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ABSTRACT  
 
A diet high in saturated fat and similar in composition to western diets (WD) has been shown to 

exacerbate injury following traumatic brain injury. Thus, we investigated the effects of a WD on 

cell death and functional outcome following global ischemia. First we assessed the effects of a 60-

day WD regimen on temperature, activity and glucose levels in normal rats (Experiment 1). 

Second, we evaluated the influence of a 60-day WD regimen on hippocampal CA1 injury and 

learning and memory impairments following global ischemia in rats (Experiment 2). Briefly, 

results from experiment 1 revealed no differences in glucose or temperature profiles between 

animals fed the WD and CD; however, WD animals were significantly less active than CD 

animals. Eight minutes of ischemia in experiment 2 induced severe hippocampal CA1 cell loss 

(~90%) and severe learning and memory impairments relative to unoperated controls. However, 

the WD did not exacerbate CA1 injury or behavioural deficits. These findings suggest that a 60-

day WD regimen does not significantly influence recovery following global ischemia. However, 

previous literature on saturated fat and neuronal plasticity suggest that our feeding protocol was 

not long enough.     

 
Thus, the second portion of my thesis examined the effects of a 120-day WD regimen on stroke  

severity and cognition following global ischemia. We hypothesized that a prolonged WD would  

aggravate hippocampal CA1 cell death and spatial learning and memory deficits as compared to  

animals fed a CD. Briefly, I found that the surgical protocol used to induce a global ischemic  

insult, in this case, did not produce consistent damage across all animals. Plausible reasons for this 

surgical variability and future directions are discussed.  
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1.1 OVERVIEW OF STROKES  

Stroke is the second leading cause of death and the main cause of disability worldwide. 

With staggering human and economic tolls, stroke imposes a major burden to society. Stroke has 

a mortality rate of approximately 32%, and leaves more than 50% of survivors with debilitating 

impairments (Rothwell et al., 2004). Stroke is also a major cause of depression, dementia, 

epilepsy, and falls. Stroke expenditure for the United States alone was estimated to be $53.6 

billion in 2004, and is expected to rise even more with the increasing elderly population 

(American Heart Association, 2004).   

There are two types of strokes: hemorrhagic and ischemic strokes. Hemorrhagic strokes 

result from the rupture of a blood vessel(s) in the brain (primary intracerebral hemorrhage - ICH) 

or on the surface of the brain (subarachnoid hemorrhage). Hemorrhagic strokes account for 15% 

of all strokes (Thrift et al., 1995), and about 30% of thrombo-embolic strokes (stroke resulting 

from emboli lodging in cerebral arteries) undergo hemorrhagic transformation (Lyden and Zivin, 

1993), especially following treatment with anti-coagulants (i.e., tissue plasminogen activator) 

(Larrue et al., 1997); however, they are often the most lethal and functionally devastating. For 

instance, injury following ICH has a mortality rate approaching 50% at 30 days (Broderick et al, 

1999), and survivors are left with permanent functional impairments. Accounting for the 

remaining 85% is cerebral ischemia, which results from a sudden interruption of blood flow to 

the brain (Block, 1998). Cerebral ischemia can occur in two forms: focal or global ischemia. 

Focal ischemia results when an artery (commonly the middle cerebral artery in humans) is 

occluded (either by a thrombus or embolus) preventing oxygen and nutrients from supplying that 

particular area of the brain. Global ischemia on the other hand occurs when blood flow to 

widespread areas of the central nervous system is severely compromised, such as occurs with 
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human cases of cardiac arrest. It affects the entire brain, is dense (or complete), and transient 

(Siesjo et al, 1990).  The present thesis will focus on global ischemic strokes. 

  

1.2 GLOBAL ISCHEMIA 

Cardiac arrest results in global hypoxic-ischemic injury, which is a significant cause of 

mortality and severe neurologic disability. It has a mortality rate ranging from 67 to 90% 

(Sunnerhagen et al., 1996), leaving more than 50% of cardiac arrest survivors with permanent 

neurological deficits (Herlitz et al., 2000; Pusswald et al., 2000), and another 50% of survivors to 

experience secondary anoxic brain damage (Pusswald et al., 2000).  

Left untreated, the brain may be able to tolerate ischemia for up to 2 to 4 minutes (Krause 

et al., 1986), after which irreversible neuronal damage ensues. Arrest times exceeding 15 

minutes are for the most part associated with poor outcomes (Cummins et al., 1991; Cummins et 

al., 1987; Earnest et al., 1980; Eisenberg et al., 1980; Bedell et al., 1983). Early activation of 

both basic and advanced life support, early return of spontaneous circulation (Cummins et al., 

1991), and neurological status on the second day following cardiac arrest predicts survivors’ 

hospital discharge rate and quality of life (Earnest et al., 1980). Cardiopulmonary resuscitation 

successfully restores spontaneous circulation to approximately 70,000 patients per year in the 

United States alone (Krause et al., 1986), but only 10-20% of these patients show a recovery; the 

others pass away or persist in a vegetative state (Basseti et al., 1996).  

Patients who show some recovery display neuropsychological deficits, which vary with 

cause of ischemia and duration. For instance, ischemia caused by marked hypotension during 

cardiopulmonary operations leaves 35% of patients with neuropsychological deficits, whereas 

ischemia caused by cardiac arrest leaves 50% of patients with neuropsychological deficits (Shaw 
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et al., 1987). Cardiac arrest results in ischemic cerebral damage of variable extent, causing 

damage to the cortex and basal ganglia, and leading to persistent and severe physical, cognitive 

and behavioural impairments (Sauve et al., 1996). For instance, cardiac arrest patients endure 

moderate to severe neuropsychological deficits even 1 year later (Roine et al., 1993), even with 

intensive rehabilition (Pusswald et al., 2000). 

Following cardiac arrest, three typical clinical syndromes occur: amnesic syndrome, 

severe dementia with very severe physical and intellectual impairment, and moderate dementia 

with deficits in more than three cognitive domains. Patients with amnesia have preserved shorter-

term and working memory but exhibit deficits in orientation, verbal and non-verbal memory, 

attention, and visuospatial impairments (Pusswald et al., 2000; Zola-Morgan et al., 1986). 

Patients with moderate to severe post-anoxia dementia show cognitive impairments such as 

disorientation, mental slowing, amnesia, and lack of awareness. Language and visuospatial 

abilities are preserved, a clinical profile that differs markedly from the clinical pattern of other 

dementia illness’ (Pusswald et al., 2000). Patients with severe physical deficits require support in 

walking while others may not be able to walk at all. Severe to moderate intellectual decline also 

occurs. The most important long-term morbidities of most patients include psychological (i.e., 

depression), behavioural (i.e., personality changes), social (i.e., withdrawn) and family 

disturbances (i.e., inadequate social support, decrease of fixed income) (Brooks et al., 1983).   

Clinical therapies directed at reducing the extent of neuronal damage by means of 

pharmacological agents have proven unsuccessful (i.e., barbiturates (Brain Resuscitation Clinical 

Trial I Study Group, 1986), calcium channel antagonists (Brain Resuscitation Clinical Trial II 

Study Group, 1991), benzodiazepines, magnesium, and steroids (Jastremski et al., 1989). Mild to 

moderate induced hypothermia has proven to be the only clinically effective tool for attenuating 
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ischemic brain damage (Van Der Worp, 2007). Benson and colleagues (1959) were one of the 

first groups to highlight the potential efficacy of hypothermia. This group of researchers applied 

lengthy (1-8hr) hypothermia (30°C - 32°C) to 12 cardiac arrest patients following a 1-3 hr delay. 

Although not statistically significant, 6 of twelve cardiac arrest patients survived in the 

hypothermia group as compared to 1 of 7 in the untreated control group. In recent years however, 

hypothermia has been shown to positively and remarkably affect outcome following cerebral 

ischemia. A recent meta-analysis (Polderman, 2008) found that patients who received 

hypothermia were more likely to be discharged with no or minimal neurological damage, even 

when age, gender, time from collapse to return of spontaneous circulation, and technique were 

all controlled for.  

 

1.3 RISK FACTORS 

Numerous risk factors contribute to the development of ischemia, and while most risk 

factors have an independent effect, there are important interactions between individual factors, as 

will be discussed shortly. Non-modifiable risk factors include age, sex, race-ethnicity, low-birth 

weight, and genetic factors. Age is the single most important risk factor for ischemia, as the risk 

of ischemic stroke doubles for every successive decade after the age of 55 (Brown et al., 1996; 

Wolf et al., 1992). Stroke is more prevalent in men than in women (Brown et al., 1996), 

particularly between the ages of 44 - 85. Between 35 to 44 years of age, and > 85 years of age, 

women have slightly greater age-specific stroke incidence than their male counterparts (Sacco et 

al., 1998), owing to factors such as oral contraceptive use and pregnancy, which contribute to the 

increased risk of stroke in young women (Kittner et al., 1996; Qureshi et al., 1997; Mosca et al., 

1997). Ethnicity and race also seem to play a role in risk of ischemic stroke. In general, African 
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Americans (Broderick et al., 1998; Sacco et al., 1998) and some Hispanic Americans (Gorelick 

et al., 1998; Howard et al., 1994) have higher ischemic stroke incidence and mortality than 

European Americans, possibly owing to a higher prevalence of hypertension, obesity and 

diabetes within the black population (Giles et al., 1995; Gillum et al., 1999). Low-birth rate 

(Barker et al., 2003; Lackland et al., 2003), and paternal and maternal history of stroke (Kiely et 

al., 1993) have been associated with an increased stroke risk.  

Hypertension is the most important modifiable risk factor for ischemic stroke. High blood 

pressure increases the risk of stroke (Lewington et al., 2002), and increases with increasing age 

(Burt et al., 1995), such that normotensive individuals at 55 years of age have a 90% chance of 

developing hypertension (Vasan et al., 2002).  The relationship between smoking and ischemic 

stroke is indisputable. The risk of an ischemic stroke doubles with cigarette smoking (Manolio et 

al., 1996; Rodriguez et al., 2002; Wolf et al., 1991a), likely through thrombus generation in 

narrowed arteries and atherosclerosis. However, passive cigarette smoking (i.e., exposure to 

environmental tobacco smoke) also doubles a persons chances of an ischemic stroke (Barnoya et 

al., 2004; Bonita et al., 1999; You et al., 1999), also through the development of atherosclerosis 

(Howard et al., 1998). Persons with type 2 diabetes are more susceptible of developing 

atherosclerosis, hypertension, obesity and abnormal blood lipids, which all serve to increase the 

risk of an ischemic stroke by as much as 6 fold (American Heart Association, 2004). Atrial 

fibrillation alone is associated with a 3- to 4-fold increased risk of stroke (Wolf et al., 1991), and 

is a source of cardiogenic emoboli that increase one’s risk of cardiac arrest (Benjamin et al., 

1998). Physical activity has been shown to reduce the risk for stroke (Abbott et al., 1994; 

Fletcher, 1994; Kiely et al., 1994; Gillum et al., 1996).  Several aspects of diet have been 

associated with stroke risk and will be discussed in greater detail in the following section.  
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1.4 DIET AND STROKE 

 Nutrition’s role in stroke risk and prevention, as well as stroke outcome and recovery, is 

becoming increasingly more apparent. The consequences of stroke are often incapacitating and 

irrecoverable; thus stroke prevention is pivotal. Lifestyle habits, which, as compared to surgical 

or medical therapies, are relatively low risk, low cost, and widely available, are paramount for 

prevention; even small reductions in risk due to lifestyle changes can have substantial health 

benefits on a population or public health level. In the United States alone, poor dietary habits are 

estimated to cost $42 billion annually in medical expenses and lost productivity from chronic 

diseases (Preventing Obesity and Chronic Diseases Through Good Nutrition and Physical 

Activity, 2004). Potential mechanisms through which nutrition may influence stroke risk are 

blood pressure, insulin resistance, inflammation, thrombosis, endothelial function and oxidation 

(Ding and Mozaffarian, 2006). Diets low in sodium, and high in potassium (Hajjar et al., 2001; 

Stamler et al., 1991), magnesium (Joffres et al., 1987), calcium (Jorde et al., 2000), and fruit and 

vegetable consumption (Bazzano et al., 2003) lower blood pressure and consequently reduce 

stroke risk. Dietary fiber (e.g., fruits, vegetables, legumes), rich in vitamins and antioxidants, is 

thought to favorably affect serum lipids, glucose levels, insulin sensitivity, and blood pressure 

(Burke et al., 2001; Pereira and Pins, 2000), and by these means lower stroke risk. However, 

dietary fiber from cereal has been shown to predict even lower risk of ischemia than dietary fiber 

from fruits and vegetables (Ascherio et al., 1998; Mozaffarian et al., 2003), but this difference 

suggests that other dietary fibers related to cereals, rather than fiber content per se, may be 

influencing stroke risk. Potential candidates include (1) phyotchemicals and nutrients in whole 

grains and (2) carbohydrate quality (glycemic index and load). The effects of other dietary 

factors on stroke risk are less clear. For instance, non-dairy calcium had a weaker association 
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with the inverse relationship between calcium intake and stroke risk than calcium consumed in 

diary products.  

