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Abstract 

Stroke is a leading cause of death and disability worldwide. Following an Ischemic stroke, of 

which 87% of all strokes are, a spreading depolarization occurs, propagating damage to healthy 

tissue. Through initial experimentation, the procoagulant protein Plasminogen Activator 

Inhibitor-1 (PAI-1) displayed a unique expression pattern 24 hours following an ischemic stroke 

model in mice, producing a localized region of expression within endothelial cells contralateral 

to the stroke site. Through the application of a strong GABA agonist and using a passive 

diffusion method to limit tissue damage, my goal was to determine if the neural activity of the 

spreading depolarization was responsible for PAI-1 expression. I also aimed to observe 

expression patterns of Intracellular Adhesion Molecule-1 (ICAM-1) and Vascular Cell Adhesion 

Molecule-1 (VCAM-1) using immunolabelling. Expression of PAI-1 through immunolabelling 

was inconclusive due to high levels of endogenous binding of the secondary antibody. An 

attempt to limit endogenous binding was unsuccessful. VCAM-1 imaging did not display 

significant expression, however ICAM-1 did display a stroke dependent expression, in a pattern 

where proximity to the stroke site was indicative of total expression. Though PAI-1 expression 

manipulation was inconclusive, the potential for neural dependency in its expression remains. 

ICAM-1 expression results indicate a correlation between ICAM-1 expression and inflammation 

following stroke and likely does not display any neural activity dependence. If neural activity 

dependence can be further investigated in PAI-1, along with the identification of a potential 

neurovascular coupling pathway, then the expression of other vascular proteins may be studied to 

better understand the implications and reach of spreading depolarizations, along with the 

potential damage or resilience they may provide.  
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Introduction 

Ischemic Stroke 

In Canada, over 100,000 strokes occur each year resulting in hospitalization or need for 

emergency services (Holodinsky et al., 2022). Stroke occurrence is increasing both globally and 

in Canada, where it is estimated a stroke event occurs every 5 minutes. Furthermore, the cost of 

stroke is extensive, costing the United States $56 billion annually, over $36 billion of which is 

direct medical cost (Tsao et al., 2023). The average patient loses approximately 1.9 million 

neurons per minute in an untreated stroke (Saver, 2006), leading to a wide range of symptoms 

and structural brain damage. Considering the current data, stroke remains a devastating disease 

that affects millions worldwide each year and is a leading cause of both death and disability. 

Further understanding of how the brain reacts following a stroke is essential, allowing for a 

greater development and implementation of therapeutic treatments.  

When a blockage occurs within a blood vessel, leading to a loss of blood flow to a region of 

brain tissue, it is termed an ischemic stroke. This primarily affected region of neural tissue, 

known as the infarct zone, undergoes neuronal death due to a deprivation of glucose and oxygen 

supply (Obeidat et al., 2000). The infarct region is considered irreversible damage, however the 

surrounding area, known as the peri infarct, grows as time passes. If treatment can occur rapidly, 

then a greater percentage of the peri infarct region can be saved. This is why a rapid response to 

stroke is crucial in the discussion of stroke recovery (Saver, 2006).  

87% of all strokes are ischemic strokes (Tsao et al., 2023), with the remaining 13% being 

hemorrhagic strokes. Hemorrhagic strokes occur when a blood vessel bursts, limiting blood flow 
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to the infarct region as blood escapes the blood vessels. This can occur due to high blood 

pressure straining a weakened blood vessel, or head trauma. Alternatively, treatment of an 

ischemic stroke can cause what is known as hemorrhagic transformation, where in a therapeutic 

attempt to remove a blood clot sourcing an ischemic stroke, a hemorrhagic stroke occurs (Hong 

et al., 2021; Ribo et al., 2004). This can often be a fatal complication.  

The mouse stroke model used in this research was a photothrombotic stroke, in which a reactive 

dye in the bloodstream becomes activated by the shining of a particular wavelength (see 

Photothrombotic Stroke in methods, Watts et al., 2015). This model is comparatively less 

invasive than other stroke models, with lower mortality rates, and activates a very similar 

cascade of damage to that of a real stroke (Barthels and Das, 2018). Furthermore, precise 

localization of the infarct region allows for region-specific research in response to stroke. The 

largest discrepancy between the model and reality is the clotting pattern. The photothrombotic 

model produces clotting throughout the capillary bed. An ischemic stroke would instead produce 

a clot within an upstream blood vessel, limiting blood flow to the capillaries through a single clot 

instead of multiple smaller clots. Taken together, the photothrombotic stroke model is an 

effective research tool in stroke recovery and treatment. 

 

Spreading Depolarizations 

The cause of damage propagation from the infarct region to the peri infarct region, as well as 

more distal regions of the brain, has been called into question in recent years. The long-standing 

explanation for this affect has been the glutamate excitotoxicity theory, where an increase in 

glutamate travels along grey matter tracts to impact other regions of the brain. However, new 
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research is supportive of a different model, in which ischemic spreading depressions, or 

spreading depolarizations (SD) (Leao, 1947), are responsible for the exacerbation of damage 

initially caused by loss of glucose and oxygen supply (Andrew et al., 2022). A SD is produced by 

a broad increase in neuron membrane potentials, increasing from their usual resting negative 

potential to ~ 0mV (Czeh et al., 1993). A lack of blood supply and oxygen leads to a deficit of 

Adenosine Triphosphate (ATP), halting the activity of sodium/potassium ATPase pumps, which 

are crucial for the maintenance of a negative resting potential. This loss of membrane potential 

has been shown to induce swelling in neural cells, spreading to healthy regions of the brain 

(Hellas and Andrew, 2021). This spread can occur rapidly, within 20 minutes of blood supply 

loss and spreading up to 9mm/min along grey matter (Drier et al., 2017). Work has been done to 

determine ways to inhibit the effect of SDs, however more research is required to fully 

understand the effects, spread, and underlying mechanism. 

