion / shoulder adduction) where a score of 1 represented shoulder adduction. Hindlimb 

flexion (0-1) was graded similarly to forelimb flexion. A score of 0 represented the absence of 

hindlimb flexion whereby a mouse extended its hindlimbs parallel to its body and a score of 1 

signified the presence of hindlimb flexion. To observe C-shape lateral bending of the body (0-2), 

the mouse was again lifted by the base of its tail and held several inches above the surface of the 

table to observe which side the mouse bent its torso towards. This allowed the experimenter to 

note whether the mouse had no impairment (0= absence of C-shaped bending), impairment was 

slightly present (1= mouse bent its torso slightly) or if the mouse had a severe C-shape bending 

of the body (2= complete trunk flexion) on either side of the body. The last category was the 

forepaw grasp (0-3) graded with a 0 (normal grasping behaviour with both paws), 1 (grasps 

normally with one paw and uses some contralateral digits), 2 (grasps normally with one paw and 

uses contralateral wrist/arm) or a 3 (cannot grasp with either paw). The experimenter observed 

each paw by gently lifting the mouse by the base of its tail and placing it above a horizontal 

metal wire where it used its forelimbs to grasp the wire. For Experiment 2, mice were scored at 

baseline and days 1, 3, 7, 14 and 21 post-surgery. Once all data collection was completed, left 

and right side scores were summed together (all categories) for each mouse at each time point. 
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To determine whether microinfarction resulted in neurological impairments, the mean NDS score 

was calculated for both groups and graphed across experimental time points. The NDS ranged 

from 0 (no neurological impairments) to 16 (severe neurological impairments).  

2.5.2 Tapered Beam Test 

The tapered beam test was used to assess forelimb and hindlimb function and balance in mice 

while crossing a tapered beam (length: 100 cm, tapered from 3.5 cm (start) to 0.5 cm (end); 

ledges: 1 cm below the upper surface and 1 cm wide) 79 to their home cage (Figure 8). A mirror 

was placed on the right side of the beam against the wall to easily visualize if the mouse 

displaced its foot from the upper surface of the beam. This task required the mice to cross a beam 

that gradually become narrower towards the end. Over the course of one training day, mice were 

habituated to the task by being placed at different intervals along the beam (⅓ from the end, ½ 

along the beam, at the start of the beam) starting closest to their home cage (end of beam). Once 

they learned to walk along the entire beam without turning backwards, each mouse was video 

recorded the same day to capture their baseline performance (3 runs along the beam/mouse).  On 

testing days, mice had to cross the beam three times while being filmed. All runs were recorded 

using a Raspberry Pi camera (mounted on a tripod that was placed horizontally to the beam). 

Mice were tested at baseline and days 3, 7, 14 and 21 following surgery. The total number of 

steps taken along the beam and number of foot faults was counted over the three trials by scoring 

the videos frame-by-frame for each mouse. The percentage of foot faults was calculated as 

shown below. The mean was calculated across all three trials for each mouse and followed by the 

average being taken for each group (sham and microinfarct).  

  

% 𝐹𝑜𝑜𝑡 𝐹𝑎𝑢𝑙𝑡𝑠 =  
𝑇𝑜𝑡𝑎𝑙 # 𝑜𝑓 𝑓𝑜𝑜𝑡 𝑓𝑎𝑢𝑙𝑡𝑠 𝑓𝑟𝑜𝑚 𝑐𝑜𝑛𝑡𝑟𝑎𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑝𝑎𝑤

𝑇𝑜𝑡𝑎𝑙 # 𝑜𝑓 𝑠𝑡𝑒𝑝𝑠 𝑜𝑓 𝑐𝑜𝑡𝑟𝑎𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑝𝑎𝑤
 × 100 
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Figure 8. Tapered beam task used to assess balance, forelimb and hindlimb function.  

 

2.5.3 Adhesive Removal Test 

The adhesive removal test was used to assess sensorimotor deficits (e.g. tactile responses) and 

motor asymmetry. This task was completed by placing a small piece of adhesive tape (0.5 cm2) 

on the palms of both forepaws followed by placing the mice into a clear, hollow, Plexiglas 

cylinder (height= 15 cm, diameter= 10 cm; Figure 9A). Mice were filmed from below a clear 

tabletop, where they had to remove both pieces of tape prior to being taken out of the cylinder; a 

maximum of 2 minutes was the time limit that was given for this task. If the mouse did not 

remove the tape from its paw within the fixed time, the mouse received the maximum time of 

120 seconds. Baseline testing consisted of 5 days, where the first 3 days were considered as 

training days and the last two days (days 4 & 5) were testing days. Mice were also tested once on 

days 3, 7, 14 and 21 following surgery. The videos were analyzed frame-by-frame to record the 

time it took the mouse to make contact with its mouth to the tape (Figure 9B) and the time at 

which the tape was removed (completed for both forepaws). All measures for baseline scores 

were averaged across the last two days and compared against the scores from each experimental 

time point to determine if microinfarction resulted in sensorimotor deficits.   

 

A B 
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Figure 9. Adhesive tape removal task used to assess sensorimotor deficits. (A) Adhesive tape 

attached to both forepaws. (B) Mice had to make contact with each paw to remove the tape.  

 

2.5.4 Cylinder Test  

The cylinder test was used to assess spontaneous forelimb use and asymmetry. Mice were placed 

in a hollow, Plexiglas cylinder (height= 15 cm, diameter= 10 cm) where they explored the 

environment until 25 rear ups with its forepaws against the cylinder were completed (Figure 

10A). A rear up consisted of the mouse rearing onto its hindlimbs and touching the wall of the 

cylinder with either paw or both forepaws (Figure 10B). The first contact on the wall within each 

rear up was scored, followed by the mouse placing their paws on the floor before the next rear up 

was assessed. All movements were recorded from below a clear tabletop with the Raspberry Pi 

camera. No training days were given for this task and testing days were performed at baseline, 

and days 3, 7, 14 and 21 following surgery. All videos were assessed frame-by-frame to 

determine which forepaw contacted the wall first (left, right or both). After video scoring was 

completed for all mice, the percentage use of the contralateral limb was quantified with the 

equation below. All mice were then placed into their appropriate group (sham or IVM) for 

further analysis.  
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% 𝑼𝒔𝒆 𝒐𝒇 𝒄𝒐𝒏𝒕𝒓𝒂𝒍𝒂𝒕𝒆𝒓𝒂𝒍 𝒍𝒊𝒎𝒃

=  

𝟏
𝟐

(# 𝒐𝒇 𝒃𝒊𝒍𝒂𝒕𝒆𝒓𝒂𝒍 𝒕𝒐𝒖𝒄𝒉𝒆𝒔) + (# 𝒐𝒇 𝒄𝒐𝒏𝒕𝒓𝒂𝒍𝒂𝒕𝒆𝒓𝒂𝒍 𝒕𝒐𝒖𝒄𝒉𝒆𝒔)

𝟐𝟓 𝒕𝒐𝒖𝒄𝒉𝒆𝒔
 

 

 

Figure 10. Cylinder task used to assess spontaneous forelimb use and asymmetry. (A) Mice 

were placed in a Plexiglas box where they explored their environment. (B) A rear up against the 

wall. The paw that contacted the wall first during each initial rear up was recorded.  

 

2.5.5 Single Pellet Reaching Task (SPRT)  

The SPRT was used to assess skilled forepaw use before and after sham/microinfarct surgery by 

placing the mice in a Plexiglas reaching box (20 cm tall, 19.5 cm deep, and 9 cm wide, measured 

from outside the box; 0.5 cm thickness of Plexiglas; divot holes ~1.5 cm away from the start of 

the ledge) and scoring their behaviour based on their ability to reach and grasp a millet seed 

(Figure 11A). Training and testing days occurred 7 days a week. Two to three days before being 

habituated to the apparatus, mice were food restricted and millet seeds were introduced within 

their home cage.  The day before the first training day, baseline body weights were recorded. 

Body weight was maintained at 80% of baseline weight throughout the experiment by giving 1-
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1.5g of food per mouse each day once behavioural testing was completed. This was done to 

ensure that the mice would be sufficiently motivated to reach for the seeds. The first phase of the 

SPRT (1 day) consisted of the mice having 15 minutes to become habituated to the box while 

pellets were placed on the floor and reaching tray. This phase allowed the mice to become 

familiarized with the apparatus and for them to start eating the pellets. The second phase of the 

task (2-3 days, 10-15 minutes/mouse) was to develop skillful reaching and to determine paw 

preference. Pellets were placed in both divot holes to give the mice two targets and were 

replaced right away when they were displaced from the ledge. When the mice developed skillful 

reaching, paw dominance was determined by analyzing which paw was used most frequently to 

grasp the pellets. The goal of the third phase (2-3 days, 10-15 minutes/mouse) was to develop a 

pattern of reaching allowing researchers to analyze each reach as a distinct and separate event. 

