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Abstract 

Effective therapeutics in stroke are presently limited by a lack of translation from basic 

science to the clinic. Accumulation of excess plasma homocysteine is a risk factor for stroke.  

The B-vitamin, folate, helps to reduce plasma homocysteine among other important roles in the 

normal and diseased brain. Methylenetetrahydrofolate reductase (MTHFR) is the pivotal enzyme 

in folate metabolism that helps reduce homocysteine and could potentially modify stroke 

outcome. There is a highly prevalent polymorphism for Mthfr within the human population 

resulting in a MTHFR deficiency and elevated plasma homocysteine levels. The present study 

investigates the impact of a MTHFR deficiency on stroke outcome using a clinically relevant 

aged mouse model that mimics the MTHFR polymorphism in humans. Eighteen-month-old male 

C57BL/6N mice were subjected to photothrombosis delivered unilaterally to the sensorimotor 

cortex followed by assessment of motor function including the single pellet reaching task for up 

to 5 weeks, the ladder beam, the accelerated rotarod and the forepaw asymmetry task. Lesion 

volume and immunofluorescence of apoptotic, antioxidant and inflammatory activity were 

assessed. MTHFR deficient mice show significant impairments in skilled reaching for up to 5 

weeks. After 5 weeks, caspase-3 expression was significantly elevated at the ischemic core of 

MTHFR deficient mice. No significant changes in motor function, lesion volume, antioxidant 

activity nor microglial cell activation were detected. Regardless of damage, MTHFR deficient 

mice showed elevated levels of plasma homocysteine. This study is the first to demonstrate in 

vivo exacerbation of stroke outcome in a MTHFR deficient animal model.   

 

Key words: homocysteine, ischemia, methylenetetrahydrofolate reductase, photothrombosis, 

sensorimotor cortex, motor function 
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Introduction 

Importance of studying stroke  

Cardiovascular disease is one of the leading causes of death in North America and as 

aging occurs, individuals are more at risk (Heart and Stroke Foundation, 2016). Age has been 

identified as the most important non-modifiable risk factor for all subtypes of stroke, particularly 

ischemic stroke (WHO MONICA Project Principal Investigators, 1988; Feigin et al., 2015). The 

occurrence of stroke is greater and the functional outcome is more severe in aged individuals, 

however, individuals of any age may suffer from a stroke (Kelly-Hayes et al., 2003; Long et al., 

2016; Vijayan and Reddy, 2016). Stroke is considered a major health and economic problem 

worldwide and, more importantly, it is a growing burden in the current increasingly aging 

population (Feigin et al., 2015; Mozaffarian et al., 2015). For example, in Canada the number of 

people over the age of 65 outnumbers the ones under 15 (Statistics Canada, 2015), therefore the 

need to further understand and develop effective therapies for affected individuals is urgent.  

Currently there is a lack of translational research, such that, almost none of the reported 

neuroprotective therapies that were beneficial in animal models have benefited in stroke affected 

human patients after damage (Dirnagl, 2016). Currently, the only approved treatment for stroke 

is the administration of intravenous tissue plasminogen activator (tPA) (Jauch et al., 2013; 

Alawieh et al., 2016; Broome et al., 2016). tPA plays an important physiological role in 

coagulation homeostasis by stimulating fibrin-based clot dissolving (Bonaventura et al., 2016). 

However, there are limitations to tPA administration. For example, it is only recommended if the 

stroke event occurred within 3.5 to 4 hours of treatment otherwise the treatment becomes not 

only significantly less effective but also may induce hemorrhaging (Lees et al., 2010; Jauch et 

al., 2013). Although this intervention exists to restore blood flow shortly after a stroke event, no 
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concrete method of prevention and no treatment to reverse the effects of stroke currently exist. 

Based on what has been found, perhaps establishing a preventative approach to minimize both 

the risk and severity of a stroke event is attainable from a better understanding of risk factors and 

mechanisms involved in regulation of stroke outcome. 

Understanding stroke 

Stroke represents a major subset of cardiovascular cases. It is a broad term that 

encompasses several different types of physiological events, each causing neurological 

dysfunction from ischemic conditions in the brain (Sacco et al., 2013). Generally, stroke occurs 

when a significant blood clot, termed a thrombus, forms in the circulatory system and this 

prevents proper delivery of oxygen and nutrients to the brain, which is essential for proper 

function (Sacco et al., 2013; Kumar et al., 2016). As a result, neurons and glial cells begin to die 

causing significant brain damage and this eventually leads to functional impairments (Sacco et 

al., 2013). More specifically, stroke is categorized as either ischemic or hemorrhagic (Sacco et 

al., 2013; Ansari et al., 2014). An ischemic stroke occurs when a blood clot forms inside of the 

vasculature within the brain such as a cerebral artery. This type of stroke event is the most 

common, occurring in ~87% of all stroke cases (Mozaffarian et al., 2015). Alternatively, 

hemorrhagic stroke is when a weakened blood vessel ruptures causing bleeding in the brain. The 

leaked blood accumulates and compresses the surrounding brain tissue (Kumar et al., 2016). A 

stroke, whether ischemic or hemorrhagic, can also be silent which means that there is evidence 

of a CNS infarction, but there is no visible impairments in function (Sacco et al., 2013).  

After an ischemic stroke, there is a patterned area of damaged cells consisting of two 

unique features: the ischemic core and the ischemic penumbra. The core is the central area of 

damage that has severely ischemic tissue and this area consists of dying neurons and glia. The 
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penumbra, also called the peri-infarct region, is the area that surrounds the core and has mild to 

moderate ischemic tissue. It also is the region where glial scar formation occurs to protect the 

rest of the brain from further damage (Huang et al., 2014). The penumbra in particular has been a 

primary therapeutic target as it is found to be salvageable if reperfusion is established within the 

first few hours of the ischemic event (Liu et al., 2012). Unfortunately, most stroke patients do not 

arrive at the hospital until approximately 24 hours after symptoms appear which is too late for 

treatment (Kolb and Whishaw, 2011). The duration, severity of blockage and location of the 

ischemic stroke all affect the overall severity of damage to the brain. For example, ischemic 

stroke can either be focal or global. Focal strokes, which are more common, are specific to a 

small area of the brain whereas global strokes affect all parts of the brain. Nonetheless, after a 

stroke event where the sensorimotor cortex is damaged, motor function of the body becomes 

compromised contralateral to the damage in the brain. Because there is decussation of sensory 

neurons at the midbrain, stroke in the right hemisphere affects sensation and movement in the 

left side of the body (Kolb and Whishaw, 2011). 

Despite understanding the process of a stroke, how it causes neurodegenerative pathology 

is not completely understood (Busl and Greer, 2010). For example, the amount of functional 

damage that a stroke can cause varies between people and can range from mild to moderate to 

severe (Heart and Stroke Foundation, 2016). It is important to consider the possible influence of 

other factors that are recognized as contributors to increased severity and prevalence of stroke. 

Research has therefore been dedicated to identifying risk factors associated with stroke and, most 

recently, understanding the molecular physiology of stroke to ultimately discover more effective 

therapeutic targets to prevent and minimize stroke outcome, respectively.   
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Risk factors for stroke 

Common non-modifiable risk factors for stroke such as age and family history, as well as 

modifiable risk factors such as smoking status and diet have been previously established 

(Mozaffarian et al., 2015; Kumar et al., 2016). More importantly, recent findings have strongly 

associated increased levels of plasma homocysteine (Hcy) with increased risk of cardiovascular 

disease such as stroke (Castro et al., 2006; Santilli et al., 2016). In fact, elevated levels of 

homocysteine (>12 μmol/L compared to 5-10 μmol/L in healthy adults (Obeid et al., 2007; 

Hainsworth et al., 2015)), termed hyperhomocysteinemia, is considered an independent risk 

factor for stroke (Brattstrom et al., 1992). Homocysteine is a non-protein amino acid product of 

methylation reactions in cells that can be measured in blood. The Homocysteine Studies 

Collaboration published in 2002 compiled and reviewed literature from over 30 prospective or 

retrospective studies, totalling 1113 stroke patients associating a 25% reduction in plasma 

homocysteine levels with a 19% reduction in risk for stroke (The Homocysteine Studies 

Collaboration, 2002). Recently, this association was emphasized in European countries including 

Italy and Poland as well as Asian countries such as China, Korea and Japan (Fu et al., 2015). Of 

these 13 studies, the initial results from a total of 1206 stroke patients and 1202 controls, having 

co-factors of stroke risk unaccounted for, reported mixed relationships between plasma 

homocysteine and stroke. Interestingly, when co-factors such as age, smoking status and history 

of cardiovascular disease among others were accounted for, the overall association between 

plasma homocysteine levels and risk for stroke is positively correlated.  

Despite finding a significant association between elevated homocysteine levels and risk 

of stroke, the mechanism by which this association promotes stroke occurrence remains unclear 

(Castro et al., 2006; Christopher et al., 2007). This is, in part, because multiple factors and/or 
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processes are associated with elevated levels of homocysteine and, as a result, homocysteine is 

prevalent in multiple neurodegenerative pathologies of the central nervous system (Obeid et al., 

2007; Ansari et al., 2014) including risk of stroke, vascular dementia (Wald et al., 2002), 

cognitive impairment (Agrawal et al., 2015; Smith and Refsum, 2016), Parkinson’s Disease 

(Isobe et al., 2005), Alzheimer’s Disease and aging (McIlroy et al., 2002; Seshadri and Beiser, 

2002; Morris, 2003). Among these findings, it appears as though hyperhomocysteinemia may 

promote an increased risk of stroke from downstream effects of decreased global DNA 

methylation (Baccarelli et al., 2010), increased endothelial dysfunction (Castro et al., 2006) 

and/or increased oxidative damage of cells (Kim and Pae, 1996; Pniewski et al., 2003; Obeid and 

Herrmann, 2006), making normally functional systems more susceptible to damage.  

Homocysteine has been shown to suppress nitric oxide (NO) production by endothelial cells and 

platelets and increases reactive oxygen species (ROS) production via arachidonic acid (Lehotsky 

et al., 2014). It is very likely that homocysteine may be involved in promoting mechanisms of 

neurodegeneration. Nonetheless, a homocysteine removal therapy has been proposed to attempt 

to reduce the risk of stroke (Obeid et al., 2007).  

