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Abstract 

It has been demonstrated both clinically and experimentally that the higher brain is highly vulnerable to 

ischemia, while the lower brain is comparatively resilient. Discovering how lower brain neurons naturally 

resist ischemic stress may help to design new strategies for improving higher brain survival following 

ischemia. Our laboratory has proposed that differential expression of Na+/K+-ATPase isoforms, the ion 

pumps responsible for maintaining the electrochemical gradients of neurons, may underlie this 

phenomenon. Specifically, the 3 isoform, but not the 1 isoform, possesses kinetic properties that allow 

it to function efficiently under low energy conditions, rendering it ischemia-resistant. The goal of this 

thesis was to characterize regional expression of Na+/K+-ATPase 1 and 3 isoforms in the brains of 

Aldh2+/+ and Aldh2-/- mice across the lifespan, under both baseline (naïve) and chronic unpredictable 

stress (CUS) conditions. Quantitative polymerase chain reaction was used to analyze mRNA expression 

levels of 1 and 3 isoforms within higher and lower brain regions of 5 – 7 month old and 15 – 19 month 

old naïve Aldh2+/+ and Aldh2-/- mice, as well as in 3 month old mice that underwent a 28-day CUS 

protocol, along with age-matched controls. In both young and aged naïve cohorts, the 3 isoform was 

proportionally more highly expressed in the brainstem compared to the neocortex, while 1 was 

proportionally more highly expressed in the neocortex and less so, in the hippocampus, compared to the 

brainstem. Exposure to the CUS protocol did not significantly alter 1 or 3 mRNA expression in any 

brain region compared to controls. Stress mice exhibited regional differences in 1 and 3 expression 

that were consistent with the results in naïve animals. There were no significant effects of genotype or sex 

on the expression of either isoform. Parallel studies from our laboratory have shown that protein 

expression correlates with mRNA expression. Future work in our laboratory will investigate how 1 or 

3 expression may change and protect neurons in response to acute ischemia. 
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Chapter 1 

Introduction 

1.1 Statement of the Research Problem 

As early as 1858, Charles-Édouard Brown-Séquard noted a distinct order in which brain function 

deteriorated in response to global ischemia: specifically, neocortical function was lost before that of the 

brainstem [1]. Today, there remains both a clinical and experimental basis to his original observation. 

Higher gray matter is more easily damaged by ischemic stress, while lower brain regions, such as the 

hypothalamus and brainstem, are comparatively resilient. Clinically, this is seen as the persistent 

vegetative state (PVS), whereby a period of global ischemia (whether from cardiac arrest, traumatic brain 

injury (TBI), or strangulation) damages the cerebral hemispheres, but spares the hypothalamus and 

brainstem. The result is a patient who experiences circadian rhythms and is clinically awake but lacks any 

conscious awareness.  

Previous experimental studies of ischemia in our laboratory have supported Séquard’s original 

findings [2-4]. Specifically, ten to fifteen minutes of oxygen-glucose deprivation (OGD) in brain slices 

damages higher brain neurons, but not those of the lower brain (hypothalamus and brainstem). Pyramidal 

neurons of the neocortex and hippocampus, as well as neurons of the striatum and thalamus, undergo a 

rapid spike inactivation followed by a strong spreading depolarization from which there is no recovery. In 

contrast, hypothalamic and brainstem neurons (including neurons of the locus ceruleus, mesencephalon, 

and medulla) exposed to the same OGD not only undergo a weaker spreading depolarization than higher 

brain neurons, but also repolarize following OGD, indicating functional recovery. 

Uncovering the mechanism(s) by which lower brain neurons intrinsically resist ischemic damage 

could help in designing novel molecular- or drug-based targets for improving higher brain survival 

following stroke or global ischemia. Our laboratory has postulated that the brain’s differential regional 
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susceptibility to ischemia may be explained, at least in part, by variable expression of different Na+/K+-

ATPase isoforms, which vary in efficiency under low energy conditions [2-4]. The Na+/K+-ATPase 

(hereafter referred to as the Na+/K+ pump) 1 isoform is ischemia-vulnerable; that is, its kinetic properties 

do not allow for sustained function when oxygen and glucose delivery is impaired. The kinetic properties 

of the 3 isoform, in contrast, render it able to function efficiently during ischemia. Data mining from the 

Allen Mouse Brain Atlas [5] indicates that the 3 isoform is proportionally more highly expressed in 

lower brain regions, unlike the 1 isoform, which predominates in most higher brain structures. If the 3 

isoform does indeed act in reserve under low energy conditions when the 1 isoform fails, then it could 

promote neuronal resilience and explain why lower brain regions intrinsically survive the ischemic stress 

that kills higher brain neurons.  

The possible significance of pump isoform distribution in brain neuroprotection has not been 

investigated. The objective of this research was to characterize the regional expression of Na+/K+ pump 

1 and 3 isoforms within higher and lower brain regions of mice under both baseline (naïve) and 

oxidative stress conditions. 

For these studies, the Aldh2-/- mouse model of oxidative stress and age-related cognitive 

impairment was used [6]. Historically, there have been significant challenges in translating basic science 

stroke therapeutics to clinical populations [7-9]. It is thought that one reason for failed translational 

success is the use of animal models which do not accurately represent the typical neural environment of 

an ischemic patient. For example, young, healthy male animals are often used in experimental studies of 

ischemia, but the majority of strokes occur in adults over the age of sixty-five. Such individuals often 

have other co-morbid diseases which complicates both treatment and recovery. Thus, by using the Aldh2-/- 

mouse model, we sought to better represent clinical scenarios and determine 1 and 3 isoform 

expressional profiles under normal and oxidative stress conditions in both male and female animals. 

Furthermore, to investigate if the age-related oxidative stress-mediated damage observed in Aldh2-/- mice 



 

 

3 

[6] would affect regional Na+/K+ pump expression, our study included both a young (5 – 7 month old) and 

an aged (15 – 19 month old) cohort of Aldh2+/+ and Aldh2-/- mice. 

The goal of this research is to set the stage for future investigation into understanding how the 

lower brain inherently resists ischemic stress, and how isoform expression and/or distribution might 

change in response to ischemia. It is our hope that this knowledge will improve survival of higher brain 

regions following stroke and global ischemia. 

1.2 Stroke 

1.2.1 Introduction to Stroke 

On average, the brain needs about 55 mL of blood flow per 100 g of tissue every minute [10]. 

Even a small reduction in perfusion can have drastic consequences on neuronal function and viability 

[10]. Stroke is an acute neurological condition characterized by impairment of blood flow to part or all of 

the brain [11]. It is most often caused by occlusion (ischemic stroke) or hemorrhage (hemorrhagic stroke) 

of blood vessels, but may also be caused by cardiac arrest, whereby all blood flow to the brain is halted 

[12-13]. Without rapid reperfusion, stroke results in irreparable neuronal damage and cell death [13-14].  

There are many factors affecting the severity and prognosis of stroke, including its type, location, 

size, and duration. Hemorrhagic stroke generally has a worse prognosis than ischemic stroke [12]. 

Typically, the patient’s neurological deficits correspond to the area and size of the infarct, although this is 

not always the case [13]. Small strokes within the brainstem can have more disastrous effects than larger 

strokes within the cerebral hemispheres [10]. Furthermore, the longer the period of ischemia the more 

extensive the damage to neurons. Brief periods of focal ischemia may only damage particularly 

vulnerable neurons, whereas prolonged ischemia will cause widespread damage to neurons, glia, and 

other support cells [15]. 

 



 

 

4 

1.2.2 Stroke Epidemiology  

As the second most common cause of death worldwide, stroke is a major public health concern 

[12]. On a global scale, stroke accounts for 9% of all deaths and consumes 2-4% of total healthcare costs 

[12]. In Canada, a new stroke occurs every ten minutes [11]. Annually, this translates to an economic 

burden of $3.6 billion dollars [11]. Stroke prevalence is projected to increase over the next twenty years 

[14]. For many who survive a stroke, the consequences of the insult can last for a lifetime [14]. Nearly 

40% of survivors sustain significant disability, requiring help with activities of daily living [14]. 

Furthermore, once an individual suffers a stroke, he/she is at an increased risk for a subsequent stroke 

within the next five years [11]. 

1.2.3 Pathophysiology of Ischemic Stroke 

Prolonged impairment of blood flow to the brain produces an infarction with two main 

components: the ischemic core and the ischemic penumbra [7, 13]. The ischemic core represents the 

immediate area supplied by the occluded vessel, where blood flow may be reduced by up to 90% [7]. 

Necrotic cell death in the core proceeds rapidly as a result of severe energy depletion [13]. The ischemic 

penumbra encompasses a larger area surrounding the core, and suffers milder insults since impaired blood 

flow may be compensated for by collateral circulation [13]. Timely reperfusion can normalize neuronal 

function in the penumbra, but prolonged ischemia will cause irreparable damage to this region [7, 12].   

There are several interconnected mechanisms which contribute to brain tissue damage following 

ischemia: glutamate-mediated excitoxicity, calcium-mediated toxicity, oxidative stress-induced damage, 

activation of pro-apoptotic pathways, and spreading depolarizations [7, 13, 16]. Spreading depolarizations 

are thought to be a potential target for stroke neuroprotection [7], and will be discussed in detail in 

Section 1.3. 

The initial event triggering these mechanisms of damage is energy depletion resulting from 

impairment of blood flow [12]. Without oxygen and glucose, oxidative phosphorylation cannot generate 
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adenosine triphosphate (ATP) [7]. ATP is the substrate for the Na+/K+ pump, which maintains 

electrochemical gradients of neurons [17]. The resultant ionic imbalance leads to excessive Ca2+ influx 

and consequently excitatory amino acid release. For example, glutamate is released in concentrations 

toxic to neurons [7, 15]. Excessive Ca2+ can also activate enzymes that physically damage the cell, as well 

as lead to production of reactive oxygen species (ROS) [7, 13]. The accumulation of ROS and other free 

radicals produces significant amounts of oxidative stress, which worsens the state of ischemia and also 

directly contributes to cellular destruction [7-8, 13]. Additionally, the aforementioned cascades all 

promote activation of pro-apoptotic genes and pathways within the penumbra [7-8, 13]. Overall, in the 

absence of rapid blood flow restoration to the penumbra, these interrelated pathways eventually lead to 

neuronal death and expansion of the core [7].  

1.2.4 Stroke Symptoms, Diagnosis, and Treatment 

Symptoms of stroke are heterogeneous and depend on the type of stroke and severity, and may 

include: weakness or numbness, speech deficits, vision problems, sudden severe headache, dizziness, 

sensory deficits, and gait disturbances [18]. As the clinical management of ischemic and hemorrhagic 

stroke is so different, urgent and accurate diagnosis is imperative [12]. At present, there are no clinically 

effective stroke treatments that will reverse cellular damage and/or lead to full functional recovery [7, 13]. 

Management of modifiable risk factors and timely recognition of stroke symptoms are the best way to 

reduce risk and improve prognosis. 

The gold standard treatment for ischemic stroke is thrombolytic therapy [13]. Recombinant tissue 

plasminogen activator (rtPA) is currently the only Food and Drug Administration (FDA)-approved 

therapy for acute ischemic stroke [13]. rtPA is a “clot-busting” drug that restores blood flow to the 

affected tissue [13, 19]. Unfortunately, it can only be administered within the first 3 – 4.5 hours of stroke 

onset, after which point it becomes contraindicated as risk of intracerebral hemorrhage increases [12]. As 
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such, less than 5% of patients are eligible for rtPA therapy [7, 12]. While greatly effective at reducing 

disability, rtPA does not improve stroke mortality [12].  

1.2.5 Global Ischemia and the Persistent Vegetative State 

Global ischemia is a condition that occurs when blood flow to a large part or all of the brain is 

insufficient to meet metabolic demands [1]. This impaired oxygen and glucose delivery can ultimately 

cause tissue infarction and/or death [1]. The most common cause of global ischemia is cardiac arrest, 

although it can also occur following TBI or strangulation [2, 4, 20]. 

An interruption of cerebral blood flow for just ten seconds is sufficient for loss of consciousness 

[21]. Global ischemia persisting beyond a few minutes sets in motion a pathophysiological cascade of 

events, as described above for ischemic stroke [21]. This cascade begins with energy failure and 

disruption of ionic homeostasis and culminates in infarcted neurons and cell death [21]. As with stroke, 

spreading (anoxic) depolarizations occur during global ischemia and are a significant contributor to the 

ensuing damage [4]. 

With rapid resuscitation or reperfusion, an individual can recover from a global ischemia with 

minimal or no lasting brain damage [1]. The longer the duration of ischemia, however, the more drastic 

the consequences and outcome [1]. Importantly, not all brain areas are equally susceptible to ischemic 

insults; this will be discussed further in Section 1.3.4 [1-4]. As such, brief durations of global ischemia 

selectively damages vulnerable brain regions, such as the cerebral cortex [1]. The comparatively resilient 

brainstem, however, is only damaged following longer periods of global ischemia [1].  

This differential rostral-caudal susceptibility to global ischemia leads to a clinical scenario known 

as the PVS [2, 4]. In these individuals, the duration of global ischemia is sufficient to irreparably damage 

the cerebrum, but not long enough to destroy the hypothalamus and brainstem [1, 22]. Consequently, PVS 

patients lack conscious awareness, but because of preserved brainstem autonomic functions, they can 

exhibit sleep-wake cycles and do not typically require life-sustaining equipment [22]. This is in contrast 
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to coma (individuals do not exhibit consciousness or wakefulness) and brain death (the entire brain, 

including the brainstem, ceases to function) [22]. Unfortunately for PVS patients, prognosis is poor, and 

very few individuals regain cognitive function [22-23].  

1.2.6 Translational Stroke Research 

Whereas there is no shortage of animal models and methodologies in preclinical research, the 

heterogeneity of stroke, along with the many mechanisms contributing to ischemic damage, makes the 

search for novel and efficacious therapies difficult [7]. 

One reason contributing to failed translation are the fundamental differences in neuroanatomy and 

physiology between lower order species used in preclinical investigations and humans [9]. Another area 

for improvement is more closely replicating the neural environment of a typical stroke patient [13]. For 

example, young, healthy male animals are often used in basic science studies, but this lacks clinical 

relevance [7]. Advanced age and the female sex are both important risk factors for stroke, and there are 

fundamental differences between how young and aged brains respond to trauma and pathology [7]. 

Furthermore, stroke is often co-morbid with other diseases, such as hypertension and diabetes, and this 

often complicates treatment [13]. Thus, using animal models with concomitant diseases could better 

predict stroke treatment success in human populations. Future preclinical studies should also aim to 

commence treatment in the hours following stroke, which better mimics the timelines of the majority of 

clinical scenarios [7]. As the pathophysiology of stroke is so complex, an efficacious therapy may need to 

target multiple aspects of the ischemic cascade [7]. Designing and utilizing clinically relevant models of 

stroke, therefore, is an important step forward in improving translational success. 
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1.3 Spreading Depolarizations 

1.3.1 Introduction to Spreading Depolarizations 

Spreading depolarization is an all-encompassing term used to describe any propagating wave of 

near-complete neuronal depolarization throughout brain tissue [24-25]. Spreading depolarization 

represents a breakdown of ionic gradients and a corresponding loss of homeostasis, ultimately rendering 

neurons incapable of generating action potentials [25-26]. 

Spreading depolarizations have been observed in various organisms, including humans, both in 

vivo and in brain slices [27-29]. No gray matter of the central nervous system (CNS) is immune; 

spreading depolarizations may occur in any region, although some regions are more susceptible than 

others [30]. Experimentally, the induction of spreading depolarization may occur due to hypoxia, 

ischemia, elevated potassium or glutamate concentrations, inhibition of the Na+/K+ pump, focal 

mechanical/tetanic stimulation, among other noxious stimuli [25, 28-29]. A spectrum of spreading 

depolarizations exists, with benign spreading depression (SD) on one end, and terminal anoxic 

depolarization (AD) on the other [27]. Thus, SD and AD share mechanistic similarities while differing in 

effects depending on the metabolic status of the gray matter through which they propagate [24, 31-32]. 

1.3.2 Types of Spreading Depolarizations 

SD is a massive, near-total depolarization of neurons and glia that propagates across gray matter 

at a rate of 2 - 5 mm/min [32]. The propagation renders neurons temporarily unexcitable [26], and spreads 

out in every direction from the site of origin in concentric waves [33]. The depolarization itself lasts 

approximately 1 – 2 minutes, and provided sufficient metabolic substrates are present (i.e., in normoxic 

brain tissue), neurons typically recover from SD without lasting damage [26, 32, 34]. AD is an event 

similar to SD: a propagating electrical silence resulting from impaired blood flow [35]. AD arises in 

severely metabolically compromised tissue, such as the ischemic core following stroke [27, 36]. Because 

depolarization is an energetically-expensive event (i.e., re-establishing ionic gradients of neurons is 
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burdensome) [24], the additional strain on tissue that is already depleted of oxygen, glucose, and ATP 

causes irreversible neuronal injury unless rapid reperfusion can be achieved [24, 36]. Similarly, peri-

infarct depolarizations (PIDs) are spreading depolarizations that that occur within the ischemic penumbra 

[36]. PIDs also impose considerable stress on metabolically-compromised penumbral tissue and can 

jeopardize its viability [29, 37]. While milder than AD, PIDs deplete energy and cause secondary 

neuronal injury and lesion expansion over the course of many hours [16, 29, 38], as evidenced by the 

gradient of improved tissue health from the ischemic core outwards [29].   

In summary, given the right metabolic conditions, an otherwise benign phenomenon in healthy 

brain tissue can quickly become noxious in the absence of blood flow. Thus, spreading depolarizations 

(SD, AD, and PIDs) are recognized to be implicated in, and exacerbate injury of, neurological pathologies 

such as stroke and TBI [24, 27, 38].  