After displacing the pellet from the ledge, whether it was successful or not, the mice had to learn 

to return to the back wall of the box before the experimenter placed a new pellet. If the mice did 

not move to the back, a single pellet was dropped at the back of the box to encourage the walk-

back. This reinforcement was only done if the mice did not learn the full sequence of the 

reaching task. Non-rewarding behaviour had to be eliminated (phase 4, 1-2 days, 10-15 

minutes/mouse). This was achieved by not replacing the pellet in the next trial if the mouse 

continued to reach after the pellet was displaced or removed. This taught the mice to sniff and 

verify if the pellet was in place prior to reaching.  

Phases 1-4 occurred within the first week of training, where scoring the performance of the mice 

(phase 5, 2 weeks) started at the beginning of the second week. Each animal was given a 

maximum of 10 minutes each day to retrieve up to 30 pellets. If a mouse reached through the slit 

and obtained the pellet either on its first try or after several attempts, the performance was scored 

as a successful grasp (Figure 11B). The number of attempts that were made for a successful 

grasp were scored (i.e. if a mouse successfully grasped a pellet one its 5th try, a total of 5 

attempts were recorded). If the mouse pushed or knocked the pellet off of the indentation, it was 

considered as a knock, and if the pellet fell from their paws, this trial would be scored as a drop. 

Baseline competency was defined as a plateau in the animal’s reaching scores across 4 

consecutive days (i.e. the reaching scored from the last 4 testing days did not differ significantly 

from one another). Experimental testing days began 3 days following the sham/microinfarct 

surgery and ended at day 21 post-injection. The number of successful pellets retrieved, number 
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of pellets presented, the percent successful reaches (formula below), and the number of attempts 

made for a successful grasp were calculated and analyzed before and after stroke for both sham 

and microinfarct groups.  

 

% 𝑺𝒖𝒄𝒄𝒆𝒔𝒔𝒇𝒖𝒍 𝑹𝒆𝒂𝒄𝒉𝒆𝒔 =  
# 𝒐𝒇 𝒔𝒖𝒄𝒄𝒆𝒔𝒔𝒇𝒖𝒍 𝒑𝒆𝒍𝒍𝒆𝒕𝒔 𝒓𝒆𝒕𝒓𝒊𝒆𝒗𝒆𝒅

𝑻𝒐𝒕𝒂𝒍 # 𝒐𝒇 𝒑𝒆𝒍𝒍𝒆𝒕𝒔 𝒑𝒓𝒆𝒔𝒆𝒏𝒕𝒆𝒅
 × 𝟏𝟎𝟎 

 

 

Figure 11. Single pellet reaching task used to assess skilled forepaw. (A) A mouse reaching for 

a millet seed with its left forepaw. (B) A successful grasp completed.  
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2.6 Statistical Analysis   

Histological data from the first experiment was analyzed using a one-way analysis of variance 

(ANOVA) and Tukey’s post-hoc analysis to assess the amount of EB signal and the total number 

of IVMs that occurred in both the ipsilesional and contralesional hemispheres at different time 

points post-microinfarction. A paired sample t-test was used to determine whether there was a 

significant difference between manually labelled IVMs using histological sections or the 

blockface images. The behavioural data was analyzed using a three-way repeated-measures 

ANOVA to test the effects of time and condition (sham vs microinfarction) on motor 

performance between two cohorts of mice. A paired t-test and a linear regression analysis was 

used to determine if the number of IVMs that were counted between the user and the automatic 

IVM detection were significantly different from one another. All statistical analyses were 

performed using SPSS (IMB Corp., Armonk, USA) and GraphPad Prism 8 (San Diego, CA, 

USA). All p values <0.05 were considered statistically significant and all values were reported as 

sample means ± the standard error of the mean (SEM).   
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RESULTS    

 

Experiment 1    

3.1 Time Course of Blood-Brain Barrier Breakdown after Cerebral Microinfarction  

The total number of microspheres across the brain was quantified at various time points after 

IVM surgery. In addition to the raw numbers being assessed, the total number of IVMs in both 

hemispheres was normalized to the total area of either the ipsilesional or contralesional 

hemisphere (see Materials & Methods section 2.4.4). A one-way repeated-measures ANOVA 

with time as a factor indicated that a main effect of time was detected (p=0.0234). A post hoc 

analysis using Tukey’s multiple comparisons tests showed that the normalized number of IVMs 

in the ipsilesional hemisphere was greater at day 21 when compared to day 1 (*p=0.0261) and 

day 3 (*p=0.0291) post-IVM surgeries (Figure 12A, E-F). In contrast to the normalized number 

of IVMs in the ipsilesional hemisphere, no significant differences were observed for the raw 

number of IVMs that were lodged throughout the ipsilesional hemisphere (p=0.0968; Figure 

12B). Additionally, no significant differences were detected for the normalized (p=0.0729; 

Figure 12C) and raw number of IVMs (p=0.0972; Figure 12D) that were lodged throughout the 

contralesional hemisphere across experimental days post-surgery.  
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Figure 12. The number of IVMs throughout the brain across experimental days post-IVM 

surgery. (A) The number of IVMs in the ipsilesional hemisphere across experimental days post-

surgery; normalized to the volume of the ipsilesional hemisphere (n=38). There was a 

significantly increased (p= 0.0234) number of IVMs (normalized) within the brains of mice that 

were sacrificed 21 days following surgery when compared to days 1 (*p= 0.0261) and 3 (*p= 

0.0291). (B) There was no significant difference in the raw number of IVMs across experimental 

time points post-surgery in the ipsilesional hemisphere (p=0.0968). (C-D) No significant 

difference occurred between the normalized (p=0.0728; C) and raw number of IVMs (p=0.0972; 

D) in the brains of mice across each time point post-surgery. (E-F) A representative dorsal view 

of GFP-labelled microspheres throughout the brain of a mouse that was sacrificed at 1 day (E) 

and 21 days (F) post-surgery, illustrating the increased number of IVMs over time. Values are 

presented as sample means ± SEM. 

 

 

We wanted to determine how Ilastik based image classification of EB signal throughout the brain 

compared to human classification, therefore three blinded experimenters manually thresholded 

images to identify EB labeled region. Using a repeated measures ANOVA, our analysis showed 

that individual human raters were consistent in their own EB classification; however, 

classification between each other was significantly different (intra-rater reliability within-

subjects p=0.22; inter-rater reliability between-subjects p<0.001; Figure 13A). Once Ilastik batch 

processed the remaining test set, it was determined there was an increase amount of EB signal 

within the ipsilesional cortex compared to the contralesional cortex (Figure 13B). Furthermore, 

the difference in methods (automated vs manual) further assessed that there was an increase 

amount of EB signal within the ipsilesional hemisphere compared to the contralesional (Figure 

13C). The area of EB signal that was manually identified was then compared to what Ilastik 

classified as EB signal. A linear regression analysis was then used to model the relationship 

between the Ilastik EB classification with the between-rater agreement of EB classification. 

These two classification methods had a strong linear relationship in detecting EB signal (p<0.05; 

r=0.86; r2=0.74; Figure 13D). Therefore, Ilastik was able to accurately predict EB signal.  

 

 

 

 



 
35 

 

 

Figure 13. Ilastik EB Classification. (A) EB Classification across 100 images scored 3 separate 

times. Statistically significant difference for inter-rater reliability between subjects (***p<0.001) 

while intra-rater reliability within subject was not significant (p=0.22). (B) EB signal in both 

ipsilesional and contralesional cortex. As expected, Ilastik detected EB signal to a much greater 

extent in the ilpsilesional cortex. (C) Difference (Ilastik-Manual training) in EB damage within a 

given hemisphere. An example of the two largest outliers are presented in Figure 9, panels A and 

B. Automated and manual methods were equivalent in detecting the EB damage in either 

hemisphere. (D) Correlation between Ilastik EB classification and manual EB classification. 

These two measures of EB were significantly correlated (n=77; p<0.05; r=0.86; r2=0.74). Values 

are presented as sample means ± SEM. 
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To determine the time course of BBB disruption, the EB signal detected in each coronal section 

was analyzed using Ilastik, followed by the volume being quantified in Image J. Similar to the 

total number of IVMs, the EB volume was normalized to the total area of either the ipsilesional 

or contralesional hemisphere to determine the total volume of EB dye in both hemispheres. A 

one-way repeated-measures ANOVA with time as a factor indicated that IVM injections resulted 

in time-dependent BBB permeability after surgery (p=0.0104; Figure 14A, E-F). A post hoc 

analysis using Tukey’s multiple comparisons tests revealed that the EB extravasation within the 

ipsilesional hemisphere was significantly larger one day (p=0.0104) following surgeries when 

compared to mice sacrificed at 3 days (*p=0.0138) and 21 days (*p=0.0224) post-IVM surgeries. 