Evidence regarding fat intake is also inconclusive. Many authors (Gillman et al., 1997; 

McGee et al., 1985; Reed et al., 1988) found higher intakes of saturated fat to lower stroke risk 

and mortality, while others (He et al., 2003) found no association between types of fat or total fat 

to be significantly associated with incidence of ischemic strokes. Iso and colleagues (2001) 

found that polyunsaturated fat predicted lower risk of ischemic stroke, while other prospective 

cohort studies (Gillam et al., 1997; He et al., 2003; Iso et al., 2001) found no significant 

association between polyunsaturated fatty acid intake and risk of ischemic stroke. With respect to 

trans fats, He and colleagues (2003) and Iso and colleagues (2001) found no significant 

association between trans fat intake and stroke, and are the only two prospective studies to report 

on the association between trans fat and stroke. Intake of marine monounsaturated fat (e.g., fish) 

two to four times a week, as compared to less than once a month, has been associated with ~20% 

lower risk of ischemic stroke (He et al., 2004a).  

While experimental studies suggest that antioxidants may reduce risk of stroke 

(Giugliano, 2000), clinical trials have not been so clear-cut. Studies using beta-carotene (e.g., 

vitamin A) supplementation have found a non-significant lower risk (Keli et al., 1996), a trend 

toward lower risk (Daviglus et al., 1997), a 23% lower risk (Hirvonen et al., 2000), and no effect 

on overall stroke incidence (Leppala et al., 2000). Conversely, clinical trials using alpha-

tocopherol (e.g., vitamin E) supplementation have been consistently associated with a non-

significant risk of ischemic stroke (Hirvonen et al., 2000; Keli et al., 1996; Leppala et al., 2000; 

Yochum et al., 2000). All but one study (Yokoyama et al., 2000) using ascorbic acid (e.g., 

vitamin C) supplementation have found no significant association with stroke risk (Daviglus et 
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al., 1997; Keli et al., 1996). The Heart Protection Study Collaborative Group (2002) found no 

significant association between combined vitamin C, E, and beta-carotene supplementation and 

risk of cerebral ischemia. Lastly, most studies using flavonoid supplementation have found no 

significant association with stroke risk (Hirvonen et al., 2000; Sesso et al., 2003; Yochum et al., 

1999), with the exception of Keli and colleagues (1996), who found a lower associated risk of 

stroke with flavonoid supplementation. B vitamins, such as pyridoxine (B6), Folate (B9), and 

Cobalamin (B12) may reduce cardiovascular risk via effect on plasma homocysteine, antioxidant 

defenses, and endothelial function (Verhaar et al., 2002). Some (Bazzano et al., 2002; He et al., 

2004b), but not all (Al-Delaimy et al., 2004) prospective cohort studies have observed inverse 

associations between B6, B12 and B9 intake and risk of cerebral ischemia.  

 Nutrition and its role in stroke outcome has been evaluated in both the clinical and 

experimental setting. Malnutrition is a common problem among elderly stroke patients (Axelsson 

et al., 1988, 1989; Gariballa et al., 1998; Unosson et al., 1994), with approximately 16% of 

stroke patients presenting with protein-energy malnutrition upon admission to the hospital 

(Paterson and Juurlink, 1996). Commonly, body fat and visceral proteins are the nutritional 

constituents found to be significantly decreased in patients (Axelsson et al., 1988; Davis et al., 

2004; Unosson et al., 1994). Nutritional status (as measured by serum albumin, but less 

commonly by weight/height measurements, blood tests and anthropometry) declines during 

hospital stay, with estimates of 26.4% malnutrition at 1 week, 35% malnutrition at 2 weeks, and 

49% malnutrition reported by the time of admission to a rehabilitation unit (Finestone et al., 

1995). Deterioration of nutritional status following stroke is attributed to physical and mental 

incapacity, perception and communication problems, depression, eating and swallowing 

difficulties, and poor nutritional support (Finestone et al., 1995; Gariballa et al., 1998; 
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Nyswonger and Helmchen, 1992). Finestone and colleagues (1996) found that the rate of 

functional improvement in a rehabilitation center following stroke was significantly slower and 

the duration of stay in the unit longer for the malnourished patients. Indeed, several studies found 

malnutrition to be a predictor of poor outcome following stroke. For instance, post-admission 

nutrition has been associated with mortality and dependence at 1 month after stroke (Davalos et 

al., 1996; Davis et al., 2004; Gariballa et al., 1998), and with death and dependence at 6 months 

after stroke (FOOD Trial Collaboration, 2003). Protein-energy malnutrition, evaluated in an 

animal model of stroke, produced similar findings. Bobyn and colleagues (2005) showed that 

protein-energy malnutrition impaired functional outcome as demonstrated by an inability to 

habituate in an open field test as long as 10 days after ischemia. The ability to habituate to an 

open field is utilized as a measure of hippocampal function and thus spatial learning and 

memory. Following global ischemic injury, animals fed a diet deficient in protein displayed 

greater spatial memory impairments in the open field test than animals fed a control diet. Other 

nutritional constituents and aspects of stroke outcome have been assessed in various animal 

models of stroke. Clarke and colleagues (2005) found omega-3 polyunsaturated fatty acids to 

exacerbated forelimb motor function following hemorrhagic stroke.  

It is imperative that concrete nutritional intervention protocols are put in place to improve 

patient survival and quality of life; nonetheless few clinical studies have investigated whether 

nutritional intervention in acute stroke patients improves outcome. Nevertheless, the 

aforementioned section highlights the therapeutic potential of effective nutritional interventions, 

which may effectively reduce brain damage and improve functional outcome in both animals and 

humans. For instance, increasing intake of visceral proteins and fats in elderly stroke patients 

admitted to hospitals can decrease the amount of time spent in the hospital and increase rate of 
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functional improvement in a rehabilitation center following stroke. However, the effects of 

dietary constituents on severity and recovery following stroke may be better worked out in 

controlled animals models, because with humans there are co-morbidities (e.g., hypertension), 

which make segregating dietary influences from other factors (e.g., to distinguish the effects of 

diet vs. hyperglycemia) difficult at best. Controlled experimental settings, whereby dietary 

manipulations in rodents can be assessed, may be key in facilitating the implementation of 

nutritional intervention programs for humans in the event of cerebral ischemia.  

 

1.5 PATHOLOGY OF GLOBAL ISCHEMIA 

Global cerebral ischemia leads to a cascade of pathophysiological processes. First is a fall in 

phosphorylation potential. The brain’s energy supply, adenosine triphosphate [ATP], is directly 

dependent on continuous cerebral perfusion. ATP is used to maintain transmembrane sensitive 

structures such as the Na+- K+ ATPase and Ca2+ ATPase pumps, and various neurotransmitter 

reuptake systems (Erecinska et al., 1989). A loss of glucose and oxygen during cardiac arrest 

causes anaerobic glycolysis, leading to a decrease in energy stores. This results in membrane 

depolarization with an ensuing loss of ion homeostasis; potassium (K+) exits the cell, while 

sodium (Na+), chlorine (Cl-), calcium (Ca2+) enter the cell, and water is forced in the cell by 

osmotic forces. Membrane depolarization and its associated Ca2+ influx trigger excessive 

amounts of glutamate to be released from the presynaptic terminal, and with the inhibition of 

glutamate reuptake mechanisms, extracellular glutamate massively increases (Benveniste et al., 

1984; Globus et al., 1991). Glutamate activates α-amino-3-hydroxy-5-methyl-4-isoxazole 

proprionic acid (AMPA), Kainate, and N-methyl-D-aspartate (NMDA) receptors (Seeburg et al., 

1993). AMPA receptors activate Na+ ion channels allowing sodium influx. Activation of the 
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NMDA receptor in turn leads to an enormous and sustained intracellular rise in Ca2+ (Mody and 

MacDonald, 1995), which in turn stimulates Ca2+ release from intracellular stores (endoplasmic 

reticulum) into the cytosol (Farooqui et al., 1994). With Ca2+-ATPase failure, Ca2+ accumulates 

within the cell, eventually activating various enzymes (i.e., proteases, phospholipases, 

endonucleases and nitric oxide synthase [iNOS]), which damages the cell membrane, nucleus 

and other organelles (Kristian and Siesjo, 1998). For instance, sustained activation of 

phospholipases results in the release of free fatty acids (i.e., arachidonic acid from phospholipase 

A2) from membrane phospholipids (Farooqui et al., 1994). Arachidonic acid in turn triggers 

uncontrolled arachidonic acid metabolism to produce free radicals (Grace, 1994). Indeed, rises in 

intracellular Ca2+ contribute to the production of free radicals in two ways. First, high Ca2+ levels 

lead to mitochondrial Ca2+ cycling, which increases mitochondrial production of free radicals 

(Richter and Kass, 1991). Second, Ca2+ converts xanthine dehydrogenase to xanthine oxidase, 

resulting in increased free radical production (Sussman and Bulkley, 1990).  

During postischemic reperfusion, the high-energy ATP load recovers rapidly and approaches 

normal levels within 15 minutes of normalization of blood flow (Siesjo and Ljunggren, 1973). 

Despite the normalization of cerebral blood flow and energy stores, reoxygenation by 

reperfusion has the potential to cause molecular damage through a second series of reactions. 

The absence of oxygen and nutrients from blood creates a condition in which the restoration of 

circulation leads to secondary changes that can potentially lead to molecular damage (i.e., 

inflammation and oxidative damage through the induction of oxidative stress). For instance, cell 

structure degradation is relatively restricted in the absence of oxygen, as is the case with 

polyribosomes, whose protein synthesis is seized during complete ischemia; with recirculation 

however, polyribosomes disaggregate (Kleihues et al., 1975).  
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Inflammation is a key player in the pathophysiological cascade of ischemic neuronal damage. 

Following global ischemia, neutrophil leukocytes infiltrate the regions of selective neuronal 

damage (Clarke et al., 1995), and microglia and astrocytes are activated, which last up to 4 

weeks (Morioka et al., 1992; Petito et al., 1990). Reactive oxygen species (ROS) generated 

during the excitotoxic phase contribute to the deterioration of the blood-brain-barrier (BBB) 

(Yang and Betz, 1994), which leads to vasogenic edema (Pappius, 1989). Vasogenic edema is 

then exacerbated by invading leukocytes (Shiga et al., 1991), and the edema in turn causes 

compression of and damage to tissue. The inflammatory cells synthesize and secrete 

proinflmmatory cytokines (interleukin (IL)-1β and tumoral necrosis factor (TNF)-α), and activate 

the isoform of iNOS, all of which can be neurotoxic. Very early after global ischemia IL-1β and 

TNF-α mRNA and proteins are upregulated within the hippocampus (Saito et al., 1996; Sairanen 

et al., 1997; Uno et al., 1997). Furthermore, beginning 3 days after global ischemia and 

persisting for up to 1 month, iNOS is expressed in reactive astrocytes within the hippocampal 

CA1 sector (Endoh et al., 1994). Anti-inflammatory drugs, anti-inflammatory cytokines and 

substances which either decrease the synthesis of proinflammatory cytokines or inhibit the 

activity of iNOS markedly reduce neuronal damage in response to global ischemia (Block et al., 

1997; Coimbra et al., 1996; Heinrich-Noack et al., 1996; Kohno et al., 1996).  