1.3.3 Mechanism of Spreading Depolarization 

The homeostasis of ion gradients within neurons is maintained by the Na+/K+ pump, which uses 

the energy of ATP hydrolysis to extrude three Na+ ions out of the cell, in exchange for two K+ ions. This 

process establishes the resting neuronal membrane potential [39].  

During spreading depolarization, the Na+/K+ pump fails and can no longer actively export Na+ 

ions in order to maintain a hyperpolarized state in neurons [25, 39]. As a result, the net dendritic current 

turns inward, leading to a passive ion flux across the membrane [25]; the precise details of which are not 

well understood. Extracellular Na+, Ca2+, and Cl- concentrations fall, while the extracellular K+ 

concentration exceeds normal levels [40]. Water follows Na+ and enters the cell, causing cellular swelling 

and other morphological changes [25]. The ultimate result is a complete breakdown of electrochemical 

gradients and a corresponding depolarization, which, depending on the metabolic status of the tissue, 

could be temporary or permanent [25, 34].  
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1.3.4 Higher versus Lower Brain Susceptibility to Anoxic Depolarization and Ischemia 

Initial observation of a rostral-caudal deterioration of brain function following global ischemia [1] 

has since been supported by studies of global ischemia in rats and dogs, as well as brain imaging in PVS 

patients, as reviewed in Brisson, Lukewich, and Andrew (2013). However, it is still not well understood 

why certain brain areas are more susceptible to ischemic stress than others. Given the brain’s substantial 

energy consumption and delicate anatomy, it is conceivable that all areas would be equally susceptible to 

ischemic insults. This idea likely gained support from studies of vulnerable cortical pyramidal neurons, 

which have traditionally been the archetypical tissue used in experimental studies of stroke and ischemia 

[3].  

Our laboratory has previously shown that a robust and propagating spreading depolarization can 

be generated in ex vivo brain slices by exposure to OGD for 10 minutes or bath application of 100 M 

ouabain (a potent Na+/K+ pump blocker) for 2 minutes [34-35]. Both situations mimic ischemia-induced 

AD, and irreversibly damage both hippocampal and neocortical slices [34-35]. 

In 2012, our laboratory demonstrated that lower brain neurons could withstand acute ischemic 

injury in brain slices [3]. Rat brain slices were exposed to OGD and ouabain and, as expected, pyramidal 

neurons of the neocortex underwent AD with consequent neuronal damage [3]. In contrast, hypothalamic 

magnocellular neuroendocrine cells (MNCs) underwent weak depolarization after a delayed onset [3]. In 

MNCs, but not pyramidal neurons, recovery of membrane potential, action potential amplitude, and input 

resistance occurred after exposure to OGD [3]. Furthermore, MNCs also recovered from ouabain-induced 

AD, which irreparably damaged cortical pyramidal cells [3]. These studies showed for the first time that 

shut-down of neurons following ischemia was not a CNS-wide default strategy [3]. This is logical from 

an evolutionary perspective, as shut-down of lower brain neurons would cause respiratory failure and thus 

would not promote organism survival [3].  
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Our laboratory followed up this work in 2013, using electrophysiological recordings to 

demonstrate that the thalamic-hypothalamic interface demarcates the region between neuronal 

susceptibility and resiliency to ischemia [2]. Brisson et al. exposed the slices to OGD for ten minutes, and 

showed that thalamic neurons did not recover following AD [2]. Mere microns away in the hypothalamus, 

however, neurons recovered well from OGD [2]. Similarly, bath exposure of slices to ouabain caused a 

rapid AD in thalamic neurons, while again only generating a weak depolarization in hypothalamic MNCs 

[2].  

With these results in mind, our laboratory sought to investigate if brainstem neurons were more 

resilient because they resist AD, or better recover following AD [4]. Using a rodent brain slice 

preparation, both higher and lower brain regions were exposed to OGD [4]. Electrophysiological 

recordings and light transmittance imaging showed that during OGD, brainstem neurons underwent slow 

depolarization and spike inactivation followed by repolarization, whereas hippocampal and striatal 

neurons spike inactivated quickly and were terminally damaged by AD [4]. Exposure to 100 µM ouabain 

produced similar findings [4]. These results suggest that brainstem neurons inherently resist and recover 

following AD, and thus are better equipped to survive ischemic stress [4]. 

So what is different about the higher and lower brain? There is no evidence that a cortical neuron 

requires more glucose than a brainstem neuron, or that certain regions utilize more energy per unit 

volume than others [4]. Likewise, no data exist to suggest this phenomenon is the result of differences in 

cellular architecture (such as glial/neuronal ratios) or channel composition [3-4]. One possible reason for 

the variability could be differences in blood flow between regions; if the hypothalamus receives greater 

collateral blood flow, then ischemia would be less damaging [3]. The use of brain slices, however, 

eliminates this consideration, as all brain regions are equally stressed [3]. Furthermore, there is no 

evidence for selective reperfusion of lower brain structures following global ischemia [4]. Another 

possibility is that brainstem neurons, unlike higher cortical neurons, have fewer channels responsible for 
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AD [3]. A more probable explanation is that the Na+/K+ pumps in brainstem neurons are more efficient at 

functioning during periods of metabolic stress compared to those in higher brain regions [3]. If lower 

brain regions contain Na+/K+ pumps whose isoform ratio functions at a higher rate under low-energy 

conditions, then this should promote neuronal resilience to ischemia.  

What then, could be the purpose of higher brain vulnerability following ischemia? Our laboratory 

has proposed that this phenomenon has evolved as a survival strategy [4]. Partial depolarization of 

cortical neurons following trauma could cause neuronal activity generating spastic or epileptic movement, 

which would certainly draw attention to a wounded individual [37]. In contrast, electrical silence from 

spreading depolarization in the higher brain would provide a “lie-low” survival strategy: lowered blood 

pressure, heart rate, metabolic rate, as well as reduced likelihood of subsequent trauma [4]. A quiescent 

individual is also less apparent than one who is actively seizing [4]. In contrast, electrical silence causing 

shutdown of the brainstem (including cardiac and respiratory centers) following trauma would be fatal, 

and thus would not be naturally selected for [4].  

1.4 The Na+/K+ Pump 

1.4.1 Function of the Na+/K+ Pump 

The Na+/K+ pump is a transmembrane ion pump found within the membrane of every mammalian 

cell [17]. This life-sustaining enzyme was first characterized by Danish scientist Jens Christian Skou in 

1957, a discovery for which he won the Nobel Prize in Chemistry in 1997 [41]. The Na+/K+ pump is the 

brain’s leading consumer of ATP, with the central and peripheral nervous systems using up to 50% of the 

energy of ATP hydrolysis to maintain pump function [39, 42]. The chief role of the Na+/K+ pump is the 

maintenance of sodium and potassium gradients using the energy of ATP, via active transport of these 

ions across the cell membrane [43]. These gradients are necessary for neuronal excitability, signaling, and 

overall cellular homeostasis [42, 44-45].  
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The Na+/K+ pump maintains the resting membrane potential of neurons by counteracting passive 

sodium and potassium fluxes generated by other ion transporters and channels within the plasma 

membrane [39]. Specifically, the Na+/K+ pump imports two potassium ions into the cell and extrudes 

three sodium ions per ATP that is hydrolyzed to adenosine diphosphate and inorganic phosphate [46]. 

This ensures that under resting conditions, neurons maintain low intracellular sodium and high 

intracellular potassium concentrations [39]. Furthermore, the energy provided by the sodium gradient is 

necessary for sodium-coupled transport of ions, substrates, and neurotransmitters across the plasma 

membrane [47]. Together, these functions help to maintain cellular osmolarity, volume, and pH [42, 44]. 

The Na+/K+ pump alternates between two major conformations, E1 and E2, and this is known as 

the Post-Albers scheme [39] (Figure 1). During the resting E1 state, the enzyme’s cation binding pocket 

is open to the intracellular space [42]. The E1 conformation has a high affinity for both intracellular 

sodium and ATP, both of which bind to the pump [39]. ATP hydrolysis and pump phosphorylation elicits 

a conformational change to the E2 state, during which the three bound sodium ions become occluded 

within the enzyme [42]. The E2 conformation has a low sodium and high potassium affinity, which 

causes the three sodium ions to be released into the extracellular space [39]. At the same time, two 

potassium ions bind the cation pocket that is now open to the extracellular space [42]. Once potassium 

ions are bound, the pump is spontaneously dephosphorylated, which causes another conformation switch 

from E2 back to E1 [39]. During this time, the potassium ions are occluded and the cation pocket opens 

towards the cell interior [42]. Release of potassium ions occurs when another molecule of ATP binds the 

E1 conformation, which stimulates a new pump cycle [42]. It is in this way that the Na+/K+ pump 

maintains the resting potential of neurons, by extruding from the cell interior one net positive charge per 

cycle [39].  
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Figure 1. The Post-Albers scheme of the Na+/K+ pump. 

This schematic depicts the exchange of sodium and potassium ions between intracellular and extracellular 

compartments using the Na+/K+ pump. The Na+/K+ pump alternates between two major conformations, 

E1 and E2. The E1 conformation has a high affinity for intracellular sodium and ATP, and is open to the 

cytoplasm. Hydrolysis of ATP allows sodium ions to become occluded in the pump’s membrane, 

followed by a spontaneous conformational change to the E2 state. The E2 state has a low sodium but high 

potassium affinity, causing release of sodium into the extracellular space, followed by binding of 

potassium ions to the moiety. Spontaneous dephosphorylation of the pump causes the pump to relax to the 

E1 conformation, at which point the potassium ions are released from the binding pocket into the 

intracellular space. Adapted from Gadsby, Bezanilla, Rakowski, De Weer, and Holmgren (2012). 
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1.4.2 Structure of the Na+/K+ Pump 

The Na+/K+ pump is comprised of a heterodimer core of two major polypeptide subunits,  and , 

both which are necessary for proper function of the enzyme [39, 48] (Figure 2). Some pumps have an 

associated third subunit () [42]. In mammals, the  subunit has four different isoforms (1, 2, 3, 4), 

while the  subunit has three possible isoforms (1, 2, 3) [46, 49]. All subunit isoforms are encoded by 

different genes [46]. Any combination of  and  subunit isoforms will produce a functional enzyme, 

although some isozymes are more common than others [39]. This is presumably due to differential 

activity of certain - pairings [47]. 

The  subunit is a 112 kDa polypeptide with 10 membrane-spanning helices, which forms the 

catalytic core of the pump [48]. The  subunit contains the binding sites for sodium, potassium, and ATP, 

and is the part of the pump that undergoes the conformational changes necessary for transport of ions 

across the plasma membrane [44, 48]. This subunit also contains binding sites for pharmacological 

inhibitors of the Na+/K+ pump, including cardiac glycosides, ouabain, and palytoxin [49]. The  subunit is 

35 kDa polypeptide with a single membrane-spanning region [45]. This subunit is involved in proper 

trafficking, folding, and insertion of the  subunit from the endoplasmic reticulum to the plasma 

membrane [49]. The  subunit may also have a role in potassium occlusion and modulating the pump’s 

sodium/potassium affinity [47]. Depending on the isoform, the  subunit may also have a catalytic role 

[45-46]. The small hydrophobic 6.5 kDa  subunit, while often associated with the  heterodimer, is not 

necessary for pump function [46-47]. Its function is incompletely understood, although evidence is 

mounting to suggest it may have modulatory effects on the Na+/K+ pump.  

1.4.3 Distribution of Na+/K+ Pump Isoforms within the Body and Brain 

The discovery that various isoforms of the Na+/K+ pump exist within different tissues was the 

result of functional studies of pump inhibition using cardiotonic steroids in rodent Na+/K+ pump 
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Figure 2. The Na+/K+ pump. 

The Na+/K+ pump is composed of a heterodimer core of  and  polypeptide subunits. Some pumps have 

an associated third () subunit. Three sodium ions are extruded from the cell cytoplasm while two 

potassium ions are imported per ATP that is hydrolyzed. Thus, the Na+/K+ pump extrudes from the cell 

interior one net positive charge per cycle, and this maintains the resting potential of neurons. Illustration 

by CAL.  
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preparations [46-47]. Marks and Seeds showed that ouabain dose-response curves from Na+/K+ pump 

inhibition in the mouse brain yielded two distinct patterns, suggesting different ouabain affinities and 

consequently the presence of more than one isoform [46-47]. Subsequent structural studies demonstrating 

different  subunit bands resolved on polyacrylamide gels, first from brine shrimp and later from 

mammals, directly confirmed the presence of more than one  isoform [47]. This work was followed up 

by discovery of discrete  subunit cDNA sequences [46].  

The Na+/K+ pump isoforms and isozymes are distributed in a cell-, tissue-, and development-

specific manner, although this is still not well understood [42-43, 46, 50]. This will be described in more 

detail in the next section. The expression pattern of Na+/K+ pump isoforms has been best characterized in 

the rat [47]. Overall, the nervous system contains the greatest diversity in Na+/K+ pump isoform 

expression of any body tissue [46-47]. In rodents, the 1 isoform is expressed in nearly every cell of the 

body [49]. As such, it is believed that the 1 isoform undertakes housekeeping functions within cells [43, 

45, 49]. Whereas the 2 isoform is found in neurons during development, it is restricted to glia in the 

adult rat brain [42]. 2 is also expressed in adipocytes, skeletal muscle and the heart [42, 45]. The 3 

isoform is principally expressed in central neurons [39, 42]. It is also found in the pineal gland and retina 

of the adult rat, the heart of the neonatal rat, and peripherally in skeletal muscle stretch receptor afferents 

and -motor neurons [39, 42]. The 4 isoform is exclusively found in sperm [46]. 

Of the  isoforms, 1 is most prevalent; it is found in almost every tissue [47]. The brain, heart, 

and skeletal muscle express the 2 isoform [45, 47], while the retina, liver, testes, astrocytes, and 

oligodendrocytes express 3 [46-47]. The vast heterogeneity of Na+/K+ pump isoforms ultimately results 

from different genes, transcriptional processing, and the pairing of  and  subunits into distinct isozymes 

[47]. Excluding the 4 isoform due to its limited distribution, there are nine Na+/K+ pump isozymes that 

are widely expressed throughout the body [45]. The 11 isozyme, for example, is the most highly 
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expressed Na+/K+ pump [42, 46-48]. A single cell can, however, express multiple Na+/K+ pump isozymes 

[42], although the manner in which  and  isoforms pair is poorly understood [43].  

1.4.4 Functional Properties of Na+/K+ Pump 1 and 3 Isoforms 

In addition to a specific pattern of expression throughout the body, Na+/K+ pump isoforms and 

isozymes all have different catalytic properties [46]. The various kinetic properties amongst different 

Na+/K+ pump isoforms are most strongly influenced by the  subunit composition [47]. Interestingly, the 

structures of  isoforms are highly conserved [48], with 1 and 2 isoforms showing approximately 92% 

amino acid sequence homology across species, in comparison to 96% for 3 [39, 46]. The 1 and 3 

isoforms are the focus of this thesis, and therefore their functional properties will be detailed in this 

section.  

Na+/K+ pump 1 and 3 isoforms share 87% interspecies sequence identity, despite having 

distinct affinities for substrates such as sodium, potassium, ATP, as well as ouabain and other cardiotonic 

steroids [46-47]. In neurons, the kinetic properties of the 1 isoform allow it to function well under basal 

conditions [39, 45, 47, 49]. Specifically, the high sodium affinity of 1 suggests that this isoform 

mediates active transport as a housekeeping pump [39, 45, 49]. The housekeeping pump hypothesis is 

also supported by the widespread expression of 1 throughout the body; basal intracellular sodium 

concentrations are not likely to vary significantly between cell types [39]. The 3 isoform, in contrast, 

pumps slowly under basal conditions [47]. However, during prolonged depolarization resulting from 

repeated action potentials, ionic gradients are disturbed and activity of the highly-voltage dependent 

Na+/K+ 1 pump reaches saturation [39, 47]. However, the low sodium affinity and consequent shallow 

voltage dependence of the 3 isoform makes it an ideal candidate for acting as a reserve pump under such 

conditions, in order to help reestablish resting membrane potential [39, 45, 47]. Additionally, the 3 

isoform’s high ATP affinity endows it with the ability to function under conditions of ATP depletion, 
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such as during prolonged and successive firing of action potentials when the 1 isoform fails [39]. 

Together, the kinetic properties of the Na+/K+ pump 3 isoform predict that it would be most highly 

expressed in cells that undergo continued discharge and depolarization [39]. Perhaps not surprisingly, the 

predominant source of 3 in the body are mature neurons [46].  

1.4.5 Differential Na+/K+ Pump Isoform Expression: Implications for Stroke and Ischemia 

Given the importance of the Na+/K+ pump in sustaining life, the heterogeneity of this enzyme 

throughout the body is thought to be a physiologically relevant phenomenon, and not mere molecular 

redundancy [39, 46-47]. Isoforms and isozymes that evolved with different kinetic properties could confer 

specific functional advantages to specialized cells [42, 47]. Even subtle differences in Na+/K+ pump 

substrate affinities could be necessary for cellular adaptation to various homeostatic perturbations [47-

48]. 

Building on the 3 reserve pump hypothesis, our laboratory has proposed that neurons expressing 

a greater proportion of the Na+/K+ pump 3 isoform better survive ischemic stress. Unpublished in-situ 

hybridization data mined from the Allen Mouse Brain Atlas by Dr. Andrew shows proportionally greater 

1 expression in higher cortical regions of the mouse brain, and proportionally greater 3 expression in 

the lower brain (Figure 3). This is in accordance with previous work from our laboratory, which 

demonstrated that brainstem and hypothalamic neurons are much more resilient to OGD than higher brain 

regions, such as neocortex and striatum [4] The lower brain’s resiliency to ischemia could be due to 

stronger expression of the ischemia-resistant 3 isoform, in comparison to the higher brain. This 

hypothesis forms the basis of the work in this thesis.  
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Figure 3. Regional mRNA expression of Na+/K+ pump 1 and 3 isoforms in the mouse brain. 