In contrast to the ipsilesional hemisphere, there was no significant change in EB volume that 

occurred throughout the contralesional hemisphere post-surgery (p=0.1579; Figure 14B), 

indicating that most of the BBB disruption was unilateral. Additionally, within the mice that 

were sacrificed 1 day following surgery, there was no significant correlation between the number 

of IVMs that were detected within the ipsilesional hemisphere to the volume of EB (p=0.7262; 

r2= 0.01863; Figure 14C; n=9). While the number of IVMs was not significantly correlated to the 

volume of EB, we were interested in knowing the distribution of the IVMs and EB volume 

throughout the anterior/posterior axis of the mouse brain. The number of IVMs and EB volume 

in the lesioned hemispheres were averaged at each anterior-posterior coordinate and normalized 

to the area of each corresponding brain section (Figure 14D) for mice that were sacrificed one 

day following surgery (n=9). This graph illustrates the distribution of lodged IVMs throughout 

the brain, specifically the motor cortex region (dotted black lines) along with the volume of EB 

extravasation observed. Throughout the motor cortex there is an even distribution of IVMs and 

EB signal, where these numbers increase going towards the posterior end of the brain. 

Importantly, our analyses only extended 1.8 mm posterior of bregma.  
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Figure 14. EB extravasation and volume of damage across experimental days post-IVM 

surgery. (A) The change in volume of EB extravasation throughout the ipsilesional hemisphere 

of mice at each time point post-surgery (n= 35). There was a significant increase (p=0.0104) in 

the amount of EB signal 1 day following surgeries when compared to days 3 (*p=0.0138) and 21 

(*p=0.0224). All volumes were normalized to the area of the ipsilesional hemisphere. (B) The 

volume of EB extravasation in the contralesional hemisphere at each time point post-surgery 

(n=35). There was no significant different between the volume of EB dye between experimental 

days (p=0.1579). All volumes were normalized to the area of the contralesional hemisphere. (C) 

There was no significant correlation between the number of IVMs and the volume of EB dye 

(normalized) throughout the ipsilesional hemisphere at day 1 post-surgery (p=0.7262; r2= 

0.01863; n=9). (D) The distribution of IVMs and the volume of EB dye throughout the 

anterior/posterior axis from mice that were sacrificed the day after surgeries. Both IVMs and the 

volume of EB were normalized to the area of each ipsilesional hemisphere (dotted lines= motor 

cortex). (E-F) The change in EB extravasation throughout the lesioned hemisphere between days 

1 and 21 day post-IVM injections (images captured at 4x magnification; red=EB, green=IVM, 

blue=DAPI; n=35). Values are presented as sample means ± SEM. 

 

Several brains from the first experiment were analyzed using a custom Python script to localize 

the number IVMs throughout the brain, whereby manual and automated IVM detection was 

compared. Using a paired t-test and a linear regression analysis, we determined there was no 

significant difference between the number of IVMs that were counted between the user and the 

automatic IVM detection (Figure 15B; mean of differences (Auto-Manual) = -84.25 ± 68.81; 

p=0.3), resulting in a strong significant correlation between the two methods (Figure 15C; 

r2=0.93; p=0.0001). Individual paired t-tests were used to analyze the difference between user 

and automated detection and registration of IVMs in specific brain regions (Figure 15D-F). No 

significant differences were observed between the two methods (manual vs. auto) for IVMs 

located in the primary motor area (mean of differences = 0.2500 ± 5.314; p=0.9638), primary 

somatosensory area (mean of differences = -4.375 ± 7.018; p=0.5528) and the striatum (mean of 

differences = -7.000 ± 13.73; p=0.6259). Our Python script further allows us to automatically 

detect and register IVMs to areas of interest throughout the entire brain (Figure 15G) and at 

different levels of an anatomical tree (Figure 15H-K). Significantly more IVMs were detected in 

the blockface images when compared to histological sections (n=8 same brains used from Figure 

14; mean of difference= -174.1 ± 72.52; p=0.0474; Figure 16A). This decrease of IVMs in 

histological sections was likely a result of dealing with fine delicate tissue, where IVMs may 

have fallen out during sectioning or while manipulating the sections on the slides. While there 

may be a subtle difference between both quantification methods, there is still a significant 
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correlation between quantifying histological sections and blockface images (Figure 16B; 

r2=0.9204; p<0.0001).  

Figure 15. Comparison between manual and automated IVM detection. (A) Coronal 

sections collected for each mouse brain via blockface imaging (n=8). (B) User identified IVMs 

vs. automatic detection; no significant difference between methods (mean of differences (Auto – 

Manual) = -84.25 ± 68.81; p=0.3). (C) The number of IVMs counted by the user vs. automated 

IVM counts are significantly correlated (r2=0.93). (D-F) IVMs that were manually counted 

throughout the entire brain, transformed and registered based on our Python script and ANTs vs. 

IVMs that were automatically detected and registered from our Python script and ANTs. (G) 

Distribution of automatically detected IVMs transformed and registered to areas of interest 

(based on our Python script and ANTs; percent of total IVMs). (H-K) Percent of total IVMs that 

were automatically detected at different levels of an anatomical tree based on the Allen Mouse 

Brain Common Coordinate Framework (Version 3). Brain regions outlined in red are further 

classified from left to right. Values are presented as sample means ± SEM. 
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Figure 16.  Comparison between manually labelled IVMs in blockface images versus 

histological sections. (A) The number of IVMs counted in both blockface images was 

significantly greater compared to IVMs counted using histological sections (n=8; mean of 

differences = -174.1 ± 72.52; p=0.0474). (B) Both methods show a strong significant correlation 

between each other when labelling IVMs (r2=0.9204; p<0.0001). Values are presented as sample 

means ± SEM.  
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Experiment 2 

3.2 Cerebral Microinfarction Does Not Impact Motor Function   

To determine if IVMs induced motor impairments over time, mice were tested on a battery of 

gross and fine motor behavioural tests at baseline and days 3, 7, 14 and 21 following sham and 

IVM surgeries. A three-way repeated-measures ANOVA was used to test the effects of time and 

condition (sham vs IVM) on motor performance between two cohorts of mice. No significant 

differences were observed between the two cohorts of mice on all tasks (p>0.05). Therefore, data 

from both cohorts of mice were collapsed together. The NDS was used to assess possible 

neurological deficits post-surgery. A repeated-measures ANOVA showed no group effect 

(p=0.824) nor a group x time interaction (p=0.737); however there was an effect of time 

(p=0.009) in both sham and IVM mice across all experimental days post-surgery (##p<0.001). In 

fact, the deficit in NDS score following surgery was persistent and remained elevated between 

days 1 to 21 for both groups (Figure 17). The tapered beam task was used to assess forelimb and 

hindlimb function and balance before and after sham and IVM surgeries. A repeated-measures 

ANOVA indicated that there was no effect of time (p=0.176) or group (p=0.277) for the 

percentage of forelimb faults. However, a post hoc analysis indicated a group x time interaction 

(p=0.039), resulting in sham mice having a significant increase in the percentage of foot faults by 

their contralateral forelimb when compared to IVM mice at day seven following surgery 

(p=0.034; Figure 18A). The difference between sham and IVM mice was not persistent and 

normalized by day 14 post-surgery (p=0.440). Moreover, there was no effect of time (p=0.605), 

group x time interaction (p=0.969) or group effect (p=0.384) for the percentage of foot faults 

done by the contralateral hindlimb (Figure 18B). In addition to the contralateral forelimb and 

hindlimb, the percentage of foot faults were also analyzed for the ipsilateral forelimb and 

hindlimb (Supplementary Figure 22). A repeated-measures ANOVA indicated no time (p=0.828) 

or group effects (p=0.103); however, a significant group x time interaction (p=0.001) was 

observed. A post hoc analysis revealed that the group x time interaction occurred 7 days 

following surgery (p=0.034) resulting in IVM mice having a significant increase in the 

percentage of foot faults using their ipsilateral forelimb. This difference in foot faults between 

groups was not observed at days 14 and 21 (Supplementary Figure 22A) post-surgery. For the 

percentage of ipsilateral hindlimb foot faults, a repeated-measures ANOVA showed no time 
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effect (p=0.796), group x time interaction (p=0.893) or group effect (p=0.581) (Supplementary 

Figure 22B).  