Diet has been shown to influence some of the aforementioned mechanisms, and by doing so, 

has been shown to potentiate or ameliorate brain injury. Hyperglycemia has been shown to 

increase intra- and extracellular acidosis (Myers, 1979; Siesjö, 1981, 1984), edema, and 

postischemic seizures (Siesjö, 1988, 1985). For instance, animals made hyperglycemic prior to 

forebrain ischemia show more rapidly maturing lesions, which are often pan-necrotic in nature, 

and extend to additional structures, such as the cingulated cortex, thalamus, and substantia nagra 
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(Inamura et al., 1987; Pulsinell et al., 1982; Smith et al., 1988). Protein-energy malnutrition and 

high-fat diets have been shown to increase levels of oxidative stress in the hippocampus 

following ischemia (Bobyn et al., 2005), and B-group vitamin supplementation given 

immediately post-stroke has been suggested to mitigate oxidative damage and inflammation 

(Ullegaddi et al., 2004). Furthermore, protein-energy malnutrition is thought to increase the 

inflammatory response of the brain to global ischemia (Bobyn et al., 2005). In addition, chronic 

pretreatment with blueberry, spinach, or spirulina for 4-weeks has been shown to attenuate 

ischemic brain injury in rats by reducing ischemic/reperfusion-induced apoptosis and cerebral 

infarction (Wang et al., 2005).   

Distinct neuronal populations have very different vulnerabilities to global ischemia. 

Following brief periods of global ischemia (~8 min), severe damage (~60%-100% necrosis) is 

seen throughout hippocampal CA4 sector cells, the subiculum, and anterior hippocampal CA1 

sector cells. In addition, the dorsolateral striatum, lateral reticular nucleus of the thalamus, and 

mid neocortical layers (layers III-V) are selectively damaged. Infarcts are not seen in the 

neocortical region; however, infarctions often can be seen in the thalamus, substantia nigra, pars 

reticularis, amygdala, entorhinal cortex, and septal nuclei. With prolonged ischemia (~20 min), 

neocortical infarction evolves between the anterior and middle cerebral arteries, tapering 

posteriorly, and cell death extends outside the aforementioned selectively vulnerable regions, 

such as to hippocampal CA3 cells, glia and even endothelial cells (Pulsinelli, 1982; Smith et al., 

1984). Hippocampal CA1 neurons are the most widely studied; they are one of the most 

vulnerable population of cells to global ischemic injury, are relatively easy to quantify (e.g., 

large and arranged in a laminar fashion), and are also the slowest to die (e.g., cell death can 

continue for months (Colbourne et al., 1999; Kirino, 1982; Pulsinelli et al., 1982a)). 
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1.6 ANIMAL MODELS OF GLOBAL ISCHEMIA 

Before therapies go to clinical trials, they must first be assessed in animals and deemed safe 

and effective. Thus, appropriate animal models of global ischemia, in which the pathophysiology 

mimics the human condition, are essential. Indeed, three widely used rodent models of global 

ischemia were established in the early 1980’s, which approximate the pattern of injury seen in 

the human condition rather well: the four-vessel occlusion (4-VO) in the rat, the two-vessel 

occlusion (2-VO) combined with hypotension in the rat, and the 2-VO in the gerbil.  

 The 4-VO involves permanent coagulation of the vertebral arteries (which has no deleterious 

effects) and temporarily (anywhere between 10-30 min) occluding the two common carotid 

arteries (Pulsinelli et al., 1982a). Blood flow is reliably <3% of control values in the 

hippocampus, striatum, and neocortex. The 2-VO in gerbils involves occluding both common 

carotid arteries, which is sufficient to induce a global cerebral ischemia because there are no 

posterior communicating arteries in gerbils (i.e., an incomplete circle of Willis). Changes in 

blood flow are similar to those in the rat models; blood flow in the hippocampus is ~4% of 

control values and <1% in the cortex (Kirino, 1982). The vessel occlusion models are often 

termed “incomplete ischemia” because of the residual blood flow. Indeed, “complete” models of 

global ischemia have been established where blood flow to the entire brain is zero or <1%, 

achieved by neck-cuff (Ljunggren et al., 1974), cardiac arrest (Ekholm et al., 1992), or by 

ligating or compressing all arteries stemming from the heart (Kawai et al., 1992).  

Although the three main models are technically not global, a large part of the forebrain is 

quite uniformly affected, and the histopathology, blood flow and metabolism thoroughly 

characterized (Araki et al., 1992; Kirino, 1982; Pulsinelli et al., 1982a,b; Smith et al., 1984). 

Ischemic durations of 3 minutes and 10 minutes in the gerbil and rat, respectively, cause 
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selective neuronal damage in the CA1 sector of the hippocampus (Pulsinelli et al., 1982a; Kirino, 

1982), which develops within 48-72 hr following ischemia (Kirino 1982). Twenty minutes of 

ischemia in rats leads to almost complete neuronal damage in the CA1 sector, and increased to 

20 – 30 minutes causes neuronal damage in the dorsolateral striatum of medium seized spiny 

striatal projection neurons (Chesselet et al., 1990; Pulsinelli et al., 1982a) and layers 3, 5 and 6 of 

the cortex (Pulsinelli et al., 1982a).  

The majority of global ischemic experiments have used rodents, although cats, rabbits, dogs 

and non-human primates have also been used. Several reasons support using rodents in global 

ischemic research. First, the anatomy between higher species, human included, and rodents does 

not differ markedly. Additionally, there is a higher social and ethical acceptance with rodents, 

lower costs, and a rather high homogeneity owing to inbreeding. 

 

 
1.7 BEHAVIOURAL DEFICITS 
 
 Many treatments appeared to provide neuroprotection following cerebral ischemia when 

histological endpoints were used (i.e., hypothermia, neuroprotective drugs); however, with the 

exception of hypothermia, these same treatments proved considerably less efficacious when 

functional endpoints were incorporated. Indeed, many stroke treatments showed considerable 

benefits in the experimental setting but failed to show such benefits in the clinical setting, owing 

partly to the over reliance on histological measures. Functional assessments help detect covert 

injury, can better predict histological outcome at earlier time points than histological data itself, 

and is the most important clinical endpoint. Experimental stroke studies must therefore assess 

behavioral outcome and its relation to histological outcome to optimize validity.  To do so, a 



17 

 

comprehensive histological and functional assessment at long survival should be employed 

(Corbett and Nurse, 1998).    

 A number of different tests are used to assess functional outcome following global 

cerebral ischemia. The Morris Water Maze (MWM), radial arm maze, T-maze, and their 

respective permutations, are often used to assess working (memory for information that is 

specific to the trial – a form of short-term memory) and reference memory (memory for spatial 

orientation and location). While each of these tests has components of both working and 

reference memory, the degree to which these tasks rely on working or reference memory in order 

to be successful varies. For instance, standard versions of the water maze and T-maze are used to 

assess spatial orientation (reference memory) and working memory, respectively.  

The MWM in particular has become one of the most frequently used laboratory tools in 

behavioural neuroscience to study spatial learning and memory. In 1982, Morris, Garrud, 

Rawlings, and O’Keefe found that hippocampal, but not superficial cortical lesions, resulted in 

profound and tenacious deficits in rats’ ability to locate a hidden platform, independent of motor, 

motivational and reinforcement factors. Since then, studies have also implicated the medial-

frontal cortex (Kolb et al., 1982; Sutherland et al., 1982, 1983), parietal cortex (Dimattia and 

Kesner, 1985), and total cortex (Whishaw and Kolb, 1984) with respect to reference memory in 

the MWM.  Morris water maze performance has also been shown to be influenced by various 

factors. For instance, nutrition has been found to alter MWM performance. Coscina and 

colleagues (1986) found that rats fed a diet rich in polyunsaturated fat, but not a saturated fat or 

control diet, demonstrated a faster rate of learning in the standard reference-memory procedure 

of the MWM. Other features of the MWM make it superior to other more traditional procedures 

such as the T-maze or radial-arm maze (Hagan et al., 1986; Panakhova et al., 1984; Sutherland & 
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Dyck, 1984). For one, the MWM task only requires a few trials to master, as it is relatively 

simple to solve. However, in situations where behavioural impairments may not be as 

pronounced (e.g., smaller stroke), permutations to the MWM task can be applied that make it 

more difficult (e.g., moving the platform every 2 days as opposed to keeping the platform in the 

same location throughout testing). This can serve to make the task more sensitive to detecting 

small but very real treatment effects, as opposed to finding that all rats recover and there are no 

deficits as the task was too easy.  Second, there are several independent measures of spatial 

learning and memory (e.g., latency, path length, directionality), and can all be easily recorded. 

Third, the demands placed upon the spatial localization system are much stronger than in a T-

maze for example; and so the task cannot be solved efficiently by using non-spatial strategies, 

like fixed response or odour trails.  

Post-global ischemic rats do not show persistent sensory motor deficits as damage in the 

cortex and striatum are generally not that severe. For instance, Capdeville and colleagues (1986) 

assessed sensorimotor function following global ischemia by testing for several functions (i.e., 

grasping, several placement reactions, righting reflexes, two equilibrium tests, flexion reflex and 

spontaneous motility). Three hours following global ischemia, rats’ scores were reduced 

markedly; however, at 24, 48 and 72 hr after ischemia no differences were detected relative to 

preischemic scores. However, hippocampal CA1, CA4 and hilar regions are severely damaged 

following global ischemia, which results in long-lasting and profound memory impairments.   

 

 
1.8 OBJECTIVE OF THE PRESENT THESIS 
 

The purpose of this thesis was to examine the effects of a western diet (WD) on global 

cerebral ischemia. Nutrition has not only been shown to modify one’s risk of an ischemic event, 
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it has also been shown to influence outcome following different forms of brain injury. For 

instance, protein energy malnutrition (PEM) has been shown to exacerbate functional 

impairments following global ischemia in gerbils (Bobyn et al., 2005), while caloric restriction in 

rats has been shown to attenuate injury and improve functional outcome following focal 

ischemia (Yu and Mattson, 1999). Saturated fat was shown to exacerbate injury and cognitive 

deficits in a model of traumatic brain injury in rats (Wu et al., 2003). Accordingly, certain dietary 

manipulations have the capacity to attenuate injury, while others may aggravate injury. This 

suggests that outcome following stroke may be improved by following particular dietary 

regimens and/or avoiding others.  

The effects of a WD in normal (i.e., un-injured) rats has been evaluated by several groups 

(Greenwood and Winocur, 1990, 1996; Molteni et al., 2002; Winocur and Greenwood, 1993), 

who showed the WD resulted in persistent and widespread spatial learning and memory 

impairments, which have been associated with decreases in brain-derived neurotrophic (BDNF) 

levels (Molteni et al., 2004).  

The effects of a WD in global cerebral ischemia have yet to be established. Thus, I sought 

to evaluate the effects of a WD on cell death and spatial learning and memory in the 2-VO model 

of global ischemia in rats. However, a WD can influence outcome indirectly (i.e., via 

cardiovascular dysfunction such as increasing blood pressure), as well as directly (i.e., on neural 

function) (Molteni et al., 2002). Indeed, to establish the influence of a WD  independent of any 

cardiovascular effects, factors which have been shown to influence outcome (i.e., glucose levels, 

blood pressure, temperature) were kept within normal (i.e., healthy) ranges for the duration of the 

experiment. The MWM task was selected to assess learning and memory deficits following 

global ischemia. Briefly, and as mentioned in the preceding section, the MWM task is sensitive 



20 

 

to spatial learning and memory impairments following hippocampal damage (Morris et al., 

1982), a region commonly compromised following global ischemia. Additionally, nutritional 

factors can influence performance in the MWM task (Coscina et al., 1986). The maturation of 

injury in the hippocampus is well established, and can be seen up to one month following 

ischemia (Colbourne et al., 1999; Kirino, 1982; Pulsinelli et al., 1982a). For this reason, spatial 

learning and memory was evaluated acutely (i.e., 2 weeks following cerebral ischemia) and 

chronically (i.e., 4 weeks following cerebral ischemia), for a more comprehensive assessment of 

functional outcome.  
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2.1 INTRODUCTION 

Global ischemia (ISC), such as occurs with cardiac arrest, causes selective bilateral 

lesions in the CA1 zone of the hippocampus and profound anterograde amnesia (Zola-Morgan et 

al., 1986). Clinical trials directed at reducing the extent of neuronal damage by means of 

pharmacological agents have proven unsuccessful. In lieu of this, attention has been drawn to 

various modifiable risk factors, such as nutrition. Nutrition influences cerebral ischemia through 

several mechanisms, such as altering blood pressure (BP), insulin resistance, inflammation, and 

oxidation (Ding and Mozaffarian, 2006). 