In situ hybridization data mined from the Allen Mouse Brain Atlas by Dr. Andrew (RDA) (n=3 brains; 

standard error bars not shown but are very small). The ischemia-sensitive 1 isoform is strongly 

expressed in higher brain regions compared to lower brain regions. The ischemia-resistant 3 isoform is 

strongly expressed in all brain regions, and is therefore proportionally more highly expressed in the lower 

brain. Arrows indicate laminar distribution of 1 and 3 isoforms in neocortex, hippocampus, and 

cerebellum. NC = neocortex; HPF = hippocampal formation; STR = striatum; TH = thalamus; HY = 

hypothalamus; MB = midbrain; P = pons; MY = medulla; CB = cerebellum. Figure courtesy of RDA; 

used and adapted with permission. 
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1.5 The Aldh2-/- Mouse Model of Alzheimer’s Disease 

1.5.1 Introduction to Alzheimer’s Disease 

Alzheimer’s disease is a neurodegenerative disease afflicting half a million Canadians [51]. 

Alzheimer’s disease is the most common form of dementia, and is clinically characterized by progressive 

cognitive impairment, loss of language skills and motor function, as well as personality and behavioural 

changes [52]. Pathological hallmarks of the disease include the presence of extra- and intracellular -

amyloid (A) protein plaques, intracellular neurofibrillary tangles (NFTs) (predominantly composed of 

hyperphosphorylated tau protein (p-tau)), and neuronal loss resulting in cortical atrophy and degeneration 

[51-54]. The brain areas most significantly affected by disease pathogenesis include regions involved in 

learning, memory, and emotions, such as the hippocampus, entorhinal cortex, forebrain, and amygdala 

[54]. Disrupted glutamatergic and cholinergic neurotransmission is also characteristic of Alzheimer’s 

disease [53-54].  

Clinical diagnosis of Alzheimer’s disease is made by exclusion, and can only be confirmed upon 

autopsy [53]. Approximately 95% of cases are sporadic, characterized by late onset and no specific or 

single identifiable cause [6, 51]. The remaining 5% of cases are genetic in origin, resulting from 

mutations in genes involved in A protein synthesis or metabolism, such as amyloid precursor protein, 

presenilin 1, or presenilin 2 [51].  

As the etiology of the disease remains unknown, there is currently no treatment that prevents, 

delays, or reverses the onset of Alzheimer’s disease. Presently, drugs that target neurotransmission are the 

only FDA-approved therapeutics for the management of Alzheimer’s disease symptoms [53]. 

1.5.2 The Oxidative Stress Hypothesis of Alzheimer’s Disease 

Oxidative stress can broadly be defined as an imbalance between the production of ROS and 

reactive nitrogen species (RNS) and their detoxification by antioxidant systems [53, 55]. Within a tissue 
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or organism, oxidative stress manifests as an interaction, often deleterious, between ROS/RNS and 

biologically important macromolecules [55]. As such, oxidative stress is implicated in the pathogenesis of 

numerous nervous system disorders, including ischemia and Alzheimer’s disease [55]. 

ROS are highly reactive oxygen-containing compounds, such as singlet oxygen, the superoxide 

radical, and the hydroxyl radical [56]. RNS include the nitric oxide radical and peroxynitrite [56]. A basal 

level of these reactive species resulting from cellular metabolism is physiologically normal, and most are 

generated by mitochondria during oxidative phosphorylation [51, 56-57]. If, however, the production of 

ROS/RNS exceeds the ability of the tissue to detoxify them, then the accumulation of these species can 

oxidatively damage nucleic acids, proteins, and lipids [52]. Indirect cellular dysfunction also results from 

modified protein structure, a complication that could alter everything from protein expression and 

turnover to cellular signaling [52]. The ultimate result of oxidative stress and damage is cell death [51]. 

The brain has a high rate of oxygen consumption, with elevated concentrations of lipids, 

polyunsaturated fatty acids, and transition metals [51-53]. Combined with relatively insufficient anti-

oxidant defenses, this renders the CNS extremely vulnerable to oxidative stress-mediated damage [51-53]. 

The presence of ROS/RNS, byproducts of oxidative metabolism, and oxidative stress markers have been 

well-documented in the Alzheimer’s brain [51-53, 56-58]. In fact, markers of increased oxidative stress 

have been shown to precede cognitive impairments and the presence of characteristic A plaques and 

NFTs [6]. This forms the basis of the oxidative stress hypothesis of Alzheimer’s disease, which posits that 

the increased oxidative stress present in the brain is a driving force of disease pathogenesis [6, 53].  

Oxidative stress causes lipid peroxidation, which in turns produces reactive aldehydes [53]. 4-

hydroxynonenal (HNE) is a major toxic byproduct that has been shown to be elevated in the Alzheimer’s 

brain [51, 58]. HNE can inhibit the synthesis of deoxyribonucleic acid (DNA), ribonucleic acid (RNA), 

and proteins, impair cellular metabolism, and interfere with enzyme activity [53, 58]. It can also 

oxidatively damage components of the cell membrane, and thus promote cell death [53]. Importantly, 
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HNE also contributes to A formation and plaque acceleration [59]. As such, HNE appears to augment 

A-mediated toxicity and is consequently implicated in the neurodegeneration seen in Alzheimer’s 

disease [6, 58]. Unsurprisingly, levels of HNE appear to be highest in brain areas that are most severely 

affected by disease pathology [52].  

1.5.3 Aldh2-/- Mice as a Model of Alzheimer’s Disease  

There are three pathways by which HNE is detoxified within the brain, one of which is oxidation 

by the enzyme aldehyde dehydrogenease 2 (ALDH2) [60]. It follows, then, that knockout of Aldh2 would 

cause HNE accumulation within the brain. Indeed, this is what Ohsawa et al. (2008) observed, along with 

concomitant age-related neurodegeneration and other pathologies, in the brains of a transgenic mouse line 

expressing a dominant-negative form of ALDH2 [60]. This suggests that detoxification of neurotoxic 

aldehydes is necessary for the maintenance of a healthy aging brain [6].  

The work by Ohsawa et al. was built upon by D’Souza and colleagues [6]. A gene-targeting 

knockout approach was used to generate a transgenic Aldh2-/- line, in order to characterize Aldh2-/- mice as 

a novel model of oxidative stress and age-related cognitive impairment [6]. The benefit of using this 

model over conventional Alzheimer’s disease models is that Aldh2-/- mice develop pathologies because of 

the accumulation of reactive aldehyde-mediated damage within their brains as they age, and not because 

of a genetic mutation [6]. This increases the translational potential of this model to sporadic Alzheimer’s 

disease in humans.  

In their first study, D’Souza et al. assessed Aldh2+/+ and Aldh2-/- mice over a period of one year 

[6]. Aldh2-/- animals exhibited a constellation of both behavioural and biochemical neuropathological 

changes consistent with an Alzheimer’s disease phenotype [6]. Many of these alterations and impairments 

were evident as early as three months of age. Behaviourally, Aldh2-/- mice displayed significant age-

related memory deficits, as assessed by the novel object recognition, Y-maze, and Morris Water Maze 

tasks, compared to Aldh2+/+ littermates [6]. Biochemically, elevated levels of HNE adducts in Aldh2-/- 
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hippocampi were observed, as well as age-dependent increases in A, p-tau, and activated caspases [6]. 

Aldh2-/- mice also displayed age-dependent decreases in the synaptic markers post synaptic density 

protein 95 (PSD-95) and synaptophysin, compared to Aldh2+/+ mice [6]. Anatomical abnormalities such 

as endothelial dysfunction, vascular pathology, and brain atrophy, were also observed in Aldh2-/- animals 

[6]. Taken together, this cluster of pathologies suggests the Aldh2-/- mouse model could prove useful in 

the study of cellular and molecular mechanisms underlying oxidative stress-mediated damage and age-

related cognitive impairment, as seen in sporadic Alzheimer’s disease [6]. In addition to its usefulness in 

the study of neurodegeneration and potential therapeutics, the elevated basal level of oxidative stress 

within their brains makes Aldh2-/- mice a good model for studying the effects of oxidative stress on other 

neurological conditions, such as stroke and ischemia.  

1.6 Neurobiology of Stress 

1.6.1 Introduction to Stress 

Stress is a ubiquitous and unavoidable part of everyday life [61]. In today’s society, stress is often 

considered as having primarily negative effects on health and well-being, but it is important to remember 

that stress evolved as one of nature’s most critical survival mechanisms [62-65]. That the physiological 

effects of stress could both help and hurt an organism was first described by Selye in 1936 [66]. In order 

to thrive in a constantly-changing environment, organisms must be capable of adapting to and coping with 

threats to homeostasis, a process known as allostasis [67]. Whether real or anticipatory, the body’s stress 

response is the protective mechanism by which it prepares to be challenged, thereby facilitating survival 

[64]. 

The stress response can most broadly be defined as a series of events, beginning with a stimulus, 

which triggers a reaction in the brain leading to the activation of various physiologic systems in the body 

[68]. The stimulus, known as the stressor, may be physical, psychological, or physiological in origin [61]. 
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There are several different stress-reactive systems in the body. One important endogenous system 

involved in preparing the body to meet physiologic challenges includes the “fight or flight” response [67]. 

This engages the sympathetic nervous system, a division of the autonomic nervous system, causing a 

hormonal cascade of events which increases heart rate, blood pressure, stroke volume, and glucose 

mobilization [69]. Another endogenous stress-reactive system is the hypothalamic-pituitary-adrenal 

(HPA) axis [64]. The HPA axis is the body’s primary neuroendocrine mechanism for mounting a stress 

response in times of adversity [70], and ultimately involves the synthesis and release of steroid stress 

hormones, known as glucocorticoids [64]. 

1.6.2 Glucocorticoids 

The metabolic actions of glucocorticoids help the body prepare for a real or perceived threat, 

primarily by mobilizing energy via glycogenolysis and gluconeogenesis [71]. Within the brain, 

gluocorticoids bind to both mineralocorticoid receptors (MR) and glucocorticoid receptors (GR) [69]. 

Outside of the brain, glucocorticoids act primarily through GRs [69]. MRs have a high binding affinity 

for glucocorticoids, so they are mainly activated under basal conditions [69, 71]. GRs, in contrast, have 

low binding affinities for glucocorticoids [64, 69, 71]. As such, these receptors are activated by elevated 

glucocorticoid levels, such as those caused by stress [64, 69, 71]. 

In humans, cortisol is the body’s main stress hormone, and increased circulating cortisol helps the 

body adapt in the presence of a stressor [72]. Specific functions of cortisol include mobilizing stored 

energy, mediating cognition, stimulating catecholamine synthesis, improving cardiovascular tone, and 

reducing growth, inflammatory, and immune responses [70, 72]. The inhibition of non-essential, 

energetically expensive processes allows resources to be diverted to processes more critical to survival 

[72]. Corticosterone is the cortisol analogue in rodents, and functions in much the same way as cortisol in 

humans [69]. 
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Although glucocorticoids are a critical component of the stress response, excess glucocorticoids 

can elicit suppressive effects that can result in several physiological and psychological pathologies [69, 

71]. Allostatic load is a term used to describe the “wear and tear” on an organism resulting from chronic 

overactivity of an allostatic system (i.e., when resources are consumed before they can be replenished) 

[67, 69]. As the effects of glucocorticoids are catabolic in nature, prolonged exposure to these stress 

hormones imposes a burden on the body. Chronic exposure to glucocorticoids can have a myriad of 

negative effects across body systems, including the nervous system [66, 73]. In fact, the relationship 

between elevated glucocorticoid levels resulting from stress and the neuropathology of various diseases 

has been well-characterized [64, 72, 74-76]. 

1.6.3 Elevated Glucocorticoids: Consequences for Neurodegeneration 

Animal models have repeatedly shown that excessive glucocorticoids are toxic, and can cause 

morphological damage within the brain [77-78]. Evidence of brain damage resulting from elevated 

glucocorticoids has been well-characterized in rodents [65, 72, 74]. The hippocampus, for example, has 

the highest concentration of glucocorticoid receptors of any brain area, and thus is profoundly vulnerable 

to glucocorticoid-mediated toxicity [67, 72, 74, 77]. Furthermore, its sparse microvasculature and delicate 

electrophysiology have also been proposed as explanations as to why the rodent hippocampus is 

preferentially damaged by glucocorticoids [74]. That being said, other brain regions exhibiting low to 

moderate concentrations of glucocorticoid receptors (such as the neocortex and striatum) are similarly 

susceptible to glucocorticoid-mediated toxicity [77]. 

Many of the studies investigating the detrimental effects of glucocorticoids on the brain employ 

behavioural stress protocols, which have been shown to elicit oxidative stress in rodents [79], as well as 

cause neurodegenerative changes within the brain [75, 79-80]. In the rat, for example, excessive exposure 

to glucocorticoids has been shown to cause neurodegeneration [74]. Another study in rats exposed to 

twenty-one days of restraint stress (a psychological stressor) found hippocampal apical dendritic atrophy 
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in CA3 pyramidal neurons [81]. Other rodent studies have likewise demonstrated that chronic stress 

reduces hippocampal volume and inhibits neurogenesis, specifically in the dentate gyrus [65]. 

Furthermore, decreased right anterior cingulate cortex volume has also been observed in rodents 

following chronic stress exposure [65].  

Excessive glucocorticoids have been shown to exacerbate damage in Alzheimer’s disease [72, 

79]. Studies have demonstrated that glucocorticoids disrupt energy metabolism of neurons, particularly in 

the hippocampus, by preventing glucose uptake and utilization [72, 77]. This renders neurons more 

susceptible to metabolic and oxidative insults [74, 77]. A study of behavioural stress in the Tg2576 mouse 

model of Alzheimer’s disease increased Alzheimer’s-like pathologies through generation of 

corticosterone-induced oxidative stress [79]. Two weeks of restraint stress was sufficient to increase A 

levels, the number of A plaques, cortical dendritic atrophy, and lipid peroxidation, thereby exacerbating 

the disease state [79]. These findings were supported by a later study wherein Tg2576 mice were exposed 

to one month of restraint/isolation stress [75]. Mice exposed to chronic stress exhibited increased levels of 

A and impaired spatial memory when compared to unstressed controls [75]. This particular chronic 

stress protocol also increased tau phosphorylation and neurodegeneration in the PS19 mouse model of 

tauopathy [75]. Interestingly, glucocorticoids are also believed to be implicated in the pathogenesis of 

aging and Alzheimer’s disease in humans, by lowering the threshold for neuronal degeneration and thus 

rendering the individual more susceptible to stress [82].  

1.6.4 Elevated Glucocorticoids: Consequences for Ischemia 

Out of all the organs in the body, the brain consumes the most energy, but possesses limited 

energy reserves [83]. As such, neurons are incredibly vulnerable to insults that result in a depletion of 

energy [72]. Glucocorticoids potentiate the damage resulting from hypoxia and ischemia, in part by 

worsening the low-energy state brought about by these insults [72, 77].  
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There is evidence suggesting similar potential cellular mechanisms between glucocorticoid-

mediated toxicity resulting from chronic stress, and ischemic damage following stroke [66]. Studies in 

rodents have demonstrated that glucocorticoid administration (at levels comparable to those associated 

with major stress) following ischemia significantly increased ischemia-mediated neuronal damage in the 

hippocampus and neocortex compared to ischemic, non-injected animals [77]. Interestingly, 

adrenalectomy following stroke significantly reduced damage; lack of glucocorticoids mitigated 

ischemia-induced neuronal injury [77]. These results suggest glucocorticoids play an important role in 

modulating damage caused by, and neuropathological outcome following, focal or global ischemia [74, 

77]. 

Whereas the mechanism for glucocorticoid-mediated neurotoxicity has yet to be elucidated, it has 

been suggested that glucocorticoids could induce toxicity by modulating calcium influx into cells [77], an 

event known to be implicated in stroke-induced neuronal damage [13]. Excessive calcium can 

subsequently cause oxidative stress through free radical production [13]. Release of excitatory amino 

acids could also be a potential mechanism underlying hippocampal damage following elevated 

glucocorticoid levels [81]. Cell culture and in vivo studies have demonstrated that glucocorticoids do 

indeed exacerbate the damage caused by excitatory amino acids [81], and that this damage is mitigated by 

exposure to phenytoin, an anti-epileptic that works by reducing excitatory amino acid release [81]. 

Another study has found that exposing rodents to thirty minutes of restraint stress increases glutamate 

uptake and release in the frontal cortex and hippocampus, suggesting that glutamatergic terminals are 

affected by the stress response [84].  
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1.7 Chronic Unpredictable Stress (CUS) Model 

1.7.1 History of the CUS Model 

The CUS model (originally termed “chronic mild stress” (CMS)) was developed by Katz and 

colleagues in the early 1980s as a preclinical model of depression, whereby the depressive phenotype was 

elicited by exposure of rats to acute and chronic stressors [85]. Stressors were intense and ranged from 

food deprivation and cold swim tests to foot shocks [85]. The apparent utility of such a model as a way to 

study the biological substrates of depression and the mechanisms of antidepressant action urged 

fundamental changes to the original CMS protocol; most notably, a decrease in the severity of individual 

stressors to comply with increasingly stringent standards for animal use in research, but a prolonged 

experimental course [86-87]. Subsequent modifications to the CMS protocol were based on theoretical 

problems that could arise if animals were cared for by an incompetent technician (e.g., cage flooding and 

a noisy environment) or should equipment malfunction (e.g., interrupted light-dark cycles) [86]. Today, 

most CMS protocols employ stressors that are mild individually, without previously-used severe stressors 

such as prolonged food or water deprivation [86]. Whereas there are numerous names for the plethora of 

protocols used, “CUS” most commonly describes protocols in which multiple different stressors are 

presented in a randomized order. 