 

PAI-1 

Following a stroke event, the brain adapts by making many physical and genetic alterations. In a 

recent study by Callegari et al. (2023), alterations within a mouse model stroke were compared 

to non-fatal human strokes. Of the genetic changes observed, one of the most coordinated 

changes between both mouse and human was an increase in Serpine1 expression. Serpine1 is the 

gene that encodes for the protein Plasminogen Activator Inhibitor-1 (PAI-1). PAI-1 plays a vital 

role in the plasminogen/plasmin system, where it acts as a procoagulant by inhibiting tissue 

Plasminogen Activator (tPA) and urokinase Plasminogen Activator (uPA) (Figure 1.) (Sillen and 

Declerck, 2021). This leads to the inhibition of fibrinolysis and persistence of fibrin clots.  
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Figure 1. Summary of PAI-1’s role in the inhibition of fibrinolysis. Figure adapted from Sillen and 

Dicklerck (2021). PAI-1’s direct inhibition of tissue Plasminogen Activator (tPA) and urokinase 

Plasminogen Activator (uPA) allows for coagulation to persist and the retention of fibrin clots. 

 

At a first approximation, the upregulation of Serpine1 following stroke seems counterintuitive. 

Ischemic stroke is caused by a blockage and the promotion of a procoagulant would only further 

hinder the ability to remove the blockage and re-perfuse neuronal tissue. Furthermore, tPA, 

which is directly inhibited by PAI-1, is currently the most accessible and common acute 

treatment for stroke, in which tPA is administered to suitable patients within 4.5 hours of the 

development of an ischemic stroke, known as intravenous thrombolysis (The National Institute 

of Neurological Disorders and Stroke rt-PA Stroke Study Group, 1994; Desai and Smith, 2013).  

From an evolutionary perspective, the increase in Serpine1 may be justified. Major risk factors 

for ischemic stroke, such as smoking and obesity (George, 2020) have only been prominent for a 

short period of time throughout human history, whereas hemorrhagic strokes from head trauma 

have likely been present for hundreds of thousands of years. It is possible that the expression of 

Serpine1 is an artifact of procoagulant expression following a hemorrhagic stroke. However, 

Serpine1’s expression of PAI-1 does appear to provide secondary benefits to neural function. The 
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increased presence of PAI-1 protein has been shown to promote the recruitment of microglia and 

phagocytotic activity when sourced from microglia (Jeon et al., 2012). Research has also 

indicated that PAI-1 may play a role in mitigating neurotoxicity (Cho et al., 2012; Docagne et 

al., 2002) and anti-apoptotic signalling (Soeda et al., 2008). As for the mechanism of Serpine1 

increase following stroke, the presence of reactive oxidating species (ROS) and pro-

inflammatory signalling promote the Serpine1 expression (Rahman and Krause, 2020), both of 

which are prominent following stroke. Pro-fibrotic signalling and hormonal signalling are also 

capable of increasing Serpine1, responding to signalling cues such as angiotensin-II and insulin 

(Vaughan et al., 1995). 

 

Initial PAI-1 Expression Findings 

In a pilot study performed within our laboratory, it was determined that 3 days following a 

photothrombotic stroke model in mice (see methods for further details) widespread expression of 

PAI-1 was observed within endothelial cells (EC) (Figure 2a,b). EC’s make up the walls of blood 

vessels and are the only cells that fully encapsulate the capillaries found within the brain. This 

immunolabelling timeframe aligns with the increase in Serpine1 expression observed following 

stroke from other studies, as well as RNA data from our lab tracking mature RNA to determine 

the expression of Serpine1 that will encode PAI-1 (Munji et al., 2019; Supplementary Figure 1.).  

When imaging for PAI-1 expression within the acute phase of stroke (24 hours), this widespread 

pattern was not yet present. However, we observed a localized pocket of PAI-1 expression, 

contralateral to the Infarct region (Figure 2b). The only clear connection between the primary 

somatosensory cortex regions on opposite sides of the brain is the corpus callosum, providing a 

bilateral neural connection between the two regions. This unique pattern of expression raises 



 

 

6 

 

questions. Primarily, how could a protein dependent on pro-fibrotic signalling, ROSs, and pro-

inflammatory signalling see an upregulation in expression so far from the site of damage, prior to 

the widespread upregulation of its respective gene? Furthermore, could this pattern be observed 

in other EC expressed proteins? 

  

Figure 2. Sample confocal images from pilot study, comparing endothelial cell expression of PAI-1 24 

hours and 3 days after photothrombotic stroke. Expression was observed using immunolabelling 
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technique, with an anti-PAI-1 mouse primary antibody and an anti-mouse Cy5 secondary antibody. a, b: 

Images 3 days following stroke, displaying widespread endothelial cell fluorescence. a) Contralateral 

primary somatosensory cortex. b) Contralateral secondary somatosensory cortex. c, d: Images 24 hours 

following stroke, displaying a localized region of endothelial cell expression (highlighted in white box) c) 

Contralateral primary somatosensory cortex. d) Contralateral secondary somatosensory cortex. Images 

captured on 10x objective lens.  