The average popular diet of most industrialized western societies, rich in saturated fat 

and/or refined sugar, is potentially harmful to the brain (Greenwood and Winocur, 1990, 1996; 

Molteni et al., 2002; Morris et al., 2004; Winocur and Greenwood, 1993, 1999), via an indirect 

effect of a high-fat diet on cardiovascular dysfunction (e.g., atherosclerosis), and a direct effect 

of a high-fat diet on neural function (Molteni et al., 2002). Epidemiological stroke studies on 

diets high in saturated fat have been inconclusive. With increased saturated fat intake, some 

reported a lower risk of cerebral ischemia (Gillman et al., 1997; Reed, 1990). Similarly, several 

studies have found a lower mortality (McGee et al., 1985; Reed et al., 1988; Sauvaget et al., 

2004), whereas others report no significant association between incidence and mortality from 

cerebral ischemia and consumption of saturated fat (He et al., 2003).  

In addition to affecting stroke risk, dietary manipulations have the capacity to attenuate or 

aggravate injury. Thus, outcome following stroke may be improved by following particular 

dietary regimens and/or avoiding others. For instance, Yu and Matson (1999) showed that caloric 

restriction attenuated injury and improved functional outcome after focal ischemia in rats. Bobyn 

and colleagues (2005) found that PEM impaired functional outcome in an open field test in 
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gerbils as long as 10 days following global ISC. Wu and colleagues (2003) showed that a 

western diet (WD) further exacerbated injury and cognitive impairments following traumatic 

brain injury. Specifically, they found that relative to controls, rats fed a WD for 4 weeks had 

longer escape latencies in the Morris water maze (MWM) and significant reductions of brain-

derived neurotrophic factor (BDNF) mRNA in the CA3 and dentate gyrus one week following 

traumatic brain injury (Wu et al., 2003). These findings are in line with additional animal 

research on WDs, which compromise neuronal function by increasing levels of oxidative stress, 

reducing levels of BDNF, and consequently impairing spatial learning and memory (Molteni et 

al., 2002). Indeed, Greenwood and Winocur (1990) and Winocur and Greenwood (1993) showed 

that providing postweanling rats a WD for 3-months caused severe and widespread learning and 

memory impairments on numerous tests. Specifically, these authors found that rats fed the 

largest amount of saturated fatty acids performed the worst relative to rats fed a poly- or 

monounsaturated fatty acid diet (Greenwood and Winocur, 1996). Molteni and colleagues (2004) 

also showed that a 2-month WD impaired spatial learning performance in the MWM.  

The effects of a WD in global cerebral ISC have yet to be established. Thus, in the 

present study we sought to delineate the impact of a WD in a well established 2-VO model of 

global ISC (Smith et al., 1984). This study consisted of 2 experiments. In both experiments rats 

were placed either on a WD or a low-fat control diet (CD). Since outcome following ISC can be 

influenced by changes in temperature (Colbourne et al., 1997), glucose (Li and Siesjö, 1997) and 

activity levels (Gerhardt and Boast, 1988; Weber et al., 1989), it was imperative to establish 

these profiles in non-ischemic (NO-ISC) animals fed the WD and CD. Thus, experiment 1 

evaluated the influence of each diet on temperature, activity, and glucose levels, spatial learning 

and memory, and hippocampal CA1 cells. Experiment 2 assessed the impact of a WD on the 
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severity of hippocampal CA1 damage and spatial learning and memory following 8 minutes of 

forebrain ischemia. We predicted that a WD alone would have no significant effects on 

temperature, activity, and glucose levels. However, based upon previous literature (Greenwood 

and Winocur, 1990, 1996; Molteni et al., 2002; Winocur and Greenwood, 1993), we predicted 

that a WD would impair spatial learning and memory. In experiment 2, based upon findings from 

Wu and colleagues (2003), we predicted that a WD would affect residual CA1 neurons along 

with other hippocampal regions (e.g., CA3), and thus impair spatial learning and memory even 

further. 

 

2.2. MATERIALS AND METHODS  

2.2.1 Animals 

Thirty-five male Sprague-Dawley rats (Biosciences Breeding Colony, Edmonton, 

Alberta, Canada), weighing 45-55 g at the time of arrival, were used in this study. Animals were 

housed in groups of 4 to 5 until surgery and maintained on a reverse 12-h light/dark cycle (lights 

on at 10:00 PM) with free access to water. All procedures followed the Canadian Council for 

Animal Care guidelines and were approved by the Biosciences Animal Care and Use Committee 

at the University of Alberta. 

 

2.2.2 Diet  

Immediately upon arrival, animals in all experiments were placed on a WD (5TJN, 

Western diet for rodents, TestDiet, Richmond, IN) or CD (5TJS, low fat control for WD, 

TestDiet, Richmond, IN). The two diets were isocaloric, but differed slightly in energy density. 

Percent energy (kcal/g) from protein was similar between the WD and CD (16%). The CD 
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contained 72% energy from carbohydrate and 12% energy from fat. Conversely, the WD 

contained 44% energy from carbohydrate and 40% energy from fat. Energy density of the WD 

was 4.49 (kcal/g) and 3.84 (kcal/g) for the CD. However, the amount of vitamins, minerals, fiber 

and cholesterol per kilocalorie remained equal between the two diets. Animals were fed their 

respective diets ad libitum throughout the entire experiment, unless otherwise stated. Food 

intake, however, was not measured throughout the study.    

 

2.2.3 Body weight measurements  

Body weight (g) was measured everyday for 7 consecutive days after arrival, and then on 

a weekly basis until euthanasia. Body weight was also measured at the time of surgery (e.g., 

core-probe implantation or ISC) and everyday thereafter until animals returned to their pre-

surgical weight.  

 

2.2.4 Experiment 1 

We examined the effects of a 60-day WD regimen on core temperature, activity, glucose 

levels and cognition. The NO-ISC animals were fed their respective diets for 30 days, at which 

time a core telemetry probe was implanted.  

 

i. Core Temperature Telemetry Probe Implantation 

Aseptic surgical techniques were used throughout (e.g., autoclaved or hot-bead sterilized 

instruments, autoclaved surgical drapes). Animals had sterilized core telemetry probes (model 

TA1OTA-F40; Data Sciences, St. Paul, Minn.) implanted into the peritoneal cavity. Briefly, rats 

were anesthetized (~20 min) with isoflurane (1.5%–2% maintenance in 30% O2 and 70% N2O) 
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and a 2 cm incision was made in the abdomen into which the sterilized probe was implanted. The 

muscle was sutured closed and then infiltrated with Marcaine (Sanofi Canada, Markham, ON, 

Canada). The skin was then closed and treated with a topical antibiotic. These probes remained 

in situ until euthanasia. For 30 consecutive days after core probe implantation, temperature and 

activity were sampled every 5 minutes by an automated system (DQ3 System, Data Sciences) 

previously described (Colbourne et al. 1993). The 24-hour periods for temperature and activity 

were averaged and analyzed. 

 

ii.. Blood Glucose 

Following core-probe surgery, animals’ blood glucose levels were measured each week 

for 3 weeks. Animals were briefly anesthetized (~1-3 min) with isoflurane (1.5%–2% 

maintenance in 30% O2 and 70% N2O) and venous blood samples (approximately 100 µL) were 

collected in heparinized capillary tubes to measure blood glucose levels via a Radiometer 

ABL810 blood gas analyzer (Radiometer, Copenhagen, Denmark).  

 

iii. Morris Water Maze (MWM) 

At 2 and 4-weeks after surgery, rats were tested in a modified version of the MWM task 

(Morris et al., 1982). Animals were placed snout towards the black circular pool (~140 cm 

diameter) containing water (~27±1˚C; Brown & Whishaw, 2000). The submerged black platform 

(~1.5 cm below the surface of the water; ~14 cm in diameter) was maintained in the same 

location throughout the hidden platform training allowing for the assessment of learning over 

four days. Following the last trial on the last day, a 60 s probe trial was conducted whereby the 

platform was removed from the pool and the amount of time spent swimming in each quadrant 



40 

 

was measured allowing for the assessment of memory retention. Animals that learn the task will 

spend most of the 60 s trial searching for the platform in the target quadrant. After completion of 

the hidden platform training and probe trial, we administered one day of visible platform training 

to assess motivation and swim speed. Rats received 4 trials a day and were released from a 

different quadrant around the perimeter of the pool in a random sequence. The maximum trial 

length for the hidden and visible platform trials was 90 s, with an inter-trial time of 1 min. If the 

rat failed to locate the platform within the given time, the rat was removed from the water and 

placed on the platform for 10 s before returning to the holding cage. Animals that successfully 

found the platform also remained on the platform for 10 s before being returning to the holding 

cage. Latency to locate the platform was measured.   

 

2.2.5 Experiment 2 

We examined the effect of a 60-day WD diet regimen on the severity of hippocampal 

CA1 injury and functional outcome following ISC in 19 rats. These animals were fed their 

respective diets for 30 days at which time ISC was induced using a modified 2-Vessel Occlusion 

(2-VO) model developed by Smith et al. (1984).  

 

i. Forebrain Ischemia (ISC) 

Animals were subjected to food deprivation (~ 12 hr) prior to surgery in order to lower 

glucose levels into a consistent range (4 – 8 mmol / L). Rats were anesthetized (~ 45 min) with 

isoflurane (1.5%–2% maintenance in 30% O2 and 70% N2O) and placed on a heated water 

blanket (model TP3E, Gaymar, NY) with feedback control from a thermocouple probe (HYPO-

33-1-T-G-60-SMG-M, Omega, Stanford, CT) placed subcutaneously on the skull (centre). A 
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model CSC-32 (Omega) feedback regulator maintained skull temperature (Ts) near 37.5°C via an 

infrared lamp (175 W) to minimize an unwanted drop in brain temperature during ISC, which 

would have lessened injury. A 2-cm incision was made along the ventral midline of the neck and 

the common carotid arteries were isolated. Mean arterial blood pressure (MABP) was measured 

via a tail artery cannula kept patent by heparinized saline. Ischemia was achieved by transient 

bilateral carotid artery occlusion and systemic hypotension (35-45 mmHG; BP-1, World 

Precision Instruments, Sarasota, FL). Systemic hypotension was produced by withdrawing blood 

from the jugular vein into a heparinized syringe. Following an eight minute 2-VO, clamps were 

removed and blood was slowly re-infused. Arterial blood samples (approximately 100 µL each) 

were taken to measure blood pH, pCO2, pO2, hemoglobin (ctHb), and glucose levels before and 

after ISC.  

 

ii.  Morris Water Maze 

Behavioural testing was identical to that described in experiment 1.  

 

2.2.6 Histopathology 

Rats were euthanized 60 days after the initiation of feeding using an overdose of sodium 

pentobarbital (100 mg/kg i.p.) and transcardially perfused with 0.9% saline followed by 10% 

neutral-buffered formalin. Extracted brains were embedded in paraffin. Subsequently, 6-µm 

coronal sections were cut and stained with hematoxylin and eosin. One section at -3.60 mm to 

Bregma (Paxinos and Watson, 1998) was chosen in which CA1 sector injury was determined. 