The biochemical and metabolic process of reducing homocysteine has been previously 

described (Olszewski and McCully, 1993; Perla-Kajan et al., 2007) and have been summarized 

(Figure 1). In brief, S-adenosylmethionine (SAM) donates a methyl group to newly synthesizing 

DNA and proteins resulting in conversion to S-adenysylhomocysteine (SAH). The ratio of SAM 

to SAH has been used as a measure of methylation status (Obeid and Herrmann, 2006; Obeid et 

al., 2009; Joubert et al., 2016; Smith and Refsum, 2016). High SAH relative to SAM is 

associated with a state of hypomethylation because this indicates a less amount of available 

methyl groups to donate. Over time, SAH is then hydrolyzed into homocysteine and this product 
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can accumulate in cells. Homocysteine can be removed in three ways. In all cells, more 

importantly in the brain, homocysteine is primarily recycled into methionine using folate as a 

methyl donor. Interestingly, homocysteine metabolism in the brain is different than other organs 

because the transsulfuration pathway, for example, does not occur and remethylation of 

homocysteine via betaine is absent (Lehotsky et al., 2014). Homocysteine is removed by 

transsulfuration only in liver, pancreatic and renal tissue (Brosnan et al., 2004). This process 

requires pyridoxal (Vitamin B6) as a coenzyme, serine and cystathionine β-synthase (CBS) to 

convert homocysteine into cystathionine. Homocysteine can also be recycled into methionine by 

choline metabolism. Choline is converted to betaine which is used by betaine-homocysteine S-

methyltransferase (BHMT). BMHT is restrictively expressed in the liver and kidney and is not 

present in the brain of rodents however it has recently been shown to be present in brains of bats 

(Zhang et al., 2013). In addition to this paradigm, betaine has also been shown to be lowered in 

both hyperhomocysteinemic patients (plasma) and rats (liver, kidney and brain tissue), 

highlighting a potential but unknown role of betaine in this regard (Jadavji et al., 2012; Imbard et 

al., 2015). More importantly, in the brain, several of the mentioned association studies have 

indeed highlighted an important potential role of folate and folate metabolism in homocysteine 

removal.  
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Figure 1. A summary of folate and homocysteine metabolism in the cell. Dashed lines 

indicate other cellular processes absent in the brain. DHFR=dihydrofolate reductase; DHF= 

dihydrofolic acid; THF= tetrahyrofolate; SHMT= serine hydromethyltransferase; MTHFR= 

Methylene tetrahydrofolate reductase; MTR= Methionine synthase; TS= Thymidylate 

synthase; SAM= S-adenosyl methionine; SAH= S-adenosyl homocysteine; BHMT= betaine-

homocysteine S-methyltransferase; DMG = dimethylglycine. Modified from (Jadavji et al., 

2015; Perla-Kajan et al., 2007). 
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Folate metabolism 

Folate is an essential B-vitamin that is involved in nucleotide synthesis as well as 

methylation reactions in the cell. It is synthesized from gut microbiota but the amount generated 

is not sufficient to meet bodily demands (Hill, 1997; Rossi et al., 2011). Therefore, natural 

folates are predominantly obtained from the diet such as spinach and dark green legumes. Folate 

supplementation is also obtainable via folic acid (Vitamin B9) which is an oxidized synthetic 

version. The most commonly known role of folates is to prevent neural tube defects in 

developing fetuses (Castillo-Lancellotti et al., 2012). In fact, this was the reason for a mandatory 

fortification initiative in North America in which foods such as grains were enriched with folate 

in hopes to reduce the amount of neural tube defects. Once folic acid enters cells, it is broken 

down and is transformed into a form that is used as a methyl donor (Figure 1). In brief, folic acid 

is reduced by dihydrofolate reductase (DHFR) into dihydrofolic acid (DHF) and then further 

reduced to tetrahydrofolate (THF). Folates come in different forms, but the most versatile form is 

tetrahydrofolate (TFH). THF is versatile because it can be allocated towards purine synthesis and 

DNA repair, nucleotide synthesis or homocysteine removal. More importantly, in the latter, THF 

is converted into 5, 10-methylenetetrahydrofolate (5, 10-methyleneTHF) by serine 

hydroxymethyltransferase (SHMT). 5, 10-methyleneTHF is then reduced by 

methylenetetrahydrofolate reductase (MTHFR) to 5-methyltetrahydrofolate (5-methylTHF), 

known as an important methyl donor and the main circulating form of folate (Castro et al., 2006; 

Yuan et al., 2009; Jadavji et al., 2015b). Therefore, MTHFR is a pivotal enzyme in folate 

metabolism for the synthesis of methyl donors and a reduction in the amount of MTHFR as well 

as its enzymatic efficiency results in reduced circulating folate. After 5-methylTHF is 
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synthesized, methionine synthase (MTR) then takes the methyl group to methylate homocysteine 

into methionine, converting 5-methylTHF back into THF in the process.  

Homocysteine, folate and stroke  

Folates play an important role in directly reducing homocysteine levels in cells (Figure 

1). Because of the strong association between homocysteine and cardiovascular disease, folates 

have also recently been shown to also play a role in cardiovascular disease. One explanation for 

hyperhomocysteineimia is reduced folate availability among others (Spence, 2007), as a lack of 

methyl donors for homocysteine in brain cells prevents its recycling back into methionine. Folate 

availability, or folate status, are terms used to describe the relative amount of available folate in 

cells for methyl group donation. Many studies have shown that there is a strong negative 

correlation between plasma homocysteine and folate status (Schwammenthal and Tanne, 2004; 

Holmes et al., 2011; Jiang et al., 2014), indicating that patients with increased folic acid intake 

have reduced plasma homocysteine. The causes for reduced folate status have been identified as 

either a reduced dietary intake of folates or a deficiency in folate metabolism.  

Studies investigating the effect of dietary folate status on homocysteine levels have 

shown that B-vitamin supplementation is effective at removing homocysteine, however, the 

clinical outcomes have been mixed especially with regards to cardiovascular disease (Wald et al., 

2002; Meschia et al., 2014). A sufficient B-vitamin status has been shown to help reduce levels 

of homocysteine, and by extension, risk of stroke, but evidence is not strong enough. For 

example, one meta-analysis performed in 2010 consisting of 8 randomized trials and totalling 

37,485 individuals found that folic acid supplementation reduced homocysteine levels by on 

average 25% but had no significant effect on cardiovascular events  (defined as coronary events, 

strokes and revascularizations) even when isolating specific events (Clarke et al., 2010).  Later 
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reviewed in 2014, vitamin supplementation with B-vitamins in 12,064 survivors did not show 

any significant benefit to reducing cardiovascular disease (Desai et al., 2014). Recently, the 

China Stroke Primary Prevention Trial (CSPPT), examining 20,702 hypertensive patients 

without history of stroke or myocardial infarction, demonstrated that folic acid supplementation 

over time significantly reduced relative stroke risk by ~21% when administered with the 

hypertensive medication Enalapril (Huo et al., 2015). Similarly, the Heart Outcomes Prevention 

Evaluation 2 (HOPE2) trial found that therapies involving folic acid, Vitamin B6 and Vitamin 

B12 reduced the overall risk of stroke (Saposnik et al., 2009). Regardless, epidemiological data 

has thus far not clearly demonstrated that B-vitamin supplementation, resulting in reduced 

plasma homocysteine,  reduces risk for stroke and is therefore inconclusive (Meschia et al., 

2014). One factor yet to be considered for these studies having mixed findings is that some 

countries, such as those in North America, have mandatory fortification of folate in foods 

whereas others, such as China, do not. This may be an important confound to address which 

emphasizes the dietary impacts and overall outcomes on clinical results. Studies in countries with 

folate fortification may not show a significant relationship compared to non-fortified countries 

because fortification significantly reduces the sensitivity of detecting, or masks the presence of, 

any relationship between B-vitamin based homocysteine removal and risk of stroke. 

Alternatively, reduced folate availability attributed to a deficiency in folate metabolism 

may be another more promising avenue. Given a sufficient dietary intake of folate, the inability 

of cells to metabolize and utilize it properly is thought to hinder homocysteine removal 

significantly. Deficiencies in folate metabolism have been heavily associated with reduced 

methylenetetrahydrofolate reductase (MTHFR) activity (Frosst et al., 1995). MTHFR is 

evolutionarily conserved enzyme and a few single nucleotide polymorphisms (SNPs) have 
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interestingly been identified (Khan and Jamil, 2008; Kumar et al., 2015). For example, a 

polymorphism in the Mthfr gene on chromosome 1 has been identified in at least 5-15% of North 

American and European populations (Schneider et al., 1998). This Mthfr polymorphism is 

defined as a cytosine to thymine conversion at base pair 677 (bp677CT) resulting in an alanine 

to valine substitution at amino acid 222 (Ala222Val). This encodes a thermoliable enzyme 

whereby the protein encoded by 677T loses its FAD cofactor three times faster than the wild-

type protein. Individuals with the Mthfr polymorphism have a significant, but non-fatal, 40% 

reduction in enzymatic activity (60% efficacy) and are associated with hyperhomocysteinemia 

(Frosst et al., 1995). In fact, epidemiological studies have also reported a strong association 

between this Mthfr polymorphism and risk for stroke (Kumar et al., 2015; Song et al., 2016). For 

example, a meta-analysis of 22 case-control studies (4564 ischemic stroke patients and 6701 

healthy controls) and identified a significant association between the polymorphism and 

ischemic stroke (Song et al., 2016). In addition, a different meta-analysis looking at 822 child 

patients after ischemic stroke and 1,552 control patients found that the Mthfr polymorphism was 

more common in stroke patients (Sarecka-Hujar et al., 2012).  While it is evident that elevated 

levels of homocysteine and lower folate status attributed to an MTHFR deficiency are associated 

with increased risk of stroke, another important consideration is whether it also affects stroke 

outcome. 