 

ICAM-1 and VCAM-1 

Two proteins of interest when determining expression patterns following stroke were 

Intercellular Adhesion Molecule-1 (ICAM-1/CD54) and Vascular Cell Adhesion Molecule-1 

(VCAM-1/CD106). Both ICAM-1 and VCAM-1 are primarily expressed on the membrane of 

endothelial cells (Hubbard and Rothlein, 2000; Kong et al., 2018). Furthermore, their primary 

activation of expression is due to the recruitment of pro-inflammatory signalling molecules, such 

as Tumor necrosis factor alpha (TNFα). Both ICAM-1 and VCAM-1 share a dependence on 

inflammation in their activation with PAI-1, and with ischemic stroke comes vast inflammation 

and release of inflammatory cytokines to promote expression of these proteins (Edwards and 

Bix, 2019). A primary role of these cell adhesion molecules is to bind with surface integrins of 

rolling leukocytes within the blood vessels and allow for leukocytes to pass through the blood 

brain barrier and tend to damaged tissue (Langer and Chavakis, 2009).  

As previously described, spreading depolarizations can lead to the propagation of cell swelling 

along grey matter tracts (Hellas and Andrew, 2021). The interaction between cytokine 

inflammatory signalling, and inflammation due to loss of neuronal membrane potential is not 

clear. Through investigation of ICAM-1 and VCAM-1 expression patterns following stroke, 

determining expression of these proteins in regions far from the infarct site could provide insight 

into potential connections between neural activity and protein expression.  
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Neurovascular Coupling 

The understanding of neural activity and its implications on EC activity is rapidly advancing. 

The connection between blood flow and neural activity is crucial, as with increased neural 

activity, the demand for oxygen and glucose increases locally. Within seconds of neural activity, 

local blood flow increases, producing what is known as the BOLD signal (Hillman, 2015). This 

signal is the mechanism functional Magnetic Resonance Machines (fMRI) use to determine 

regions of activity, through localization of deoxyhemoglobin changes (Glover, 2011). Once 

thought to be a passive cell surrounding blood vessels, ECs have displayed a participation in cell-

cell communication through gap junctions (Jackson, 2022) as well as active control of 

vasodilation and constriction throughout capillary beds (Longden et al., 2021). Other cell types 

surrounding the environment, such as astrocytes and pericytes, also play a role in the 

communication between cells and dilation of blood vessels (Bazar, 2016; Hartmann et al., 2022).  

With much still unknown regarding the full functionality of ECs, and the potential for neural 

activity to affect EC processes, could it be possible that neural activity stemming from a SD is 

responsible for the distant PAI-1 expression we have observed in ECs?  

 

Objectives 

The first task was to determine if the application of a neural inhibitor was possible without 

damaging tissue, as preliminary work from our laboratory indicated that local tissue damage can 

lead to local expression of PAI-1, which would impact my observations (Supplementary Figure 

2). If the passive application of a fluorescein salt produced a localized column of fluorescent 
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expression, then passive diffusion of a neural inhibitor would be an effective method of silencing 

activity within the somatosensory cortex.  

The next step was to test whether the application of a strong neural inhibitor influenced PAI-1 

expression contralateral to the stroke site. If spreading depolarizations are responsible for the 

expression of PAI-1 contralateral to the stroke site, then local application of a neural inhibitor 

will decrease PAI-1 expression.  

Finally, I wanted to explore if other EC-expressed proteins such as ICAM-1 and VCAM-1 

displayed a similar pattern of expression and determine if their expression was potentially 

dependent on neural activity as well. If spreading depolarizations are responsible for ICAM-1 

and VCAM-1 expression, then I will observe a similar contralateral pattern to PAI-1 expression. 

If so, then the contralateral application of a neural inhibitor will decrease ICAM-1 and VCAM-1 

expression. 

 

Methods 

Animals 

Experiments were performed on C57 male mice, aged 2-4 months. All mice were kept in a 12-

hour day/night cycle, with access to laboratory standard food and water ad libitum. At least 24 

hours prior to experimentation and procedures, cages were kept within the laboratory ventilated 

rack to minimize environmental stress. All experiments and procedures were conducted 

according to the guidelines set by the Canadian Council of Animal Care and approved by the 

University of Victoria Animal Care Committee. 
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Muscimol/Vehicle Application 

Mice were anesthetized using 1.5% isoflurane, while body temperature was kept at 37ºC. The 

head was fixed in place, and the back of the head was shaved and sterilized. A 1.5cm incision 

was made on the back of the head, anterior to posterior. 2mm left of bregma, the skull was 

thinned with a drill, creating a small well (diameter .5mm) above the primary somatosensory 

cortex forelimb and hindlimb regions (FL/HL). The thinned skull was poked with a 29G syringe 

tip, puncturing the skull. Solution was then pipetted onto the well and allowed to diffuse through 

the hole over 5-7 minutes.  

To initially determine the spread of solution following diffusion, 1µL of 2% Fluorescein Salt was 

pipetted (1% Fluorescein Salt in Artificial Cerebral-Spinal Fluid (ACSF)). Tissue was collected 

30 minutes after application to be imaged. 

 To inhibit local neural activity, a Muscimol solution was applied. This solution contained one-

part Muscimol at 20µg/µL, one-part 2% 2MDa FITC in ACSF, and one-part ACSF. This 

produces an application of 58mM of Muscimol. For control applications, vehicle solution 

contained one-part 2% 2MDa FITC in ACSF and two parts ACSF. Tissue was collected 24 hours 

following application. 