The adhesive removal test was used to evaluate sensorimotor deficits and asymmetry before and 

after sham and IVM surgeries. A repeated-measures ANOVA showed no group effect (p=0.959) 

for the amount of time it took mice to make contact with the adhesive tape; however, a group x 

time interaction (p=0.038) was evident seven days following surgery where sham mice took 

longer to make contact with the tape on their contralateral paw when compared to IVM mice 

(Figure 19A). Furthermore, a post hoc analysis showed a time effect (p=0.002) at day 7 

(p<0.001), 14 (p=0.037), and 21 (p=0.018) following surgery, whereby IVM mice showed a 

decrease in the time that was needed to make contact with the adhesive tape compared to 

baseline and day 3 performance. When assessing the amount of time it took the mice to remove 

the tape from their contralateral paw (Figure 19B), a repeated-measures ANOVA showed no 

group effect (p=0.569) or group x time interaction (p=0.78) over time. Both groups of mice 

removed the tape faster after 1 week post-surgery, where a post hoc analysis indicated a 

significant time effect (p=0.005) at days 7 (p<0.001) and 14 (p=0.006). Ipsilateral contact and 

removal times were further assessed (Supplementary Figure 23). For the contact time using the 

ipsilateral forepaw, no group effect (p=0.753) or a group x time interaction (p=0.43) were 

observed; however, significant time effects (p=0.011) were detected at days 7 (p<0.001), 14 

(p=0.028), and 21 (p=0.012) following surgery (Supplementary Figure 23A). These time effects 

were due to both sham and IVM mice contacting the tape faster on their ipsilateral paw 7 days 

post-surgery. Following day 7, sham mice took longer to make contact with the tape while IVM 

mice remained below baseline performance. The repeated-measures ANOVA showed that the 

time it took to remove the tape from the ipsilateral paw resulted in no significant group effect 

(p=0.585) or group x time interaction (p=0.317). However, a post hoc analysis showed a time 

effect (p=0.022) that occurred 7 days (p<0.001) after surgery, in which both groups took less 

time to remove the tape from their ipsilateral paw (Supplementary Figure 23B).   

The cylinder task was used to assess spontaneous forelimb use and asymmetry before and after 

sham and IVM surgeries. A repeated-measures ANOVA showed no group effect (p= 0.561), 

group x time interaction (p=0.415) or time effects (p=0.972) for the use of the contralateral 

forelimb (Figure 20) or ipsilateral forelimb (no group effect p=0.561, group x time interaction 
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p=0.415 nor a time effect p=0.972 were observed; Supplementary Figure 24). Though no 

significant effects were detected, over time the IVM mice show a slight increase in their 

preference for the ipsilateral forepaw compared to baseline performance. While the SPRT was 

used to assess skilled forepaw use before and after IVM and sham surgeries, a repeated-measures 

ANOVA showed no group effect (p=0.545) nor a group x time interaction (p=0.211) for the 

percentage of successful reaches. However, there were significant time effects (p=0.01) that were 

detected using a post hoc analysis between days 3-6 (p=0.008) and days 7-10 (p=0.024) when 

compared to baseline performance (Figure 21). These time effects resulted in both groups of 

mice showing a decrease in the percentage of successful reaches made during days 3-6 post-

surgery. Following days 3-6, IVM mice showed a slow increase in the percent of successful 

reaches made during days 7-10 while the performance of sham mice remained below baseline 

scores. In addition to the percentage of successful reaches, three kinds of analyses were 

performed: the number of successful pellets retrieved, number of pellets presented, and the 

number of attempts made to successfully grasp a pellet (Supplementary Figure 25). A repeated-

measures ANOVA showed that the average number of successful pellets retrieved resulted in no 

group effect (p=0.353) nor a group x time interaction (p=0.798). However, a post hoc analysis 

indicated significant time effects (p=0.009) during days 3-6 (p<0.001) and 7-10 (p=0.025) 

following surgery independent of group (Supplementary Figure 25A). Similarly, no group effect 

(p=0.269) or group x time interaction (p=0.095) were observed for the number of pellets 

presented; nonetheless, there was a significant time effect (p<0.001) detected during days 3-6 

(p<0.001), where the number of pellets presented decreased for both groups of mice, particularly 

for the sham mice (Supplementary Figure 25B). Lastly, while there were no group effect 

observed (p=0.183) using a repeated-measures ANOVA, there was a group x time interaction 

(p=0.059) for the number of attempts made to successfully retrieve a pellet. A post hoc analysis 

indicated that sham mice made more attempts between days 3-6 (p=0.036) and 11-14 (p=0.007) 

(Supplemental Figure 25C) compared to IVM mice. Additionally, a significant time effect 

(p=0.003) was shown for the number of attempts made across all experimental days post-surgery 

(days 3-6 p=0.013; days 7-10 p=0.036; days 11-14 p=0.015; days 15-18 p=0.010; days 19-22 

p=0.003) independent of the group. 
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Figure 17. Neurological deficits scores before and after sham and IVM surgeries. NDS 

scores were taken at baseline and several days following sham and IVM surgeries (days 1, 3, 7, 

14 and 21) prior to being sacrificed (sham=14, IVM=14). A time effect (p=0.009) was observed 

between experimental days 1-21 when compared to baseline scores (## p<0.001), where both 

sham and IVM mice had an increase in neurological deficits 1 day following surgery followed by 

a slow decline throughout the remaining experimental days. No group effects (p=0.824) or group 

x time interaction (p=0.737) were observed post-surgery. Values are presented as sample means 

± SEM. 
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Figure 18. Tapered beam test before and after sham and IVM surgeries. (A) Percent foot 

faults for the contralateral forelimb. A group x time interaction (p=0.039) occured 7 days 

following surgery, (*p=0.034) where sham mice had a significant increase in the percentage of 

foot faults using their contralateral forelimb. An effect of time (p=0.176) or group effect 

(p=0.277) were not detected across experimental days post-surgery. (B) Percentage of foot faults 

for contralateral hindlimb (sham=14, IVM=14). No group effects (p=0.384), group x time 

interaction (p=0.969) or time effects (p=0.605) were observed for the percentage of foot faults of 

the contralateral hindlimb. Values are presented as sample means ± SEM. 
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Figure 19. Adhesive removal test before and after sham and IVM surgeries. (A) Contact 

time made between the contralateral forelimb and adhesive tape. A group x time interaction 

occurred at day 7 post-surgery (* p=0.038), where sham mice took a significantly longer time 

compared to IVM mice to make contact with the tape on the contralateral paw. Additionally, an 

effect of time (p=0.002) occurred at days 7 (##p<0.001), 14 (##p=0.037) and 21 (## p=0.018), 

where the IVM mice showed a decrease in the amount of time it took to make contact with the 

tape when compared to baseline performance. No group effect were observed (p=0.959). (B) 

Removal time of the adhesive tape with the contralateral forelimb. No group effect (p=0.569) or 

group x time interaction (p=0.78) were observed; however, a time effect (p=0.005) occurred at 

days 7 (##p<0.001) and 14 (##p=0.006) post-surgery, where both groups of mice showed a 

decrease in the amount of time it took to remove the tape from their contralateral paw when 

compared to baseline performance (sham=14, IVM=14). Values are presented as sample means ± 

SEM. 
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Figure 20. Spontaneous forelimb use in the cylinder test before and after sham and IVM 

surgeries. The percent touches made by the contralateral forelimb against the wall of the 

cylinder. No group effects (p=0.561), group x time interaction (p=0.415) or time effects (p=1) 

were observed across experimental days post-surgery (sham=14, IVM=14). Values are presented 

as sample means ± SEM. 
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Figure 21. Skilled forelimb reaching in the single pellet reaching task before and after 

sham and IVM surgeries. The percentage of successful reaches was calculated as [(# of 

successful pellets retrieved / total # of pellets presented) X 100] for both sham (n=14) and IVM 

(n=14) groups. No group effects (p=0.545) or group x time interaction (p=0.211) were observed; 

however there was an effect of time (p=0.01) between bins 2 (days 3-6; ## p=0.008) and 3 (days 

7-10; # p=0.024) when compared to baseline performance. These time effects resulted in a 

decrease in the percent of successful reaches that were made from both groups between days 3-6. 

Following the first four experimental days, the percent of successful reaches remained below 

baseline for sham mice (days 7-10) while IVM mice showed an increase in performance, similar 

to baseline scores. Values are presented as sample means ± SEM. 
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DISCUSSION           

 

With growing interest in the impact of cerebral microinfarction, there still remains a lack of 

research in investigating the structural (i.e. brain vasculature) and functional (i.e. cognitive and 

motor impairments) consequence that these microscopic lesions have on the brain. Using intra-

carotid injections of fluorescent microspheres has allowed us to mimic the diverse distribution of 

infarcts that is seen within the general population. The first study of my thesis addresses whether 

IVM injections disrupts the BBB and characterizes how long the disruption persists. After a 

cohort of mice underwent the IVM surgery, an intravascular injection of EB dye through the tail 

vein was administered 30 minutes prior to the animals being sacrificed at different time points. 

The total number of IVMs and EB volume was quantified in all animals for each experimental 

time point. The second experiment of this thesis evaluates the impact of microinfarcts on motor 

function. The performance of mice was evaluated before and after sham or IVM surgery using a 

battery of gross and fine motor behavioural tests.  

Experiment 1 

4.1 The Number of IVMs Increase Over Time After Intra-Carotid Injections Of 

Microspheres.  