In addition to risk of stroke, homocysteine and folate status may also a role in the severity 

of stroke outcome. Both the risk and outcome are usually pooled together because the outcome is 

generally proportional to the risk. For clarification, these are distinguished such that the risk of 

stroke represents events or the presence of factors that increase the likelihood of a stroke event to 

occur whereas stroke outcome is the resulting cascading molecular and functional effects after 
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the event has already taken place. The relationship between elevated homocysteine levels and 

stroke outcome remains controversial. For example, one cross-sectional study using 62 patients 

has shown that elevated homocysteine levels and reduced folate status were independently 

associated with brain atrophy, post-stroke, after accounting for known risk factors (Yang et al., 

2007) whereas the results of the HOPE2 trial, which contained 258 stroke patients, found no 

benefit of B vitamin administration on stroke outcome despite showing a slight reduced risk of 

stroke (Saposnik et al., 2009). A similar finding was reported in a group of 113 patients such that 

homocysteine levels do not correlate with the functional outcome of acute ischemic stroke 

patients based on rehabilitation discharge scores (Mizrahi et al., 2005). Most recently, studies are 

reporting contradictory findings. One Italian study found that high homocysteine levels upon 

admission to the stroke unit was a strong predictor of poor functional outcome when discharged 

(Forti et al., 2016) and these findings were confirmed by others in China (Shi et al., 2015).  

Interestingly, a different study looking at miRNA recently found that the SNP of the MTHFR 

variant was associated with both increased risk and functional outcome of ischemic stroke (He et 

al., 2017). These findings suggest a probable role of homocysteine, folate and folate metabolism 

in stroke outcome. 

Overall, alongside homocysteine, folate metabolism may significantly play a role in 

cardiovascular disease more so than dietary B-vitamin supplementation. Currently, there are no 

known methods, transcription factors or other methods that could restore Mthfr gene function 

however there are transgenic mice that overexpress Mthfr (Celtikci et al., 2008). One approach to 

understanding relationships between stroke, MTHFR, homocysteine, and folate metabolism is to 

investigate potential mechanisms using stroke models in genetic animal studies. 
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Animal models of stroke 

To study stroke in depth, multiple damage models have been developed and refined for 

rodents (Fluri et al., 2015). Although rodents are the most commonly used animal, rabbits, 

gerbils, cats, dogs, pigs and primates have also been used (Traystman, 2003; Alawieh et al., 

2016). A damage model is a technique specifically performed on an animal to best mimic the 

damage that may exist clinically. The most commonly used damage model in stroke research is 

the medial cerebral artery occlusion (MCAO) model. This procedure involves tying off the 

medial cerebral artery with surgical thread for an extended period of time (~30 min to 1 hr) 

followed by reperfusion (restoration of blood flow). Although this model mimics a natural stroke 

event effectively, it is a highly invasive procedure and consequently damages a significant yet 

variable amount of brain tissue (Fluri et al., 2015). This significant loss of tissue is 

uncharacteristic of a human stroke, therefore making it less than ideal. Besides, this method also 

has a high mortality rate in experimental animals. The Endothelin-1 (ET-1) model involves the 

injection of ET-1, a potent vasoconstrictor, to the vasculature via a cannula, creating a stroke-like 

effect and response at the injection site. This model has been used as a less invasive alternative 

that also has less sample mortality compared to MCAO however there are also significant 

consequences. For example, the duration of the drug exposure is difficult to control making 

results difficult to interpret. Surgically, using this model for subcortical structures, such as the 

striatum, is not ideal because the insertion of the cannula cannot be done without damaging 

surrounding tissue to gain access. Other models such as the craniotomy model, where the skull is 

pierced to expose and clamp the medial cerebral artery, and embolic stroke model, where there is 

an injection of embolus-prone microspheres into the vasculature, have been considered. These 
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models are less so used due to their increased invasiveness and high variability in results, 

respectively.  

An increasingly common approach is the photothrombosis model which induces focal 

ischemic damage (Watson et al., 1985; Labat-gest and Tomasi, 2013). In this damage model, 

stereotactic coordinates are precisely targeted with laser irradiation of the intact skull (Figure 2). 

The mechanism of damage functions such that the intraperitoneally injected photoactive dye, 

when activated, irradiates brain vasculature, generating free radicals that damage endothelial 

cells  and triggers platelet activation (Fluri et al., 2015; Sommer, 2017). Because this model 

inflicts direct permanent damage to brain tissue and there is a less visible penumbra, there have 

been concerns as to whether the photothrombosis model truly mimics human stroke. 

Photothrombosis has overall shown to be highly reproducible, precise and less invasive than 

other models. In addition, 15 minutes of laser light exposure is sufficient to cause significant 

ischemic damage, making it a quick and efficient surgical procedure (Labat-gest and Tomasi, 

2013). This damage model for stroke could nonetheless be considered an effective model to 

study the specific effects and mechanisms of ischemic damage outcome without reperfusion. 
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Figure 2. Schematic of photothrombosis-induced ischemic damage in mice. (A) Anesthetized 

mice were injected intraperitoneally with 10 mg/kg photoactive Rose Bengal prior to laser 

exposure. The sensorimotor cortex was exposed to a green (630nm) laser light. Image made by 

Dr. T. S. Kannangara (unpublished). (B) Representative cresyl violet stained brain section with 

damage to sensorimotor cortex indicated by the black arrow. 
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Current animal studies: folate, homocysteine and stroke  

Strong associations between elevated plasma homocysteine levels and reduced folate 

status, similar to clinical outcomes, have been reported in animal studies. For example, one study 

reported that C57BL6/J mice exposed to a folate deficient diet had significantly increased plasma 

homocysteine levels (Troen et al., 2008). In addition, the authors demonstrated a trending 

increase in the time to reach the escape platform during the Morris Water Maze, a common 

measure of spatial memory. Interestingly, these behavioural changes corresponded with 

significant anatomical deficiencies including reduced hippocampal capillary length and 

microglia number. Significantly elevated plasma homocysteine levels were also observed in a 

different study using Wistar rats (Kim et al., 2002). Interestingly, the authors also reported 

increased cytoplasmic swelling and mitochondrial degeneration in the endothelium and 

cerebrocortical microvasculature wall, further suggesting that elevated plasma homocysteine 

may be contributing to an increased susceptibility to cellular damage. 

Although some studies have investigated relationships between hyperhomocysteinemia 

and folates, a limited number of experiments using animal models to examine the influence of 

hyperhomocysteinemia on ischemic damage outcomes have been performed. In general, the 

underlying mechanism(s) of stroke outcome regardless of homocysteine levels remains 

unknown, however, increased neuronal cell death via apoptosis (Fan et al., 2014), oxidative 

stress (Chen et al., 2011) and neuroinflammation via microglial cell activation (Ahmad et al., 

2014) may be potential mechanisms through which homocysteine exerts its negative effects. One 

study reported that after inducing hyperhomocysteinemia by subcutaneous injection and 

damaging the forebrain with global ischemia, there is an increase in neurodegeneration of 

hippocampal and cortical neurons compared to controls (Kovalska et al., 2015). A different study 
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using Wistar rats reported interesting results with regards to secretory pathway Ca2+-ATPases 1 

(SPCA1), which plays an essential role in normal neuronal development, neural migration,  and 

morphogenesis (Pavlovicova et al., 2012). The authors found that hyperhomocysteinemic rats 

treated with global forebrain ischemic preconditioning (IPC; a process of administrating sub-

lethal short-term ischemia to build tolerance to lethal ischemia) showed elevated SPCA1 mRNA 

expression compared to both non-IPC hyperhomocysteinemic and non-IPC homocysteine control 

groups (Pavlovicova et al., 2012). These data suggest that, given the additional cellular stress of 

reduced SPCA1 expression via hyperhomocysteinemic conditions, ischemic preconditioning 

showed an increased magnitude of healthy SPCA1 expression, also suggesting that 

hyperhomocysteinemia may cause an increased cellular vulnerability to ischemic damage. A 

different study using 129/Sv mice also found that, when exposed to a folate deficient diet, 

resulting in elevated plasma homocysteine levels, after an MCAO-based ischemic stroke the 

mice were more susceptible to the damage and had worse functional outcomes compared to 

controls (Endres et al., 2005). In addition, they reported elevated oxidative DNA damage. 

Studies have investigated the impact of genetic deficiencies in folate metabolism on neurological 

function (Troen et al., 2008; Jadavji et al., 2012, 2015a) however no reports have examined the 

effects of genetic deficiencies in folate metabolism on ischemic damage or stroke. 

MTHFR mouse model 

To study the in vivo effects of deficiencies in folate metabolism in the brain, a knockout 

mouse model for MTHFR has been developed (Chen et al., 2001; Jadavji et al., 2012). Only 

Mthfr+/+ and Mthfr+/- mice were used. Mthfr-/- knockout do exist but they model an inborn error of 

metabolism and are severely developmentally delayed (Chen et al., 2001; Lawrance et al., 2011). 

In brief, heterozygous mice (Mthfr+/-) mimic the polymorphism described in humans, having 



Page 25  

 

 

elevated plasma levels of homocysteine and decreased MTHFR enzyme activity. Specifically, 

Mthfr+/- mice have decreased global methylation and have approximately 1.6 fold elevated total 

plasma homocysteine levels compared to wild-type controls (Mthfr+/+) (Chen et al., 2001). A 

different study examining the impact of both an MTHFR and dietary folic acid deficiency found 

that there was a synergistic effect on increased total plasma homocysteine, decreased 

methylation (as indicated by a lower SAM/SAH ratio) as well as endothelial function (Devlin et 

al., 2004). Their findings suggested that mice with the MTHFR deficiency were even more so 

sensitive to impairments in endothelial function and methylation capacity caused by disruptions 

in folate status than only a dietary folate deficiency in cerebral microvessels. Overall, there 

appears to be a limited understanding of how a genetic MTHFR deficiency, resulting in elevated 

levels of homocysteine, impact stroke outcome.  

Aim of thesis: 

The aim of this thesis is to investigate the impact of a MTHFR deficiency and resulting 

increased plasma homocysteine on stroke outcome in a clinically relevant aged mouse model. 

This was done by assessment of motor behaviour and neurodegeneration after ischemic damage 

to the sensorimotor cortex. The objectives with corresponding hypotheses are as follows: 

Objective 1: To evaluate motor function, after ischemic damage, using a battery of 

behavioural tests on MTHFR mice.  