1.7.2 The CUS Model to Study Chronic Stress and Disease 

There is overwhelming evidence suggesting that chronic stress contributes to the etiology of, 

and/or adversely affects, the majority of diseases [61-62]. While still used to study the depressive 

phenotype, the CUS has become invaluable in the study of chronic stress and disease [61, 86]. CUS 

protocols have been used in studies ranging from atherosclerosis to Alzheimer’s disease [61]. Whereas 

the precise mechanisms underlying the contribution of chronic stress to disease are still unknown [61], an 

exaggerated and prolonged physiological stress response, characterized by HPA overactivity and elevated 

glucocorticoid levels, plays a critical role in the effects of CUS [86]. Accordingly, experiments have 
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shown that the depressive phenotype caused by CUS is inhibited by glucocorticoid receptor antagonism 

or blockage of corticosterone synthesis, as well as by adrenalectomy [86]. 

There are many variations of the CUS model in terms of the number and type of specific stressors 

used, as well as the duration of the chronic stress regime. Some examples of commonly used stressors 

include restraint, social defeat, reversed light cycle, tilted cage, soiled bedding, no bedding, and multiple 

cage changes [61, 88]. Tail suspension, a test of depressive-like behaviour, has also been employed as a 

stressor in some models [88]. A recent survey among CUS users indicated that among respondents using 

protocols involving multiple stressors, 75% use random scheduling, to prevent habituation to a regular 

pattern of stressor presentation [86]. In contrast, some protocols involve exposure of the animal to a single 

stressor on a daily basis [88]. Among the former, however, CUS models share the following common 

features: animals who are subjected to a variety of micro-stressors presented in an unremitting and 

unpredictable fashion over the course of weeks or months [88]. Such animals exhibit behavioural changes 

consistent with depression and immunological changes consistent with the chronic stress response [88].  

1.7.3 Benefits and Relevance of the CUS Model 

Today, the CUS protocol is one of the most widely-used and firmly-established pre-clinical 

models of depression [86-87], owing to its many benefits. First, the CUS protocol is thought to have high 

etiological relevance compared to other methodologies, at least with respect to depression [87]. Indeed, 

the unpredictability of stressor presentation is a strength of the model, as it resembles the uncertainty and 

irregularity of stressors encountered in daily life [88]. Second, the validity of the CUS model for eliciting 

depression in rodents has been thoroughly assessed with favorable results [86]. Furthermore, the CUS 

procedure has become important in the study of Alzheimer’s disease; the model mimics physical, 

psychological, and psychosocial stressors characteristic of the disease, in addition to well-characterized 

neurodegenerative changes [89]. In fact, the CUS protocol has been shown to exacerbate disease 

progression in mouse models of Alzheimer’s disease [89]. Overall, the CUS model is a widely-used and 
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validated methodology for eliciting and studying the effects of chronic stress and disease in rodents. For 

these reasons, along with its high translational potential [86], we selected the CUS model for inducing 

chronic oxidative stress in the present study. 

1.8 Objective, Hypotheses, Specific Aims 

1.8.1 Objective 

The objective of my study was to build upon preliminary experiments and data mining from our 

laboratory, in order to characterize the messenger ribonucleic acid (mRNA) expression and distribution of 

Na+/K+ pump 1 and 3 isoforms within the higher and lower Aldh2+/+ and Aldh2-/- mouse brain under 

both baseline (naïve) and oxidative stress conditions. My aim was to better understand the mechanism 

underlying the brain’s rostral-caudal susceptibility to ischemia, and the potential role of the Na+/K+ pump 

3 isoform in conferring regional resiliency during low-energy conditions. 

1.8.2 Hypotheses 

My overall hypothesis is that differential expression of Na+/K+ pump isoforms contributes, at 

least in part, to a brain region’s susceptibility or resiliency to ischemia. 

Specific aspects of this hypothesis are as follows: 

i) 1 expression is proportionally greater in higher brain regions, whereas 3 expression is 

proportionally greater in the brainstem. 

ii) Aldh2-/- mice show altered 1 and 3 expression compared to Aldh2+/+ mice. 

iii) CUS alters the expression of 1 and 3 isoforms relative to controls. 
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1.8.3 Specific Aims 

1) Quantitatively assess mRNA expression levels of Na+/K+ pump 1 and 3 isoforms in higher 

(neocortex, hippocampus) and lower (brainstem) brain regions of young and aged Aldh2+/+ 

and Aldh2-/- mice under baseline conditions. 

2) Quantitatively assess mRNA expression levels of Na+/K+ pump 1 and 3 isoforms in higher 

(neocortex, hippocampus, cerebellum) and lower (brainstem) brain regions in young Aldh2+/+ 

and Aldh2-/- mice under chronic unpredictable stress conditions. 

3) Correlate these findings with protein expression levels measured separately in our laboratory.  
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Chapter 2 

Materials & Methods 

2.1 Animals 

A colony of Aldh2+/+, Aldh2+/-, and Aldh2-/- mice previously established in Dr. Brian Bennett’s 

laboratory were generated using a gene-targeting knockout approach on a C57BL/6 background. Animals 

were bred and maintained by Diane Anderson, and the colony was cared for by Animal Care Services at 

Queen’s University (Kingston, Ontario, Canada). All experimental protocols were approved by the 

Queen’s University Animal Care Committee, in accordance with guidelines set out by the Canadian 

Council on Animal Care. An ear punch sample was collected at the time of weaning (21 days), and mice 

were subsequently genotyped by polymerase chain reaction (PCR) analysis of genomic DNA. Mice were 

genotyped using a forward primer to both wild-type and mutant Aldh2 alleles (5’-

CCGTACTGACTGTCCCATGCAGTGCT), along with a reverse primer to mutant (5’-

GGTGGATGTGGAAGTTGTGCGAGGC) and wild-type (5’-TCCGCCAATCGGTACAACAGCCG) 

alleles. 

2.1.1 Naïve Cohorts 

Up to four mice were housed per cage, fed normal rodent chow (Rodent Diet 5001; LabDiet, St. 

Louis, MO), and were provided with reverse-osmosis water ad libitum. A plastic igloo and 

ENVIROPAKTM (W.F. Fisher & Son; Somerville, NJ) provided the animals with enrichment and 

stimulation. The animals were housed at 21oC (±1oC) on a 12-hour light-dark cycle (lights on at 0700 

hrs). Two cohorts consisting of twenty mice each were used for the naïve experiments. Ages at sacrifice 

for the two groups were 5 – 7 months (“young”) and 15 – 19 months (“aged”). Five Aldh2+/+ males, 5 

Aldh2+/+ females, 5 Aldh2-/- males, and 5 Aldh2-/- females comprised each cohort.  
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2.1.2 Chronic Unpredictable Stress Cohort 

Mice in the CUS group were housed at 21oC (± 1 oC) in a reverse 12-hour light-dark cycle room 

(lights on at 2200 hrs). Mice were singly housed with an ENVIROPAKTM (W.F. Fisher & Son; 

Somerville, NJ) but without a plastic igloo, fed normal rodent chow (Rodent Diet 5001; LabDiet; St. 

Louis, MO) and provided with tap water ad libitum.  

Twenty mice (5 Aldh2+/+ males, 5 Aldh2+/+ females, 5 Aldh2-/- males, 5 Aldh2-/- females) 

comprised the experimental cohort subjected to a 28-day CUS protocol. Another cohort of twenty 

unstressed mice (5 Aldh2+/+ males, 5 Aldh2+/+ females, 5 Aldh2-/- males, 5 Aldh2-/- females) were used as 

age-matched controls. Control mice were housed identically to naïve groups described previously, and 

both CUS (“stress”) and control mice were sacrificed between the ages of 3 – 4 months. 

2.2 Chronic Unpredictable Stress Protocol 

The CUS protocol was modified from Barnum et al. (2012) to ensure compliance with the 

institutional Animal Care Committee’s standards of practice. The CUS protocol consisted of a rotating 

battery of seven different stressors which were randomized in presentation to prevent habituation. 

Stressors were performed twice daily: once at the beginning of the dark cycle (1000 hrs) and once at the 

beginning of the light cycle (2200 hrs). An exception to this was the continuous light stressor, in which 

mice did not undergo additional stressors over the 36-hour period of constant light. A description of each 

stressor and its duration is listed in Table 1, and the schedule of the 28-day protocol is shown in Table 2. 

For tissue collection purposes following the CUS protocol, the experimental cohort was divided into two 

groups (n=8; n=12) and the respective start dates were staggered by three days. All mice were exposed to 

each stressor an identical number of times. Mice were sacrificed approximately twenty-four hours 

following completion of the final stressor for their respective group, and brains were harvested and 

processed for molecular analyses as described below. 
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Table 1. Stressors used in the CUS protocol. 

* Stressor was exclusively performed over the dark cycle (1000 – 2200 hrs) 

 

Stressor Description Duration 

 

Tail suspension 

 

Each mouse was suspended by its tail (secured with tape 

approximately 1 cm from the tip) over an empty, transparent plastic 

box, such that the whiskers and nose could not touch the bottom of the 

box. 

 

 

6 min 

Novel 

environment 

Each mouse was placed into an empty, opaque plastic box (40 cm x 50 

cm; 20 cm deep). 

30 min 

   

Confinement Each mouse was placed into an upright, transparent cylindrical tube 

(open at both ends; approximately 8 cm diameter x 15 cm tall), such 

that the mouse was confined but could still turn its body around. 

2 hrs 

   

Slanted cage* Each home cage was tilted sideways at a 45o angle (using an upside-

down wire rack used for a rat cage) such that the front left side of the 

cage was elevated relative to the front right side.   

 

12 hrs 

 

No bedding* Mice were placed into clean, empty mouse cages without any bedding.  

 

12 hrs 

Saturated 

bedding* 

The bedding of each mouse’s home cage was flooded with 300 mL of 

room temperature water such that the bedding was completely 

saturated. 

 

12 hrs 

Continuous 

light 

Mice (in their home cages) were exposed to constant light. 36 hrs 
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Table 2. Schedule of the 28-day CUS protocol. 

  Sunday Monday Tuesday Wednesday Thursday Friday Saturday 

 

Week 

1 

am 

 

pm 

Restraint 

 

Tail 

suspension 

Slanted cage 

 

Tail 

suspension 

No bedding 

 

Novel 

environment* 

Slanted cage 

 

Restraint 

Saturated 

bedding 

Novel 

environment 

Tail 

suspension 

Continuous 

light 

 

 

Week 

2 

am 

 

pm 

No bedding 

 

Tail 

suspension 

Slanted cage 

 

Novel 

environment 

Saturated 

bedding 

Tail 

suspension 

No bedding 

 

Restraint 

Slanted cage 

 

Tail 

suspension 

Saturated 

bedding 

Continuous 

light 

 

 

Week 

3 

am 

 

pm 

Saturated 

bedding 

Novel 

environment 

No bedding 

 

Continuous 

light 

 Saturated 

bedding 

Tail 

suspension 

No bedding 

 

Restraint 

Slanted 

cage 

Continuous 

light 

 

 

Week 

4 

am 

 

pm 

No bedding 

 

Tail 

suspension 

Saturated 

bedding 

Continuous 

light 

 Slanted cage 

 

Novel 

environment 

Slanted cage 

 

Restraint 

No bedding 

 

Tail 

suspension 

Saturated 

bedding 

Novel 

environment** 

 

Week 

5 

am 

 

pm 

No bedding 

 

Tail 

suspension 

Slanted cage 

 

Tail 

suspension 

Restraint     

* Beginning of protocol, group #2; ** End of protocol, group #1 
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2.3 Real-time Quantitative PCR (qPCR) analyses 

2.3.1 Tissue Harvest and Storage 

To collect brain tissues for qPCR analyses, animals were first deeply anesthetized with isoflurane 

(Fresenius Kabi Canada; Toronto, ON). Mice were transcardially perfused with phosphate-buffered saline 

and subsequently sacrificed via decapitation. The brain was rapidly excised, placed in ice-cold artificial 

cerebrospinal fluid, and then bisected. From each hemibrain, the hippocampus was isolated, along with a 

separate segment (approximately 3x3 mm) of the overlying neocortex. Brainstem and cerebellum 

segments (approximately 3x3 mm) were also collected. Immediately following excision, tissues were 

submerged in 1 mL RNAlaterTM (Invitrogen, Thermo Fisher Scientific; Waltham, MA) and stored at -

20oC until homogenization. 

2.3.2 Total RNA Isolation  

A clean, nuclease-free environment and good laboratory technique are necessary to prevent 

degradation and contamination during the process of RNA isolation. All benchtops were cleaned 

thoroughly with 70% ethanol before beginning RNA work. Gloves were worn at all times and frequently 

changed. All glassware and metal equipment was baked in a laboratory oven at 200oC for 4 hours prior to 

use. Disposable plasticware (such as tubes and PCR plates) was certified free of nuclease activity by the 

manufacturer. Buffers were prepared with chemicals previously designated within the laboratory for RNA 

work; recipes are listed in Table 3. Sterile, diethyl pyrocarbonate (DEPC)-treated water was purchased 

and maintained nuclease-free (Fisher Scientific, Thermo Fisher Scientific; Waltham, MA). All materials 

used for RNA extraction were stored in specific cupboards and handled only with gloves. 

For tissue homogenization, samples were added to 2 mL pre-filled 2.8 mm bead tubes (VWR; 

Mississauga, ON) filled with 1 mL of TRI Reagent (Molecular Research Center Inc.; Burlington, ON).   
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Table 3. Buffer recipes, RNA isolation. 

 

 

 

 

 

 

Buffer                                      

DNase Incubation Buffer 

pH 7.0 

1 M NaCl 

20 mM Tris-HCl 

10 mM MnCl2 

 

Wash Buffer I 

pH 6.6  

in 38% EtOH/water 

 

5 M guanidine hydrochloride 

20 mM Tris-HCl 

Wash Buffer II 

pH 7.5  

in 80% EtOH 

 

20 mM NaCl 

2 mM Tris-HCl 

 

Elution Buffer Nuclease-free (DEPC)-treated water 
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Homogenization was performed using a Bead Ruptor 24 (Omni International; Kennesaw, GA) with the 

following settings: speed = 5.65 m/s; cycle time = 45 s; number of cycles = 2; dwell = 30 s. Tubes were 

removed from the instrument and allowed to stand at room temperature for 5 minutes before beginning 

RNA extraction. 

Total RNA was isolated using a previously-modified and established protocol from Dr. Stephen 

Pang’s laboratory combining the acid guanidinium thiocyanate-phenol-chloroform method with a High 

Pure RNA Isolation Kit (Roche Life Science; Laval, QC). Briefly, 200 L chloroform was added to 

homogenized tissue and then vortexed. After standing at room temperature for 10 minutes, the samples 

were centrifuged at 12,000 x g for 10 minutes. The top aqueous phase was transferred to new tubes and 

250 L ethanol was added to each sample. The mixture was loaded into silica spin column tubes (Epoch 

Life Science; Missouri City, TX) and centrifuged at 14,000 rpm for 30 seconds. Flow-through from each 

column was discarded, and a mixture of 10 units DNase I (Promega; Madison, WI) with 900 L DNase 

incubation buffer was added to each column’s filter. After a 15 minute incubation at room temperature, a 

series of wash steps were carried out similarly to the manufacturer’s instructions for the High Pure RNA 

Isolation Kit. Specifically, 500 L of wash buffer #1 was added to the spin column tube, then centrifuged 

at 8,000 x g for 1 minute. Flow-through was discarded, and the previous step was repeated with wash 

buffer #2. For the final wash step, 300 L of wash buffer #2 was added to the spin column tube followed 

by centrifugation at 14,000 rpm for 2 minutes. Flow-through was once again discarded. RNA was eluted 

with 50 L of DEPC water added to the spin column tube. Tubes were centrifuged at 8,000 x g for 1 

minute.  

Stock RNA was placed on ice and the concentration and purity of resultant total RNA was 

performed using a NanoDrop 2000 Spectrophotometer (Thermo Scientific; Wilmington, DE) immediately 
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following elution. Quantification is critical because it ensures that in subsequent steps each sample 

contains approximately the same amount of RNA. Stock RNA was stored at -80oC until processing.  

2.3.3 Reverse Transcription 

Reverse transcription (RT) converts RNA to a single-stranded complementary deoxyribonucleic 

acid (cDNA) template, which may then be used for PCR. RNA samples were diluted prior to reverse 

transcription based on previous quantification results. Specifically, 500 ng of total RNA was added to 

DEPC water for a final volume of 10 L and a final concentration of 0.05 g/L. Reverse transcription 

was performed using an Eppendorf Mastercycler epgradient S (Model 5345; Hamburg, Germany) and a 

High-Capacity cDNA Reverse Transcription Kit (Applied BiosystemsTM; Foster City, CA). A master mix 

was prepared similarly to the manufacturer’s instructions with slight volume adjustments to include the 

addition of oligo dT18 (Table 4). 

Samples were first heat-denatured at 68oC for 10 minutes, followed by 2 minutes at 4oC, at which 

point 10 L of master mix was added to each sample. Samples subsequently incubated at 37oC for 1 hour 

before the addition of 0.8 L of 10X RT random primers per sample. Finally, samples underwent an 

additional one hour incubation at 37oC. cDNA was stored at 4oC until further use.  

2.3.4 Introduction to qPCR 

qPCR is a molecular technique used to amplify and quantify target segments of DNA (i.e., gene 

products) in real-time. In these studies, gene expression is determined using the calibrator-normalized 

relative quantification method, whereby the concentration of the gene product of interest is compared to 

the concentration of a reference gene within a single sample, and the final result is expressed as a ratio. 