A strength of the IVM model of microinfarction is widespread distribution49. For the first 

experiment, the amount and distribution of injected IVMs over time was quantified. It was 

hypothesized that this model of microinfarction would produce a widespread distribution of 

IVMs throughout the brain, being variable amongst animals. In agreement with this hypothesis, 

variation in the number of IVMs between animals was evident. Specifically, we observed a 

variable distribution of IVMs throughout the ipsilesional hemisphere (average number of total 

IVMs in ipsilesional hemisphere= 94%) with approximately 6% of total IVMs being located in 

the contralesional hemisphere. However, it was found that by day 21 post-IVM surgery, the 

number of IVMs increased throughout the brain when compared to animals that were sacrificed 

at earlier time points. This increase in IVMs may have potentially been due to the microspheres 

being lodged within the brain parenchyma over time, while mice that were sacrificed at earlier 

time points (days 1 and 3) most likely had IVMs remaining within functioning vessels. If this is 
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the case, those IVMs would have been washed out during perfusions, resulting in a decreased 

number of IVMs at earlier time points.  

Silasi and colleagues performed a similar surgical procedure for IVM injections in mice, 

however mice were sacrificed at day 8 and 10 following surgery 49. With the IVM model of 

microinfarction, they were able to re-create the distribution of the IVMs by reconstructing the 

brains from low-magnification images (150 µm sections) 49. With their analysis, only the total 

number of IVMs were quantified in several brain structures. Although the majority of IVMs 

were lodged in the cortex and thalamus, the incidence of microinfarction was significantly 

greater in the hippocampus and white matter49.  

In contrast to the intra-carotid injection of IVMs, Wang and colleagues used a mouse model of 

diffuse microinfarcts through unilateral injections of 3500 ± 500 cholesterol crystals (40-70 µm 

in diameter) also through the ICA 13. In his study, the number of lesions was not reported; 

however, they were able to report lesion distribution and size within the cortex, subcortical 

structures, hippocampus and white matter 13. Their analysis was done by creating a heat map 

depicting CD68-positive lesion locations (histological marker for reactive microglia and 

macrophages) 13. The heat maps were then projected onto three anatomical representative brain 

sections to quantify both lesion distribution and size 13. A reduction in lesion size at days 14 and 

28 was further observed in incomplete lesions compared to cavitated lesions 13. Similarly, Rapp 

and colleagues injected cholesterol crystals (60-100 µm in diameter) through the rat ICA, 

whereby rats were sacrificed 4 days, 1, 2, and 4 weeks post-injection 48. Although they reported 

the infarct volume in rats, where the largest volume of injury was < 2.0 mm3 after repeated 

embolization with 150 crystals (using a T2-weighted MRI), there were no data that showed a 

change in infarct volume over time 48. In contrast to intra-carotid injections, Summers and 

colleagues used targeted photothrombosis to occlude single penetrating vessels of the cortex to 

mimic microinfarction. The hyperintense regions in the inversion recovery T2-weighted, and 

average diffusion weighted images were manually outlined using MRIcron software 14 to 

determine the area of damage. However, only the microinfarct area was reported 1-2 days post-

occlusion 14. A limitation of equating larger lesions to individual IVMs is that not all IVMs 

produce lesions throughout the brain, whereas larger focal strokes can produce discernible tissue 

damage. This has been seen using the IVM model of microinfarction, where across the entire 
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brain, only 16.4% of lodged microspheres produced identifiable damage to the neuronal structure 

49. 

We discovered that over time, there is a significant increase in the number of IVMs that become 

lodged throughout the brain. This increase in IVMs may have potentially been due to the IVMs 

bypassing the brain. Smaller branches from the ICA have been shown to circumvent the brain 

(i.e. posterior communicating arteries) which in turn bypasses the Circle of Willis. An example 

of such branching includes the opthalamic artery, which leaves the internal carotid artery to 

supply blood to the eyes 80. Overall, no other lab has reported the total number of emboli that 

was lodged throughout each brain over several experimental weeks. Therefore, to confirm if our 

findings are true, we will continue to increase the sample size at each time point to determine if 

this increase in IVMs is valid or if the number of IVMs remain consistent over time. In order to 

quantify and localize the IVMs through the whole brain, our laboratory has used blockface 

imaging during serial sectioning. The serial images that were captured during sectioning were 

then used for reconstruction of IVM location along the AP axis of the brain. IVMs were further 

identified in specific brain regions using the Allen mouse brain atlas.  

  

4.2 IVMs Resulted In Acute BBB Breakdown.  

BBB disruption is evident in both clinical and preclinical settings after the onset of a larger focal 

ischemic stroke 61, 81-82. In contrast to focal strokes, the time course of BBB permeability when 

impacted by microinfarcts is not well understood. This study sought to assess whether IVM 

injections, an animal model of microinfarction, resulted in BBB disruption and for how long the 

disruption persisted. It was hypothesized that IVM injections would result in acute disruption of 

the BBB, where EB dye would be most evident within the parenchyma during the first week 

post-surgery. After processing the EB signal through Ilastik and quantifying its volume in Image 

J, it was concluded that my hypothesis was supported, whereby EB volume was greatest 1 day 

post-IVM surgery throughout the ipsilesional hemisphere, followed by the dye being 

unnoticeable over time. EB volume was also evident within the contralesional hemisphere. Mice 

that were sacrificed 1 day following IVM surgeries contained approximately 5% of the total 

number of IVMs and 13% of EB volume in the contralesional hemisphere (ipsilesional 

hemisphere IVMs= 95%; EB volume= 87%). Since there was a modest amount of IVMs and EB 



 
52 

 

volume in the contralesional hemisphere, this does not create a problem when analyzing and 

quantifying the impact our model has on the brain. Within the general population, there's no 

control over the location of each microinfarct throughout the human brain. Rather than ignoring 

these numbers, we should appreciate that our model can mimic the reality that these infarcts have 

on humans and grasp a better understanding as to where each IVM is being lodged throughout 

the brain and the impact they have on the BBB and surrounding cells. To further investigate the 

impact of IVMs on BBB integrity, our next steps will be to histologically stain for necrotic cells 

using Fluoro Jade C stain in order to align sites of EB volume with the number of IVMs and 

dead neurons. 

Though microinfarction is common amongst the elderly population, the time course of BBB 

disruption has not yet been identified. This lack of evidence is predominantly due to 

microinfarcts primarily being detected through post-mortem histopathological analyses or on 

advanced MRI once the patient has suffered from a larger, focal stroke. By the time these 

microscopic lesions have been detected, the brain has already begun remodelling and clearing 

out the debris after injury. Additionally, while some studies have assessed BBB leakage in 

patients impacted by cerebral microinfarction, these patients are also affected by other 

microvascular pathologies such as CAA 20. In clinical studies that assess BBB leakage in those 

affected by microvascular brain pathologies, the results are not caused by microinfarction alone, 

rather they’re influenced by a number of diseases. Therefore, it is difficult to investigate the 

impact of microinfarction in clinical populations. Most of what we know about BBB integrity 

comes from the clinical studies that assess focal ischemic strokes 61-62, 81-82. BBB disruption has 

been detected using clinical imaging methods, including perfusion computerized tomography 

(CT), dynamic contrast-enhanced MRI or diffusion weighted imaging (DWI) 83-84. These 

modalities are widely used tools that detect the extravasation of intravenously administered 

exogenous tracers. One clinical study measured the evolution of BBB permeability shortly after 

acute ischemic stroke in humans using MRI. Each patient initially underwent a single dynamic 

contrast-enhanced MRI to measure the BBB permeability during their first workup 82. A total of 

42 patients were included in the final analysis, undergoing a second round of dynamic contrast-

enhanced MRI approximately 23.8 hours after the onset of stroke symptoms 82. MRI scans were 

taken between 1.3-90.7 hours across all patients 82. BBB permeability was defined using DWI 

with leakage being highest within the infarct zone compared to the contralateral hemisphere 82. 
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Notably, the BBB permeability was found to be greatest at 6-48 hours after the onset of the acute 

ischemic stroke 82. Similarly, Giraud and colleagues sought to identify MRI factors that were 

associated with early BBB changes after acute ischemic stroke. A total of 44 patients received 

admission MRI scans with a follow up MRI within 3 hours after the first scan to analyze BBB 

changes 62. In this study, the presence of leptomeningeal and parenchymal contrast enhancement 

on T1-weighted imaging was characterized as BBB disruption 62. Follow up examinations and 

imaging were performed 2 days and 1 month after the last MRI session to assess any BBB 

changes and infarct size 62. Their study showed that BBB disruption within the first 3 hours after 

stroke was uncommon; whereas BBB rupture at later time points was more frequent (2 days after 

stroke) 62. Compared to our preclinical microinfarct mouse model where we were able to 

investigate the impact of IVMs on BBB integrity over 3 weeks, data from both clinical studies 

was not acquired longitudinally. Although we have knowledge that BBB disruption is occurring 

several hours after the onset of an ischemic stroke, there is no evidence as to what is happening 

to the BBB after microinfarction since those acute time points cannot be probed. 