 

Photothrombotic Stroke 

Photothrombotic stroke was based off the model stated by Watts et at. (2015). Mice were 

anesthetized using 1.5% isoflurane and body temperature maintained at 37ºC. The head was 

fixed in place, and the back of the head was shaved and sterilized. A 1.5cm incision was made on 

the back of the head. 2mm right of Bregma, above the primary somatosensory cortex FL/HL, the 
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skull was thinned with a drill. A Rose Bengal dye (10µg/mL in ACSF) was injected into the 

peritoneum (IP injection). Total volume of injection was determined by body weight per mouse 

(100mg/kg). A 532nm laser was applied to the thinned region of the skull for 4-7 minutes. In 

conditions where a photothrombotic stroke was performed and solution was applied to the 

contralateral primary somatosensory cortex, the stroke was performed first. In conditions where 

stroke was not performed, drilling and application of 532nm laser were completed, however no 

Rose Bengal dye was injected.  

 

Perfusion, Extraction, and Slicing of Tissues 

To determine Fluorescein Salt diffusion, 30 minutes following solution application brains were 

extracted from deeply anesthetized mice and fixed in 4% paraformaldehyde (PFA) in 0.1M 

phosphate buffered saline (PBS) overnight at 4ºC. Brains were sliced coronally 200µm thick 

using a Leica VT1200 vibrating microtome. Tissue 1mm anterior or posterior of bregma were 

imaged for analysis. 

For immunolabelling experimentation, 24 hours following a photothrombotic stroke or sham, 

brains were extracted from deeply anesthetized mice. The right atrium of the heart was cut while 

still beating, and the left ventricle of the heart was slowly injected with 6mL PBS, followed by 

6mL of 4% PFA to perfuse and fix tissue. Tissue was stored overnight in 4% PFA and then 

transferred to 30% sucrose solution in 01.M PBS + 0.02% Sodium Azide for storage. Brains 

were sliced coronally 50µm thick using a freezing microtome. Tissue 1mm anterior or posterior 

of bregma were used for analysis. 
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Immunolabelling of PAI-1, ICAM-1, and VCAM-1 

Following sectioning of brain tissue, slices were stored in PBS + 0,02% Sodium Azide. To 

perform immunolabelling for PAI-1, VCAM, and ICAM, staining protocols were followed (see 

appendices 1 and 2). The antigen retrieval step was only performed for PAI-1 immunolabelling. 

For control conditions, application of the primary antibody was skipped, producing a no primary 

condition. Following labelling process, tissue was mounted on a Gelatin-coated slides and cover 

slipped with Fluoromount G. the primary antibodies used were: Biolegend Rat anti-mouse CD54 

(ICAM-1) Antibody, Millipore Sigma Rat anti-Mouse CD106 (VCAM-1), and Invitrogen PAI-1 

Monoclonal Antibody. The secondary antibodies used were: Goat anti-Mouse IgG (H+L) Cross-

Adsorbed Secondary Antibody Cyanine5, and Goat anti-Rat IgG (H+L) Cross-Adsorbed 

Secondary Antibody Cyanine5.  

 

Fluorescence Imaging and Analysis 

For Fluorescein Salt analysis, images were taken on an Olympus BX50WI Microscope. All 

analysis was performed in ImageJ. Spread of fluorescence was determined using the Ostu 

threshold method. Measurements of fluorescence were taken and compared to stereotaxic 

coordinates as stated by The Allen Institute for Brain Science (2004) (Figure 3d).  

For immunolabelling analysis, confocal Z-stacks were taken on an Olympus confocal 

microscope with a step size of 2µm. Images were taken at 1024x1024 pixel resolution, with a 

size of 1.6103 pixels/micron, through a 20x objective lens (NA 0.75). Analysis of these images 

followed the procedure outlined in appendix 3, performed on Prism 10.2.1 software. Analysis 

provided a percentage of each image expressing fluorescence above threshold. Comparisons 

between two conditions (Figure 5d, 6h) were compared using either a paired or unpaired t-test, 
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dependent on whether values originated from the same brain samples. Comparisons between 

three conditions were compared using a One Way ANOVA and Fisher’s LSD post hoc test 

(Figure 6d). Comparisons between more than three conditions were made using a One Way 

ANOVA and Tukey’s post hoc test (Figure 6k,l). 

 

IgG Fragment Antibody Blocking 

In experiments where antibody blocking was attempted, an IgG Fragment antibody (Millipore 

Sigma Anti-Mouse IgG (Fab specific) antibody produced in goat) was applied to tissue prior to 

immunolabelling following the prepared protocol (see appendix 4). To produce a no primary 

condition, the primary antibody step was skipped.  

 

Results 

Fluorescein Salt Diffusion 

My first experiment was to determine the effectiveness of drug application through passive 

diffusion (Figure 3a, Muscimol/Vehicle application in methods). The threshold image displayed 

that the spread of fluorescence produced a localized column (Figure 3b). The column resided 

1.06mm from the midline of the brain and extended as far as 2.65mm from the midline (Figure 

3c). The max width of the fluorescence reached 1.7mm across, and a max depth of 1.56mm. The 

total area covered was 2.07mm² at bregma. These measurements of expression closely resemble 

the stereotaxic measurements of the Forelimb and Hindlimb regions of the primary 

somatosensory cortex (Figure 3d). Fluorescence spread to slices both rostral and caudal of 

bregma approximately 1mm, consistent with an area of diffusion of ~2mm². Fluorescein Salt 
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used in this experiment to visualize spread of diffusion has a molecular weight of 412.3 Da, a 

greater weight than muscimol (114.1 Da), indicating that muscimol should effectively diffuse 

into the contralateral region of the brain (National Center for Biotechnology Information, 2024). 