By normalizing the expression of each target to a reference gene within the same sample, it corrects for  

variations in efficiency as well as errors across samples. A general overview of qPCR theory and 

methodology is provided in Appendix A. 
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Table 4. Master mix recipe, High-Capacity cDNA Reverse Transcription Kit. 

 

 

 

 

 

 

 

 

Component Volume (per reaction) 

DEPC water 3.95 L 

10X RT buffer 2.00 L 

25X dNTP Mix (100 mM) 0.80 L 

Oligo dT18 2.00 L 

RNase Inhibitor (40 U/L) 0.25 L 

MultiScribeTM Reverse Transcriptase 1.00 L 

Total per reaction 10.00 L 
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2.3.5 Primers 

For the genes Hprt (hypoxanthine-guanine phosphoribosyltransferase), Atp1a1 (Na+/K+-ATPase 

1 subunit), and Atp1a3 (Na+/K+-ATPase 3 subunit), previously in-house designed and validated 

primers from Dr. Stephen Pang’s laboratory (yielding efficiencies between 1.8 – 2.0) were used [90] 

(Custom DNA Oligos, Integrated DNA Technologies; Coralville, IA). Primers were originally obtained 

from published NIH GenBank sequences (National Center for Biotechnical Information; Bethesda, MD), 

and sets were subsequently designed with annealing temperatures calculated using Primer Designer 2.01 

software (Scientific & Educational Software; Cary, NC). Primers were diluted 1:10 from a 100 M stock 

before being added to core mixes. The final concentration of primers per reaction volume was 0.083̅ M. 

Pre-validated primer pairs (PrimeTime Predesigned qPCR Assays, Integrated DNA Technologies; 

Coralville, IA) were purchased for the following genes: Dlg4 (postsynaptic density protein 95 (PSD-95)) 

and Syp (synaptophysin). Primers were resuspended in high performance liquid chromatography (HPLC) 

water for a stock concentration of 5 M. The final concentration of primers per reaction volume was 0.5 

M. Primer sequences and their annealing temperatures are listed in Table 5. 

2.3.6 Standard Curves 

Following reverse transcription, each cDNA sample was diluted 1:10 with HPLC water. Standard 

curves were prepared for each gene of interest, as well as for the reference gene Hprt, to determine the 

relative concentrations within each biological sample. In a standard curve, the logarithmic concentrations 

of standard samples from a dilution series (x-axis) are plotted against the crossing points of those samples 

(y-axis) (Appendix A). Note that in these analyses, absolute concentrations of the standards were not 

known. The LightCycler 480 II software (Roche Life Science; Laval, QC) then fits a non-linear 

regression line through the data points, which may then be used to determine the relative concentration of 

a target within a sample. The standard curve also provides information about reaction performance. 
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Table 5. Primer sequences and annealing temperatures. 

S = Sense; A = Anti-sense 

 

 

 

Peptide name Gene  Sequence Ta (
oC) 

Hypoxanthine-guanine 

phosphoribosyltransferase 

 

Hprt S 

A 

TGCTCGAGATGTCATGAAGG 

GTAATCCAGCAGGTCAGCAA 

64 

Na+/K+-ATPase alpha 1 subunit Atp1a1 S 

A 

ACGGAGAATCAGAGTGGTGT 

CTTGTTGGTGGAGTTGAAGG 

 

62 

Na+/K+-ATPase alpha 3 subunit Atp1a3 S 

A 

CAATTGTGGCTGTGACTGG 

TCAGAGTGTAGGCGATGGA 

 

62 

Postsynaptic density protein 95 Dlg4 S 

A 

TTGATCTCTAGCACATTCTCCAG 

GCGAGAGGTAGCAGAGCA 

62 

 

Synaptophysin 

 

Syp 

 

S 

A 

 

CAAAGGCGAAGATGGCAAAG 

AGACATGGACGTGGTGAATC 

 

63 
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To prepare standard curves, 2 L cDNA from each sample was pooled and then serially diluted 

(2X, 1X 1:10, 1:50, 1:100, and 1:200). These standard dilutions were also used as internal calibrators 

across plates. 

2.3.7 Preparation and Run of qPCR Assays 

To minimize the chance of pipetting errors, reaction core mixes for each gene of interest were 

prepared by combining HPLC water, the respective forward and reverse primers, and KAPA SYBR 

FAST qPCR Master Mix (2X) (Kapa Biosystems, Roche Life Science; Laval, QC) (Tables 6 – 7). 

Each gene was analyzed using two plates. It was not possible to analyze each gene on a single 

plate without compromising the experimental n or number of technical replicates. Thus, 30 – 40 samples 

were assayed per plate, and the internal calibrator (2 L of a standard dilution prepared previously) 

allowed for comparisons across plates, taking into account different run efficiencies. For 

naïve cohorts, the first plate for a given gene included samples 1 – 30; the second plate included samples 

31 – 60. For the CUS cohort and age-matched controls, samples 1 – 40 were included on the first plate 

and samples 41 – 80 on the second. 

For each qPCR assay, 10 L of core mix was added to each well of a 96-well PCR plate (Soreson 

BioScience Inc.; Murray, UT), followed by 2 L cDNA sample. Samples were added in duplicate to 

provide technical replicates. The internal calibrator was added in triplicate. Finally, to detect 

contamination and unintended amplification products such as primer-dimers, an internal non-template 

control of 2 L HPLC water was added in triplicate to each plate. The plate was sealed with a pressure-

sensitive sealing film (UltiDent Scientific; St. Laurent, QC) and then centrifuged for 1 minute at 20oC and 

1000 rpm. Plates were covered with aluminum foil and stored at 4oC until the qPCR run.  

Samples underwent qPCR using a LightCycler 480 II (Roche Life Science; Laval, QC). Pre-

incubation consisted of 5 minutes at 95oC, followed by 45 amplification cycles: 95oC for 20 s, then 
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Table 6. Core mix recipes for the genes Hprt, Atp1a1, and Atp1a3. 

 

 

 

 

 

 

 

 

 

Component Volume (per sample) 

HPLC water 2.00 L 

Primer pairs 2.00 L 

KAPA SYBR Fast qPCR Master Mix (2X) 6.00 L 

Total per reaction 10.00 L 
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Table 7. Core mix recipes for the genes Dlg4 and Syp. 

 

 

 

 

 

 

 

 

 

Component Volume (per sample) 

HPLC water 2.80 L 

Primer pairs 1.20 L 

KAPA SYBR Fast qPCR Master Mix (2X) 6.00 L 

Total per reaction 10.00 L 
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touchdown from (5o + Ta) to Ta (decreasing step size of 0.5o per cycle) for 15 s, then 72oC for 15 s. 

Following each cycle, the software collected the fluorescent signal of the amplicons in order to quantify 

the amount of target present at each step. Finally, a melt curve program was performed prior to cooling, in 

order to confirm the presence of a single specified product and the absence of contamination. 

2.3.8 Gene Expression Analyses  

After the qPCR run for a given gene, the corresponding standard curve was applied in order to 

quantitatively analyze the assay. This provides a relative benchmark by which the concentration of the 

target sequence of interest may be compared. Concentrations of the target of interest were compiled in 

Microsoft Excel, and the internal calibrator for each plate was used to equalize the two assays. Finally, 

sample concentrations were normalized to the reference gene Hprt and multiplied by ten for convenience 

of graphing. The final expressional profiles are presented as a ratio of target/Hprt in arbitrary units (A.U.). 

Data were graphed using GraphPad Prism 7.0 (GraphPad Software Inc.; La Jolla, California), and were 

analyzed by unpaired t-tests or a one- or two-way analysis of variance (ANOVA) with a post-hoc Tukey 

test. For all mRNA analyses, statistical significance was set at p≤0.05, and data are represented as mean ± 

standard error of the mean (SEM). 
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Chapter 3 

Results 

3.1 Naïve Cohort 

3.1.1 Na+/K+ Pump 1 mRNA Expression 

3.1.1.1 Regional mRNA Expression in Aldh2+/+ and Aldh2-/- Mice 

Na+/K+ pump 1 mRNA expression was first examined across three brain regions (neocortex, 

hippocampus, and brainstem) in 5 – 7 month old Aldh2+/+ and Aldh2-/- mice. There were no significant 

differences in 1 expression between genotypes in any of the three regions (Figure 4A; p>0.05, n=10 per 

bar); both genotypes displayed similar expression levels within each region. However, there was slightly 

higher 1 expression in the neocortex and hippocampus compared to the brainstem. 

Next, data were analyzed to examine how Na+/K+ pump 1 mRNA expression varied across brain 

regions of 15 – 19 month old Aldh2+/+ and Aldh2-/- mice. Within each of the brain regions sampled, there 

were no significant differences in 1 expression between genotypes (Figure 4B; p>0.05, n=10 per bar). 

Increased 1 expression was noted in Aldh2-/- compared to Aldh2+/+ mice in both neocortex and 

brainstem, although these differences were not significant. Interestingly (and consistent with findings in 5 

– 7 month old naïve mice), there was a trend towards increased 1 expression in higher versus lower 

brain regions. Due to the lack of significance between genotypes, Aldh2+/+ and Aldh2-/- groups within both 

young and aged cohorts were pooled for subsequent analyses. 

3.1.1.2 Regional mRNA Expression Across Sexes 

Sex differences in Na+/K+ pump 1 mRNA expression were subsequently examined within each 

brain region, with Aldh2+/+ and Aldh2-/- groups pooled. Within the neocortex, hippocampus, and 

brainstem of 5 – 7 month old mice, there were no significant differences in 1 expression based on sex 
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Figure 4. Regional Na+/K+ pump 1 mRNA expression in young and aged Aldh2+/+ and Aldh2-/- 

mice. 

Na+/K+ pump 1 mRNA expression in higher versus lower brain regions of A) 5 – 7 month old and B) 15 

– 19 month old Aldh2+/+ and Aldh2-/- mice (sexes pooled). The y-axis represents relative mRNA 

expression of Atp11 normalized to the reference gene Hprt, in arbitrary units. Data are represented as 

mean ± SEM (n = 10 per bar). Data within each brain region are analyzed by unpaired t-test; p > 0.05 for 

all comparisons. 
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(Figure 5A; p>0.05, n=10 per bar). Expression of the 1 isoform was similar between males and females 

within each region. As noted previously, a trend towards greater 1 expression in higher versus lower 

brain regions was apparent.  

Next, data were analyzed to determine if there were regional sex differences in Na+/K+ pump 

mRNA 1 expression in the brains of 15 – 19 month old mice. In each brain region sampled, 1 

expression did not significantly differ between males and females (Figure 5B; p>0.05, n=10 per bar). In 

the neocortex, 1 expression was slightly higher in females when compared to males, although this was 

not significant. Consistent with findings in naïve 5 – 7 month old mice, there was greater 1 expression in 

the hippocampus and neocortex compared to the brainstem. As there were no significant genotype or sex 

differences in 1 expression in any brain region, both genotypes and sexes were pooled to increase 

statistical power. 

3.1.1.3 Higher versus Lower Brain mRNA Expression 

A main objective of this study was to characterize Na+/K+ pump 1 mRNA expression within 

higher and lower brain regions of young and aged Aldh2+/+ and Aldh2-/- mice. A one-way ANOVA 

revealed significant differences in 1 mRNA expression between brain regions of 5 – 7 month old mice 

(Figure 6A; p<0.0001, n=20 per bar). A post hoc Tukey test indicated 1 expression was significantly 

higher in neocortex compared to hippocampus (p≤0.0001), hippocampus compared to brainstem 

(p≤0.01), and neocortex compared to brainstem (p≤0.0001). The significantly greater 1 expression in 

higher versus lower brain regions is consistent with our preliminary data mining. 

In 15 – 19 month old mice, a one-way ANOVA revealed significant differences in 1 expression 

across the three brain regions (Figure 6B; p<0.0001, n=20 per bar). A post hoc Tukey test confirmed that 

1 expression was significantly higher in the neocortex compared to hippocampus (p≤0.01), in the 

hippocampus compared to brainstem (p≤0.05), and in the neocortex compared brainstem (p≤0.0001). 
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Figure 5. Regional Na+/K+ pump 1 mRNA expression in young and aged male and female mice. 

Na+/K+ pump 1 mRNA expression in higher versus lower brain regions of A) 5 – 7 month old and B) 15 

– 19 month old male and female mice (Aldh2+/+ and Aldh2-/- groups pooled). The y-axis represents 

relative mRNA expression of Atp11 normalized to the reference gene Hprt, in arbitrary units. Data are 

represented as mean ± SEM (n = 10 per bar). Data within each brain region are analyzed by unpaired t-

test; p > 0.05 for all comparisons.   
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Figure 6. Na+/K+ pump 1 mRNA expression in higher versus lower brain regions of young and 

aged mice. 

Na+/K+ pump 1 mRNA expression in higher versus lower brain regions of A) 5 – 7 month old and B) 15 

– 19 month old mice (genotypes and sexes pooled). The y-axis represents relative mRNA expression of 

Atp11 normalized to the reference gene Hprt, in arbitrary units. Data are represented as mean ± SEM (n 

= 20 per bar). * p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001. Data are analyzed by one-way ANOVA (A: 

F(2,57) = 38.63, p < 0.0001; B: F(2,57) = 21.96, p < 0.0001). Pairwise comparisons were performed using 

a post hoc Tukey test.  
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Importantly, these data are consistent with findings from the 5 – 7 month old naïve cohort, as well as with 

our earlier data mining.  

3.1.2 Na+/K+ Pump 3 mRNA Expression 

3.1.2.1 Regional mRNA Expression in Aldh2+/+ and Aldh2-/- Mice 

Na+/K+ pump 3 mRNA expression was analyzed in 5 – 7 month old Aldh2+/+  and Aldh2-/- mice 

within the neocortex, hippocampus, and brainstem. There were no significant differences observed 

between the two genotypes in any of the brain regions sampled (Figure 7A; p>0.05, n=10 per bar). 

Surprisingly, 3 expression levels in both hippocampus and brainstem were similar. There also appeared 

to be slightly greater 3 expression in brainstem compared to neocortex. 

Next, data were analyzed to identify potential genotype differences in Na+/K+ pump 3 mRNA 

expression across brain regions of 15 – 19 month old Aldh2+/+ and Aldh2-/- mice. As was the case in the 

young cohort, there were no significant differences in 3 expression based on genotype in any of the 

three brain regions sampled (Figure 7B; p>0.05, n=10 per bar). Expression of 3 in the brainstem was 

greater in Aldh2-/- mice compared to Aldh2+/+ littermates, though this difference was not significant. 

Aldh2+/+ and Aldh2-/- groups in both cohorts were pooled for further analyses. 

3.1.2.2 Regional mRNA Expression Across Sexes 

Sex differences in mRNA expression of Na+/K+ pump 3 were examined within brain regions of 

5 – 7 month old Aldh2+/+ and Aldh2-/- mice. As seen with 1 expression, there were no significant 

differences in 3 expression between males and females in the neocortex, hippocampus, or brainstem 

(Figure 8A; p>0.05, n=10 per bar). There did appear to be slightly higher 3 expression in hippocampus 

and brainstem compared to neocortex, however. 
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Figure 7. Regional Na+/K+ pump 3 mRNA expression in young and aged Aldh2+/+ and Aldh2-/- 

mice. 

Na+/K+ pump 3 mRNA expression in higher versus lower brain regions of A) 5 – 7 month old and B) 15 

– 19 month old Aldh2+/+ and Aldh2-/- mice (sexes pooled). The y-axis represents relative mRNA 

expression of Atp13 normalized to the reference gene Hprt, in arbitrary units. Data are represented as 

mean ± SEM (n = 10 per bar). Data within each brain region are analyzed by unpaired t-test; p > 0.05 for 

all comparisons.  
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Figure 8. Regional Na+/K+ pump 3 mRNA expression in young and aged male and female mice. 

Na+/K+ pump 3 mRNA expression in higher versus lower brain regions of A) 5 – 7 month old and B) 15 

– 19 month old male and female mice (Aldh2+/+ and Aldh2-/- groups pooled). The y-axis represents 

relative mRNA expression of Atp13 normalized to the reference gene Hprt, in arbitrary units. Data are 

represented as mean ± SEM (n = 10 per bar). Data within each brain region are analyzed by unpaired t-

test; p > 0.05 for all comparisons.   
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Regional Na+/K+ pump 3 mRNA expression in 15 – 19 month Aldh2+/+ and Aldh2-/- mice was 

also examined across sexes. In general, expression of 3 was higher in males than females in each brain 

region; however, none of these differences were significant (Figure 8B; p>0.05, n=10 per bar). Of note, a 

trend towards slightly greater 3 expression in the brainstem compared to neocortex was evident; this 

trend was also observed in the young naïve cohort. Consequently, male and female Aldh2+/+ and Aldh2-/- 

groups within each cohort were pooled to increase statistical power. 

3.1.2.3 Higher versus Lower Brain mRNA Expression 

Characterization of Na+/K+ pump 3 mRNA expression across higher and lower brain regions in 

young and aged Aldh2+/+ and Aldh2-/- mice was another objective within this study. A one-way ANOVA 

in 5 – 7 month old mice revealed no significant differences in 3 expression across the three brain regions 

examined (Figure 9A; p>0.05, n=20 per bar). However, a post hoc Tukey test showed that 3 expression 

was significantly greater in the hippocampus compared to neocortex (p≤0.01), as well as in the brainstem 

compared to neocortex (p≤0.05). Higher 3 expression in the brainstem is consistent with our 

preliminary data mining; however, high expression of 3 in the hippocampus was a surprising finding 

given that it is a higher brain region and considered to be more susceptible to ischemic damage. 