Injury at this level has been shown to correlate highly with injury at more anterior and posterior 

injury (Colbourne and Corbett, 1995). Viable (healthy-looking, non-eosinophilic) CA1 sector 
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pyramidal neurons were counted in medial (next to the subiculum), middle, and lateral regions 

(next to the CA2 zone) of the CA1 zone of both hemispheres. The number of CA1 sector neurons 

was summated over the left and right hemispheres and expressed as a percent of normal (e.g., 

non-ischemic animals in experiment 1). The researcher was blinded to the group identity.  

 

2.2.7  Statistics  

Temperature, activity, and glucose levels (experiment 1 only) were analyzed using a 

Student’s t-test. Correlations between temperature and activity were achieved by using a 

Pearson’s correlation. Physiology (e.g., glucose levels, MABP), histology, body weight, and 

MWM data were analyzed using ANOVA (SPSS, v. 15.0. Chicago, Ill.). A p-value of 0.05 was 

considered statistically significant. All data are reported as mean ± SEM.  

 

2.3 RESULTS 

2.3.1  Experiment 1 

i. Protocol violations and mortality 

No rats were excluded from this experiment. The group sizes were as follows: WD (n=8) 

and CD (n=8) group.   

 

ii.  Body weight measurements  

Rat body weight (Figure 2.1) was analyzed using a 2-factor ANOVA (Diet; Time: arrival, 

days 7, 14, 21, 28, surgery, 35, 42, 56 and euthanasia). There was a significant Time effect 

(p<0.001) as animals gained weight as they aged. There was no significant Diet × Time 

interaction (p=0.127) or a Diet main effect (p=0.129).  
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iii. Glucose Values 

Three weekly venous blood samples were collected from rats to measure whether there 

were any differences in blood glucose levels between animals consuming the WD and CD. There 

was no significant main effect of diet at any time (data not shown) with the average values being 

very similar at 9.89 ± 0.24 and 9.14 ± 0.24 in the WD and CD groups, respectively (t-test: 

p=0.058). 

 

iv. Temperature and Activity  

Temperature (Figure 2.2A) and activity (Figure 2.2B) were analyzed using an 

independent student’s t-test, which revealed that the overall 30-day temperature profile was not 

significantly different (p=0.726) between animals fed the WD (37.4 °C ± 0.1) versus the CD 

(37.3 °C ± 0.1). However, activity levels were significantly different (p<0.001) between the WD 

(2.0 ± 0.1) and CD (3.2 ± 0.2). A Pearson’s correlation analysis revealed that temperature and 

activity were significantly correlated in both the WD (r=0.840, p<0.001) as well as the CD 

(r=0.707, p<0.01). Thus, as expected, it is likely that activity changed core temperature, as the 

more active animals were, the warmer they became.  

 

v. Morris Water Maze 

A repeated measures ANOVA was used to analyze the swim latency data. Collapsing 

across trials, learning acquisition (Figure 2.3A and 2.3B) was analyzed using a 3-factor ANOVA 

(Diet; Week: 2 and 4 weeks post surgery; and Day: 4 days of testing). There was no significant 

main effect of Diet (p=0.368). There was a significant Week × Day interaction (p<0.001), but no 
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significant interaction effect involving Diet (p≥0.092). Memory retention (Figure 2.3C), assessed 

via a probe trial, was analyzed using a 2-factor ANOVA (Diet, Week).  There was no significant 

Week × Diet interaction (p=0.468), or a main effect of Week (p=0.492) or Diet (p=0.561). 

Animals fed the WD and CD spent an equal amount of time swimming in the target quadrant, 

which did not vary considerably between weeks. Collapsing across trials, the visible platform 

(Figure 2.3D) was analyzed using a 2-factor ANOVA (Diet, Week), which revealed no 

significant Week × Diet interaction (p=0.647), and no main effect of Week (p=0.146) or Diet 

(p=0.103). Thus, as per the visible platform, the WD and CD did not significantly influence 

motivation and swim speed.   

 

vi. Histopathology 

No hippocampal CA1 pathology was observed in non-ischemic control rats given either 

CD or a WD (Figure 2.4A), and cell counts were not significantly different between the two diet 

groups (p=0.762).  

 

2.3.2  Experiment 2 

i. Protocol violations and mortality 

Five rats were excluded owing to surgical problems with isolating and catheterizing the 

tail artery. The remaining group sizes were as follows: WD (n=11) and CD (n=8). 

 

ii.  Body weight measurements  

Rat body weight (Figure 2.1B) was analyzed using a 2-factor ANOVA (Diet factor; Time 

factor: arrival, days 7, 14, 21, 28, surgery, 35, 42, 56 and euthanasia). There was no overall main 
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effect of Diet (p=0.140); however, there was a significant Time effect (p<0.001) and Diet × Time 

interaction (p<0.001). Owing to the significant interaction, the data were analyzed for each time 

point to determine when diet affected body weight. Significant differences occurred at day 7 

(p=0.019), day 14 (p=0.019) and euthanasia (p=0.016). At euthanasia, animals fed the WD 

weighed ~60 g more than animals fed the CD.  

 

iii.  Physiology 

Physiological variables during surgery are given in Table 2.1. Blood pH, pCO2, pO2, 

concentration of total ctHb, cGlu, Ts and MABP were the same for animals maintained on the 

WD and CD (p≥0.358).   

 

iv.  Morris Water Maze 

A repeated measures ANOVA was used to analyze the swim latency data. Collapsing 

across trials, learning acquisition (Figure 2.3A and 2.3B) was analyzed using a 3-factor ANOVA 

(Diet, Week and Day). There was a significant Week × Day interaction (p<0.001), but no 

influence of Diet (p≥0.545) and no main effect of Diet (p=0.177). Memory retention (Figure 

2.3C), assessed via a probe trial, was analyzed using a 2-factor ANOVA (Diet, Week). There 

was no significant Week × Diet interaction (p=0.140), or a main effect of Diet (p=0.864). 

However, there was a significant main effect of Week (p=0.043). Animals spent more time 

swimming in the target quadrant on day 16 post-surgery than on day 29 post-surgery. Collapsing 

across trials, the visible platform (Figure 2.3D) was analyzed using a 2-factor ANOVA (Diet, 

Week), which revealed no main effect of Week (p=0.274) or Diet (p=0.121), and no significant 



46 

 

Week × Diet interaction (p=0.113). Thus, as per the visible platform, the WD and CD did not 

significantly influence motivation and swim speed. 

We were also interested in examining any differences in latency scores between ISC and 

NO-ISC animals. Collapsing across trials, learning acquisition was analyzed using a 3 factor 

ANOVA (Group, Week and Day). There was a significant Week × Day × Group interaction 

(p<0.001). Accordingly, the data were analyzed separately for each time point to determine when 

differences between the two groups existed. On day 13 (p<0.001) and 14 (p=0.035) post-surgery, 

NO-ISC animals were able to locate the platform much faster than ISC animals. By day 15 this 

effect was no longer present (p=0.845), and did not reappear thereafter. The probe trial, analyzed 

using a 2 factor ANOVA (Group; Week), revealed a significant Group main effect (p<0.001) 

with a non-significant Week main effect (p=0.553) and a non-significant interaction (p=0.089). 

NO-ISC animals spent more time swimming in the target quadrant than ISC animals, indicating 

that the NO-ISC animals retained more information regarding the location of the hidden platform 

obtained over the 4 days of learning acquisition training. A 2 factor ANOVA (Group, Week) for 

the visible platform training data revealed no main effect of Week (p=0.388) or Group 

(p=0.484), nor a significant Week × Group interaction (p=0.651). Swim speed and motivation 

did not differ significantly between NO-ISC and ISC animals for the duration of testing.  

 

v. Histopathology 

Eight minutes of ISC induced severe CA1 sector necrosis (~92%; p<0.001 for ISC vs. 

NO-ISC animals), which was not different between rats fed the WD and CD (Figure 2.4A; 

p=0.363).   
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2.4 DISCUSSION  

This is the first study to assess whether a WD, in the absence of other risk factors 

associated with cardiovascular dysfunction (e.g., arthrosclerosis, hyperglycemia and altered BP), 

influences functional recovery and hippocampal CA1 injury following global ISC. We showed 

that a WD did not potentiate the deleterious effects of an 8 minute insult, which killed 

approximately 92% of hippocampal CA1 neurons resulting in transient spatial learning deficits 

(e.g., up to 14 days post-stroke), and long-lasting memory impairments (e.g., up to 30 days post-

stroke) in rats. On days 13 and 14 post-stroke, ISC animals took significantly longer to locate the 

hidden platform, which assesses spatial learning; by day 15 post-stroke, ISC animals’ latency 

scores did not differ from NO-ISC animals. This indicates that ISC animals successfully learned 

the location of the hidden platform. We assessed memory retention in a probe trial, which 

involved removing the hidden platform from the pool and measuring the amount of time the 

animals spent swimming in the target quadrant. In the present study, the probe trial revealed that 

ISC animals spent significantly less time swimming in the target quadrant up to 30 days post-

stroke. Therefore, ISC resulted in long-lasting spatial memory deficits. A WD did not exacerbate 

spatial learning and memory impairments or cell loss as compared to animals maintained on the 

CD. These findings suggest that a WD, initiated 30 days prior to ISC, and provided for a total of 

60 days, does not aggravate histological and functional outcome following global ISC. 

Our findings are different from those of Wu and colleagues (2003), who showed that a 

high-fat and sucrose diet aggravated injury and spatial learning following traumatic brain injury. 

Upon closer examination, the disparity between the WD used in the present study and the high-

fat and sugar diet used in a study of Wu et al. (2003) may have contributed to the different 

outcome. In the present study, the approximate energy from fat and sucrose was 40% and 7%, 
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respectively; in the study of Wu et al. (2003), the approximate energy from fat and sucrose was 

39% and 40%, respectively. A diet with high amounts of refined sugar may have induced 

hyperglycemia, and research over the past two decades has already established that preischemic 

hyperglycemia aggravates damage following ISC by enhancing intra- and extracellular acidosis 

(Myers, 1979; Siesjö, 1981, 1984), edema, and postischemic seizures (Siesjö, 1988, 1985). Our 

goal was to establish the effects of high saturated fat diet in global ISC while controlling for 

factors such as hyperglycemia, which is already known to exacerbate injury. Indeed, Wu and 

colleagues (2003) did not measure peri-insult glucose levels, which may have been a factor in 

their study. In addition, the different models of brain injury, and their varying pathophysiologies, 

must also be taken into consideration.  

We also found that a sustained 60-day WD regimen alone, beginning post-weanling, did 

not notably influence the number of hippocampal CA1 sector neurons or spatial learning and 

memory. These findings do not mirror previous work (Greenwood and Winocur, 1990, 1996; 

Molteni et el., 2002; Winocur and Greenwood, 1993), which showed that a high fat diet alone 

induced severe learning and memory impairments. However, animals in Greenwood and 

Winocur’s (1990, 1996) and Winocur and Greenwood’s (1993) experiments were fed for 

approximately 4.5 months before any cognitive testing was initiated, whereas in our study 

animals were only fed for 1.5 months at the time of behavioural testing. The aforementioned 

authors used post-weanling rats and a diet high in saturated fat (e.g., 40% energy from fat), and 

found that rats fed a high fat diet performed poorly on the radial arm maze (Greenwood and 

Winocur, 1990), a standard hippocampus-sensitive test of spatial memory. The present study also 

used post-weanling rats, along with using a test reliant primarily on hippocampal function (e.g., 

MWM), and provided a diet similar in fat composition. Thus, it is possible that the duration of 
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feeding in our study was too short to have an appreciable effect on neuronal plasticity and 

cognitive function. However, Molteni and colleagues (2002) found significant impairments in 

spatial learning and memory retention in the MWM task as early as 1 month following the 

consumption of a diet high in saturated fat and refined sugar, a deficit that was even more 

pronounced at 2 months. In addition, they found that a high-fat, high sucrose diet significantly 

reduced levels of hippocampal BDNF mRNA and protein, which correlated significantly with 

longer escape latencies and greater cognitive impairments. Although we did not measure 

hippocampal BDNF mRNA or protein levels, the present study did not detect spatial learning 

and memory impairments in the animals fed a WD as compared to animals maintained on a CD 

at 1.5 months into the diet regimen. Again, this may be due to nutritional differences in the diets, 

particularly the large amount of refined sugar in the study of Molteni et al. (2002), which was not 

the main nutritional constituent of the diet provided in the present study. 