 

Figure 3. Application of Fluorescein Salt to determine effectiveness of diffusion method. a) Visual 

representation of diffusion method. 30 Minutes following diffusion, brain was perfused and extracted. 

Brain was sectioned coronally at 200µm thick using a Leica VT1200 vibrating microtome. b) 

Threshold image of fluorescence from Fluorescein Salt. Otsu threshold was used to determine threshold 

region. c, d) Comparison between diffusion region of the fluorescence threshold image (c) and stereotaxic 

coordinates of the primary somatosensory Forelimb and Hindlimb region (SS1 FL/HL) (d). Area, nearest 
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distance from midline (1, red line), furthest distance from midline (2, red line), max width (3, black line), 

and max depth (4, black line) were compared.  

 

PAI-1 Expression Following Stroke and Muscimol Application 

The next experiment was to determine if the application of muscimol would decrease 

contralateral PAI-1 expression (Figure 4a). Following immunolabelling expression appeared 

widespread across the brain, for each condition, including those subjected to a sham stroke. This 

finding contradicts the initial pattern observed in Figure 2. Following a no primary test, where 

the primary antibody was not applied to the tissue, fluorescent labelling persisted. Furthermore, I 

observed a pattern of labelling that appeared striped along the blood vessels (Figure 4b). This 

spotted expression made up the vast majority of expression above threshold (Figure 4c).  

 

Figure 4. Expression of PAI-1 following photothrombotic stroke and muscimol application. a) 

Experimental setup, displaying photothrombotic stroke model, muscimol diffusion, tissue sectioning, and 

+ 
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immunolabelling. b) Image in contralateral primary somatosensory cortex, under ‘no primary’ condition 

where no secondary antibody was applied. Zoomed image displays striped expression of blood vessel. c) 

Threshold of image b, displaying an expression percentage of 2.3%.  

 

IgG Fragment Antibody Blocking 

As the results yielded from the no primary control in Figure 4 were not as expected, I attempted 

to address the cause of the spotted expression. I hypothesized that the secondary anti mouse 

antibodies were recognizing and binding to endogenous IgG antibodies within the blood plasma 

instead of the desired PAI-1 within EC’s. To address this, I applied a fragment antibody to 

recognize the endogenous IgG, block the signal, and theoretically decrease the expression of 

fluorescence in the no primary control (Figure 5a, see methods section on IgG fragment antibody 

blocking). Contralateral regions were compared within two of the same brains previously 

measured to determine if a decrease in fluorescence would occur. As observed in Figure 5b and 

c, the spotted expression of fluorescence did not appear to change, and statistical analysis of 

images confirmed that fluorescence did not drop (Figure 5d). This suggests that application of 

the fragment antibody was not sufficient to decrease spotted fluorescence in a no primary 

condition.  
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Figure 5. Application of fragment antibody blocking to block IgG antibody recognition. a) Hypothesized 

effect of fragment antibody application, where no primary condition observes a decrease in fluorescence 

expression %. b) Images of no primary condition prior to application of fragment antibody (n=6). c) 

Images from same two samples with fragment antibody applied prior to secondary antibody (n=2). d) 

Quantification of expression % from threshold images. No significant change was observed between no 

primary and no primary + fragment antibody conditions (Paired t test, P = .5718).  
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ICAM-1 and VCAM-1 Expression Following Stroke and Muscimol Application 

For my final experiment, I wanted to determine if a similar pattern of expression to Figure 2 

could be replicated with ICAM-1 and VCAM-1 proteins. First, a pilot test was performed to see 

if the primary antibodies for ICAM-1 and VCAM-1 could provide an accurate fluorescent 

representation of proteins in comparison to a no primary control (Figure 6a-d). While the primary 

VCAM-1 antibody did not provide robust fluorescence (0.502%, 5 images), ICAM-1 was clearly 

expressed at a significantly greater level at peri infarct regions (3.507%, 5 images) than the no 

primary condition (0.617%, 5 images). Crucially, the no primary condition (Figure 6a) did not 

display a similar spotted pattern to that in Figure 4b, and threshold percentages were low. Next, I 

wanted to determine if the expression of ICAM-1 fluorescence was dependent on the applied 

stroke model. (Figure 6e-h). The sham stroke models did not display any notable fluorescence 

(0.8201%, n=4) , and images taken both laterally and medially of the stroke site yielded a 

significantly higher expression % (3.507%, n=5).  

The next task was to determine if contralateral to the stroke site a localized expression formed, 

and whether application of muscimol would influence contralateral expression (Figure 6i-k). No 

significant differences were measured between sham (0.714%, n=2) and stroke (1.793%, n=3) 

conditions in contralateral expression, however visibly there was a slightly greater presence of 

vessel labelling, as indicated by the yellow arrows in figure 6j. The application of muscimol had 

no evident effect on ICAM-1 expression in conditions with (1.603%, n=2) and without stroke 

(1.172%, n=2). Following the general expression pattern of ICAM-1 (Figure 6l) in brains with 

stroke and no muscimol, greater expression % appeared to be correlated with proximity to the 

stroke site (n=3).  
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Figure 6.  Expression of ICAM and VCAM following stroke. a,b,c,d) Comparison of ICAM and VCAM 

to no primary condition. a displays expression at the peri infarct under no primary conditions, b at the 

peri infarct site with the ICAM primary antibody, and c at the peri infarct site with the VCAM primary 

antibody. d displays the results of each condition (One way ANOVA with Fisher’s LSD post hoc test). 

e,f,g,h) Comparison of ICAM expression at the peri infarct region of brains under sham and stroke 

conditions. e displays ICAM expression in a sham peri Infarct region. f,g display ICAM expression in a 
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stroke peri Infarct region. h summarizes results (Unpaired t test). i,j,k) Comparison of ICAM expression 

following muscimol application at contralateral primary somatosensory cortex. i displays ICAM 

expression without stroke or muscimol applied. j displays with stroke and muscimol applied. k 

summarizes findings (One way ANOVA with Tukey’s HSD post hoc test). l) comparison of ICAM 

expression by region following stroke, with no muscimol application (One way ANOVA with Tukey’s 

HSD post hoc test). ** = P < .005, *** = P < .0005. 