Wang and colleagues assessed BBB function 3 days after surgeries (intra-carotid injection of 

cholesterol crystals or saline injections). Both sham and microinfarct mice were anesthetized and 

injected with 15 µl 1% Alexa 647-conjugated ovalbumin (OA647) into the blood stream through 

a femoral artery catheter 13. Animals were sacrificed 30 minutes after injections, followed by 

coronal sections being immunolabelled for GFAP and CD68 to identify the location of the 

lesions. Alexa 647-conjugated ovalbumin extravasation was then imaged within and surrounding 

areas of the GFAP and CD68 labelled regions 13. With their microinfarct model, they found that 

at 3 days post-surgery, mild cerebral edema was observed 13. BBB disruption was evaluated 

using the images that captured the OA647 extravasation, showing smaller lesions that contained 

highly localized BBB disruption while larger lesions had widespread BBB leakage 13. 

Additionally, Rapp and colleagues assessed BBB breakdown by evaluating the matrix 

metalloprotenaise activation, along with albumin extravasation, microglia and astrocyte 

activation at 4 days, 1, 2, and 4 weeks post-embolization 48. Coronal sections were used for 

immunohistochemistry. Microglia and astrocytes were labelled with CD11b and GFAP, while 

the BBB was assessed using MMP staining by in situ zymography 48. From their results, BBB 

leakage was evident at 4 days and did not persist beyond 1 week following injury 48.  
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With our microinfarct mouse model, we were able to create a time course of BBB disruption, 

looking at both the acute and delayed changes of the BBB. While many studies, preclinical and 

clinical, look more at the earlier stages of BBB integrity, it is important to analyze the impact 

these lesions have longitudinally. It is unclear as to whether the BBB repairs itself quickly and 

efficiently after stroke by re-establishing cerebral blood flow through the microvascular bed 58, 

enhancing neurogenesis 85-86 and angiogenesis 87-89, or whether there is a second opening of the 

BBB. For this experiment, we used EB dye to evaluate BBB disruption post-IVM surgeries; 

however, this dye normally binds to larger proteins (i.e. albumin) 76. We concluded that IVMs 

cause acute BBB disruption that does not persist past one week post-occlusion; however, it is not 

definite that the BBB is completely sealed at later time points post-surgery. Although larger 

molecules cannot pass through the BBB over time, there is the possibility of smaller molecules 

leaking into the parenchyma due to minor openings within the BBB. To continue investigating 

the impact of IVMs on the brain, we will next evaluate Fluoro Jade C histological staining to 

determine the location of necrotic cells around each IVM. Additionally, we will examine the 

correlation between the volume of dead neurons to the number of IVMs being lodged throughout 

the brain.   

 

4.3 Evans Blue Dye Used For Assessing BBB Integrity  

For the first experiment, we used EB dye to assess EB extravasation post-IVM injections to 

determine the time course of BBB disruption. To do so, mice were intravascularly injected 

through the tail vein approximately 30 minutes prior to perfusion. To analyze the EB dye, 100 

images of varying EB dye were manually thresholded by three independent raters to what they 

deemed was EB signal. Ilastik, a deep neural net pixel classification software, was then used to 

train the program to identify EB signal from background noise (i.e. anything without EB). After 

batch processing the remaining images and creating binary masks of EB signal, Image J software 

was used to quantify the volume of EB dye. While our lab created a novel method to evaluate EB 

dye, many labs have had issues with quantifying the magnitude of the dye or BBB dysfunction. 

This has previously been done by extracting the dye from the tissue using various solvents at 

different time points and estimating the amount of dye colorimetrically, spectrophotometrically, 

or fluoro-spectrometrically 76.   
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Several preclinical models have previously used different methodologies to assess and quantify 

BBB leakage using EB dye 90-93. Rather than using conventional ultraviolet spectrophotometry, 

one preclinical model developed an optical imaging method, based on excitation and emission 

spectra of EB dye, to evaluate BBB integrity and to quantitatively plot vascular leakage within 

different brain regions 90. Heat maps were generated from the images by using filter paper to plot 

out the EB dye, whereby brain regions with varying amounts of EB dye would exhibit different 

colours on the map 90. With this type of method, different areas of a single brain section were 

used to quantify the signal intensity corresponding to different colour regions 90. This method has 

allowed Jaffer and colleagues to quantify the amount of accumulated EB dye in various brain 

structures in response to BBB disruption 90. In addition to plotting vascular leakage post-stroke, 

Reeson and colleagues have used Image J to estimate the distribution of EB dye in different brain 

regions 91-92. After inducing a photothrombotic stroke in the forelimb somatosensory cortex, mice 

were injected with 4% EB dye at 3, 7 and 28 days following stroke 91. Subsequently to imaging 

the EB dye in each brain section, all serial images were analyzed using National Institutes of 

Health Image J software 91. This software allowed Reeson and colleagues to visualize the 

extravasation of the dye by subtracting vessel masks from the original image stacks, obtaining 

superficial, middle, and deep measurements of the EB fluorescence 91.While our lab was able to 

create a semi-automated method to define regions of EB dye throughout the brain using Ilastik 

and to quantitatively measure its volume using Image J, these past two studies also generated 

novel methods to assess BBB disruption between superficial and deep layers of the cortex.  

EB dye is a commonly used histological marker of BBB integrity, whereby the number of labs 

that have used this dye increased over the past several years 76. Although it may be difficult to 

accurately assess EB extravasation throughout preclinical models, different modalities exist to 

evaluate and quantify EB dye.  

 

Experiment 2  

4.4 Cerebral Microinfarction Did Not Result In Any Motor Impairments  

The objective of the second experiment was to evaluate the impact of IVMs on motor function 

post-surgery. It was hypothesized that mice with induced microinfarction would have subtle 

motor impairments acutely after surgery. The battery of behavioural tests included tasks that 
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were sensitive for detecting minor deficits such as sensorimotor deficits (tactile responses), 

spontaneous forelimb use and skilled forepaw use. From our data, it was apparent that IVMs did 

not result in any motor deficits post-surgery when compared to sham-operated mice. These 

effects may have occurred due to both our sham and IVM surgeries being invasive, which may 

have potentially led to the sham mice showing comparable neurological deficits and a decrease 

in motor performance similar to that of IVM mice. Additional explanations for the effects that 

were observed may have been due to the sensitivity of certain behavioural tests. The NDS and 

cylinder tests have a very low sensitivity for identifying deficits after induced strokes, while the 

tapered beam and adhesive removal tests are moderately sensitive 74. The only behavioural task 

that was used and is highly sensitive to motor deficits post-stroke is the SPRT 74. However, 

because our microinfarct mouse model creates a widespread form of damage, the severity of 

motor deficits is unlikely to be comparable to the deficits seen with focal ischemic strokes where 

injury typically targets the forelimb motor cortex. Furthermore, the location of the IVMs 

throughout the brain has not yet been identified in this cohort of mice. Once all serial images 

from each brain are analyzed, we will be able to quantify the total number of IVMs that were 

lodged within the motor cortex region for each animal. Using additional highly sensitive motor 

tasks (i.e. lever pulling) in future experiments and localizing IVMs throughout the motor cortex 

region will allow us to determine whether IVMs significantly impact motor function post-

surgery.  

Although the association between microinfarction and cognitive decline has been previously 

investigated, less is known about the impact microinfarction has on motor output. One 

neuropathology study 36 recently associated microvascular brain pathology to late life motor 

impairment. Brains from 850 deceased participants were evaluated for microvascular brain 

pathology including cerebral amyloid angiopathy, arteriosclerosis and cerebral microinfarction 

36. Microscopic cerebral infarcts were identified by a neuropathologist after brains were 

histologically stained with Hematoxylin & Eosin stain 36. Once the brains were analyzed, the 

microvascular brain pathology was associated with global motor scores (GMS) proximate to 

death. The GMS in this study was a compilation of motor tests that included the grip and pinch 

strength test, finger tapping, Purdue pegboard test, gait and balance 36, 39. From their study, 

Buchman and colleagues concluded that cerebral microinfarction was related to decreased motor 

function, specifically in manual dexterity and gait 36 whereas walking speed and hand strength 
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were not impaired. While this study contained a large sample size to determine if these 

microscopic lesions altered motor function, only subtle motor deficits were reported. In contrast, 

our experiment contained fourteen sham and fourteen IVM mice, both of which showed a drop in 

performance post-surgery; however, there was no effect of IVMs on motor performance. A large 

limitation of this clinical-histopathological study is that brain images of other pathological 

processes were not included in the analysis. This can include white matter integrity, neuronal, 

glial, or inflammatory changes that may have potentially contributed to the motor deficits that 

were observed 36. Although this study was the first to evaluate how microinfarction influences 

motor function, there still has not yet been an investigation using in-vivo MRI. 

While it may be difficult to investigate the relationship between microinfarction and motor 

function at the clinical level, several preclinical models have used diverse behavioural tasks to 

investigate how their model impacts behaviour. Wang and colleagues tested their sham and 

microinfarct mice using an open field test to evaluate the presence of general motor deficits 13. 