Next, we analyzed Na+/K+ pump 3 mRNA expression across brain regions in 15 – 19 month old 

Aldh2+/+ and Aldh2-/- mice. Consistent with our hypothesis, 3 expression was significantly greater in the 

brainstem in comparison to neocortex (Figure 9B; p≤0.05, n=20 per bar). As was the case in the young 

cohort, 3 expression levels in the hippocampus and brainstem were similar. Expression of 3 was also 

higher in the hippocampus compared to neocortex, but this difference was not significant. 

3.1.3 Na+/K+ Pump 1/3 mRNA Expression 

The relative expression ratio of 1 to 3 was compared in 5 – 7 month old, male and female 

Aldh2+/+ and Aldh2-/- mice (genotypes and sexes pooled). The 1/3 expression ratio was significantly 
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Figure 9. Na+/K+ pump 3 mRNA expression in higher versus lower brain regions of young and 

aged mice. 

Na+/K+ pump 3 mRNA expression in higher versus lower brain regions of A) 5 – 7 month old and B) 15 

– 19 month old mice (genotypes and sexes pooled). The y-axis represents relative mRNA expression of 

Atp13 normalized to the reference gene Hprt, in arbitrary units. Data are represented as mean ± SEM (n 

= 20 per bar). * p ≤ 0.05, ** p ≤ 0.01. Data are analyzed by one-way ANOVA (A: F(2,57) = 6.413, p = 

0.0031; B: F(2,57) = 2.985, p = 0.0585). Pairwise comparisons were performed using a post hoc Tukey 

test.  
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higher in the neocortex compared to the brainstem (Figure 10A; p<0.0001, n=20 per bar), in the 

neocortex compared to the hippocampus (p<0.0001, n=20 per bar), and in the hippocampus compared to 

the brainstem (p<0.0001, n=20 per bar). These results indicate there is proportionally more 1 and 3 

mRNA expression in the neocortex and brainstem, respectively. 

The relative expression ratio of 1 to 3 was also compared in 15 – 19 month old, male and 

female Aldh2+/+ and Aldh2-/- mice (genotypes and sexes pooled). The 1/3 expression ratio was 

significantly higher in the neocortex compared to the brainstem (Figure 10B; p<0.0001, n=19-20 per bar) 

and in the neocortex compared to the hippocampus (p<0.0001, n=19-20 per bar). One extreme outlier was 

removed from each of hippocampus and brainstem data sets; both values were more than two standard 

deviations from the mean. As seen in the young cohort, there is proportionally more 1 and 3 mRNA 

expression in the neocortex and brainstem, respectively. 

3.2 Chronic Unpredictable Stress Cohort 

Following the naïve experiments, a CUS protocol was used in order to assess if oxidative stress 

would change Na+/K+ pump  isoform distribution and/or expression. Preliminary analysis of these 

results suggested slight differences among sexes and genotypes, so no groups were pooled in the 

following analyses. The stress and control cohorts were divided into four groups: male Aldh2+/+, female 

Aldh2+/+, male Aldh2-/-, and female Aldh2-/- (n=3-5 per group). 

For ease of analysis, the following post hoc comparisons were considered relevant: stress versus 

control (within a given brain region), stress versus stress (across two brain regions) and control versus 

control (across two brain regions). 

3.2.1 Na+/K+ Pump 1 mRNA Expression 

Regional Na+/K+ pump 1 isoform expression trends were consistent among the four groups 

analyzed. Specifically, the expression of 1 was highest in neocortex and cerebellum, and lowest in 
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Figure 10. Na+/K+ pump 1/3 expression ratio in higher versus lower brain regions of young and 

aged mice. 

Ratio of Na+/K+ pump 1/3 mRNA expression in higher versus lower brain regions of A) 5 – 7 month 

old and B) 15 – 19 month old mice (genotypes and sexes pooled). The y-axis represents the relative 

mRNA expression of Atp11 to Atp13 (both normalized to Hprt), in arbitrary units. Data are 

represented as mean ± SEM (n = 19 – 20 per bar). **** p ≤ 0.0001. Data are analyzed by one-way 

ANOVA (A: F(2,57) = 591.4, p < 0.0001; B: F(2,55) = 36.51, p < 0.0001). Pairwise comparisons were 

performed using a post hoc Tukey test.  
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brainstem. In all comparisons but one, CUS had no significant effect on 1 expression in any brain 

region. In general, expression of the 1 isoform was slightly higher in the brain regions of stressed versus 

control mice, but none of the other comparisons reached significance. Specific differences within each 

group are detailed below. 

3.2.1.1 Aldh2+/+ Mice 

Within the male Aldh2+/+ group, 1 expression was significantly higher in the neocortex versus 

brainstem of stressed mice (Figure 11A; p≤0.05, n=3-5 per bar), which is consistent with the regional 

findings in both young and aged naïve mice. While 1 expression was also higher in the neocortex versus 

brainstem of control mice, this did not reach significance. There was also significantly greater 1 

expression in the cerebellum compared to brainstem in both stress (p≤0.01, n=3-5 per bar) and control 

(p≤0.05, n=3-5 per bar) mice. Finally, the 1 isoform was significantly more abundant in the cerebellum 

compared to hippocampus of stressed mice (p≤0.05, n=3-5 per bar).  

In the female Aldh2+/+ group, 1 expression was significantly higher in the neocortex compared 

to brainstem in both stress and control mice (Figure 11B; p≤0.0001 for stress, n=3-5 per bar; p≤0.001 

for control, n=3-5 per bar); again, a trend seen in naïve mice and in male stress mice. There was also 

significantly greater 1 expression in the neocortex versus hippocampus of stress and control mice 

(p≤0.01, n=3-5 per bar). Furthermore, in both stress and control mice, 1 expression was significantly 

more abundant in the cerebellum compared to brainstem (p≤0.001 for stress, n=3-5 per bar; p≤0.01 for 

control, n=3-5 per bar). The 1 isoform was also significantly more highly expressed in the cerebellum 

versus hippocampus of stress mice (p≤0.01, n=3-5 per bar). 

3.2.1.2 Aldh2-/- Mice 

There were few statistically significant differences seen among the male Aldh2-/- group. As 

expected, 1 expression was significantly higher in the neocortex compared to brainstem in both stress 
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Figure 11. Regional Na+/K+ pump 1 mRNA expression in stressed and control male and female 

Aldh2+/+ mice. 

Na+/K+ pump 1 mRNA expression in higher versus lower brain regions of 3 month old stressed and 

control A) male and B) female Aldh2+/+ mice. The y-axis represents relative mRNA expression of Atp11 

normalized to the reference gene Hprt, in arbitrary units. Data are represented as mean ± SEM (n = 3 – 5 

per bar). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. Data are analyzed by two-way ANOVA 

(A: F(3,32) = 13.94, p < 0.0001; B: F(3,32) = 27.84, p < 0.0001). Pairwise comparisons were performed 

using a post hoc Tukey test. 
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and control mice (Figure 12A; p≤0.05, n=3-5 per bar). As was the case with the male Aldh2+/+ group, 

there was also significantly greater 1 expression within cerebellum versus brainstem of control mice 

(p≤0.05, n=3-5 per bar). 

Finally, analysis of 1 isoform expression levels in the female Aldh2-/- group revealed several 

significant differences. As was seen in the male Aldh2-/- group, 1 expression was significantly higher in 

the neocortex versus brainstem of both stress and control mice (Figure 12B; p≤0.0001, n=3-5 per bar), as 

well as significantly higher in the neocortex versus hippocampus of stress and control mice (p≤0.0001, 

n=3-5 per bar). Abundance of 1 was also significantly greater in the cerebellum compared to brainstem 

in stress and control mice (p≤0.0001, n=3-5 per bar). Expression of 1 was significantly higher in the 

cerebellum compared to hippocampus of stress (p≤0.0001, n=3-5 per bar) and control (p≤0.001, n=3-5 

per bar) mice. In stressed mice, 1 expression in the hippocampus was significantly greater than in the 

brainstem (p≤0.01, n=3-5 per bar). Finally, exposure to chronic stress caused a significant increase in 1 

in the neocortex of female Aldh2-/- mice compared to age-matched controls (p≤0.001, n=3-5 per bar). 

3.2.2 Na+/K+ Pump 3 mRNA Expression 

Regional Na+/K+ pump 3 isoform expression trends were consistent among the four groups 

analyzed. In general, 3 expression was greatest in the hippocampus and brainstem; surprisingly, both 

regions showed comparable expression levels. Neocortex and cerebellum also showed similar patterns of 

3 isoform expression, although 3 expression in these regions was lower overall. There were no 

significant effects of CUS on regional 3 isoform expression in any of the four groups. Unlike expression 

of the 1 isoform, there was no clear trend of 3 expression based on stress status. Specific differences 

within each group are detailed below. 
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Figure 12. Regional Na+/K+ pump 1 mRNA expression in stressed and control male and female 

Aldh2-/- mice. 

Na+/K+ pump 1 mRNA expression in higher versus lower brain regions of 3 month old stressed and 

control A) male and B) female Aldh2-/- mice. The y-axis represents relative mRNA expression of Atp11 

normalized to the reference gene Hprt, in arbitrary units. Data are represented as mean ± SEM (n = 3 – 5 

per bar). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. Data are analyzed by two-way ANOVA 

(A: F(3,28) = 10.16, p = 0.0001; B: F(3,31) = 108.7, p < 0.0001). Pairwise comparisons were performed 

using a post hoc Tukey test. 
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3.2.2.1 Aldh2+/+ Mice 

Within the male Aldh2+/+ group, expression of the 3 isoform was significantly higher in the 

brainstem versus neocortex of stressed mice (Figure 13A; p≤0.01, n=3-5 per bar), a finding consistent 

with both young and aged naïve mice. Interestingly, the difference between 3 expression in the 

brainstem and neocortex of control mice did not reach significance. Abundance of 3 was also 

significantly higher in the hippocampus compared to neocortex of control mice (p≤0.05, n=3-5 per bar), 

consistent with results from young, but not aged, naïve mice.  

Among female Aldh2+/+ mice, 3 isoform expression was significantly higher in the brainstem 

compared to neocortex of stress mice (Figure 13B; p≤0.01, n=3-5 per bar), as well as in the brainstem 

versus cerebellum of stress mice (p≤0.001, n=3-5 per bar). The greater abundance of 3 in brainstem 

compared to neocortex was also seen in the male Aldh2+/+ group, in addition to in young and aged naïve 

mice. 

3.2.2.2 Aldh2-/- Mice 

In the male Aldh2-/- group, expression of the 3 isoform was significantly greater in the 

hippocampus versus neocortex of stress mice (Figure 14A; p≤0.05, n=3-5 per bar), as well as in the 

hippocampus versus cerebellum of stress mice (p≤0.05, n=3-5 per bar). This trend of greater 3 

expression in the hippocampus versus neocortex was also seen in the male Aldh2+/+ group, as well as in 

young and aged naïve mice. 

Compared to the other three groups, the greatest number of statistically significant differences in 

3 expression were observed among female Aldh2-/- mice. Expression of the 3 isoform was significantly 

greater in the brainstem versus neocortex of both stress and control mice, a trend seen among the other 

groups as well (Figure 14B; p≤0.0001, n=3-5 per bar). Expression of 3 was also significantly greater in 

brainstem compared to cerebellum in stress and control mice (p≤0.0001, n=3-5 per bar). Additionally, 3 
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Figure 13. Regional Na+/K+ pump 3 mRNA expression in stressed and control male and female 

Aldh2+/+ mice. 

Na+/K+ pump 3 mRNA expression in higher versus lower brain regions of 3 month old stressed and 

control A) male and B) female Aldh2+/+ mice. The y-axis represents relative mRNA expression of Atp13 

normalized to the reference gene Hprt, in arbitrary units. Data are represented as mean ± SEM (n = 3 – 5 

per bar). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Data are analyzed by two-way ANOVA (A: F(3,32) = 

10.34, p < 0.0001; B: F(3,32) = 10.96, p < 0.0001). Pairwise comparisons were performed using a post 

hoc Tukey test. 
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Figure 14. Regional Na+/K+ pump 3 mRNA expression in stressed and control male and female 

Aldh2-/- mice. 

Na+/K+ pump 3 mRNA expression in higher versus lower brain regions of 3 month old stressed and 

control A) male and B) female Aldh2-/- mice. The y-axis represents relative mRNA expression of Atp13 

normalized to the reference gene Hprt, in arbitrary units. Data are represented as mean ± SEM (n = 3 – 5 

per bar). * p ≤ 0.05, *** p ≤ 0.001, **** p ≤ 0.0001. Data are analyzed by two-way ANOVA (A: F(3,29) 

= 7.716, p = 0.0006; B: F(3,31) = 49.68, p < 0.0001). Pairwise comparisons were performed using a post 

hoc Tukey test. 
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expression was significantly higher in the hippocampus of both stress and control groups compared to 

neocortex (p≤0.001, n=3-5 per bar). Finally, expression of the 3 isoform was significantly higher in 

hippocampus versus cerebellum of stress (p≤0.0001, n=3-5 per bar) and control (p≤0.001, n=3-5 per bar) 

mice. 

3.2.3 Expression Studies of Other Relevant Targets 

 Regional mRNA expression of PSD-95 and synaptophysin was examined in the hippocampus, 

neocortex, and brainstem of young and aged Aldh2+/+ and Aldh2-/- mice. In general, regional mRNA 

expression of PSD-95 was highest in the hippocampus and neocortex, and lowest in the brainstem. PSD-

95 expression in the hippocampus of 15 – 19 month old Aldh2-/- mice was significantly higher compared 

to Aldh2+/+ controls (Figure B.1., Appendix B; p≤0.05, n=10 per bar). While expression of PSD-95 was 

also slightly higher in the hippocampus of 5 – 7 month old Aldh2-/- mice compared to Aldh2+/+ littermates, 

this comparison did not reach statistical significance. There were no significant differences in PSD-95 

mRNA expression between genotypes in either age cohort within the neocortex (Figure B.2., Appendix 

B) or the brainstem (Figure B.3., Appendix B). 

 As was the case with PSD-95 expression, regional mRNA expression of synaptophysin was 

highest in the hippocampus and neocortex, and lower in the brainstem. There were no significant 

differences in synaptophysin expression between Aldh2+/+ and Aldh2-/- mice in either age cohort of the 

hippocampus (Figure B.4., Appendix B), neocortex (Figure B.5., Appendix B), or brainstem (Figure 

B.6., Appendix B). 
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Chapter 4 

Discussion 

The current study represents the first time regional mRNA expression of Na+/K+ pump 1 and 3 

isoforms have been examined in Aldh2+/+ and Aldh2-/- mice of different ages under various conditions. 

Both clinically and experimentally, the higher brain is more vulnerable to ischemia than the lower brain, 

although this phenomenon remains poorly understood [1-4]. Previous work from the Andrew laboratory 

has demonstrated that in brain slices, the brainstem and hypothalamus intrinsically resist OGD that kills 

higher brain neurons. This research investigated Na+/K+ pump isoforms as a potential cause of this 

differential regional susceptibility to ischemia. The results support the hypothesis that the ischemia-

resilient 3 isoform is proportionally more highly expressed (mRNA) in lower brain regions, and 

therefore may confer neuroprotection under conditions of energy depletion and/or Na+/K+ pump failure, 

such as stroke or global ischemia.  

Regional differences in  isoform mRNA expression were observed in all cohorts. In young (5 – 

7 month old) and aged (15 – 19 month old) naïve mice, 1 was significantly proportionally more highly 

expressed in neocortex compared to brainstem, while 3 was significantly proportionally more highly 

expressed in brainstem compared to neocortex. In both cohorts, there were no major differences in Na+/K+ 

pump 1 or 3 mRNA expression between Aldh2+/+ and Aldh2-/- mice, or between males and females 

when genotypes were pooled. 

Consistent trends in regional 1 and 3 mRNA expression were noted in three month old 

Aldh2+/+ and Aldh2-/- mice that underwent a 28-day CUS protocol compared to age-matched controls. 

Higher 1 mRNA expression was seen in the neocortex and cerebellum, while higher 3 mRNA 

expression was seen in the brainstem. In all comparisons but one, chronic stress did not significantly alter 

mRNA expression levels of either isoform compared to control mice. As observed in the naïve mice, no 
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major genotype or sex differences were evident. Surprisingly, in every cohort, 3 mRNA expression level 

in the hippocampus was similar to that of the brainstem. Parallel Western blot studies as part of the CUS 

experiment, described in Section 4.1.2., showed that regional protein expression of 1 and 3 isoforms 

was consistent with mRNA results. 

Our laboratory has previously characterized the protein expression of two synaptic markers, PSD-

95 and synaptophysin, in the hippocampi of Aldh2+/+ and Aldh2-/- mice, to assess for downstream effects 

of HNE- and oxidative stress-mediated damage [6]. Those results demonstrated age-related decreases in 

both synaptic markers in the hippocampi of Aldh2-/- compared to Aldh2+/+ mice [6]. To follow-up these 

results, a preliminary investigation into the regional mRNA expression of PSD-95 and synaptophysin in 

Aldh2+/+ and Aldh2-/- mice was initiated as part of the molecular expression analyses described herein. 

Regional expression of PSD-95 and synaptophysin was characterized in three brain regions in both young 

and aged Aldh2+/+ and Aldh2-/- mice. No significant differences in mRNA expression of either synaptic 

marker was found between genotypes, with the exception of PSD-95 expression in the hippocampus of 15 

– 19 month old mice; mRNA expression of PSD-95 was significantly higher in the hippocampus of 

Aldh2-/- mice compared to Aldh2+/+ controls. These results, while inconsistent with protein expression 

analyses performed previously in our laboratory [6], may indicate compensatory upregulation of PSD-95 

mRNA in the hippocampi of Aldh2-/- mice, given decreased PSD-95 protein expression in this region. 

Such results warrant further investigation.  