Hypothesis 1: MTHFR mice have impaired skilled reaching, after ischemic damage, 

compared to respective shams. 

Hypothesis 2: Mthfr+/- mice have reduced skilled motor function, forepaw use, balance, 

and coordination, after ischemic damage, compared to wild-type littermate controls. 
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Objective 2: To quantify lesion volume and the concentration of plasma homocysteine 

after ischemic damage in MTHFR mice.  

Hypothesis 3: Mthfr+/- mice have larger lesion volumes and elevated plasma 

homocysteine compared to wild-type littermate controls. 

Objective 3: To investigate relevant changes in biochemical pathways including oxidative 

stress, inflammation and apoptosis, after ischemic damage in MTHFR mice.  

Hypothesis 4: Mthfr+/- mice have increased oxidative stress, inflammation and apoptosis, 

after ischemic damage, compared to wild-type, littermate controls. 
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Materials and Methods 

Animals 

All experiments performed in this study were conducted according to the guidelines of 

the Canadian Council on Animal Care (CCAC) and approved by the Carleton University Animal 

Care committee. In this study, a total of 33 male MTHFR C57BL/6N mice were used from two 

cohorts. Mice were aged to 18 months to be reflective of a 65-year-old human (Table 1) with an 

ad-libitum diet of standard mouse chow. MTHFR deficient (Mthfr+/- n= 17) mice were raised in 

standard caging with their littermate wild-type (Mthfr+/+, n=16) controls. Prior to 

experimentation, mild enrichment, including a ladder rung and wooden block, was added to the 

home cage. 
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Table 1. Comparison of mature life history stages in aging between humans and mice. C57BL 

mice aged 18-24 months old are approximately reflective of human seniors between 56-69 years 

old. Adapted from Figure 20-3 (Flurkey et al., 2007). 

Age Category Human Age (years) Mouse Age Equivalent (months) 

Young adult 20-30 3-6 

Middle-aged adult 36-47 10-14 

Senior adult 56-69 18-24 
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Genotype for wild-type (Mthfr+/+) and MTHFR deficient (Mthfr+/-) was obtained using 

polymerize chain reaction (PCR). In brief, DNA was isolated from ear tissue samples.  The 

primers used for PCR were: mmEx3S (5’-GAC GCA GAG GGA AGG AGG CTT CAG-3’), 

NeoS5 (5’-AGC CTG AAG AAC GAG ATC AGC AGC-3’) and mIN3a1 (5’-GAC TAG CTG 

GCT ATC CTC TCA TCC-3’) (Chen et al., 2001).  

Experimental design 

To study the impact of a MTHFR deficiency on neurodegeneration, including both 

behavioural and molecular changes, an experimental outline has been summarized (Figure 3).  

After being raised to an aged status (~1.5 years old), mice were then subjected to a battery of 

behavioural tests to assess motor function and short-term memory. General handling behaviours 

were observed and weights were measured weekly except for during the single pellet reaching 

task where weight was monitored daily to be more observant of any potential food restriction-

induced stress. Completing the single pellet reaching task requires approximately 8 weeks prior 

to ischemic damage because of training as well as testing until achieving peak performance. 

Ischemic damage via photothrombosis was then performed and mice were given a three day 

recovery period before post-operational assessment of behaviours. Mice were then euthanized so 

that brain tissue and blood could be collected for molecular analysis of potential underlying 

molecular mechanisms. 
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Figure 3. Experimental timeline for the proposed study. The single pellet reaching task was 

performed daily for 1 month. Rotarod, y-maze, forepaw asymmetry and ladder beam tests 

were performed once. Susceptibility to damage was examined by analyzing differences 

between groups post-ischemic damage. 
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Photothrombosis 

Using the photothrombosis ischemic damage model, mice were anesthetized with 4-5% 

isoflurane in O2. Anesthetized mice had their heads shaved and disinfected while preventing their 

eyes from drying out with tear gel. Twenty mg/kg tramadol and 1 mL saline was administered 

subcutaneously. Mice were then transferred to a stereotaxic apparatus (Stoelting) and maintained 

at 2-2.5% isoflurane. A heating pad (Harvard Apparatus) was placed under mice and a probe was 

rectally inserted to maintain a body temperature of ~37°C. Prior to laser exposure, mice were 

injected intraperitoneally with 10 mg/kg photoactive Rose Bengal (Sigma) followed by a 5-

minute delay to allow the dye to enter circulation. The skull was then surgically exposed and the 

sensorimotor cortex was targeted using stereotaxic coordinates (2 cm above, mediolateral + 0.24 

mm from Bregma). Keeping moist with saline, the skull of the treatment group receiving the 

ischemic damage (PT group) was exposed to a laser (Beta Electronics, wavelength: 532 nm) for 

15 minutes (Figure 2). Mice in the Sham treatment group received the same protocol except for 

laser exposure. For recovery of post-operative pain, 20 mg/kg tramadol was administered once 6 

hours after damage.  

Behavioural tasks 

Single pellet reaching task 

The task was performed as previously described (Farr and Whishaw, 2002) to examine 

skilled forepaw movements.  Mice were placed in a 19.5 cm long x 8 cm wide x 20 cm high 

plexiglass reaching box with a 1 cm wide vertical slit for reaching out onto plexiglass shelving 

(Figure 4A). Mice were then trained to approach and extend their forepaw past the slit to obtain 

20 mg sugar pellets (Bio-Serv) placed over small divots on the shelving. Mice were acclimated 

to the plexiglass box by placing them in the box and gradually increasing to 10-minute exposures 
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with sugar pellets on the apparatus floor and on the shelf. Sugar pellets were gradually placed 

further away and decreased in number until reaching was a requirement to obtain a single pellet 

of food. A pellet was then placed on both the left and right divots so that mice could display a 

preferred forepaw which was then used for data recording. Motivation required for reaching was 

achieved by using a dietary restriction of 1-4 g chow per day, administered at least five hours 

after testing. No testing was done during the three day recovery period after surgery therefore 

these data points are not included. Both the overall percent reaching success (quantitative) and 

reaching components (qualitative) were measured. 
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Figure 4. (A) A graphic representation of the reaching apparatus for the single pellet reaching 

task in mice (adopted from Farr and Whishaw 2002). (B) The quantitative scoring scale used to 

determine the percent reaching success rate (made by JK Theoret). 
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Quantitative reaching was observed and recorded using a predetermined scale (Figure 

4B). Mice were placed in the apparatus and tested until a total of 10 successes was achieved 

using their preferred forepaw.  A success was defined as obtaining and eating the food pellet on 

the first attempt per reach. Qualitative data involved scoring the quality of 10 specific reaching 

components previously described (Farr and Whishaw, 2002) and summarized (Table 2). Mice 

were scored using a three-point system (0 being absent, 1 being impaired and 2 being normal) 

from the principles of the Eshkol-Wachmann Movement Notation (EWMN). Qualitative data 

was recorded using a digital camera so that frame-by-frame analysis could be done to properly 

score animals.  
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Table 2. Qualitative assessment of the single pellet reaching task in 10 reaching 

components. Used from Farr and Whishaw (2002). A score of 0 indicated complete 

impairment and a score of 2 indicated normal behaviour. 

Reaching Component Description 

1. Digits to midline The forepaw digits aligned with the body midline 

 

2. Digits semi-flexed The forepaw digits were extended at least slightly outward 

 

3. Elbow discrete The elbow moved in a forward swooping motion 

 

4. Advance straight on The animal was perpendicular to the slit 

 

5. Digits extend Forepaw digits extended as the forelimb moves towards the pellet 

 

6. Arpeggio  the paw was placed over the sugar pellet in an arpeggio motion 

 

7. Grasp Digits flexed and closed around the food pellet 

 

8. Supination I The paw with food withdrew by ~90° 
 

9. Supination II The forelimb brought the food to the mouth at ~45° 
 

10. Release The mouth contacted the paw as it releases grasp on the food 
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Ladder beam 

The ladder beam task was performed as previously described (Farr et al., 2006) to assess 

skilled walking movements. Two plexiglass walls (69.5 cm x 15 cm), each with holes 20 mm in 

diameter and 50 mm apart located 1 cm above the bottom, were 5 cm apart which suited passage 

of a mouse. Holes were filled with 8 cm long metal bars in an irregular (random) pattern to 

prevent learning. The ladder beam apparatus was situated atop two opened standard mouse 

cages. Data was recorded using a digital camera so that frame-by-frame analysis of movements 

across the ladder could be obtained. Recorded data was scored using a six-point scale previously 

described (Metz and Whishaw, 2002; Farr et al., 2006) and summarized (Table 3). The average 

movement score, number of errors and percent error was calculated ((number of errors/total 

steps)*100). Any score of two or lower was considered an error.  
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Table 3. Qualitative assessment of the ladder beam task. Used from Farr et al., (2006). A 

score of 2 or lower was considered an error. 

Score Description 

0 A total miss of a rung and causes the body of the animal to fall. 

 

1 The paw contacts the rung but then slipped causing the body of animal to fall. 

 

2 The paw contacts the rung but then slipped slightly but the animal kept moving. 

 

3 The paw contacts one rung (not bearing weight) but then quickly switched to 

another rung or the wall. 

 

4 The paw approaches a rung (not touching it) then places it on another rung or places 

the paw on a rung but then repositions it on that same rung. 

 

5 The paw is partially placed on a rung such as only some or all digit tips. 

 

6 A correct placement. 
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Accelerated rotarod 

A standard accelerating rotarod apparatus (Omnitech Electronic Inc.) was used to 

measure walking movements and balance previously described (Balkaya et al., 2013; Jadavji et 

al., 2015a). 30 cm above the ground, mice were then placed on a rotating cylinder 3 cm in 

diameter and 6 cm wide such that the speed gradually increased from 4 to 60 rpm over 8 

minutes. When mice fall off the rotarod, a digital sensor records the latency, in seconds, to fall 

off the rotarod cylinder. An average of three trials per mouse was taken with an inter trial 

interval of five minutes. 