 

Discussion 

 

In summary, my first hypothesis predicted a passive diffusion method would be an effective 

method of drug application while mitigating tissue damage. The application of Fluorescein salt 

effectively produced a localized column of fluorescent expression in the primary somatosensory 

cortex, without inserting a needle into the brain tissue. My second hypothesis theorized the 

contralateral application of muscimol following a stroke model would decrease the localized 

expression pattern of PAI-1. The immunolabelling process for PAI-1 was not a successful assay, 

as a spotted pattern of vessels within the no primary control led to an increased basal level of 

expression. This led to a new hypothesis, that the application of a fragment antibody to block 

IgG endogenous antibody binding would decrease fluorescent expression in a no primary 

control. This hypothesis was not supported, as spotted expression persisted, and expression 

levels did not decrease. Finally, I hypothesized that ICAM-1 and VCAM-1 would display a 

dependence on stroke for protein expression, and that a similar contralateral pattern of expression 

would occur to that observed with PAI-1. While ICAM-1 did display a dependence on stroke 

damage for expression, VCAM-1 did not. Furthermore, ICAM-1 did not produce a localized 

contralateral region of expression, but rather a dependency on proximity to the stroke site.  
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Fluorescein Salt and Muscimol Application 

The reasoning of producing a new method for drug application stems from initial pilot studies 

performed in our laboratory indicating that local tissue damage can induce PAI-1 expression (See 

supplementary figure 2). As measurements of PAI-1 would have been affected, it was important 

to test this new method. To reduce bias in the analysis of fluorescence, the Otsu threshold 

method was used, which provides a strong threshold analysis for bimodal distributions, such as 

the fluorescent images taken in this experiment (Jianzhuang et al., 1991). When compared with 

stereotaxic coordinates, the localized column appears to effectively cover the forelimb and 

hindlimb region of the primary somatosensory cortex. While stereotaxic coordinates are a rough 

mapping of brain activity, they still provide a strong basis for functional regions when operating 

on the scale at which I did, not reaching down to individual neuronal networks but instead large 

general regions of the brain.  

The application of muscimol through this method depends on certain presumptions. First, while 

muscimol is a smaller molecule (114.1 Da) than the Fluorescein salt (412.3 Da) used for this 

fluorescent tracking and should be able to diffuse through brain tissue at a similar rate, there is 

no guarantee that the diffusion would follow an identical pattern. For future research, a muscimol 

molecule bound to a small fluorophore conjugate, such as BODIPY™ TMR-X Conjugate 

(Invitrogen, Product #M23400), would allow for confirmation of where muscimol spreads, 

cancelling out the need for a proxy marker (Allen et al., 2008). Another assumption of this 

experiment is that muscimol would effectively inhibit the activity of a spreading depolarization. 

While previous work from the laboratory has provided both behavioural and intrinsic optical 

imaging results indicating that muscimol does inhibit neural activity when applied at a similar 

concentration (Reeson et al., 2022; Sweetnam et al., 2012), the activity in those conditions were 
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specific and action potential dependent. Spreading depolarizations, however, produce a slow rise 

in resting membrane potential due to ATPase pump failure (Andrew et al., 2022). While 

muscimol has been proven to inhibit standard neural activity, there is no indication as to whether 

spreading depolarizations are effectively inhibited by a GABA-A receptor agonist (See Table 1 

of Andrew et al., 2022). While it is possible that the silencing of neural activity would be 

sufficient, the application of a tried and tested spreading depolarization antagonist could be an 

option in future research, along with a greater understanding of the primary mechanisms driving 

spreading depolarizations.  

 

PAI-1 Expression and Endogenous Antibody Blocking 

The second experiment was initially devised to determine if the pattern of PAI-1 expression 

could be altered with the application of muscimol to the contralateral region. This experiment 

was not an effective assay, as it failed to pass control experiments. When the anti- PAI-1 

antibody step was skipped the secondary anti-mouse antibody still produced fluorescence, in a 

spotted pattern across blood vessels. The best estimation as to why this occurred is due to the 

quality of tissue perfusion. When working with an anti-mouse secondary antibody to image for 

endothelial cell expression, complete removal of blood plasma is crucial. This is due to the 

presence of different antibodies within the blood plasma which the secondary antibody may be 

recognizing. The five categories of immunoglobulins found within mammals are IgM, IgD, IgG, 

IgA, and IgE (Alberts et al., 2002). The spotted pattern of fluorescence within the no primary 

controls likely displays the blood plasma between the gaps of red blood cells passing through the 

capillary vessels, where the endogenous antibodies are present.  
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The third experiment was an attempt to limit this endogenous antibody expression. As IgG is the 

most prominent immunoglobulin form in blood plasma, I attempted to decrease the likelihood 

that the secondary antibody would bind to endogenous IgG’s. This was done through the 

application of a fragment antibody (the small binding portion of an antibody) to bind to the 

excess IgG, theoretically decreasing the fluorescence expression under no primary conditions. As 

observed in Figure 5, this did not effectively decrease the expression. This likely was not an 

effective approach for two reasons. First, the fragment antibody applied may not be sufficiently 

blocking all the IgG present within the plasma. Recommendations from Proteintech (2024) 

suggests a concentration of 0.1 mg/mL, significantly higher than the concentration used here, for 

effective blocking. However, even at a lower concentration, a partial decrease in fluorescence  

would have been expected if this was the only factor at play. A second possibility is that other 

forms of immunoglobulins were also present within the plasma, which remained unaffected by 

the fragment antibody. Other forms of immunoglobulin spring to action following the acute 

phase of stroke from the adaptive immune system (Iadecola, 2020), which may be contributing to 

the persistent fluorescence.  