4.1 Discussion of Principal Findings 

4.1.1 Distribution of Na+/K+ Pump 1 and 3 Isoforms within the Mouse Brain 

Few studies have specifically investigated the functional significance of 1 and 3 regional 

distribution within the brain, despite clear evidence that Na+/K+ pump isoform and isozyme expression 

differs at both the cellular and tissue levels [39, 46, 91-92]. Overall, in both young and aged naïve mice, 
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as well as in mice exposed to chronic stress, the 3 isoform was more highly expressed in the brainstem 

and the hippocampus, while the 1 isoform was more highly expressed in neocortex and cerebellum. The 

high 3 mRNA expression level in the brainstem is consistent with the hypothesis outlined in this thesis, 

as well as with how this brain region behaves under ischemic conditions (i.e., is more resistant to 

ischemia). Similarly, higher 1 mRNA expression in neocortex and cerebellum is also consistent with the 

hypothesis, and these regions’ known vulnerability to ischemia.  

Elevated mRNA expression of 3 in the hippocampus in levels comparable to those in the 

brainstem, however, was an unexpected finding based on initial data mining (Figure 9). First, the 

hippocampus is considered a higher brain region, and is sensitive to energy depletion, a property that 

would seemingly result from greater expression of the more ischemia-vulnerable 1 isoform. The 

hippocampus is also damaged in Alzheimer’s disease, as well as by glucocorticoids following chronic 

stress [6, 67, 72, 74, 77]. This, too, suggests regional vulnerability inconsistent with observed Na+/K+ 

pump  isoform expression. It is important to note, however, that high 3 expression alone may not be 

sufficient to confer regional resiliency, but rather a greater proportion of 3 compared to 1. 

Interestingly, the results of the present study showed that in young Aldh2+/+ and Aldh2-/- mice, the 1/3 

ratio in the hippocampus was significantly higher compared to the brainstem (Figure 10A). This suggests 

either proportionally less of the ischemia-resistant 3 isoform or more of the ischemia-vulnerable 1 

isoform in the hippocampus compared to the brainstem. This trend was also present in the aged cohort of 

mice (Figure 10B), although this particular comparison did not reach statistical significance. When 

considering the hippocampus alone, however, the 1/3 expression ratio observed was lower than 

expected. In this study, however, the entire hippocampus was sampled, and thus it is possible that one 

hippocampal region accounts for the low 1/3 levels. Future studies in our laboratory will sample each 
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hippocampal region separately (CA1, CA3, dentate gyrus) and subsequently compare 1/3 levels across 

areas. 

While previous studies of Na+/K+ pump  isoform distribution have shown findings consistent 

with the results described herein (i.e., high 3 expression in the hippocampus), none have investigated the 

relative 1/3 expression ratios. A 1991 study by McGrail et al. used isoform-specific antibodies and 

immunofluorescence staining to localize 3 protein expression among various brain regions [91]. Their 

results revealed intense staining for 3 in all hippocampal regions, suggesting strong regional expression 

of this isoform, as well as the presence of 1 [91]. A limitation of this particular study, however, is that 

protein expression was not quantified [91]. As such, no conclusions can be made regarding the 

hippocampal 1/3 expression ratio. If 1 is more highly expressed in the hippocampus compared to 3, 

then it could still render the hippocampus vulnerable to ischemic insults. 

In 1992, Pietrini and colleagues similarly demonstrated 3 protein expression in mature cultured 

neurons of the hippocampus [92]. As in the present study, the group reported substantial levels of 3 

mRNA in the hippocampus. Interestingly, the researchers found that 3 co-localized with 1 in both 

dendrites and axons of hippocampal neurons; however, this expression was not quantified [92].  

In 2011, Bøttger and colleagues performed the first and only study of its kind to date, and 

completely characterized the regional and cellular protein distribution of the Na+/K+ pump 3 isoform in 

the adult mouse brain. Immunohistochemistry revealed that 3 was most highly expressed in the thalamus 

and cerebellum, but also strongly expressed in the neocortex and the hippocampus [93]. Additionally, 

intense 3 staining was also noted in many brainstem nuclei [93]. Unfortunately, this study did not 

characterize 1 distribution, and as such no conclusions regarding the 1/3 expression ratios in the 

higher versus lower brain can be made.  
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While a vulnerable brain region in many respects, the hippocampus has been repeatedly shown to 

exhibit high levels of the 3 isoform. Studies examining regional 1/3 protein expression ratios are 

lacking, and it remains to be determined if higher brain regions (such as the hippocampus) consistently 

demonstrate proportionally higher expression of 1 compared to 3, and if lower brain regions express 

proportionally more 3. The present study is novel in that it does examine Na+/K+ pump  isoform 

expression ratios in various brain regions, and demonstrates a significantly higher 1/3 ratio in the 

neocortex compared to the brainstem in both young and aged naïve mice. Future studies into the 

functional significance of Na+/K+ pump  isoforms in conferring regional susceptibility or resiliency to 

ischemia will need to continue to characterize the 1/3 mRNA and protein expression ratios in 

additional brain regions (striatum, thalamus, hypothalamus, spinal cord, etc.) in order to obtain a complete 

expressional profile.  

4.1.2 Effects of Genotype and Sex on Na+/K+ Pump 1 and 3 mRNA Expression 

The young naïve group was 5 – 7 months of age at the time of sacrifice, as standard C57BL/6 

mice reach mature adulthood between 3 – 6 months of age [94]. This age range was beneficial for this 

study, as Aldh2+/+ mice have not yet undergone normal senescence [94], but Aldh2-/- mice have begun to 

show age-related memory impairments and biochemical changes in various Alzheimer’s disease markers 

[6]. We expected the different levels of oxidative stress within the Aldh2+/+ and Aldh2-/- brains to yield 

differences in Na+/K+ pump 1 or 3 mRNA expression between genotypes, especially in the 

hippocampus, a region preferentially damaged in Alzheimer’s disease. Interestingly, this was not the case; 

there were no significant differences in 1 or 3 mRNA expression in any brain region between Aldh2+/+ 

and Aldh2-/- mice. In fact, expression levels of 1 and 3 between genotypes were remarkably similar. It 

would appear that oxidative stress in the brains of 5 – 7 month old Aldh2-/- mice was insufficient to elicit 

changes in Na+/K+ pump  isoform expression or distribution. The 15 – 19 month old cohort of mice 
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(corresponding to late middle age – old age in rodents) allowed investigation of the possibility that 

differences in 1 or 3 mRNA expression would become apparent with advanced age [94], as this 

allowed additional time for normative and Aldh2-/--mediated senescence to develop. In all brain regions, 

however, there were no significant differences in 1 or 3 mRNA expression between aged Aldh2+/+ and 

Aldh2-/- mice; 1 and 3 expression levels between genotypes were, in most cases, approximately the 

same.  

A gene’s mRNA expression level does not necessarily predict or proportionally translate to 

protein expression level, nor does it indicate that a functional protein will be translated [95]. This is an 

important consideration in molecular expression studies, especially when considering genotype 

differences. Without both mRNA and protein expression assays, few conclusions can be made about the 

true differences between Aldh2+/+ and Aldh2-/- mice. For example, genotype differences might not be 

evident at the transcriptional level; it is plausible 1 and/or 3 mRNA is not translated into functional 

protein in Aldh2-/- mice. Equally possible is that Aldh2-/- mice exhibit increased levels of 3 protein as a 

compensatory mechanism, despite mRNA levels largely comparable to those observed in Aldh2+/+ mice. 

Based on the results of Western blot analyses performed in parallel with the CUS experiment, however, 

this did not appear to be the case (data not shown, courtesy of Michael Golod). Protein expression studies 

yielded results consistent with our mRNA findings. Specifically, among both male and female Aldh2+/+ 

and Aldh2-/- mice (stressed and control), Na+/K+ pump 1 protein expression was highest in the neocortex 

and cerebellum. Protein expression of 3, by contrast, was highest in the hippocampus and brainstem. 

Overall, the protein expression levels among the four groups were very similar to the mRNA expression 

levels. There was a single instance where exposure to chronic stress altered protein isoform expression 

relative to controls: in female Aldh2-/- mice, 1 protein expression was significantly higher in the 

neocortex of stress compared to control mice (p≤0.05). This finding is consistent with the respective 

mRNA analysis.  
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When naïve Aldh2+/+ and Aldh2-/- groups were pooled, there were no significant differences in 

Na+/K+ pump 1 and 3 mRNA expression between males and females in any brain region. Cessation of 

the estrus cycle in standard C57BL/6 mice usually occurs between 13 – 16 months of age [96]. Given that 

the aged cohort was between 15 – 19 months, it is possible that the absence of sex hormones in females 

contributed to the lack of significant differences in  isoform expression between sexes. Indeed, sex 

hormones have been shown to account for a great many sex differences observed in both healthy and 

diseased brains of humans and rodents [97]. In 5 – 7 month old mice, however, there were similarly no 

significant effects of sex on the results, despite females maintaining intact estrus cycles. A more likely 

possibility, therefore, is that deletion of Aldh2 has similar effects in both sexes. Consistent with this idea, 

our laboratory has previously shown that there are no significant sex differences between Aldh2+/+ and 

Aldh2-/- mice in terms of memory and cognition, as assessed by various behavioural assays [6, 98].  

Sexes were analyzed separately in the cohort of mice exposed to CUS, and the same expressional 

trends emerged in all groups across all brain regions. We expected males and females to be affected 

differently by the CUS protocol (and hence by different levels of oxidative stress within their brains), and 

wondered if this would reflect as variation in 1 and 3 mRNA expression. Sex is an important factor 

modulating the stress response [64, 97]. The hippocampus, for example, has shown to be anatomically 

and functionally dimorphic, with different stress reactivity likely stemming from, among other factors, 

differences in the corticosterone neurotransmitter system [97]. Gonadal sex hormones have also been 

shown to exhibit contrasting and contradictory effects [99-100]. Testosterone has been demonstrated to 

reduce HPA axis activity in rodents, whereas estradiol can potentiate the glucocorticoid stress response 

[99-100]. On the other hand, chronic stress has been shown to dramatically damage the hippocampus of 

male but not female rodents [97]. It is reasonable to expect, then, that male and female mice would be 

affected differently by CUS. While this might have been the case in some respects, it was evidently not 

with respect to 1 and 3 mRNA expression. In summary, neither genotype nor sex appeared to have any 
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meaningful effect on mRNA expression of 1 or 3 in naïve or chronically-stressed animals. This finding 

will be useful when moving into models of focal stroke or global ischemia.  

4.1.3 Effects of Chronic Unpredictable Stress on Na+/K+ Pump 1 and 3 mRNA Expression 

A CUS protocol was used in 3 month old male and female Aldh2+/+ and Aldh2-/- mice, to test if 

mRNA and protein expression of Na+/K+ pump 1 and 3 isoforms change under conditions of chronic 

oxidative stress. In all cases but one, exposure to CUS did not significantly alter expression of 1 or 3 

mRNA compared to controls. Significantly elevated 1 mRNA expression in the neocortex of Aldh2-/- 

females compared to controls was the only difference observed. Interestingly, this difference was also 

significant at the protein level (data not shown, courtesy of Michael Golod). We hypothesized that 

chronic stress would up-regulate the 3 isoform, particularly in higher brain regions, as 3 is believed to 

confer neuroprotective properties to neurons under conditions of oxidative/ischemic stress. The reason for 

increased 1 mRNA and protein expression in the brains of chronically-stressed Aldh2-/- females is 

unclear. Future investigations, detailed in Section 4.3, will determine how Na+/K+ pump isoform 

expression changes in various brain regions following acute ischemic stress. It will be interesting to see if 

similar 1 expression is observed in the neocortex of Aldh2-/- females. 

In all other cases, the CUS protocol did not induce significant changes in  isoform expression. 

One possible explanation for this is that the protocol was not stressful or intense enough to elicit chronic 

oxidative stress in the animals. While CUS is well-validated as a means to study the effects of chronic 

stress and glucocorticoids on the body, issues with reproducibility are one of the main problems 

associated with this methodology [61, 88]. Concerns with reliability appear to stem from inconsistencies 

in behavioural outcomes. As the type, intensity, and duration of stressors used all contribute to the 

magnitude of the stress response, even a small variation in the protocol across laboratories can elicit 

differential effects [88]. In the current CUS protocol, stressor choice was limited by University Animal 
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Care Committee approval, and this prevented the use of more moderate stressors such as predatory stress 

(e.g., fox urine or dirty rat bedding exposure), physical stress (e.g., cold swim or shaker stress), or 

physiological stress (e.g., lipopolysaccharide injection) [85, 88]. In rodents, for example, much higher 

corticosterone levels have been observed and sustained following lipopolysaccharide injection compared 

to psychological stressors such as restraint or a novel environment [64]. 

Previous reports of the CUS protocol in mice have noted that certain strains appear more or less 

susceptible to the effects of chronic stress. The commonly-used C57BL/6 strain has repeatedly shown 

resistance to the effects of CUS [61, 86, 88]. It is recommended that the standard 4-week CUS protocol be 

extended to 8 weeks if this strain is being used; the latter of which has been demonstrated to reliably elicit 

chronic stress in C57BL/6 mice [88]. Unfortunately, time constraints prevented the implementation of an 

8-week CUS protocol in the current study. As our Aldh2-/- mouse strain was generated by breeding mice 

against a C57BL/6 background, this potentially compounded the problem of a CUS protocol with 

insufficiently intense stressors. It is therefore possible that my 28-day CUS protocol was insufficient at 

inducing long-term oxidative stress in the brains of these animals in part due to their genetic makeup. 

While an unblinded, non-expert observation of mice following completion of the CUS protocol did seem 

to suggest mice displayed more stress and anxiety-like behaviours compared to the beginning of the 

protocol, this study did not include any quantitative or objective measurements of the stress response in 

mice either during or following the CUS protocol, such as levels of plasma corticosterone. As such, a 

definitive conclusion regarding the extent of chronic stress and HPA-axis activation in the animals cannot 

be made. 

In addition, CUS protocols have been shown to have differential effects based on the age of the 

rodents in the study. For example, several studies have reported increased susceptibility of middle-aged 

rats to CUS, compared to both young and aged rats [101]. Very young rodents have also been shown to 

undergo a stress-hyporesponsive period early in life [69]. Whereas the mice used in this study were 
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mature adults (approximately 3 months of age) at the time of tissue harvest [94], it is possible that these 

animals were still too young at the time of protocol commencement to be significantly affected by 

oxidative insults brought about by the CUS. A study by Barnum et al. (2012) used a CUS paradigm with 

success in 1 – 2 month old C57BL/6 mice. This protocol, however, was considerably more intense than 

the one described herein and included many of the previously-mentioned moderate stressors. Taken 

together, one of two conclusions seems probable. The first possibility is that the CUS protocol used in my 

experiment was insufficiently intense to elicit any noticeable changes in 1 or 3 isoform expression in 

Aldh2+/+ and Aldh2-/- mice, resulting from a combination of mild stressors, strain resistance, short protocol 

duration, as well as young age. A more likely possibility, however, is that 1 and/or 3 isoform 

expression is simply not affected by chronic behavioural and/or oxidative stress. This suggests that acute 

ischemic stress (in the form of focal stroke or global ischemia) may be required to produce compensatory 

changes in 1 or 3 isoform mRNA or protein expression. 

4.2 Study Limitations 

Despite efforts to minimize potential limitations of these studies, there are several that should be 

mentioned so that future studies can avoid these potential shortfalls. 

4.2.1 Choice and Housing of Animals 

The main goal of this thesis was to characterize distribution of Na+/K+ pump 1 and 3 isoforms 

under both baseline and chronic stress conditions, to obtain a representation of how and where these 

isoforms are naturally expressed within the brain. These data will be useful when moving to models of 

acute ischemia, when comparing how isoform expression may change. The Aldh2-/- mouse model of 

oxidative stress and cognitive impairment was used in this study; both Aldh2+/+ and Aldh2-/- mice were 

assessed. After a certain age, Aldh2-/- mice display increased oxidative stress within their brains, along 

with morphological and biochemical changes consistent with Alzheimer’s disease. Investigating the 
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distribution of 1 and 3 isoforms in Aldh2-/- mice could be considered an advantage, as it better 

replicates the neural environment of a typical stroke patient; specifically, an aged brain under increased 

oxidative stress with concomitant disease. While no significant differences in regional 1 or 3 mRNA 

expression between Aldh2+/+ and Aldh2-/- mice were noted in this study, using a mouse model of 

Alzheimer’s-like pathology in future studies of acute ischemia may improve translational potential, by 

giving a more realistic representation of 1 and 3 isoform distribution in the clinical population future 

research aims to target.    

Another consideration that was not accounted for was slightly different conditions under which 

stress and control mice were housed. Mice that underwent CUS were housed singly, on a reverse 12-hour 

light-dark cycle (lights on at 2200 hrs). In contrast, control mice were housed with littermates (at least 

two per cage) on a standard 12-hour light-dark cycle (lights on at 0700 hrs). The different light-dark 

housing conditions of stress and control mice caused their circadian cycles to be 15 hours out of phase, 

which has important implications for tissue harvesting. For both stress and control groups, tissue 

collection began at 1000 hrs. This corresponds to three hours into the light cycle for control mice, but the 

beginning of the dark cycle for stress mice. A number of genes have been shown to exhibit a circadian 

pattern of expression, with expression levels higher or lower during different times of day [102]. In fact, 

Atp1a1 has been shown to display a circadian rhythm in the liver, colon, and kidney of mice [103], and 

Atp1a3 likewise in the colon of mice [103]. Whereas the circadian regulation of either of these genes in 

the brain to my knowledge has not been investigated, circadian fluctuations in gene expression cannot be 

entirely discounted. In order to eliminate this potential confounder in future studies, tissues should be 

harvested at the same time points within circadian cycles. In this study, for example, if tissue collection 

proceeded at 1000 hrs for control mice, then the corresponding harvest time for stress mice should have 

been 0100 hrs.  
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4.2.2 Dissection Technique 

To eliminate inter-operator variability, all tissue harvesting for molecular analyses was performed 

by a single researcher. Dissections did occur, however, without a dissecting scope. The use of a dissecting 

scope would allow finer visualization of brain regions and would be useful in future experiments when 

many additional brain regions are collected. 