Forepaw asymmetry 

To measure spontaneous forelimb use, mice were placed in a 19 cm high, 14 cm diameter 

cylinder and the placement of their forepaws on the beaker wall during natural exploratory 

rearing behaviours was recorded using a digital camera for frame-by-frame analysis (Theoret et 

al., 2015). A total of 10 rears were recorded. During a rear, the first forepaw placement to touch 

the beaker wall was recorded as ipsilateral, contralateral (to damage) or both. The final score for 

one mouse was calculated as: (sum of non-impaired forepaw placements – sum of impaired 

forepaw placements) / total forepaw placements (impaired, non-impaired and both). Therefore, a 

positive score indicated preferences for the non-impaired forepaw, suggesting impairment, and a 

negative score indicated an impaired forepaw placement. 

Plasma homocysteine concentration 

At time of euthanization, cardiac blood samples were collected. Plasma samples were 

prepared according to manufacturer’s instructions for Advia Centaur Homocysteine kit and 

measured using Centaur XP platform (Siemen’s Canada).  
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Lesion volume 

Brain tissue was sectioned on a cryostat (Thermo Fisher Scientific) at 30 μm and were 

then mounted on slides in serial order. Each animal had six slides that contained brain sections 

spanning the entire damage area. Two series was used for basic neuronal structure analysis via 

cresyl violet (Sigma) to quantify the size of the ischemic infarct. As shown in Figure 2B, 

damaged tissue clearly stains a darker shade of purple compared to undamaged tissue. ImageJ 

(NIH) software was used to quantify lesion volume by measuring the area of damaged tissue. 

Each animal had a minimum of four sections that were used for quantification. 
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Figure 5. Coronal slice of a mouse brain highlighting important cortical regions (1) 

Somatosensory cortex, forelimb region (S1FL), (2) Somatosensory cortex, hindlimb region 

(S1HL), (3) Primary Motor cortex (M1) and (4) Secondary Motor cortex (M2). Original 

obtained from Paxinos and Franklin, (2001). The black arrow within the somatosensory 

cortical regions was the area of interest for ischemic damage.    
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Immunofluorescence 

Brain tissue was used for immunofluorescence analysis to assess molecular mechanisms. 

Staining was performed on brain tissue to investigate potential mechanisms. The following 

primary antibodies were used, Nuclear factor-like 2 (Nrf2) (1:100, Santa Cruz Biotechnology) 

Superoxide dismutase 2 (SOD2) (1:100, Life Technologies) to measure antioxidant activity; 

Ionized calcium-binding adapter molecule 1 (Iba1) (1:100, AbCam), Cluster of Differentiation 

68 (CD68) (1:500, BioRad) to assess inflammation, p53 (1:100, Santa Cruz Biotechnology) to 

measure DNA damage and active caspase-3 (1:100, Cell Signalling Technologies) to measure 

apoptosis.  All brain sections were stained with NeuN (1:200, AbCam), a marker for neuronal 

nuclei. Primary antibodies were diluted in 0.5% Triton X and incubated with brain tissue 

overnight at 4°C. The following day, brain sections were incubated in Alexa Fluor 488 or 555 

(Cell Signalling Technologies) secondary antibodies then were incubated at room temperature 

for 2 hours and then stained with 4’, 6-diamidino-2-phenylindole (DAPI) (1:1000). Staining was 

visualized using a microscope (Zeiss) and all images were collected at the magnification of 40X. 

For cell count analysis, p53 positive cells were co-localized with DAPI, active caspase-3, Nrf2 as 

well as SOD2 positive cells were co-localized with NeuN, respectively, and Iba1 positive cells 

were co-localized with CD68. A positive cell was indicated by co-localization of the antibodies 

of interest located within a defined cell. Cells were distinguished from debris by identifying a 

clear cell shape and intact nuclei (indicated by DAPI or NeuN) under the microscope. All cell 

counts were conducted by two individuals blinded to treatment groups. The number of positive 

cells were counted in three brain sections per animal. For each section, three fields were 

analyzed. The number of positive cells were averaged for each animal.   
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Statistical analysis  

Both IBM SPSS (Ver 21) and GraphPad Prism 7 software was used to investigate 

differences between genotypes (Mthfr+/+ and Mthfr+/-) and treatment groups (Sham vs. PT) after 

ischemic damage. The single pellet reaching task was analyzed using two-way repeated 

measures analysis of variance (ANOVA). Single pellet reaching data from Mthfr+/+ and Mthfr+/- 

mice was analyzed separately to determine interactions and main effects of treatment and time 

for each genotype.  Two-way ANOVA analysis was performed when comparing the average 

measurement of both genotype and treatment group for the ladder beam, accelerated rotarod, 

forepaw asymmetry and plasma homocysteine concentration.  Main effects of two-way 

ANOVAs were followed up with Tukey’s post-hoc test to adjust for multiple comparisons. 

Unpaired t-tests were performed on single factor data such as lesion volume and 

immunofluorescent staining between genotypes. All data is presented as means ± standard error 

of the mean (SEM). Statistical tests were performed using an alpha of 0.05.  
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Results 

Skilled reaching: single pellet reaching task 

Reaching success 

 Daily reaching success prior to damage was approximately 25%. After ischemic damage, 

Mthfr+/+ (Figure 6A; F(1, 13) = 6.04, p<0.05, treatment effect) and Mthfr+/- (Figure 6B; F(1, 16) = 

27.94, p<0.001, treatment effect) mice demonstrated a reduction in percent reaching success 

compared to shams for up to five weeks after damage.  
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Figure 6. Quantitative assessment of the single pellet reaching task before and after 

photothrombosis (PT) damage in aged (A) Mthfr+/+ and (B) Mthfr+/- mice.   The data 

represents means + SEM of 8-10 mice per group. *p< 0.05, ***p<0.001, treatment effect. 

The vertical dashed line denotes the day when animals underwent PT damage.  
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Reaching score 

A single reach was split into 10 components enabling qualitative analysis of skilled motor 

function (Farr and Whishaw, 2002).   Five weeks after damage there were no difference between 

Mthfr+/+ PT and sham mice (Figure 7A; F(1, 14) = 3.71, p>0.05). However, Mthfr+/-  PT showed 

impairment as a result of damage (Figure 7B; F(1, 15) = 14.01, p< 0.01, treatment effect). There 

were no differences between the reaching components within Mthfr+/-  PT and sham groups 

(p>0.05). 
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Figure 7. Qualitative analysis of the single pellet reaching task after PT in aged (A) Mthfr+/+ 

and (B) Mthfr+/- mice. The data represents means + SEM of 8-10 aged mice per group. 

**p<0.01, treatment effect. 
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Skilled walking: ladder beam 

Movement score 

As animals walked across the ladder beam for the chronic time point after ischemic 

damage, there was an interaction between genotype and treatment for impairments contralateral 

to the side of the brain with ischemic damage (Figure 8A; F(1, 28) = 4.31, p<0.05). There was no 

difference in the ipsilateral side between treatment groups (Figure 8B; F(1, 29) = 0.11, p>0.05).  

 

Percent error 

After unilateral ischemic damage via PT, both Mthfr+/+ and Mthfr+/- mice show an 

increased number of errors made when crossing the ladder beam but only in the contralateral side 

(Figure 8C; Contralateral, F(1, 29) = 14.40, p<0.05, treatment effect). There were no difference on 

the ipsilateral side (Figure 8D; F(1, 28) = 0.58, p>0.05).  
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Figure 8. Assessment of skilled motor function on the ladder beam walking task in aged 

Mthfr+/+ and Mthfr+/- mice. Movement scores of Mthfr+/+ and Mthfr+/- mice (A) contralateral 

and (B) ipsilateral to ischemic damage. Percent error of Mthfr+/+ and Mthfr+/- mice (C) 

contralateral and (D) ipsilateral to ischemic damage while crossing the ladder beam. Data 

represents mean ± SEM of 8-10 mice per group. *p<0.05 genotype and treatment interaction, 

** p< 0.01 treatment effect, Tukey’s pairwise comparison. 
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Accelerated rotarod 

Five weeks after ischemic damage, balance and coordination in Mthfr+/- and Mthfr+/+ 

mice were measured. There were no differences in the time required for mice to fall off the 

accelerated rotarod between treatment groups nor genotypes (Figure 9; F(1, 27) = 0.89, p>0.05, 

treatment effect; F(1, 27) = 0.19, p>0.05, genotype effect) and there was no interaction (Figure 9; 

F(1, 27) = 0.70, p>0.05).  
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Figure 9. Assessment of balance and coordination in aged Mthfr+/+ and Mthfr+/- mice by the 

accelerated rotarod.  Data are mean ± SEM in 8-10 mice per group. 
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Forepaw asymmetry 

 The forepaw asymmetry task evaluated forepaw preference through natural rearing 

behaviours. A positive score indicated favoured use of the ipsilateral paw and a negative score 

indicates favoured use of the contralateral paw. Five weeks after ischemic damage, there were no 

differences in index scores between Mthfr+/+ and Mthfr+/- mice (Figure 10; t(16) = 1.93, p>0.05) 

and thus no differences in paw preference during natural rearing behaviours.  
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Figure 10. Forepaw asymmetry scores of motor function after unilateral ischemic damage in 

aged Mthfr+/+ and Mthfr+/- mice. Data are mean ± SEM in 8-10 mice per group. 



Page 53  

 

 

Plasma homocysteine concentration 

 Homocysteine concentration was measured in plasma from MTHFR mice. In aged 

Mthfr+/- mice, plasma homocysteine levels were elevated compared to Mthfr+/+ regardless of 

unilateral ischemic damage to the sensorimotor cortex (Figure 11; F(1, 30) = 5.73, p<0.05, 

genotype effect). 

  



Page 54  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Plasma homocysteine concentrations (µM) in aged Mthfr+/+ and Mthfr+/- mice. 

Data are mean ± SEM of 8-10 mice per group. *p<0.05, genotype effect. 
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Lesion volume 

 The size of the infarct caused by photothrombosis was quantified in brain tissue stained 

with a cresyl violet stain (representative images in Figure 12A). After ischemic damage, there 

were no differences in lesion volume between aged Mthfr+/+ and Mthfr+/- mice (Figure 12B; t(15) 

= 0.31, p>0.05).   
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Figure 12. Assessment of the lesion volume from unilateral ischemic damage to the 

sensorimotor cortex in aged Mthfr+/+ and Mthfr+/- mice. (A) Representative cresyl violet 

stained brain sections from Mthfr+/+ and Mthfr+/- mice. (B) quantification of lesion volume. 