 It is also possible that the MWM protocol used in the present study was unable to detect 

small treatment effects. For instance, ISC animals in experiment 2 located the hidden platform as 

quickly as NO-ISC animals as early as 3 days into testing (day 15 post-surgery). A moving 

platform paradigm, incorporating more trials per day (e.g., 10 trials per day), may have been a 

better measure to detect subtle, but very real differences in mean latency scores between the 

animals on the WD versus the CD. As suggested by Winocur and Greenwood (1999), the Olton’s 

radial arm maze, the Hebb-Williams complex maze series, and a variable-interval delayed 

alternation test are all sensitive to the deleterious effects of high-fat diets. Thus, future work 

should consider incorporating one or more of these tests as they have been shown on numerous 

occasions (Greenwood and Winocur, 1990, 1996; Winocur and Greenwood, 1993) to be 
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sensitive not only to high-fat diets, but also sensitive to differences between types of fats (e.g., 

polyunsaturated versus saturated fats).  

In summary, a WD provided for 60 days failed to notably influence both histological and 

cognitive outcome in the 2-VO model of global ISC. While nutrition has been shown to interact 

with different forms of brain injury to exacerbate injury in animals (global ischemia and protein 

energy malnutrition by Bobyn et al. 2005; traumatic brain injury and high fat diet by Wu et al., 

2003), and humans (e.g., Alzheimer’s disease and high fat diets by Kalmijn et al., 1997 and 

Morris et al., 2003), we showed that a WD did not enhance brain damage and cognitive 

impairments following global ISC. Even with the majority of CA1 cells killed, one would still 

expect the WD to have deleterious physiological effects on the remaining CA1 neurons and on 

other hippocampal regions and thus aggravate learning and memory.  Indeed, CA1 sector injury 

following ISC is less severe at more posterior levels of the hippocampus, and therefore injury 

should have been assessed there. However, we know that the MWM is a task of spatial learning 

and memory, which relies primarily on the hippocampus. Since we did not observe any spatial 

learning and memory impairments between the WD and CD in either experiment, this lends 

support to the notion that a 60-day WD did not have deleterious effects on neural plasticity and 

cognition. Nevertheless, before any definitive conclusions can be made regarding the impact of a 

WD in stroke, several factors must be delineated. First, longer feeding protocols (e.g., 4 months 

and greater) must be evaluated. Note that potentially-important physiological confounds, 

including glucose and temperature, must be considered in such studies as the duration of the diet 

and interactions with ischemia might lead to important differences from that found in our first 

experiment. Second, the effects of a WD must also be assessed in other types of strokes since the 

pathophysiology varies substantially between them (e.g., global ISC, focal ISC, hemorrhagic 
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stroke). Lastly, tasks that have been previously shown to be sensitive to the negative effects of a 

high-fat diet should be used.  
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2.5 FIGURES 

Figure 2.1 

 

 

Figure 2.1: Body weight (mean ± SEM) for NO-ISC (A) and ISC (B) animals at several times 

throughout the study (“Surg” = surgery). Both NO-ISC and ISC animals gained a significant 

amount of weight over time. In the ISC group only, animals fed the WD were significantly 

heavier than animals fed the CD at euthanasia (* p<0.05). 
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Figure 2.2 

 

 

Figure 2.2: Average 24 hour temperature (A) and activity (B) profiles of NO-ISC animals fed the 

WD and CD from day 30 – 60 measured via a telemetry probe. While basal temperature levels 

were approximately equal for WD and CD rats, activity levels were significantly decreased in the 

WD animals. See Results for statistics.  

 



54 

 

Figure 2.3 

 

Figure 2.3: Spatial learning and memory for NO-ISC and ISC animals. Learning acquisition (A, 

B; sec, mean ± SEM), memory retention (C; %, mean ± SEM), and visible platform latencies (D; 

sec, mean ± SEM) at 2 and 4 weeks post surgery were not influenced by diet in either the NO-

ISC or ISC animals. However, 8 min of ISC induced spatial learning deficits at day 13 and 14 

post-stroke as compared to NO-ISC animals at the same time point. Forebrain ISC also 

significantly decreased the amount of time animals spent swimming in the target quadrant as 

compared to NO-ISC animals. However, visible platform latencies were not different between 

ISC and NO-ISC animals. See Results for statistics. 



55 

 

Figure 2.4 

 

 

 

Figure 2.4: Average (± SEM) CA1 sector cell counts (A) in NO-ISC (B) and in rats subjected to 

8 min of ISC (C) at a 30 day survival time following the insult. Ischemia caused massive CA1 

sector injury that was not significantly affected by diet. Scale bar = 50 µm. The medial CA1 

sector is shown at -3.60 mm to Bregma. 
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2.6 TABLE 2.1 Physiological variables (mean ± SEM) measured during ISC surgery (pH; pCO2, 

MABP and pO2 are in mmHg; glucose is given as mmol / L; ctHb as g / dl; Ts as °C). None of 

the variables were significantly different between the WD and CD rats 

 
 
 

 pH pCO2 pO2 cGlu ctHb Ts MABP 
WD 7.36 ± 

 0.01 
39.0  
± 1.2 

126.6  
± 1.6 

7.8  
± 0.7 

12.6 
± 0.2 

38.2  
± 0.1 

42.0  
± 1.0 

CD 7.35 
 ± 0.01 

38.5  
± 1.0 

127.1 
 ± 3.1 

7.2 
 ± 0.7 

12.8  
± 0.1 

38.1 
± 0.1 

42.7  
± 1.0 
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3.1 INTRODUCTION 

In the previous chapter, we examined the effects of a diet high in saturated fat on stroke 

severity and functional outcome. Results suggested that a WD did not exacerbate hippocampal 

CA1 damage nor spatial learning and memory deficits in the MWM task following global 

ischemia. A thorough review of the existing literature on WDs and its associated negative effects 

on the brain highlighted several imitations with our study. Briefly, feeding duration proved to be 

consistently and markedly longer in other experiments (Greenwood and Winocur’s, 1990, 1996l; 

Winocur and Greenwood’s, 1993) as compared to our experiment. Specifically, these studies 

used a diet similar in composition to the one used in our study (i.e., ~40% energy from fat), but 

fed animals 3 months longer than we did before any cognitive testing was instituted. Others (e.g., 

Molteni et al., 2002; Wu et al., 2003) who have found significant deleterious effects of WDs as 

early as 1.5 months after initiating feeding were using diets different in nutritional composition 

to the diet we used (i.e., high in saturated fat and refined sugar versus simply high in saturated 

fat). Importantly, a 4.5 month feeding protocol in rats will be more clinically relevant, and thus 

serve to more accurately reflect the human condition. For instance, a two-week diet comprised of 

fast-food like meals is not as likely to influence recovery following stroke as a two month diet 

would. Indeed, we are interested in delineating the effects of a more long-term chronic WD 

regimen, and how this affects brain damage and functional outcome following stroke. Thus, for a 

WD to have an appreciable effect on neuronal plasticity and cognition, a longer feeding protocol 

is necessary.  

Two additional limitations in chapter two may have clouded the results. One, the MWM 

protocol that was employed in chapter two might not have been sensitive enough. For instance, 

ISC animals’ latencies were comparable to that of our NO-ISC animals (i.e., unoperated 
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controls) by as early as day 3 into testing. If a behavioural measure fails to reveal acute 

impairments between animals with and without ischemic injury, the likelihood that this same 

measure will effectively detect any dietary influences is very slim. For this reason, a more 

demanding MWM protocol is essential. Lastly, in chapter two, 92% of CA1 cells were abolished. 

If diet did have an effect on the degree of CA1 damage sustained, it would have been difficult to 

determine this owing to a possible floor effect. For this reason, CA1 sector injury following 

ischemia should be assessed at more posterior levels of the hippocampus, where injury is less 

severe and treatment effects can be detected (Corbett and Nurse, 1998).  

With these modifications in place, we endeavoured to investigate the effects of a 120-day 

HF diet regimen on stroke severity and functional outcome following global ischemia. Animals 

were fed their respective diets for 90 days, at which point a forebrain ischemia was induced, and 

twenty days later cognitive deficits evaluated. We predicted that a WD would aggravate CA1 

cell death and spatial learning and memory impairments.   

 

3.2 MATERIALS AND METHODS 

3.2.1  Animals 

Thirty-six male Sprague-Dawley rats (Biosciences Breeding Colony, Edmonton, Alberta, 

Canada), weighing 60-80 g at the time of arrival, were used in this study. Animals were housed 

in groups of 4 to 5 until surgery and maintained on a reverse 12-h light/dark cycle (light on at 

10:00 PM) with free access to food and water. All procedures followed the Canadian Council for 

Animal Care guidelines and were approved by the Biosciences Animal Care and Use Committee 

at the University of Alberta. 
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3.2.2  Diet  

Immediately upon arrival, animals in all experiments were placed on a WD (5TJN, 

Western diet for rodents, TestDiet, Richmond, IN) or CD (5TJS, low fat control for WD, 

TestDiet, Richmond, IN). The two diets were isocaloric, but differed slightly in energy density. 

Percent energy (kcal/g) from protein was similar between the WD and CD (16%). The CD 

contained 72% energy from carbohydrate and 12% energy from fat. Conversely, the WD 

contained 44% energy from carbohydrate and 40% energy from fat. Energy density of the WD 

was 4.49 (kcal/g) and 3.84 (kcal/g) for the CD. However, the amount of vitamins, minerals, fiber 

and cholesterol per kilocalorie remained equal between the two diets. Animals were fed their 

respective diets ad libitum throughout the entire experiment, unless otherwise stated. Food 

intake, however, was not measured throughout the study.    

 

3.2.3  Body weight measurements  

Body weight (g) was measured everyday for 7 consecutive days after arrival, and then on 

a weekly basis until euthanasia. Body weight was also measured at the time of surgery and 

everyday thereafter until animals returned to their pre-surgical weight 

 

3.2.4  Forebrain Ischemia 

After 90 days of feeding, animals were subjected to 8 minutes of global ischemia. 

Animals were subjected to food deprivation (~ 12 hr) prior to surgery in order to lower glucose 

levels into a consistent range (4 – 8 mmol / L). Rats were anesthetized (~ 45 min) with isoflurane 

(1.5%–2% maintenance in 30% O2 and 70% N2O) and placed on a heated water blanket (model 

TP3E, Gaymar, NY) with feedback control from a thermocouple probe (HYPO-33-1-T-G-60-



64 

 

SMG-M, Omega, Stanford, CT) placed subcutaneously on the skull (centre). A model CSC-32 

(Omega) feedback regulator maintained skull temperature (Ts) near 37.5°C via an infrared lamp 

(175 W) to minimize an unwanted drop in brain temperature during ISC, which would have 

lessened injury. A 2-cm incision was made along the ventral midline of the neck and the 

common carotid arteries were isolated. Mean arterial blood pressure (MABP) was measured via 

a tail artery cannula kept patent by heparinized saline. Ischemia was achieved by transient 

bilateral carotid artery occlusion and systemic hypotension (35-45 mmHG; BP-1, World 

Precision Instruments, Sarasota, FL). Systemic hypotension was produced by withdrawing blood 

from the jugular vein into a heparinized syringe. Following an eight minute 2-VO, clamps were 

removed and blood was slowly re-infused. Arterial blood samples (approximately 100 µL each) 

were taken to measure blood pH, pCO2, pO2, hemoglobin (ctHb), and glucose levels before and 

after ISC.  