For future research, a more assured perfusion to remove blood from the vessels would ensure 

that any remaining plasma is removed from the tissue. This could include the addition of an 

anticoagulant to the PBS injected in the extraction process, such as heparin, to avoid aid in the 

removal of the plasma.  

These findings did not reaffirm, nor disprove the initial findings of PAI-1 expression (Figure 2), 

so the possibility of expression being dependent on neural activity remains. It is not clear 

whether the contralateral expression is an artifact of procoagulant responses to the evolutionarily 

relevant hemorrhagic stroke, or an active mechanism of neuroprotection for neurons spanning 
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across the corpus callosum from the infarct region (Cho et al., 2012; Docagne et al., 2002; Soeda 

et al., 2008).  

Potential pathways that promote PAI-1 expression, described by Rahmen et al. (2020), include 

pro-fibrotic, pro-inflammatory, and hormonal signalling. Hormonal signalling appears the least 

likely of these possibilities in producing a localized expression contralateral to the stroke site, as 

hormones are released into the blood stream indirectly, and depend on specificity of receptors. 

The likelihood or purpose of a receptor localization to hormones in the primary somatosensory 

region is low. Inflammatory signalling may be responsible for PAI-1 expression contralateral to 

the stroke site, as cell swelling can incur from the spread of a spreading depolarization. However, 

ICAM-1 plays a critical role in inflammatory signalling and does not appear to express a 

contralateral pattern in the same way, but rather a proximity specific expression from the stroke 

site.  

It is worth considering what aspects of the SD could cause implications on the contralateral side 

of the brain. If the SD propagates along the grey matter tracts of neurons, then contralaterally an 

increase in [K+]o and [Na+]i would be observed due to a loss of ATPase pump activity . As the 

local tissue is still effectively perfused by blood flow, ATP and oxygen concentrations shouldn’t 

be largely affected. An increase in [K+]o plays a key role in neurovascular coupling, as one of the 

major promoters of vascular relaxation (Jackson, 2022). Preliminary research has shown that the 

tPA/PAI-1 axis may also have implications for vascular relaxation/ dilation (Nassar et al., 2011; 

Furon et al., 2023). This implies the possibility that extended exposure of [K+]o could lead to 

multiple effects of vascular relaxation, possibly through the tPA/PAI-1 axis in addition to the 

more well-known K+ inward rectifier channels. Alternatively, the vasodilation following [K+]o 

increase could be what promotes the PAI-1 expression through mechanosensing channels on the 
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EC. Mechanosensation of blood flow by ECs through various mechanosensory channels and ion 

channels could provide another alternative expression of PAI-1 (Lim and Haraz, 2024).  

 

ICAM-1 Expression Following Stroke  

In the final experiment, I hypothesized that ICAM-1 and VCAM-1 would display an increase in 

expression following stroke, mimicking the contralateral pattern seen in PAI-1 expression. While 

VCAM-1 did not appear to change greatly following stroke, ICAM-1 did display a significant 

increase in expression. However, it did not appear to express contralaterally, but instead 

following a proximity pattern. Regions close to the stroke site observed a greater expression, and 

distal regions experienced less expression. A notable observation of ICAM-1 expression is that it 

appeared less localized in the small capillary branches (such as PAI-1 in Figure 2), but instead in 

ECs surrounding larger blood vessels. This is consistent with ICAM-1’s function, binding to 

Mac-1, an integrin on rolling leukocytes, and directing them to regions of tissue inflammation 

(Langer and Chavakis, 2009). This process of leukocyte rolling occurs largely in post capillary 

venules, not capillaries, explaining the larger blood vessel expression. As for the proximity 

expression from the stroke site, this reaffirms the idea that inflammation is greater at the infarct 

and peri infarct region, and inflammatory signals may not propagate with neural activity as a SD 

would. Though contralateral tissue may see the effects of SD, tissue far from the infarct region 

usually remains healthy and perfused, implying less inflammatory signalling within the region.   
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Future considerations 

Research regarding the tPA/PAI-1 axis has grown since the application of tPA therapy following 

ischemic stroke (The National Institute of Neurological Disorders and Stroke rt-PA Stroke Study 

Group, 1995), however the development of therapeutic advancements often precedes true 

understanding of underlying mechanism. With the understanding of neurovascular coupling and 

spreading depolarizations rapidly advancing, understanding the interplay between these 

mechanisms throughout stroke development is crucial. Furthermore, no clear explanation 

currently exists on why such a pattern of expression would occur. Particularly in PAI-1, a 

procoagulant expressed within endothelial cells, when the only clear connection between the 

contralateral primary somatosensory cortex and the infarct region following stroke is the neural 

bilateral connections of the corpus callosum. Investigating if any other possible factors 

promoting the expression of PAI-1 (in addition to those described by Kahman et al., 2020) would 

be a clear first step, along with confirming the expression observed through mature RNA 

analysis of the contralateral brain tissue (similar to that of supplementary figure 2). 