Data are mean ± SEM of 8-10 mice per group. 
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Immunofluorescence  

Apoptosis: Active caspase-3  

 Immunofluorescence of active caspase-3 was examined to quantify the degree of 

neuronal apoptosis at the damage site which was determined by positive co-localization of 

activated caspase-3 and neuronal marker NeuN in Mthfr+/+ and Mthfr+/- mice (representative 

images shown in Figure 13A and 13B). After ischemic damage, Mthfr+/- demonstrated increased 

active caspase-3 expression compared to Mthfr+/+ mice (Figure 13C; t(9) = 3.01; p<0.05, 

unpaired t-test).  
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Figure 13. Representative immunofluorescence images of active caspase-3, NeuN and DAPI 

staining in aged (A) Mthfr+/+ and (B) Mthfr+/- mice. (C) The number of active caspase-3 

positive cells co-localized with NeuN after ischemic damage.  Data are expressed as mean ± 

SEM in 5-6 mice per group. *p<0.05, unpaired t-test, Mthfr+/+ vs. Mthfr+/-. Scale bar = 100 

µm. 
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DNA damage: p53  

Immunofluorescence of p53 was also done to assess DNA damage and potentially 

apoptosis activity. After ischemic damage, there are no differences in the expression of p53 

between aged Mthfr+/+ and Mthfr+/- mice (representative staining shown in Figure 14A and 14B), 

indicated by co-localization of nuclear p53 and DAPI at the damage site (Figure 14C; t(9)=0.30, 

p>0.05).  
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Figure 14. Representative immunofluorescence images of p53 and DAPI in aged (A) 

Mthfr+/+ and (B) Mthfr+/- mice after ischemic damage. (C) The number of p53 positive cells 

co-localized with DAPI.  Data are expressed as mean ± SEM in 5-6 mice per group. Scale bar 

= 100 µm. 
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Antioxidant activity: Nrf2  

The role of antioxidant activity was examined to understand its role in ischemic damage 

of MTHFR deficient mice.  The antioxidant transcription factor Nrf2 was used as a marker for 

the regulation of antioxidative proteins as well as the overall oxidative stress response (Sandberg 

et al., 2014). There was no significant difference in Nrf2 expression in aged Mthfr+/-  mice 

compared to Mthfr+/+ in neurons (representative images shown in Figure 15A and 15B). This 

was indicated by co-localization of Nrf2 with neuronal nuclei marker, NeuN (Figure 15C; 

t(4)=0.19, p>0.05). 
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Figure 15. Representative immunofluorescence images of Nrf2 and NeuN staining in aged 

(A) Mthfr+/+ and (B) Mthfr+/- mice after ischemic damage. Scale bar = 100 µm. (C) The 

number of Nrf2 positive cells co-localized with NeuN.  Data are expressed as mean ± SEM in 

3 mice per group. 
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Antioxidant activity: SOD2  

Superoxide dismutase (SOD2) has a protective role after ischemic damage (Chen et al., 

2011), therefore SOD2 activity was also examined to evaluate antioxidant enzyme expression 

after ischemic damage in aged MTHFR deficient mice (representative staining images are shown 

in Figure 16A and B).  NeuN labeled neurons were positively co-localized with SOD2, but there 

was no statistically significant difference between Mthfr+/- and Mthfr+/+ mice (Figure 16C; 

t(9)=1.97, p>0.05). 
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Figure 16. Representative immunofluorescence images of SOD2 and NeuN staining in aged 

(A) Mthfr+/+ and (B) Mthfr+/- mice after ischemic damage. (C) The number of SOD2 positive 

cells co-localized with NeuN.  Data are expressed as mean ± SEM in 5-6 mice per group. 

Scale bar = 100 µm. 
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Microglial activation: Iba1+CD68  

The potential role of microglial cells, which have been previously implicated in ischemic 

damage (Anttila et al., 2016), was also examined as a potential contributor towards 

neurodegeneration. Immunofluorescence of microglial cell activation was assessed by co-

localization of microglial marker Iba1 and CD68, a cytoplasmic marker for microglial 

macrophages. After ischemic damage, there was no significant difference in microglial cell 

activation between Mthfr+/-  and Mthfr+/+ mice (Figure 17; t(8) = 0.98, p>0.05). 
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Figure 17. Representative immunofluorescence images of Iba1 and CD68 staining in aged 

(A) Mthfr+/+ and (B) Mthfr+/- mice after ischemic damage. (C) The number of Iba1 positive 

cells co-localized with NeuN.  Data are expressed as mean ± SEM in 5 mice per group. Scale 

bar = 100 µm. 
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Discussion 

The data from this study suggests that aged Mthfr+/- mice are more vulnerable to ischemic 

damage via photothrombosis to the sensorimotor cortex. Repeated in two cohorts of animals, the 

single pellet reaching task shows greater quantitative and qualitative impairments in skilled 

forelimb function in Mthfr+/- mice for up to five weeks after damage. At five weeks after 

damage, Mthfr+/- mice show no significant impairments in both the quantitative and qualitative 

aspects of the ladder beam task. Other assessments of motor function at five weeks including the 

accelerated rotarod and forepaw asymmetry task were not significantly different between groups. 

Plasma homocysteine concentration in Mthfr+/- mice was elevated regardless of photothrombosis 

damage however no differences in lesion volume were observed between groups five weeks after 

damage. This study also shows an increase in apoptotic cells at the damage site of Mthfr+/- mice 

via active caspase-3. No differences in p53, nuclear factor-like 2 (Nrf2), superoxide dismutase 

(SOD2), ionized calcium-binding adapter molecule 1 (Iba1) nor cluster of differentiation 68 

(CD68) expression were observed between groups at five weeks after damage.  

 

Worse outcomes from ischemic damage mice may be followed by better chances of 

rehabilitative recovery  

In agreement with the first hypothesis, Mthfr+/- mice showed more severe impairments in 

motor function from ischemic damage compared to wild-type littermate controls. Neither 

genotype fully recovered to pre-stroke percent reaching success. Intriguingly, Mthfr+/- mice 

seemed to show signs of recovery while Mthfr+/+ mice still showed signs of impairment 

compared to respective shams. Perhaps at approximately five weeks after damage wild-type mice 

were still experiencing motor dysfunction while Mthfr+/- mice had partially recovered, or could 
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recover, more effectively from ischemic damage compared to Mthfr+/+ for possible reasons 

explained below. 

In this study, there was considerable degree of variability both in behavioural and 

molecular analysis after ischemic damage using the ladder beam, accelerated rotarod, forepaw 

asymmetry and lesion volume. Results of these tasks took place at the time point of 

approximately five weeks after damage and sources of variance may be attributed to multiple 

factors. Generally, variability in stroke recovery is clinically prevalent and regression models fail 

to address unexplained variance (Prabhakaran et al., 2008) and so it is likely that inter-individual 

neuroplasticity in recovery may explain most of this.  Damage induced by the photothrombosis 

model varies increasingly with the time of laser light exposure during surgery (Labat-gest and 

Tomasi, 2013) and could contribute to an increase of variability in stroke outcome in vivo. In this 

study, the minimum amount of time of 15 minutes, necessary to induce ischemic damage, was 

used. In addition, lesion volume had previously reported to decrease over time in the 

photothrombotic stroke model in C57BL/6 mice (Labat-gest and Tomasi, 2013) indicating a time 

frame by which lesion volume could have changed in proportion to the inter-individual recovery 

of each mouse, potentially explaining an increased variance in lesion volume in this study. Prior 

to beginning experiments, a larger lesion volume in Mthfr+/- mice compared to Mthfr+/+ was 

hypothesized since smaller lesion volumes correlated with improved functional outcomes in 

stroke patients (Rother et al., 2002; Schiemanck et al., 2005). In contrast, an in vivo study 

showed improved functional recovery from the ladder beam and rotarod without significant 

changes in lesion volume after photothrombosis in Wistar rats for up to six weeks (Schäbitz et 

al., 2004). These findings suggest that lesion volume in vivo varies and may not necessarily 

reflect stroke outcome. It is also important to note that, while the lesion volume is currently 
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regarded as a hallmark measure of stroke outcome, it does not imply the mechanism of its 

production. Since homocysteine has been associated with DNA damage, future research could 

further quantify the infarct by a terminal deoxyribonucleotidyl dUTP nick end labelling 

(TUNEL) stain. One might also consider social aspects of stroke recovery. Because some mice 

were lost to the damage, few mice were caged by themselves towards the end of the study. When 

patients suffer from a stroke, having a positive social community or enrichment paired with 

rehabilitation has been shown to significantly improve motor function (Ru et al., 2017). Similarly 

in adult mice, social interactions with cage-mates has been shown to reduce depressive 

behaviours and improve functional outcome after middle cerebral artery occlusion (Venna et al., 

2014; Verma et al., 2014). Although most of the mice in the present study were pair housed and 

had mild enrichment, it is also possible that social aspects could have contributed to unknown 

variation in stroke outcome. Nonetheless, the amount of variation presented in this study 

appeared to be consistent with clinical trends in stroke outcome and has been repeated in 2 

separate cohorts of animals. 

 After stroke, repeated practice of a motor skill has shown to improve functional recovery 

from damage in mice, rats and non-human primates and this increase in plasticity seems to occur 

within the first month after the stroke event, peaking at 1 week, then shifting into a maintenance 

phase (Carmichael, 2006; Kerr et al., 2011; Krakauer et al., 2012). Adult C57BL/6 mice focally 

damaged to the motor cortex by photothrombosis previously demonstrated recovery of skilled 

reaching after two weeks of weekly reaching and this was coupled with functional reorganization 

of both forelimb and hindlimb sensorimotor maps (Clarkson et al., 2013). Others for example, 

showed how continuous daily skilled reaching for five weeks after damage, which almost 

exclusively forces voluntary use of the impaired forelimb, improves motor function following an 
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Endothelin-1 model of stroke to the sensorimotor cortex in Long-Evans rats (Maldonado et al., 

2008), so it is likely that skilled reaching in this study may have served as a physical 

rehabilitative therapy. One meta-analysis of five animal studies including that of Maldonado et 

al. (2008) reported skilled reaching, starting after the first five days post-stroke, improved limb 

function by ~27% (Schmidt et al., 2014) however there appeared to be a time point too early for 

rehabilitation. Risedal and colleagues reported instead detrimental effects on motor function 

when forelimb training was started 24 hours after a middle cerebral artery occlusion in rats as 

opposed to at one week (Risedal et al., 1999). Additionally, when rats are given an enriched cage 

environment in combination with daily sessions of reach training therapy after Endothelin-1 or 

middle cerebral artery occlusion, there is a significant rescue of forelimb reaching ability when 

the rehabilitation was initiated within the first two weeks, but not 30 days, after stroke 

(Biernaskie and Corbett, 2001; Krakauer et al., 2012). Similar to Krakauer et al. (2012),  it is 

important to also consider the amount of reaching or reaching intensity, permitted after damage, 

as it significantly affected stroke recovery such that a high intensity regime (twice daily) had 

shown to further enhance stroke outcome in C57BL mice (Bell et al., 2015; Schuch et al., 2016). 