Both groups of mice were evaluated once a day on days 7 and 14 following surgeries, where they 

were placed inside an open field arena and their behavioural performance was recorded 13. The 

activity of the mice was recorded for 10 minute sessions and it was found that there was no 

significant difference between both groups over time for the path travelled (a measure of gross 

motor function) or the percentage of time spent in the middle of the arena (a measure of anxiety) 

13. Similarly, after sham and repeated bilateral injections of cholesterol crystals (given at an 

interval of 2 weeks), Rapp and colleagues tested both groups of rats using the open field and 

Rota Rod test 48. With a 3-day testing period, no significant differences were observed between 

sham and embolized rats with the open field test 48. Additionally, both sham and embolized rats 

improved in motor performance using the Rota Rod test, showing a decrease in fall latency over 

time 48. However, the embolized rats had a significantly lower performance compared to the 

sham rats, making more falls on the rod after 4 days of training 48. Compared to the cholesterol 

injection microinfarct models, Balbi and colleagues induced microinfarction in mice in a similar 

fashion to our IVM injections 50. The motor performance for both groups of mice was evaluated 

using the NDS and clasping reflex test 50. For the NDS, both sham and microinfarct mice 

received a score of 0 at baseline performance, followed by their scores increasing to 0.1 (sham 

mice) and 1.8 (microinfarct mice) on average 1 day following surgery 50. After four weeks, it 
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was observed that microinfarct mice had a significantly higher NDS score compared to sham 

mice, indicating impaired motor function 50. Additionally, microinfarct mice showed a trend of a 

higher clasping score compared to sham mice receiving a score of 0 each time 50. In our 

behavioural experiment, no group effect was observed between sham and microinfarct mice 

using the NDS; however, both groups showed a time effect across experimental days post-

surgery when compared to baseline performance. Notably, while Balbi and colleagues injected 

2000 ± 500 microspheres per injection, we injected approximately 1138 microsphere during each 

injection. The difference in the number of injected microemboli may further explain why we did 

no see similar behavioural deficits compared to previous studies 13, 48, 50.  

Although no motor deficits were observed in our experiment, the battery of behavioural tests 

were more sensitive for detecting minor deficits compared to the gross motor tasks that were 

previously used (i.e. open field, Rota Rod and NDS). To continue investigating whether IVMs 

cause motor impairments, injection of 2000 ± 500 microspheres per microinfarct injection should 

be completed to determine if a larger number of microemboli produce behavioural impairments 

and a naïve group of mice will be needed to determine if IVMs are causing the decrease in 

performance or if both sham and IVM surgeries are invasive enough to cause deficits. 

Additionally, the brains from these animals will be sectioned and analyzed using our Python 

script to localize the IVMs and determine how many IVMs were lodged within the motor cortex 

region. Once we know how many IVMs are located within the motor region, we can look more 

closely at each animal to determine whether IVMs had a large or subtle impact on their motor 

performance post-surgery.  

Limitations And Future Directions Of The Study   

Limitations that arose throughout the first experiment include improper intravascular injections 

of the EB dye, which resulted in a smaller sample size to assess the BBB integrity post-

microinfarction. Furthermore, it has been concluded that while brains are being sectioned, the 

IVMs are pushed out of the tissue, resulting in a loss of IVMs in histological sections. This in 

turn allows us to rely on the blockface images to accurately determine the total number of IVMs 

that have been lodged throughout the brain vasculature. For the second experiment, IVMs did not 

impact motor performance post-surgery. This may have been a result of both the sham and IVM 

surgeries being invasive, resulting in both groups of mice showing a decrease in performance 
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after surgery. It is not surprising that motor impairments were not observed using our battery of 

behavioural tasks because our IVM injection model produces a widespread form of damage, 

whereby microinfarcts are typically less than 1 mm in diameter 40. Mice that are induced with 

smaller strokes often do not reveal impairments beyond a few days when compared to larger 

focal strokes that specifically target the motor cortex 48, 50. Furthermore, since we do not have 

control over the location of each IVM, it is difficult to determine whether the motor cortex of 

mice contained IVMs during the testing period. Therefore, to determine if the motor cortex 

contained any IVMs, we will perform whole-brain localization to determine how many IVMs 

were lodged in specific brain regions (i.e. motor cortex). Once the number of IVMs has been 

determined, we will be able to look closely at each individual animal to determine whether IVMs 

were lodged within the motor cortex and if so, whether IVMs impacted the performance in each 

behavioural test.  

Although we try to align human microinfarction with our widespread distribution of IVMs 

throughout the brain, a major misalignment with our model is that we are working with young, 

healthy adult mice, being equivalent to 20 years of age in humans. In the aging population, those 

that are affected by microinfarction also have other underlying comorbidities 21, 23, 27 or an 

existing focal stroke 5-8. In order to precisely align preclinical models with the clinical relevance 

of microinfarction, it is important to take into consideration all of the possible underlying factors 

(i.e. age, disease comorbidities, or an existing focal stroke) that are normally seen in humans. 

Therefore, future work with this model can incorporate age (12-16 months old) and pre-existing 

stroke conditions or induce a focal stroke post-IVM surgery to determine the impact of 

microinfarction on the brain as well as behaviour. 
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CONCLUSION      

 

Our results indicated that cerebral microinfarction in mice resulted in acute BBB disruption, 

where albumin leakage was significantly greatest one day following surgery and declined 

throughout the first week. Additionally, while microinfarction has previously been associated 

with cognitive deficits, a battery of gross and fine motor behavioural tests revealed that cerebral 

microinfarction does not result in motor impairments. With our microinfarct mouse model, we 

developed a novel method using a Python script to semi-automatically detect and register IVMs 

to specific brain regions using the Allen Mouse Brain Atlas (version 3). This registration method 

may further be used to quantify and localize the total number of IVMs lodged throughout the 

motor cortex region in order to determine if IVM load impacts motor function. Furthermore, we 

now have a semi-automated method for identifying histological markers such as EB dye. This 

software will allow us to continue identifying additional histological markers in a timely manner 

(i.e. Hematoxylin and Eosin stain or Prussian blue). Although other preclinical microinfarct 

models assessed cognitive deficits or motor impairments by using non-sensitive tests, future 

work with our model can incorporate both cognitive and motor tasks to determine the full range 

of impairments that may occur post-IVM surgery. Moreover, we can further align our 

microinfarct mouse model with how microinfarction occurs throughout humans by including 

factors such as age, pre-existing stroke conditions or inducing a focal ischemic stroke post-IVM 

injection to determine the impact of microinfarction on both the brain and behaviour. Despite 

cortical microinfarcts having many unanswered questions, improving our understanding of the 

pathogenesis and consequences of these small lesions on brain structure and function would be a 

step closer to aligning preclinical models to clinical work. 
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APPENDIX A – Animal Log Sheet for Experiment 1 and Experiment 2 

 

Table 1. The number of mice that were included in each experiment with their sex, and genotype. Excluded animals and 

reasons are provided with mortality rate for each experiment. 

 

C57BL6 ArcTrap Thy1-ChR2-YFP

   M= 2 - - 2

 F= 8 3 2 3

   M= 11 - 2 9

F= 1 - - 1

   M= 3 - - 3

F= 3 - - 3

   M= 4 - - 4

F= 0 - - -

   M= 3 - - 3

 F= 3 - - 3

M= 10 - - 10

F= 4 - - 4

M= 10 - - 10

F= 4 - - 4

Experiment 2

2 mice were excluded from behavioural testing 

because they were unable to successfully reach for a 

pellet in the SPRT (1 F and 1 M Thy1-ChR2-YFP)

15.2% (5 mice died)

Excluded Mortality Rate (%)Sex (M= male; F= female) Number of Mice

9.52% (4 mice died) 

3 mice were excluded from the EB analysis due to 

improper EB injections                                         

(Day 1= 1 ArcTrap F; Day 7= 1 Thy1-ChR2-YFP 

M; Day 14= 1 Thy1-ChR2-YFP M)

Microinfarct 14

14Sham

10

Day 3 12

6Day 21

Day 14 4

6Day 7

Genotype

Day 1

Experiment 1
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APPENDIX B – Supplemental Figures for Experiment 2 

 

 

Figure 22. Tapered beam test before and after sham and IVM surgeries. (A) Percent foot 

faults for the ipsilateral forelimb. A significant group x time interaction (p=0.001) occurred 7 

days following surgery (*p=0.034) where IVM mice had a significant increase in the percentage 

of foot faults using their ipsilateral forelimb when compared to sham mice. No time effects 

(p=0.828) or group effects (p=0.103) were detected during experimental days compared to 

baseline performance. (B) Percentage of foot faults for ipsilateral hindlimb (sham=14, IVM=14). 