 

3.2.5  Morris Water Maze 

Twenty days following surgery, animals were trained in a modified version of the MWM 

task described by Driscoll and colleagues (2006). The platform was moved to a new location 

every second day according to a random sequence of locations. The platform remained in the 

same location for two consecutive days. This allowed for the assessment of learning on the first 

day (new platform location), and of retention on the second day (same platform location). The 

platform moved to a new location every two days until 4 different location-day pairs were 

completed (for a total of 8 consecutive days). After completion of the hidden platform training, 

we administered one day of visible platform training. Rats received 8 trials on each day and were 

released twice from each quadrant around the perimeter of the pool in a pseudorandom sequence. 
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Animals had a maximum of 60 s to locate the platform. If animals failed to locate the platform 

within 60 s, they were removed from the water and placed on the platform for 10 s before 

returning to the holding cage. Animals who successfully found the platform also remained on the 

platform for 10 s before being returning to the holding cage. Latency to locate the platform was 

measured. All other details (e.g., pool size, water temperature) were identical to those described 

in experiment 2 under ‘Morris Water Maze’ (section 2.2.4ii).  

 

3.2.6  Histopathology 

Rats were euthanized (i.e., 30 days after ischemia) using an overdose of sodium 

pentobarbital (100 mg/kg, intraperitoneal (i.p.)) and transcardially perfused with 0.9% saline 

followed by 10% neutral-buffered formalin. Extracted brains were embedded in paraffin. 

Subsequently, 6-micrometre coronal section were cut and stained with hematoxylin-eosin. Two 

sections, one at -3.60 mm to Bregma, and the other at -4.60 mm to Bregma (Paxinos and Watson, 

1998), were chosen in which CA1 sector injury was determined (Colbourne and Corbett, 1995). 

Viable (healthy-looking, non-eosinophilic) CA1 sector pyramidal neurons were counted in 

medial (next to the subiculum), middle, and lateral regions (next to the CA2 zone) of the CA1 

zone of both hemispheres. The number of CA1 sector neurons was summated over the left and 

right hemispheres and expressed as a percent of normal. The researcher was blinded to the group 

identity.  

 

3.2.7  Statistics  



66 

 

Physiology (e.g., glucose levels, MABP), histology, body weight, and MWM data were 

analyzed using ANOVA (SPSS, v. 15.0. Chicago, Ill.). A p-value of ≤ 0.05 was considered 

statistically significant. All data are reported as mean ± SEM.  

 

3.3 RESULTS 

3.3.1  Protocol violations and mortality 

Five rats were excluded from the study. One animal had to be euthanized during surgery 

because he was too heavy (e.g., 1060 g) and the desirable MABP (~45 mmHg) could not be 

achieved even after withdrawing approximately 16 ml of blood. One animal died during surgery 

of unknown causes, likely due to anaesthetic complications. Three animals developed post-

ischemic seizures and thus had to be euthanized. The remaining group sizes were as follows: HF 

(n=15) and LF (n=16) group. 

 

3.3.2  Body weight measurements  

Rat body weight (Figure 3.1) was analyzed using a 2-factor ANOVA (Diet factor; Time 

factor: arrival, 1 month, 2 months, surgery and euthanasia). There was a significant Diet x Time 

interaction (p<0.001), an overall main effect of Diet (p=0.004) and Time (p<0.001). Owing to 

the significant interaction, the data were analyzed for each time point to determine when diet 

affected body weight. Significant differences occurred at 2 months (p<0.001), 3 months 

(p=0.001) and approached significance at euthanasia (p=0.056).   

 

3.3.3  Physiology 
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Physiological variables during surgery are given in Table 3.1. Animals in the WD has 

significantly elevated fasting glucose levels (p=0.014). Blood pH, PCO2, PO2, concentration of 

total hemoglobin (ctHb), skull temperature (Ts) and mean arterial blood pressures (MABP) were 

the same for animals maintained on the WD and CD (p≥0.112).  These measurements did not 

significantly correlate with CA1 injury at either -3.60 or -4.60 mm to Bregma (r=-0.329 to 0.329, 

p≥0.071) 

 

3.3.4  Histopathology 

CA1 sector necrosis was not significantly different between the WD and CD at either        

-3.60 mm to Bregma (p=0.121) or -4.80 mm to Bregma (p=0.063). However, there was 

tremendous variability in hippocampal CA1 cell damage across animals at both levels of the 

hippocampus (i.e., -3.60 and -4.60 mm to Bregma; Figure 3.2). For instance, at -3.60 mm to 

Bregma, injury ranged from severe (~85% – 99% necrosis; n=7: WD=2, CD=5), moderate 

(~55% – 85% necrosis; n=10: WD=4, CD=6), mild (~25% – 55% necrosis; n=3: WD=1, CD=2), 

to none (~0% – 25%; n=10: WD=8, CD=2). While the Levene’s test of equality of error variance 

revealed homogeneity of variance between the WD and CD (p=0.680 at -3.60 mm to Bregma; 

p=0.683 at -4.60 mm to Bregma), we do have a problem with external validity, in that our stroke 

model did not produce severe and consistent CA1 injury in both the WD and CD. For this 

reason, the effects of a WD on CA1 sector injury should be interpreted with caution.  

 

3.3.5  Morris Water Maze 

Since ischemic damage was inconsistent across animals, it is difficult to delineate 

whether the observable behavioral impairments exhibited by animals were due to the dietary 
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manipulation (i.e., WD versus CD) or to the varying degrees of ischemic injury. For this reason, 

the behavioral data collected were best analyzed using correlational analyses. A Pearson’s 

correlation revealed that the extent of brain damage predicted the extent of behavioral deficits. 

For instance, there was a significant negative correlation between hippocampal CA1 cell death 

and MWM learning acquisition latencies in animals fed the WD (at -3.60 mm to Bregma r=-

0.774, p<0.01; at -4.80 mm to Bregma r=-0.824, p<0.01) and CD (at -3.60 mm to Bregma r=-

0.762, p<0.01; at -4.80 mm to Bregma r=-0.785, p<0.01). The same patterns of result were seen 

with the memory retention component of the MWM task. For instance, hippocampal CA1 cell 

death and memory retention latencies were negatively and significantly correlated in animals fed 

the WD (at -3.60 mm to Bregma r=-0.774, p<0.01; at -4.80 mm to Bregma r=-0.839, p<0.01) and 

CD (at -3.60 mm to Bregma r=-0.713, p<0.01; at -4.80 mm to Bregma r=-0.731, p<0.01). These 

data suggest that as the number of remaining hippocampal CA1 cells increases (e.g., less 

hippocampal CA1 sector damage), latency to locate the hidden platform decreases (e.g., the 

animal is able to learn the location of the platform quicker and/or remember the platform 

location better).  Conversely, these data also suggest that as the number of remaining 

hippocampal CA1 cells decreases (e.g., greater hippocampal CA1 sector damage), latency to 

locate the hidden platform increases (e., the animals takes longer to learn the location of the 

hidden platform and/or does not remember the platform location as well.  

 
 
3.4 DISCUSSION  

This is the first study to assess the effects of a prolonged (i.e., 90 days) WD feeding 

protocol on stroke severity and functional outcome following global ischemic injury. However, 

ischemic injury, as assessed by hippocampal CA1 cell counts, was largely variable. While 
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identical procedures were employed in this study as in chapter two (i.e., animals fasted 12 hours 

prior to surgery, skull temperature and physiological variables monitored during surgery, etc), 

the findings were anything but the same; in the previous study we saw consistent damage across 

all ischemic animals. Note however, that animals in the present study were more than double in 

weight and age as compared to animals in our previous study. The 2-VO model developed by 

Smith and colleagues (1984) used rats weighing between 325-400 g, similar in weight to the 

animals in our previous study. Even research in the area of aging and global ischemia uses rats 

around 600 g (26 – 28 months of age) at the time of ischemia (Sutherland et al., 1996). In the 

present study however, animal body weight ranged from 558 to 850 g. It may be the case that the 

2-VO model that was developed by Smith et al. (1984) and used in this study does not suffice 

when it comes to heavier animals. However, this explanation does not account for the animals 

weighing in at 560 g at the time of surgery who did not sustain any observable CA1 damage.  

The irregularity with which damage was observed cannot be fully explained at the 

present time, but one or several plausible explanations may be held accountable. For one, it may 

simply be the case that heavier rats are more resistant to global ischemic injury. For instance, 

obese rats may experience steeper drops in brain temperature, not reflected by skull temperature; 

however, only skull temperature was regulated in the present study. Indeed, research has found 

an existing dissociation between rectal, skull and brain temperature (Busto et al., 1987; 

Colbourne et al., 1993; Minamisawa et al., 1990). For instance, Colbourne and colleagues 

(1993a) measured skull and brain temperature at the start of, and for up to 180 minutes following 

global ischemia. They found that at the start of surgery and occlusion, brain temperature was 

approximately 1°C lower than skull temperature. However, at the end of occlusion and the 

beginning of reperfusion, brain temperature was at 32.5°C (mild hypothermia), while skull 
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temperature was at 37°C (normothermia); however, as time elapsed, this difference decreased, 

but did not become identical until 30 minutes following global ischemia. A separate study by 

Colbourne and colleagues (1993b) found that extended anaesthesia (e.g., 85 min following 

ischemia) caused prolonged brain hypothermia, but normothermic skull and rectal readings, as 

compared to control animals (e.g., without extended anaesthesia).  The animals in the present 

study were very large; at times surgery did take longer than usual, and as a result animals were 

maintained under anaesthesia for a longer period of time. Hypothermia during ischemia and for 

the first few minutes of reperfusion significantly decreases glutamate release and thus the 

severity of CA1 necrosis (Colbourne et al., 1993a). Clearly, brain temperature, as opposed to 

skull temperature, needs to be regulated in order for more consistent CA1 necrosis to be achieved 

(Nurse et al., 1992). Since we only regulated skull temperature, animals’ brain temperature may 

have dropped to hypothermic levels, and hence unbeknownst to us, animals were sufficiently 

cooled. We know from previous research that cooling is neuroprotective following global 

ischemia in rats and cardiac arrest in humans (for a review see Colbourne et al., 1997).  

By the same token, obese rats may be able to better compensate for reductions in blood 

pressure. Since rats have a complete Circle of Willis, hypotension to levels below 50 mmHg is 

essential to achieving consistent and severe CA1 cell death. In lieu of this, it seems appropriate 

to incorporate cerebral blood flow measurements using Laser Doppler Flowmetry, which 

assesses microvasculature blood perfusion. Hippocampal cerebral blood flow should be at ~1% 

of control values during occlusion and hypotension below 50 mmHg (Smith et al., 1984). 

Perhaps a reduction in blood pressure to 50 mmHg in obese rats does not reduce cerebral blood 

flow values to similar values (i.e., ~1% of controls), leading to variable and moderate damage at 

best.    
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Moreover, while occlusion times of 8 minutes in smaller animals (i.e., not as heavy) 

consistently and sufficiently gives rise to permanent brain damage, perhaps longer occlusion 

times are required with heavier animals, such as those seen in the present study. Indeed, 

Sutherland and colleagues (1996), investigating the effects of age in the 2-VO model of global 

ischemia, used occlusion times of 12 minutes, which produced consistent damage in their aged 

animals weighing approximately 600 g. Overall, future studies must deductively address the 

aforementioned issues, along with others that may arise, using obese animals. In doing so, an 

effective model of global ischemia for obese rats will be established so that longer feeding 

protocols (e.g., 4 months and greater) can be evaluated. 
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3.5 FIGURES 
 
Figure 3.1  
 
 

 
 
 

Figure 3.1: Body weight (mean ± SEM) for ischemic animals fed the WD and CD at several 

times throughout the study. Animals on both diets gained a significant amount of weight over 

time. However, a significant weight differences was only observed at 2 months and at the time of 

ischemic surgery between the WD and CD (* p<0.001).   

 
 
 
 
 
 



73 

 

Figure 3.2 
 

 

Figure 3.2: Hippocampal CA1 sector cell counts (A) at -3.60 mm to Bregma (B) and at -4.60 

mm to Bregma. In both the WD and CD, eight minutes of ischemia caused variable CA1 sector 

injury, with severe CA1 damage in some and no observable CA1 damage in others.  
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3.6 TABLE 3.1 Physiological variables measured during global ISC surgery (pH; pCO2, BP and 

pO2 are in mmHg; glucose is given as mmol / L; ctHb as g / dl; Ts as °C). Fasting glucose levels 

were significantly higher in animals fed the WD versus the CD. None of the other variables were 

significantly different among the WD and CD rats (see Results). 