In this study, skilled reaching began three to four days after ischemic damage and a low intensity 

regime of 10 reaches per day is used in this study (Bell et al., 2015), coinciding with an ideal 

time point for reaching rehabilitation to support functional outcome without enhancing reaching 

intensity.  

Mice and humans that suffer a moderate-severe focal ischemic stroke had a better chance 

to recover in upper extremity motor function compared to those who suffer a mild stroke 

(Duncan et al., 1992; Winters et al., 2015) with the assistance of physical rehabilitation and this 

depended on the intensity, timing and the approach for rehabilitation (Carmichael and Krakauer, 
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2013; Zeiler and Krakauer, 2013). For example, a study investigating recovery of 104 stroke 

patients, categorized by severity with a Fugl-Meyer Assessment (FMA) of sensorimotor function 

after stroke, was done. Based on a Barthal Index of daily living, moderate-severe and severe 

stroke patients showed the largest partial recovery, or change scores, of motor function within 30 

days whereas mildly impaired individuals experienced little to no benefit (Duncan et al., 1992). 

These findings along with others have lead to the Proportional Recovery Model, which has been 

proposed as a general means to predict and understand the degree of recovery from stroke based 

on the initial impairments in upper extremity motor function. This model uses the change in the 

recovery score from the initial impairment to predict functional outcome over a time period such 

as 30 days and to quantify the amount of biological recovery after stroke. Thus far this model 

accounts for ~70% stroke cases (Prabhakaran et al., 2008) with a considerable degree of 

variation. There is a small subset of patients that do not fit this model and are labelled non-fitters 

because they tended to suffer more severe outcomes within the first 72 hours after stroke and do 

not recover much afterwards even with rehabilitation therapy. 

  If indeed Mthfr+/- mice were more affected by a photothrombotic ischemic damage 

model, then having shown signs of improved recovery with the assistance of physical 

rehabilitation via skilled reaching agrees with the concept of the Proportional Recovery Model. 

This is a clinically relevant and likely explanation for observing more severe impairments of 

motor function initially followed by no significant impact of damage after five weeks in aged 

Mthfr+/- mice. 
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A critical window for underlying mechanisms mediating degeneration and protection early 

after stroke 

 To better understand the neurological basis of an increased vulnerability to ischemic 

damage via photothrombosis to the sensorimotor cortex, this study investigated activity of 

markers of apoptosis, antioxidant activity as a proxy of redox status and active microglia. All 

these pathways of effects have been implicated in stroke but have not been explored in chronic 

time points after stroke.  

Caspases play a central role in apoptosis signalling and caspase-3 in particular is more 

downstream, inducing DNA fragmentation when activated via cleavage (Fan et al., 2014). This 

study is one of the first to report continued activation of caspase-3, using an antibody that detects 

the large fragment of the cleaved protein and the endogenous full-length protein, approximately 

five weeks after photothrombosis damage in wild-type mice. Previous work reported a 

significant elevation of caspase-3 protein expression and activity in mice after photothrombosis 

for up to 24 hours (Kim et al., 2000). This continued activation observed in the present study 

may be influenced by homocysteine, as it has shown to be an inductor of caspase-dependent 

neuronal apoptosis by a mechanism involving DNA damage, poly-ADP-ribose polymerase 

(PARP), and mitochondrial dysfunction by caspase-3 activation (Lehotsky et al., 2014). More 

importantly, the significantly elevated apoptotic activity at the damage site of aged Mthfr+/- mice 

in this study suggest a potential mechanism that could at least partially explain a more severe 

stroke outcome. 

Intriguingly, p53 activity within cells at the damage site was not significantly different 

between Mthfr+/- and Mthfr+/+ mice 5 weeks after damage. p53 is a crucial transcription factor 

associated with DNA damage and apoptosis upstream of caspase-3 and its function arrests the 

cell cycle (Crumrine et al., 1994; Wood and Youle, 1995; Kharlamov et al., 1996; Demyanenko 
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and Uzdensky, 2016). For up to 24 hours after ischemic insult from photothrombosis to the 

somatosensory cortex, p53 protein expression was highly upregulated in Wistar rats  

(Demyanenko and Uzdensky, 2016). In addition, ablation of the p53 gene after middle cerebral 

artery occlusion in transgenic mice improves functional recovery indicated by reduced infarct 

volume and increased locomotor behaviours (Filichia et al., 2015). One study investigated the 

p53 inhibitor pifithrin-α (PFT-α) as a potential therapeutic and when adult Sprague Dawley rats 

were administered treatment between one and six hours following middle cerebral artery 

occlusion there was significant reduction in lesion volume and apoptotic cells (Leker et al., 

2004). Unfortunately, when PFT-α was administered one week after damage in a similarly 

designed study, there was no reduction in on cell death within the damage site (Luo et al., 2009). 

Together, these findings suggest that changes in p53-mediated apoptosis likely occur within the 

first few days of the damage event and then it follows a sustained and diminishing return. 

Nonetheless, the present study showed that p53 in photothrombotic stroke model, is activity 

present in the ischemic core five weeks after damage. 

This study reports the activities of nuclear reactive-like factor 2 (Nrf2) and superoxide 

dismutase (SOD2) in neurons five weeks after damage however there were no significant 

differences between Mthfr+/- and Mthfr+/+ mice. These findings are contrary to what was 

hypothesized: a decrease in antioxidant activity for Mthfr+/- mice. Dysregulation of redox 

balance is one major factor thought exacerbate stroke outcome in an age-related manner 

(Ungvari et al., 2011) and elevated homocysteine may encourage oxidative damage (Ho et al., 

2003). For example, Ho et al. (2003) showed a depletion of the antioxidant glutathione, 

potentiating ROS in folate-deficient and homocysteine rich embryonic cortical neuron cell 

cultures. Nrf2 is a transcription factor that upregulates the production of antioxidative enzymes 
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and is translocated to the nucleus in the presence of oxidative stress in the brain (Porritt et al., 

2012; Sandberg et al., 2014). Similar to elevated plasma homocysteine, dysregulation of Nrf2 

has been reported in multiple neurodegenerative pathologies including stroke, Alzheimer’s 

Disease and Parkinson’s Disease (Ramsey et al., 2007; de Vries et al., 2008; Sandberg et al., 

2014) but is also associated with age-related homeostasis (Ungvari et al., 2011). In the case of 

stroke in-vivo, Nrf2 deficient C57B/SV129 mice exposed to an Endothelin-1 model were 

reported to have more severe injuries indicated by increased infarct size and inflammatory 

responses compared to controls (Shih et al., 2005). Because elevated homocysteine and the 

dysregulation of Nrf2 were both associated with more severe stroke injuries in mice, perhaps 

there is an inter-play between homocysteine and Nrf2. While Nrf2 deficiency seems to 

negatively impact stroke outcome, stimulating the Nrf2 system via sulforaphane after 

photothrombosis in mice did not alter functional recovery nor infarct volume (Porritt et al., 

2012), suggesting that the Nrf2 system of activation plays an important role in protection after 

ischemia but also has protective limitations. While Nrf2 expression was shown to be upregulated  

rapidly within 12 hours of a middle cerebral artery occlusion in OKD48 mice and diminishes 

over the course of the first week (Nakano et al., 2017), this study showed that Nrf2 was still 

active after five weeks of damage in neurons of the ischemic core in both Mthfr+/- and Mthfr+/+ 

mice.  

 Superoxide dismutase (SOD2, or MnSOD), is an antioxidant enzyme that is located in 

neurons (Maier and Chan, 2002) and when it is activated in the mitochondrial matrix, it then 

scavenges reactive oxygen species produced from oxidative damage such as from ischemic 

stroke (Madamanchi, 2004; Culotta et al., 2006; Chen et al., 2011; Candas and Li, 2014). Similar 

to elevated plasma homocysteine, reduced SOD2 activity is also reported in numerous 



Page 75  

 

 

neurodegenerative pathologies including Alzheimer’s Disease, Parkinson’s Disease and stroke 

(Flynn and Mevlov, 2013). In the case of stroke, larger infarcts and elevated cytochrome c, a 

marker for mitochondrial oxidative damage, for up to 24 hours after permanent middle cerebral 

artery occlusion was observed in SOD2 knockout mice (Murakami et al., 1998; Fujimura et al., 

1999). These findings were also reported in several knockdown studies that showed not only 

larger lesion volumes and greater neurological deficits but also blood brain barrier disruptions in 

rodents (Chen et al., 2011). Previous work has reported a 57.9% reduction in SOD2 activity in 

the adult cortex of hyperhomocysteineimic rats (Petras et al., 2014). Therefore, a decrease in 

SOD2 activity was hypothesized to occur and this was not the case for the present study. This 

study is the first to show functional SOD2 activity in neurons five weeks after photothrombosis, 

but also in MTHFR deficient mice. The role of pro-oxidative factors are also implicated in 

ischemia such as ROS (Madamanchi, 2004; Petras et al., 2014). For example, homocysteine may 

contribute to oxidative damage via homocysteine oxidation, nitrous oxide synthase-mediated 

ROS production or superoxide dismutase dysfunction (Petras et al., 2014). Elucidation of pro-

oxidative factors could present as an alternative avenue for future studies in post-stroke animals 

so that the balance between antioxidant and pro-oxidative factors can be profiled. 