No time effects (p=0.796), group x time interaction (p=0.893) or group effects (p=0.581) where 

observed for the percentage of foot faults made by the ipsilateral hindlimb. Values are presented 

as sample means ± SEM. 
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Figure 23. Adhesive removal test before and after sham and IVM surgeries. (A) Contact 

time made between the ipsilateral forelimb and adhesive tape. No group effects (p=0.753) or 

group x time interaction (p=0.43) were observed; however, an effect of time (p=0.011) occurred 

at days 7 (###p<0.001), 14 (#p=0.028) and 21 (#p=0.012) post-surgery. These time effects 

resulted in both groups of mice; particularly the IVM mice, contacting the tape at a faster rate 

when compared to baseline performance. (B) Removal time of the adhesive tape with the 

ipsilateral forelimb. No group effects (p=0.585) or group x time interaction (p=0.317) were 

observed; however, a time effect (p=0.022) occurred at day 7 post-surgery (#p<0.001; sham=14, 

IVM=14), where both groups of mice became faster at removing the tape from their ipsilateral 

paw. Values are presented as sample means ± SEM. 
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Figure 24. Spontaneous forelimb use in the cylinder test before and after sham and IVM 

surgeries. Percent touches made by the ipsilateral forelimb against the wall of the cylinder. No 

group effects (p=0.561), group x time interaction (p=0.415) or time effects (p=1) were observed 

across experimental days post-surgery (sham=14, IVM=14). Values are presented as sample 

means ± SEM. 
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Figure 25. Skilled forelimb reaching in the single pellet reaching task before and after 

sham and IVM surgeries. (A) The average number of successful pellets retrieved across 

experimental days for both sham (n=14) and IVM (n=14) mice. No group effects (p=0.353) or 

group x time interaction (p=0.798) were observed; however, time effects (p=0.009) occurred 

between bins 2 (days 3-6; ### p<0.001) and 3 (days 7-10; # p=0.025) when compared to baseline 

performance. These time effects occurred for both sham and IVM mice, where both groups 

retrieved less pellets within the first few days following surgery, followed by a slow increase in 

pellet retrieval within the following days. (B) The average number of pellets presented during 

each testing session for both groups across experimental days. No group effects (p=0.269) or 

group x time interaction (p=0.095) were detected; though a time effect (p<0.001) was observed 

throughout the second binned data (days 3-6; ### p<0.001) when compared to baseline data. 

This time effect signified a decrease in the number of pellets presented for both groups of mice, 

predominantly for the sham mice during the task. (C) The average number of attempts that were 

made prior to successfully grasping a pellet. There was a significant group x time interaction 

(p=0.059) between sham and IVM mice that occurred throughout bins 2 (days 3-6; * p=0.036) 

and 4 (days 11-14; ** p=0.007), where sham mice made more attempts in order to successfully 

grasp a pellet. A time effect (p=0.003) was further observed throughout all experimental days (# 

p<0.05; all binned data). This time effect further signified that the sham mice made more 

attempts to successfully retrieve a pellet across experimental days post-surgery. No group effects 

were observed (p=0.183).Values are presented as sample means ± SEM. 
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APPENDIX C – Cognitive Testing 

 

Figure 26. Cognitive testing using the Bussey-Saksida mouse touchscreen chamber 94. Mice 

were trained to discriminate between two visual stimuli (i.e. plane and dots) displayed on the 

touchscreen for both pairwise discrimination (PD) and reversal tasks. (A) After the mouse nose 

pokes the correct visual stimuli a reward is given, followed by the mouse entering into an inter-

trial interval period. (B) If the mouse nose pokes the incorrect stimuli, the animal enters into a 

time out period where the chamber becomes illuminated (5s). No reward is given if the incorrect 

stimuli is chosen.  
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To test for cognitive deficits post-cerebral microinfarction, a Bussey-Saksida mouse touch screen 

chamber 94 was used to test mice on and a paired-associated learning task. Mice were food 

deprived throughout the task and their body weight was maintained between 80-85% of their 

baseline weight. Once mice were habituated to the apparatus and training sessions were 

completed, the PD task began. A video display unit was placed at the front of the chamber 

allowing visual stimuli to be presented. Two images were presented at the same time; a correct 

and incorrect image, where mice had to learn to discriminate between the two visual stimuli. To 

initiate the task, mice had to put their head into a food well that was placed at the back of the 

chamber. When mice nose poked the correct visual stimuli, they were rewarded with a liquid 

reinforcer followed by an inter-trial interval period (ITI; 20 seconds; Figure 27A). If the mouse 

nose poked the incorrect visual stimuli, a time out session occurred for 5 seconds, where the 

chamber light turned on and no reward was given (Figure 27B). The mouse then entered into the 

ITI period, followed by a repeat of the same trial. When the mice reached performance criterion 

of 80% for 2 consecutive days, the task switched from the PD to the reversal task, in which the 

correct visual stimuli became the incorrect stimuli and vice versa. Following the baseline 

reversal task, all mice underwent the IVM surgery (Figure 3; n=4; mortality rate=20%). After a 

week of rest, the mice were retested on the PD and reversal tasks with a new set of visual stimuli.  

A chi-squared test revealed that the PD (Figure 28A; p=0.600) and the reversal (Figure 28B; 

p=0.5990) survival curves were not significantly different from one another. IVM’s did not 

affect the mice’s ability to learn the PD and reversal tasks post-surgery. Multiple regression 

analyses were performed; however, only the right inter-trial interval (ITI) touches and correct 

touch latency data were significant. There was no indication that stroke affected the learning 

ability of the mice post-stroke. For correct touch latency, there was a significant decrease in 

latency (p=0.036) between PD and reversal tasks and a significant decrease between the two 

reversal tasks (Figure 28C; p=0.018). These results suggest that the mice have learned the tasks 

over time. During the pre-stroke training, mice made significantly more touches on the right 

screen during PD training than during reversal training  (p=0.032), indicating that the mice have 

learned to not touch the screen during the ITI period (no reward given). The slight significant 

increase (p=0.032) in right ITI touches between pre- and post-stroke data for the reversal task 

may be due to the microsphere induced mage causing impulsive nose-poking (Figure 28D). 



 
79 

 

 

Figure 27. Cognitive testing of pairwise discrimination (PD) and reversal tasks before and 

after IVM surgery. (A-B) Learning curves for both PD and reversal tasks (baseline=black 

dashed line, post-IVM surgery=grey solid line). No significant difference between baseline and 

post-IVM learning curves was observed for the PD (p= 0.6004) and reversal (p=0.5990) tasks. 

(C) The correct touch latency for PD and reversal tasks before and after surgery (*p=0.036; 

**p=0.018). Overall, IVM mice became faster during the reversal task post-surgery when 

compared to the PD task and baseline performance during the reversal task. (D) The number of 

touches made on the right screen during inter-trial interval (ITI) periods (*p=0.032). IVM mice 

nose-poked the screen less over time; however an increase in the number of touches occurred 

during the last task (reversal) post-surgery. Values are presented as sample means ± SEM (n=4). 
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APPENDIX D – Motor Mapping and Laser Doppler Imaging (LDI)  

 

 

Figure 28. Motor mapping IVM mice set-up. (A-B) Setup for motor mapping with a grid of 

stimulation sites 95 targeting cortical points through a chronic cranial window 96. Each 

stimulation site was visited in a random order by a collimated laser beam (*=Bregma). (C) Blue 

light fluorescence image of the cranial window showing the IVMs lodged within the brain 

vasculature. 

 

 

Thy1-ChR2-YFP mice were anaesthetized with ketamine and xylazine, where evoked 

movements were quantified with accelerometers attached to each forelimb (Figure 29A) while 

they received an array of point stimulations (470 nm laser; Figure 29B) 95 over both hemispheres 

(Figure 30A). Dorsal images were taking for each mouse showing the injected fluorescent 

microspheres through the cranial window that were lodged within the brain vasculature (Figure 

29C).  Bilateral maps of forelimb movement amplitude were generated 3 days after the cranial 

window implant 96 (Baseline). Once baseline maps were completed, all mice underwent the IVM 

surgery (n=4; mortality rate=43%), followed by bilateral maps being generated at days 3, 7, 14 

and 21 days post-IVM surgery. Animals were inject with ketamine/xylazine and blood flow was 

imaged bilaterally using a scanning laser Doppler imaging system (Moor Instruments) at the 

same time points as motor maps were generated. Using a two way-repeated measures ANOVA, 

there were no significant effects that were observed for motor map organization (Figure 30B; 

p=0.9329) or motor output (Figure 30C; p=0.8077). 
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Figure 29. Motor mapping and laser Doppler imaging (LDI) of IVM mice. (A) Motor maps 

of a representative IVM mouse showing both left and right limb representations and LDI of the 

cortical blood flow imaged through the cranial windows at different time points. No significant 

differences were observed for motor map organization. (B) Average map size (% total map) for 

the right limb representation (C) followed by the average motor output (MEP: motor evoked 

potentials). No significant differences were observed for motor map organization (p=0.9329) or 

motor output (p=0.8077). Values are presented as sample means ± SEM (Motor mapping & LDI 

n=3; NDS n=4).  
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