 

 pH pCO2 pO2 cGlu ctHb Ts MABP 
WD 7.34 ± 

 0.01 
45.18  
± 1.81 

129.53  
± 1.35 

*15.91 
  ± 0.97 

14.52 
 ± 0.12 

37.78  
± 0.11 

41.33  
± 0.44 

CD 7.35 
 ± 0.01 

45.18 
± 0.95 

129.94 
 ± 1.76 

12.23 
 ± 1.02 

14.40  
± 0.12 

37.58 
± 0.05 

40.45  
± 0.43 
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4.1 MAJOR FINDINGS 

Brain damage from cerebral ischemia is a very prominent and debilitating injury. In 

humans, drugs therapies to attenuate brain damage and its associated neurological deficits have 

yet to be identified. Note that many pharmacological treatments (with the exception of 

hypothermia) in the past have offered neuroprotection in animals, but failed once they reached 

clinical trials. Briefly, inappropriate animals stroke models, over reliance on histological 

outcome without functional assessments, and short-term end points have all contributed to the 

disconnect between research outcomes in experimental versus clinical settings (Gladstone et al., 

2002). As a result, effective stroke therapies remain elusive, which in part contributed to the 

recent shift in attention from drug treatments to modifiable factors such as nutrition. In contrast 

to nutrition, drug treatments are generally more expensive, especially in parts of the world where 

health care and drug coverage are not widely available (i.e., United States of America), not to 

mention are more invasive, such as unwanted drug side effects and drug interactions. Even more 

promising is recent literature suggesting that dietary constituents and/or regimens have 

neuroprotective properties independent of risk factors (i.e., influencing blood pressure, 

cardiovascular health, etc.). For instance, a recent clinical study by Ullegaddi and colleagues 

(2004) found that B-group vitamin supplementation for 14 days following stroke mitigated 

oxidative damage after acute ischemic stroke as per C-reactive protein concentrations (a marker 

of tissue inflammation).  

With increasing incidences of obesity, predominantly in the Western part of the world, 

researchers have started to seriously investigate the impact of a so called ‘Western diet’ (i.e., 

high in refined sugar and/or saturated fat) on outcome following brain injury. In an animal model 

of traumatic brain injury, Wu and colleagues (2003) showed that a WD provided for 30 days 
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aggravated brain damage and cognitive deficits, and depleted BDNF mRNA in the CA3 and 

dentate gyrus of the hippocampus, one week following injury. Even in normal animals (i.e., with 

no brain damage) WDs have been shown to markedly and negatively effect cognitive faculties 

(Greenwood and Winocur, 1990, 1996; Winocur and Greenwood, 1993, 1999). However, no 

studies to date have examined the impact of a WD on stroke severity and functional outcome. 

Since we already know that various factors (i.e., increased blood pressure, increased glucose 

levels, increased brain temperature, decreased oxygen levels), worsen stroke outcome, we 

rigorously controlled for them to help  isolate the effects of a WD on stroke severity and 

functional outcome. We therefore chose to address this question in a well-established and well 

controlled experimental model of global ischemia in rats.  

 

4.1.1  Cell death and cognition not worsened by a 60-day western diet 

 The experiments detailed in chapter 2 assessed the impact of a WD in NO-ISC and ISC 

animals. The first experiment looked at whether a WD impacted glucose, temperature, activity, 

cognition and/or histology in NO-ISC animals; with the exception of activity, the findings were 

unremarkable. Temperature profiles, CA1 cell counts, and spatial learning and memory were not 

significantly different in animals fed the WD versus the CD. Overall, animals fed the CD were 

more active than animals fed the WD; however, because histology was similar between the two 

dietary groups, the need to further investigate this issue was unnecessary for our purposes. With 

no apparent confounding variables (i.e., similar glucose levels, temperature profiles in the WD 

and CD) from experiment 1, we felt the next appropriate step was to investigate the histological 

and cognitive consequences of a WD following a global ischemic insult. Global ischemia is 

known to abolish hippocampal CA1 sector cells and induce grave learning and memory 
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impairments, with no sensory motor impairments. For this reason, we chose the MWM as our 

functional outcome assessment tool, a standard hippocampus-sensitive test of spatial learning 

and memory. We quantified hippocampal CA1 sector cell death because one, that region is 

especially vulnerable to global ischemic injury so one can expect to see consistent and significant 

injury, and two, the luminar distribution and large size of CA1 cells makes them rather simple to 

quantify (Corbett and Nurse, 1998). Here we found that while global ischemia induced severe 

CA1 cell necrosis and memory deficits at 30 days post ischemia, a WD did not enhance 

histological and functional injury. However, we were interested to see if a longer feeding 

regimen would have a more profound affect on the brain. Thus, we turned our attention to 

assessing the impact of a WD on global ischemia following a 4-month feeding regimen.  

 

4.1.2 Why a longer feeding protocol made it difficult to assess stroke outcome 

The experiment detailed in chapter 3 sought to address several limitations of experiment 

2 (chapter 2), one of which was a feeding protocol that may not have been long enough to have a 

pronounced effect on the brain. For this reason, we assessed the consequences of a 4-month WD 

on stroke severity and cognition. However, routine CA1 cell counts under the microscope 

revealed that there was remarkable variability in the amount of observable CA1 necrosis across 

all animals. Numerous plausible explanations have been put forth to account for this outcome. 

One, it is entirely feasible that the model of global ischemia developed my Smith et al. (1984) 

and used in the present study, while efficiently induces brain damage in smaller animals, is not 

entirely effective in more obese animals. In short, occlusion times may need to be longer (i.e., 12 

minutes versus 8 minutes as in Sutherland et al.’s (1996) experiment using older animals), and 

hypotension may need to maintained below 40 mmHg and not 50 mmHg in order to reduce 
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cerebral blood flow values to ~1% of controls in the hippocampus. Accordingly, cerebral blood 

flow measurements are the best way to determine blood perfusion in desired brain regions (i.e., 

hippocampus). Indeed, if one endeavoured to develop a model of global ischemia for obese rats, 

it would be imperative to use Laser Doppler Flowmetry to measure cerebral blood flow in 

selected and commonly vulnerable brain structures. In which case, one should absolutely 

measure brain and skull temperature throughout surgery to determine whether there is a more 

significant drop in brain temperature (i.e., greater than 1.5°C) than skull temperature in heavier 

rats than average sized rats. It is also feasible that the aspirated blood during ischemia cooled 

significantly whilst sitting in the syringe, and thus cooled the brain when it was reinfused; 

therefore, future studies must be sure to keep that blood warmed. One or all of these factors may 

be responsible for the variability in injury seen in chapter 3.  

 

4.2 FUTURE DIRECTION 

The brain is the organ with the second greatest concentration of lipids that are directly 

involved in the functioning of membranes; and because the brain can neither synthesize nor store 

energy reserves, it is the daily diet that provides the immediate source of energy to the brain and 

thereby influences brain function. In fact, research has shown that the levels of lipids, 

cholesterol, oxidized cholesterol, and oxidative stress that follow meals containing trans fats, 

saturated fat, or glucose are what affect the endothelium for approximately 18 hours of the day 

(Spence, 2006). Thus, it comes as no surprise that several lines of animal research (e.g., 

Greenwood and Winocur, 1990, 1996; Winocur and Greenwood, 1993) have illustrated the 

nocuous effects of a diet high in saturated fat on cognition. While the neurobiological 

mechanisms underlying this impairment remain elusive, authors suggest that saturated fat intake 
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contributes to increased insulin resistance and decreased glucose uptake, the latter being an 

important factor in the cognitive decline associated with normal aging.  

With all of these factors in mind, one must question the influence of saturated fatty acids 

in the diseased brain. In a rat model of traumatic brain injury, a diet high in saturated fat and 

refined sugar proved pernicious (Wu and colleagues, 2003); however, these authors should re-

examine this issue with control of glucose. While we attempted to evaluate the effects of a WD 

in a rat model of global ischemia, several issues precluded us from reaching any definitive 

conclusions. Nevertheless, it remains essential to delineate the effects of a WD on stroke severity 

and functional outcome following global ischemia in rats; to effectively assess this using a longer 

feeding protocol, a reliable and adequate model of global ischemia must be established in obese 

rats. Moreover, several authors (e.g., Molteni et al., 2002; Wu et al., 2003) have shown that a 

WD exerts its deleterious effects through depleting BDNF levels and increasing oxidative stress 

levels in the hippocampus; however, their diet contained excessive amounts of saturated fat and 

refined sugar, whereas the diet used in the present study was comprised mainly of copious 

amounts of saturated fat. Thus, addressing mechanistic questions, such as BDNF and oxidative 

stress, is essential in understanding how specifically a diet high in saturated fat alters learning, 

memory, and recovery.  

It is also critical to evaluate a WD in other stroke models (e.g., hemorrhagic stroke, focal  

ischemia) as the differences in pathophysiology between them are remarkable. For instance, in 

focal ischemia there is a significant gradation of ischemia from the core of the lesion (e.g., where 

regional cerebral blood flow drops below 10% of control values) to its outermost boundary, also 

known as the penumbral region (e.g., where regional cerebral blood flow levels are kept at up to 

40% of control values owing to retrograde perfusion by anastomosis from adjacent arteries) 
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(Choi et al., 1996). First introduced by Astrup and colleagues (1981), the penumbra is a region of 

viable tissue that is hypoperfused, electrically silent, and functionally impaired. Neuroprotective 

strategies have thus focused on treatments able to salvage the penumbral tissue and minimize 

neurological impairments. In stark contrast, global ischemia does not have a penumbral region; 

instead, global ischemia is modelling a pattern of injury (such as that seen in cardiac arrest 

patients), where distinct neuronal populations have very different vulnerabilities to ischemia. In 

other words, global ischemia leads to neuronal cell death in isolated regions (e.g., hippocampus, 

striatum) whereas focal ischemia produces an adjoining mass of damaged brain tissue (e.g., the 

infarct). While some therapies have proved beneficial in both global and focal ischemia (e.g., 

hypothermia), other treatments have worked in focal ischemia but are not possible in global 

ischemia (e.g., tissue plasminogen activator), due mainly to differences in pathophysiology. 

Accordingly, although an adverse effect of a WD was not found in global ischemia, it is 

imperative to evaluate a WD in focal ischemia and hemorrhagic stroke for a more comprehensive 

understanding that saturated fats play in stroke.  

 

4.3 CONCLUSIONS AND CLINICAL SIGNFICANCE  

In summary, my thesis looked at the long-term effects a WD on stroke severity and 

functional outcome in a rat model of global ISC. I found that a WD provided for 30-days prior to 

brain injury did not exacerbate hippocampal CA1 cell death, or spatial learning and memory 

impairments in the WD group. I carried out a second experiment that evaluated the effects of a 

WD provided to animals for 90-days prior to brain injury. However, histology revealed that 

hippocampal CA1 damage across animals was inconsistent, possibly owing to how obese the rats 

became. A number of plausible explanations (e.g., cerebral blood flow does not drop as low in 

certain brain region in obese animals) and corrective strategies (e.g., measure brain temperature 
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along with skull temperature, use Laser Doppler Flowmetry to measure cerebral blood flow in 

the CA1 region of the hippocampus) have been put forth; these will help establish an effective 

model of global ischemia in more obese rats to then effectively evaluate the effects of a WD in 

global ischemia. Results from these studies may have some significance for clinical cardiac 

arrest in patients. The WD provided in the present thesis reflects upper levels of human fat 

consumption. What’s more, older adults are at a higher stroke risk and particularly vulnerable to 

the adverse effects of dietary fat. Clearly, continued efforts to characterize the effect of saturated 

fat on stroke outcome are warranted, which may help improve dietary habits of older adults and 

lead to new approaches to the treatment of stroke.    
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