 To grasp the role of inflammatory processes after ischemic damage, this study observed 

active microglial cell activity at the damage site five weeks after damage. There were no 

differences in microglial cell activation between Mthfr+/- and Mthfr+/+ mice indicated by co-

localization of ionized calcium-binding adapter molecule 1 (Iba1) and cluster of differentiation 

68 (CD68) and this finding is intriguing because homocysteine is considered a pro-inflammatory 

upregulator of monocyte chemoattractant protein-1 (MCP-1) and interleukin-8 (IL-8) in stroke 

(Perla-Kajan et al., 2007; Škovierová et al., 2016). Microglia serve a unique immunoreactive role 
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in the central nervous system. After injury such as stroke, microglial cells awake from their 

dormant state (M1) and rapidly produce an inflammatory response, becoming star spindled (M2) 

as well as releasing a series of cytokines and chemokines. These signals trigger the destruction 

and removal of compromised cells facilitated by macrophagy. Microglia have been described in 

brain injury but the role of activated microglia in post-ischemic injury remains controversial 

(Khan et al., 2017). For example, one study compared microglial activation between the middle 

cerebral artery occlusion and photothrombosis stroke models in mice and reported a delayed 

microglial activation as well as an accumulation and release of inflammatory cytokines and 

chemokines including interleukin 6 (IL-6), interleukin 17 (IL-17), intercellular adhesion 

molecule 1 (ICAM1), macrophage inflammatory protein 1 gamma (MIP-1γ) as well as tumor 

necrosis factor receptor 1 and 2 (TNFR1, TNFR2) (Cotrina et al., 2017). In addition, microglia 

can stimulate both pro- and anti-inflammatory cytokines depending on their environment, 

however microglial activation via CD68 and Iba1 has previously been reported in the context of 

ischemic damage in rats exposed to Endothelin-1 (de Geyter et al., 2012; Khan et al., 2017). 

Most inflammatory processes after ischemic damage such as from stroke occur within the first 

week and these are followed by downstream pathways of neurodegeneration. In addition, 

microglial populations change over time with respect to morphology, phenotype and cytokine 

expression (Ekdahl et al., 2009). For example, Khan et al. (2017) identified a total of 749 genes 

that were differentially regulated from two to seven days after a photothrombotic stroke in mice 

and 74.5% of these genes were related to microglia. At seven days however most of these 

differentially expressed genes had diminished. This may partially explain why, in this study, 

there were no differences in microglial activation between Mthfr+/- and Mthfr+/+ mice observed 

five weeks after damage. Nonetheless, these data are the first to show that at, this time point, 
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microglial activation was active at the damage site of MTHFR mice after photothrombosis to the 

sensorimotor cortex. 

 The overall analysis of immunofluorescence cell counts suggests that, with the except of 

active caspase-3, molecular signalling of relevant pathways suggested to mediate 

neurodegeneration and neuroprotection are likely to occur within the first week of the damage 

event and are either diminished and/or maintained at a certain level of activity regardless of 

stroke outcome. One alternative confound is that, having recognized the potential for 

rehabilitation and functional reorganization of the sensorimotor cortex in this study, the number 

of cells and interested area of tissue could have been affected by these changes. Nonetheless, a 

MTHFR deficiency and resulting elevated plasma homocysteine, combined with ischemic 

damage to the sensorimotor cortex, does not appear to affect activity of these pathways five 

weeks after damage. 

 

A MTHFR deficiency and resulting elevated plasma homocysteine exacerbates stroke 

outcome in aged mice, not only risk 

While epidemiological findings have identified homocysteine as a significant risk factor 

of stroke, this study is one of the first to demonstrate in vivo the significant impact of one carbon 

metabolism on stroke outcome in a more clinically relevant aged mouse model. A MTHFR 

deficiency mimicking the polymorphism found in at least 5-15% of the human populations is 

sufficient to exacerbate dysfunction dealt by ischemic damage. Since there are functional 

differences in motor behaviours despite having the same amount of damage, this increase in 

vulnerability to damage may be attributable to a MTHFR deficiency and resulting elevated 

plasma homocysteine levels.  
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As predicted, there was a ~1.6 fold increase in plasma homocysteine in Mthfr+/- mice 

compared to Mthfr+/+ which has been previously reported when the model was first established 

(Chen et al., 2001). The true role of elevated homocysteine in stroke as a direct causal agent, 

indirect causal agent, biomarker and/or a product of damage pathology remains controversial 

however, in this study, ischemic damage from photothrombosis did not significantly elevate 

plasma homocysteine concentration, suggesting that homocysteine likely plays more of an 

indirect role in stroke outcome. Nonetheless, disruption of other factors that may help remove 

homocysteine such as a MTHFR deficiency also exacerbates the outcomes of neurodegenerative 

pathologies.  

A Chinese clinical study done in extension of Huo et al. (2015) found that the MTHFR 

CT polymorphism significantly elevates risk of stroke (Zhao et al., 2017) in addition to folate 

supplementation. In vivo, a MTHFR deficiency with elevated plasma homocysteine mimicked in 

mice has been previously shown to sensitize mice to endothelial dysfunction and DNA 

hypomethylation (Devlin et al., 2004; Troen, 2005). Nonetheless, this suggests a potential for the 

MTHFR polymorphism to exacerbate neurological insults such as from stroke but also 

potentially, on a bigger scale, other neurodegenerative pathologies. Elevated plasma 

homocysteine has been associated with several neurodegenerative pathologies including stroke, 

Alzheimer’s Disease and Parkinson’s Disease, as well as several mechanisms of homeostatic 

dysregulation including neurotoxicity, hypomethylation, oxidative stress and inflammation 

(Obeid and Herrmann, 2006; Petras et al., 2014; Agrawal et al., 2015). So not only is this a 

plausible possibility but these findings also emphasize the sheer complexity of neuroprotective 

and neurodegenerative molecular mechanisms and the need to further understand them before 

developing effective therapeutic approaches. Therefore, a MTHFR deficiency and resulting 
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elevated plasma homocysteine likely contributes to an inhospitable environment for neurons, and 

when subject to damage, worsens the outcome.  

 

Use of aged animals in translational research: influence on stroke outcome and recovery 

The use of animal models more reflective of stroke patients in the clinic should be 

recognized as an essential factor to accommodate in translational studies given the failure of 

almost all the hundreds of clinical trials previously done to find more effective stroke therapies. 

Many of these trials began using younger mice and were unable to pass phase III (Dirnagl, 

2016). Since stroke occurs more in seniors aged 65 and above, using aged animal models more 

reflective of this elderly demographic will, at least in part, help to narrow gaps in translational 

stroke research.  

There is much evidence showing a significant difference in stroke-related traits between 

young, adult and aged mice. At baseline, there are previously established significant age-related 

changes including increased body weight, decreased neuromuscular strength shown via the wire-

hang test and decreased motor function shown via the rotarod as well as an increased anxiety like 

behaviours shown via the open field test and light/dark transition test (Shoji et al., 2016). In 

terms of recovery, previous studies using younger mice aged between two to four months 

reported a recovery period of approximately 14-21 days after photothrombosis (Lee et al., 2007; 

Clarkson et al., 2013) whereas, in this study, a recovery of approximately 28 days based on 

percent success from the skilled reaching task, was observed. Since age has shown to limit 

functional reorganization of the motor cortex after stroke in mice (Tennant et al., 2015), this may 

explain a longer time required to partially recover.  For example, Tennant et al. (2015) induced 

stroke via Endothelin-1 in both aged and young mice. Their findings showed that aged animals 
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had larger lesion volumes and seemed to lack functional reorganization unlike younger mice. 

Despite a similar ability of young and aged rodents to, for example, perform a meaningful motor 

task such as skilled reaching, aged animals have shown reduced synaptic potentiation, 

synaptogenesis and cortical map reorganization in response to experience (Kerr et al., 2011). One 

of the most intriguing findings in the context of aging in stroke was that the therapeutic window 

was reportedly significantly smaller (within 3 hours of the stroke event) in aged C57BL/6 mice 

compared to a 6 hour window in adults when rescuing the endothelial barrier via Percelan 

domain 5 after photothrombosis (Bix et al., 2013). For example, the domain V treatment 

significantly reduced the infarct volume and motor dysfunction, shown by a reduced number of 

foot faults in the grid-walking task and the preference for the impaired paw, compared to 

untreated controls. In addition, others have reported a decreased inflammatory response, smaller 

lesion volumes, an elevated microglial response and elevated cell proliferation after a middle 

cerebral artery occlusion in aged wild-type C57BL/6 mice compared to adults (Sieber et al., 

2011; Moraga et al., 2015). Therefore, the use of aged animals in stroke research is clearly 

justified and this study addresses this confound unlike most work previously done. In future 

studies, using aged animals should seriously be considered to apply clinical relevance in stroke. 
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Conclusion 

 Based on the findings of this study and comparing these findings with established 

literature, elevated plasma homocysteine induced by a MTHFR deficiency significantly 

exacerbated negative functional outcome following a photothrombotic model of stroke in mice 

that are more reflective of the elderly demographic in the clinic. This study addresses some of 

the current gaps in stroke research translation that previous work has lacked. This also implies 

that, in the case of using folates as a potential and cost-effective therapy for stroke prevention, 

the proper metabolism of folate also plays a crucial role in reducing stroke outcome. After five 

weeks, MTHFR deficient mice showed signs of functional recovery possibly due to the 

rehabilitative effects of the skilled reaching task, agreeing with the proportional recovery model 

of stroke recovery in the clinic. A MTHFR deficiency likely contributes to the ability of 

homocysteine to support an inhospitable cellular environment. After damage is dealt, this leaded 

to a chronic increase in apoptosis. Other mechanisms mediating neurodegeneration, including 

antioxidant activation and inflammation, were likely undergoing crucial changes closer to the 

damage event. Future stroke research should recognize the important role of one carbon 

metabolism in functional outcome following stroke. The research produced from this thesis 

provides a significant contribution to a foundation of basic science in the advancement of stroke 

therapeutics and suggests that targeting one-carbon metabolism could serve as an alternative 

therapeutic approach to prevention and recovery from negative stroke outcome. 
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