On a related note, a source of variation that cannot be controlled for when it comes to tissue 

harvesting is the many neural projections from brainstem nuclei to cerebellum, and vice versa. As such, 

Na+/K+ pump 1 and 3 mRNA and protein could accumulate in different neural compartments (e.g., cell 

bodies, varicosities, axon terminals) along this pathway and thus between brain regions. For example, 

consider a neuron originating in the brainstem that projects to the cerebellum. mRNA may be 

predominantly concentrated in the cell body, whereas the functional pump ultimately accumulates 

throughout the plasma membrane, including the membrane of axon terminals. In this case, the regional 

mRNA and protein levels of this particular isoform may not necessarily align; that is, mRNA expression 

in the brainstem will be elevated, but protein expression will be correspondingly lower. Interestingly, a 

study by Pietrini and colleagues demonstrated that 1 and 3 protein does not exhibit a polarized 

distribution in cultured hippocampal neurons; isoforms were present in both dendrites and axons [92]. 

Their study did not look at mRNA expression, however. In the present study, mRNA and protein results 

align. This consideration should, however, be kept in mind for future studies of regional Na+/K+ pump 

mRNA and protein expression. 

4.2.3 Molecular Expressional Analyses 

For all qPCR studies described in this thesis, relative mRNA expression of the target was 

normalized to the reference gene Hprt (see Appendix A for a more detailed overview of qPCR 

methodology). Normalization corrects for loading errors and different reaction efficiencies across wells 

[95, 104]. The literature recommends the use of two different reference genes in a given study, and thus 
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this could be considered a limitation of the aforementioned results [95]. However, the use of Hprt as a 

reference gene in nervous system tissue has been previously validated by Dr. Stephen Pang’s laboratory 

[90, 105]. As suggested by the literature, Hprt has a threshold cycle between 15 and 30 in nervous tissue, 

making its abundance well within the desired range [104]. Furthermore, its expression is consistent across 

nervous tissues and is independent of experimental factors [106-107], another requirement for appropriate 

reference gene selection [95, 104]. 

In terms of the chronic stress studies, a larger sample size for each group (male Aldh2+/+, female 

Aldh2+/+, male Aldh2-/-, female Aldh2-/-) would increase statistical power and strengthen the results. The 

small sample size (3 – 5 tissue samples from each brain region within each group) could be a reason for 

the lack of significance between stress and control conditions, as well as the increased margin of error in 

certain brain regions. Among the three mRNA expression experiments performed in this thesis (naïve 5 – 

7 month old animals, naïve 15 – 19 month old animals, 3 month old CUS/control animals), error bar sizes 

in CUS/control data set are least consistent; some are tight, while others are extremely large. This is 

presumably due to the small sample sized used, in comparison to an experimental n of 10 – 20 for the 

other experiments. Unfortunately, animal availability at the time of the study, as well as space limitations 

regarding CUS protocol implementation, precluded utilization of a larger sample size.   

4.3 Future Directions 

Our findings show that chronic oxidative stress (as induced by a CUS protocol), as well as sex, 

does not significantly affect Na+/K+ pump 1 or 3 mRNA or protein expression levels in various brain 

regions of Aldh2+/+ and Aldh2-/- mice. A next step would be to move into models of focal stroke and 

global ischemia, to investigate how pump isoform expression might change in response to acute ischemic 

stress.  

We hypothesize that Na+/K+ pump 1 and 3 isoform expression will decrease and increase 

respectively, in higher brain regions following stroke and global ischemia, as a compensatory mechanism 
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to the oxidative/metabolic challenge. This could support a role for the Na+/K+ pump 3 isoform in 

conferring resilience to low energy conditions, and consequently to increasing neuronal survival. 

4.3.1 Middle Cerebral Artery Occlusion (MCAo) Model of Focal Ischemic Stroke 

We will first extend these results using an MCAo model of focal ischemic stroke in Aldh2+/+ and 

Aldh2-/- mice. We will perform a 30-minute unilateral MCAo in mice, followed by comparison of 1 and 

3 mRNA and protein expression between brain regions of stroked and control hemispheres at both 12 

and 36 hours post-stroke, using the same methodology outlined in Chapter 2. Brain regions sampled will 

include neocortex, striatum, hippocampal subdivisions (CA1, CA3, dentate gyrus), thalamus, 

hypothalamus, midbrain-pons, and medulla, in order to perform a comprehensive analysis of how 1 and 

3 isoforms are distributed among higher and lower brain regions. We will also support these data with 

parallel time-point studies using Golgi-Cox staining and yellow fluorescent protein-expressing mice, to 

visualize concomitant neuronal damage and necrosis. In addition to using qPCR on macro-dissected brain 

tissues, we will also utilize laser-capture microscopy in order to investigate mRNA and protein expression 

changes at the cellular level. Laser-capture microscopy is a technique which allows microdissection and 

subsequent molecular expressional analyses of individual or small groups of cells from frozen or fixed 

tissue sections.  

Our pilot qPCR data from ischemic mice (unpublished) shows a significant reduction in 1 

expression within the stroked compared to control hemisphere after 24 hours. This suggests that  

isoform expression is altered in response to oxidative and metabolic stress, and justifies further 

investigation into how 3 changes may confer natural resistance to neurons. We expect to see changes in 

both 1 and 3 expression and/or distribution within higher brain regions following acute ischemic 

stroke. 
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4.3.2 4-Vessel Occlusion (4VO) Model of Global Ischemia  

We also hope to employ a model of global ischemia in rodents to further investigate the brain’s 

differential rostral-caudal susceptibility to ischemia. Our objective is two-fold. First, we aim to extend our 

laboratory’s previous electrophysiology and imaging findings in brain slices to microscopic staining and 

imaging in an intact animal. Temporarily depriving the entire brain of oxygen and glucose and 

subsequently assessing regional recovery should further demonstrate that lower brain regions (e.g., 

hypothalamus and brainstem) intrinsically resist ischemia when compared to the higher brain. The second 

objective will be to perform parallel qPCR and Western blot analyses in the global ischemia rodent model 

to quantify Na+/K+ pump 1 and 3 expression within these different brain regions. 

The 4VO model will be used in pursuit of these objectives. The benefit of this model is that it 

allows induction of reversible global ischemia by permanently occluding the vertebral arteries and 

subsequently temporarily compressing the carotid arteries for a short period of time (e.g., 2-3 minutes), 

followed by resuscitation [108]. Global ischemia and sham rodents then undergo a three day recovery 

period prior to perfusion and tissue harvest. For the first objective, perfusion will be followed by brain 

fixation and sectioning. Two different techniques will be used to visualize regional neuronal injury 

following global ischemia. The FD Rapid GolgiStain Kit will be used to assess both normal and 

abnormal neuronal morphology from higher and lower brain regions, whereas examination of neuronal 

degeneration will be visualized with the FD NeuroSilver Kit. To complete the second objective, various 

higher and lower brain regions will be harvested from perfused animals. qPCR and Western blot analyses 

will follow, as described in Chapter 2. It will be interesting to confirm that the extent of injury in higher 

brain regions is greater than that of the lower brain, and if higher brain neurons shift their  isoform 

expression towards greater 3 in response to global ischemia as a mechanism of recovery.  
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4.3.3 Atp1a3-Deficient Mice 

Given my hypothesis that the Na+/K+ pump 3 isoform promotes neuronal resiliency to low 

energy conditions, and that brain regions expressing a higher proportion of 3 are consequently more 

resistant to the damaging effects of ischemia, a logical next step would be to investigate how neurons in 

the higher/lower brain fare following stroke or global ischemia in an ATP1A3-deficient mouse model. 

While homozygous deletion of the Atp1a3 gene in mice causes neonatal lethality [109], various 

heterozygous Atp1a3-deficient mouse lines have been developed to study different neurological diseases 

[109-111]. These diseases include rapid-onset dystonia parkinsonism (RDP), alternating hemiplegia of 

childhood (AHC), and bipolar disorder [109-111]. Both RDP and AHC are associated with ATP1A3 

mutations in humans [109].  

It would be interesting to extend these results to morphologically assess neuronal injury and 

degeneration following stroke and/or global ischemia in brain regions of Atp1a3+/- mice compared to 

Atp1a3+/+ littermates, assuming breeders could be obtained (Atp1a3-deficient mice have been developed 

only in a few laboratories around the world). This model would provide a compelling aspect to this story 

regarding the importance of the Na+/K+ pump 3 isoform in naturally conferring neuroprotection.  

4.3.4 Clinical Implications for Stroke and Ischemia 

The shifting demographic and aging Canadian population is responsible for a projected increase 

in stroke prevalence of up to 726,000 individuals nationwide by 2038 [14]. The field of stroke research is 

in crisis; aside from the limited usefulness of rtPA therapy, there are no clinically efficacious and 

neuroprotective treatments that halt or reverse neuronal damage. Many agents—including oxygen radical 

scavengers, -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate 

(NMDA) receptor antagonists, and anti-thrombotics—in theory act on different aspects of the ischemic 

cascade to reduce oxidative and/or excitotoxic neuronal damage [13]. We propose a paradigm shift away 

from the glutamate excitotoxicity hypothesis and towards understanding how different neuronal 
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populations are naturally protected during ischemia, with the hope of harnessing this information for 

neuroprotection. Our laboratory has previously shown that neurons of the lower brain, such as the 

hypothalamus and brainstem, are relatively insensitive to the same ischemic stress that kills higher brain 

neurons. We suggest that increased expression of the Na+/K+ pump 3 isoform helps to confer resiliency 

to lower brain regions, and while this thesis provides a baseline characterization of 1 and 3 isoform 

mRNA expression in the Aldh2+/+
 and Aldh2-/- mouse brain, more research into this phenomenon is 

warranted. In the future, targeting different Na+/K+ pump isoforms may be a viable option for improving 

higher brain survival following stroke or global ischemia. 
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Chapter 5 

Conclusions 

Significant challenges remain in the translation of basic stroke research to clinical populations. 

Unfortunately, out of the one thousand potential neuroprotective compounds identified for stroke in 

preclinical investigations to date, none have shown efficacy in humans [7]. The widespread failure of 

translational success urges exploration of novel therapies. My work proposes that expression of the 

Na+/K+ pump 3 isoform may be neuroprotective, and that neurons naturally possessing high proportions 

of this isoform better survive ischemia.  

The studies presented in this thesis involved the characterization of Na+/K+ pump 1 and 3 

mRNA expression within higher and lower brain regions of Aldh2+/+ and Aldh2-/- mice of various ages 

under both baseline and chronic unpredictable stress conditions. As such, this research provides an 

overview of how 1 and 3 isoforms are naturally distributed within brain regions and across the 

lifespan. We expected that 1 would dominate in ischemia-vulnerable higher brain regions, while 3 

would be most highly expressed in the ischemia-resistant brainstem. Consistent with this hypothesis, in 

both young and aged naïve mice, the 1/3 mRNA expression ratio was significantly higher in the 

neocortex compared to the brainstem, as well as in the neocortex compared to the hippocampus. In the 

young cohort, the 1/3 mRNA expression ratio was also significantly higher in the hippocampus 

compared to the brainstem. Compared to controls, exposure to CUS did not significantly alter the 1 and 

3 mRNA expression trends observed in the naïve mice. Parallel immunoblot studies in stress mice 

yielded consistent 1 and 3 expressional profiles. Interestingly, there were no effects of genotype or sex 

on isoform expression in any of the cohorts. 
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Future directions of this research will aim to better elucidate the role of the 3 isoform, by 

characterizing regional 1 and 3 mRNA and protein expression following acute ischemic stress. My 

hope is that in the future, isoforms and/or isozymes of the Na+/K+ pump may become a viable drug- or 

molecular-based target for neuroprotection following stroke or ischemia. The ultimate goal of this work is 

to improve neurological and functional outcomes for the 50,000 Canadians who suffer a stroke and the 

40,000 Canadians who suffer a cardiac arrest every year [112-113].  
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Appendix A 

Overview of qPCR Theory and Methodology 

qPCR is a molecular technique used to amplify and quantify target segments of DNA in real-time. 

It requires a cDNA template, specific oligonucleotide primers (for the sequence of interest), DNA 

polymerase, and a fluorescent dye. 

 Like conventional PCR, qPCR utilizes thermal cycling to amplify the target sequence. cDNA 

samples are first heat-denatured, at which point primers anneal, followed by extension/elongation by 

DNA polymerase. Detection and quantification of the PCR product is measured after each cycle, rather 

than at the end of the entire PCR reaction. 

Intercalating dyes, such as SYBR Green I, selectively fluoresce upon binding to double-stranded 

DNA. Thus, as more and more PCR product is amplified and accumulates, the fluorescent signal 

proportionally intensifies. This signal is collected by the LightCycler 480 II software after each cycle, 

and reaction progress can be monitored in real-time. The cycle at which the fluorescence increases above 

the background fluorescence level is the crossing point (Cp), or threshold cycle, of the sample. An 

amplification plot is created by plotting fluorescence against the cycle number, which shows 

accumulation of the target over the entire reaction. By applying a standard curve (a dilution series of 

known concentrations graphed against their respective Cp values) to the amplification plot, the precise 

starting quantity of target may be calculated. Standard curves also provide information about the 

efficiency of the reaction. 

When using an intercalating dye as a method of fluorescent detection, it is necessary to perform 

an assay specificity test following qPCR, to ensure amplification of a single target and the absence of 

contamination. Since intercalating dyes are not sequence-specific, they will bind to any double-stranded 

DNA present in the sample. There are several methods of testing assay specificity. Dissociation analysis 
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(also known as melt curve analysis) is a common program whereby following the amplification process, 

the temperature of the PCR is gradually raised until the double-stranded DNA dissociates (“melts”) into 

single-stranded DNA; fluorescence decreases as the intercalating dyes are released. The program software 

plots this information as a profile with peaks representing the temperature at which the product 

dissociated. Theoretically, a given target sequence should melt at one specific temperature, and thus the 

melt profile should only display a single peak. Several peaks in the melt profile may indicate the presence 

of contamination or primer-dimers. 

There are two main methods by which quantification of PCR results may be achieved: absolute 

quantification and relative quantification. Absolute quantification allows determination of the actual copy 

numbers of a specific target. In relative quantification, the expression of two different genes—the gene of 

interest (GOI) and a reference gene (also referred to as a housekeeping gene)—are measured in the same 

sample, and the final result is expressed as a ratio of the two. The reference gene should be approximately 

uniformly expressed across tissues, and unaffected by experimental factors. The normalization of 

GOI:reference provides an internal reaction control, correcting for variations in efficiency and errors 

across samples. Comparisons across plates that analyze the same gene is made possible by an internal 

calibrator, which equalizes the concentrations within the two assays. A standard dilution used in the 

creation of the respective standard curve provides the internal calibrator; equalization is performed prior 

to normalization with the reference gene. Note that only the relative values of the standard dilutions are 

known; as such, all concentrations of targets are expressed in arbitrary units as a multiple of the reference 

concentration (where 10 = no change). 
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Appendix B 

Supplementary Results 
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Figure B.1. PSD-95 mRNA expression in the hippocampus of (A) 5 – 7 month old and (B) 15 – 19 month 

old Aldh2+/+ and Aldh2-/- mice (sexes pooled). The y-axis represents relative mRNA expression of Dlg4 

normalized to the reference gene Hprt, in arbitrary units. Data are represented as mean ± SEM. * p ≤ 0.05. 

Data are analyzed by unpaired t-test. n = 10 per bar.  
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Figure B.2. PSD-95 mRNA expression in the neocortex of (A) 5 – 7 month old and (B) 15 – 19 month old 

Aldh2+/+ and Aldh2-/- mice (sexes pooled). The y-axis represents relative mRNA expression of Dlg4 

normalized to the reference gene Hprt, in arbitrary units. Data are represented as mean ± SEM. Data are 

analyzed by unpaired t-test. n = 10 per bar.  
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Figure B.3. PSD-95 mRNA expression in the brainstem of (A) 5 – 7 month old and (B) 15 – 19 month 

old Aldh2+/+ and Aldh2-/- mice (sexes pooled). The y-axis represents relative mRNA expression of Dlg4 

normalized to the reference gene Hprt, in arbitrary units. Data are represented as mean ± SEM. Data are 

analyzed by unpaired t-test. n = 10 per bar.  
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Figure B.4. Synaptophysin mRNA expression in the hippocampus of (A) 5 – 7 month old and (B) 15 – 19 

month old Aldh2+/+ and Aldh2-/- mice (sexes pooled). The y-axis represents relative mRNA expression of 

Syp normalized to the reference gene Hprt, in arbitrary units. Data are represented as mean ± SEM. Data 

are analyzed by unpaired t-test. n = 10 per bar.  
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Figure B.5. Synaptophysin mRNA expression in the neocortex of (A) 5 – 7 month old and (B) 15 – 19 

month old Aldh2+/+ and Aldh2-/- mice (sexes pooled). The y-axis represents relative mRNA expression of 

Syp normalized to the reference gene Hprt, in arbitrary units. Data are represented as mean ± SEM. Data 

are analyzed by unpaired t-test. n = 10 per bar.  
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Figure B.6. Synaptophysin mRNA expression in the brainstem of (A) 5 – 7 month old and (B) 15 – 19 

month old Aldh2+/+ and Aldh2-/- mice (sexes pooled). The y-axis represents relative mRNA expression of 

Syp normalized to the reference gene Hprt, in arbitrary units. Data are represented as mean ± SEM. Data 

are analyzed by unpaired t-test. n = 10 per bar.  
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