 Understanding this expression could provide further insight into how the brain responds 

following stroke and how potential treatment could be applied in a less invasive fashion. If 

certain responses to stroke have bilateral expression, then the contralateral application of 

therapeutic drugs may provide a potential benefit.  

While the results of ICAM-1 imaging largely support previous findings and clarify the likely 

expression of inflammatory factors following stroke, VCAM-1 was not conclusive. While it 

appeared that very vague vessels were labelled following VCAM-1 staining, it was far from 

surpassing the expression of the no primary condition. Whether VCAM-1 immunolabelling was 

not an effective assay, or ICAM-1 expression was considerably higher is unclear. Developing an 
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effective VCAM-1 immunolabelling protocol under conditions where VCAM-1 expression 

would be guaranteed to express would be a suitable first step for future research. Clear 

expression of VCAM-1 could provide further insight into the role of leukocyte rolling within 

venules following stroke.  

In summary, my research displayed an effective method of drug application while minimizing 

tissue damage that can add value to a wide range of pharmacological research in mice models. 

Furthermore, I provide commentary on the role of the tPA/PAI-1 axis following stroke, 

highlighting that further investigation is required in the relationship between neurovascular 

coupling, spreading depolarizations, and PAI-1 expression. Lastly, my research reaffirms the 

inflammatory response and role of ICAM-1 following stroke.  
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Appendices 

 

 

Supplementary Figure 1. Comparison of mature Serpine1 RNA concentration, indicating 

translation to PAI-1, following sham or real stroke. Result taken from the stroke affected 

hemisphere of the brain.  An unpaired t-test was conducted (P =.023, n=4). * = P < .05. 

 



 

 

36 

 

 

Supplementary Figure 2. Comparison of PAI-1 fluorescence following cerebral microbleed. a) 

Image of primary somatosensory cortex following cerebral microbleed. Small local expression of 

fluorescence highlighted by white circle. b) Comparative image of cortex without cerebral 

microbleed.  

 

Appendix 1. PAI-1 Immunolabelling Protocol 

1) Perfusion and Extraction followed by, 

2) Fix tissue in 4% PFA overnight (15-18 hours), then 30% sucrose 

3) Rinse PFA fixed brain sections in 0.1M PBS for 2 min 

4) Put sections into 1.4mL of sodium citrate buffer (10mM, pH=6.0) in Eppendorf tubes and 

immerse in water bath for 30min at 75⁰C  

5) Let tubes rest on bench till it reaches room temp 

6) Wash in 0.1M PBS (1 x 5 min) 

7) Incubate in primary mouse PAI-1 (1:1000) in PBS+0.2% TX-100  overnight at 4⁰C 

(Overnight without primary antibody for ‘no primary’ condition). 

8) Wash in PBS (3 x 5 min) 

9) Incubate in secondary Cy5 anti-mouse (1:500 each) in PBS for 4 hours at room temp 

10) Wash in PBS (2 x 5 min) 

11) Wash in PBS (2 x 5 min) 

12) Mount sections on slides and coverslip with Fluoromount G 
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Appendix 2. ICAM/VCAM Immunolabelling Protocol 

1) Cut the brain using freezing microtome at 50µm thickness.  

2) Wash sections in 0.1 M PBS for 10 minutes. 

3) Incubate sections overnight at room temperature with ICAM primary antibody (1:200) 

(Purified Rat anti-mouse CD54 Antibody (ICAM-1); Clone: YN1/1.7.4; Biolegend; 

Catalogue# 116101; Host Species: Rat) OR VCAM primary antibody (1:200) (Purified 

Rat anti-mouse CD106 Antibody (VCAM-1); Clone: 429; Biolegend; Catalogue# 

105701; Host Species: Rat) in 0.1% TX-100 in PBS. (Overnight without primary 

antibody for ‘no primary’ condition). 

4) Wash sections in 0.1 M PBS three times (5mins/wash). 

5) Incubate in Cy5 conjugated goat secondary anti-rat IgG (1:500 in 0.1M PBS) at room 

temperature for 4 hours. Remember to spin the secondary antibody briefly before using. 

6) Wash in 0.1M PBS two times (5mins/wash). 

7) Mount sections on Gelatin slides, dry and coverslip with Fluoromount-G and store in 

fridge. 

 

Appendix 3. Confocal Imaging and Fluorescence analysis for Immunolabelled images 

1) Images of coronal slices taken on a 20x objective lens. 

2) Z-stacks performed with 2µm steps, Kalman Filter 1024x1024 pixel resolution. 

3) Analyze images in ImageJ FIJI 

a. Z-projection (max intensity) 

b. Duplicate, Median Filter 50 pixels, Subtract median blur image from initial image 

c. Median filter 1.5 pixels 

d. Set threshold (Triangle for VCAM/ICAM, OTSU for PAI-1) 

e. Median filter 1.5 pixels 

f. Set scale to pixels 

g. Pixels above threshold/total pixels x 100 = final expression % 
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Appendix 4. IgG Blocking Antibody Protocol 

 Following step 6 of Appendix 1 

1) Incubate in Anti-mouse IgG F(ab) Specific (1:100) in PBS+0.2% TX-100  for 6 hours at 

room temp 

2) Wash in PBS (3x5 min) 

 

Appendix 5. Statistical analysis of IgG Blocking experiment 

 

 

Appendix 6. Statistical analysis of ICAM and VCAM Experiments 

No Primary vs ICAM PI vs VCAM 
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Sham vs Stroke 

 

 

No Muscimol vs Stroke + No Muscimol vs Muscimol vs Stroke + Muscimol 
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Regional Comparison of ICAM 

 


