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ABSTRACT 

 

Oxidative stress causes tissue damage in several models of age-related Alzheimer’s 

disease (AD). We have developed a novel oxidative stress-based mouse model of age-related 

cognitive impairment based on gene deletion of aldehyde dehydrogenase 2 (ALDH2). ALDH2 is 

important for the detoxification of endogenous aldehydes such as 4-hydroxynonenal (HNE), a 

lipid peroxidation product formed during oxidative stress that can form protein adducts, altering 

cell function. These mice exhibit age-related decreases in performance in recognition and spatial 

memory tasks beginning at 3 months of age and maximal at 6-7 months as well as changes in 

anxiety-like behavior. These changes are not a result of confounding changes in motor function 

or physical phenotype. Executive dysfunction, an early impairment seen in vascular cognitive 

impairment (VCI), has also been exhibited in Aldh2-/- mice as demonstrated by a lack of reversal 

learning in the Morris Water Maze task and impairments in the attentional set shifting task. With 

respect to vascular pathologies, previous studies found that 9-12-month-old Aldh2-/- mice exhibit 

aortic endothelial dysfunction, and arterial hypercontractility, vascular HNE adduct formation 

and age-related amyloid-β (Aβ) deposition in cerebral microvessels. Echocardiographic analysis 

and radiotelemetry indicated diastolic dysfunction, and elevated systolic, diastolic and mean 

arterial pressure at 12 months of age in male Aldh2-/- mice. Finally, we have shown that cognitive 

impairment can be mitigated using three novel therapeutic strategies: an HNE scavenger (AG-

01), deuterated polyunsaturated fatty acids (PUFAs) to slow the lipid peroxidation chain 

reaction, and 4-methyl-5-(2-(nitrooxy) ethyl) thiazol-3-ium chloride (NMZ) to activate cAMP 

response element binding protein (CREB) signalling. A validated, oxidative stress-based animal 

model of cognitive impairment and age-related AD and VCI will allow greater insight into the 

pathogenesis and molecular/cellular mechanisms of these neurological conditions. 



iii 
 

CO-AUTHORSHIP 

 

The studies presented herein were performed by Ahmed Elharram with the following co-

authorships and technical assistance:  

Chapter 2: Co-authored by Nicole Czegledy and Dr. Brian M. Bennett. Breeding and PCR was 

performed by Diane Anderson. Nicole Czegledy performed Elevated Plus Maze, Light/Dark 

Box, and Tail Suspension experiments 

Chapter 3: Co-authored by Dr. Ginger Milne, Dr. Erik Pollock and Dr. Brian M. Bennett. 

Isoprostane experiments performed by Dr. Ginger Milne and Dr. Erik Pollock 

Chapter 4: Co-authored by Rebecca Maciver and Dr. Brian M. Bennett. Technical assistance for 

radiotelemetry was provided by Kimberly Laverty. Data analysis for echocardiography provided 

by Dr. Mark Chandy 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

ACKNOWLEDGEMENTS 

 

I owe a great deal of gratitude and recognition to several individuals for their terrific 

support and advice during my graduate studies at Queen’s University. First and foremost, I thank 

my advisor Dr. Brian Bennett. You have been a great advisor, and supporter throughout my   

degree, and have constantly been there to guide me throughout the toughest of times. Thank you 

for challenging me throughout my degree and for all your support and advice. It has been an 

absolute pleasure working in your lab. 

 I would also like to thank my committee members Dr. James Reynolds, and Dr. Mary 

Olmstead for your guidance, and suggestions throughout my graduate work. Thank you to Diane 

Anderson for her immense patience and assistance. Her constant help with the animal work, and 

all of her support throughout my graduate degree was greatly appreciated. 

 A special thank you to my fellow office members and lab mate’s past and present 

including Yohan D’Souza, Chris Harris, Rebecca Maciver, Nikki Philbrook, Nicole Czegledy, 

Ariana Jacobs, Ana Nikolovska, and Mandy Turner, for keeping me entertained throughout my 

degree.  

Finally, my biggest thank you goes out to my family for their incredible encouragement 

throughout my graduate degree. I am very grateful to my parents Mohamed and Faeza for their 

loving support and care. They have been my biggest inspiration, and I am extremely blessed to 

have had such incredible and loving support. A special thank you to my brothers Malik and 

Muaz, my sister Mubrouka, my brother-in law Siraj, sister-in law Sarah, and my wonderful 

nieces Aleena, Aryam, and Asya for all their loving encouragement.  

 



v 
 

 

TABLE OF CONTENTS 

 

Abstract.................................................................................................................................ii 

Co-Authorship......................................................................................................................ii 

Acknowledgements..............................................................................................................iii 

List of Figures.....................................................................................................................vii 

List of Tables.......................................................................................................................ix 

List of Abbreviations ...........................................................................................................x 

Chapter 1 Introduction..........................................................................................................1 

1.1 Rationale and Statement of the Research Problem....................................................1 

1.2 Epidemiology of Alzheimer’s Disease......................................................................7 

1.3 Pathogenesis of AD: The Amyloid Cascade Hypothesis, NFTs, and  

Neurodegeneration ………..............................................................................................9 

1.4 Cholinergic Hypothesis of AD……………………………….................................15 

1.5 Alternative Hypotheses for AD Progression………................................................19 

1.5.1 Oxidative Stress Hypothesis of AD...............................................................19 

1.5.2 Vascular Hypothesis of AD………...............................................................25 

1.6 Vascular Cognitive Impairment and Executive Dysfunction...................................28 

1.7 Animal Models of AD .............................................................................................32 

1.8 Behavioral Assessment of Memory and Cognition………......................................35  

1.9 Pharmacological Treatment of AD……...................................................................41 

1.10 HNE and Aldehyde dehydrogenase................................................................…....43 

Chapter 2 Characterization of Aldh2-/- mice as an age-related model of cognitive  

impairment and Alzheimer’s disease…………………………………………..………….47 

      2.1 Introduction..............................................................................................................47 

      2.2 Materials and methods….........................................................................................48 

2.2.1 Generation of Aldh2-/- mice.............................................................................48 

2.2.2 Morris Water Maze.........................................................................................50 

2.2.3 Balance Beam Task.........................................................................................51 



vi 
 

2.2.4 SHIRPA Phenotypic Assessment…………………………………………..51 

2.2.5 Open Field Test…………………………………………….........................52  

2.2.6 Elevated Plus Maze………………………………………………………. .52 

2.2.7 Tail Suspension and Forced Swim Tests………………..……………….....53 

2.2.8 Light/Dark Box………………………………………………......................54 

2.2.9 Attentional Set-Shifting Task……………………………............................54 

2.2.10 Data Analysis……………………………………………………...............57 

      2.3 Results…………….……………………………………………………………....57 

2.3.1 Longitudinal Morris Water Maze Analysis…………………….…………..57 

2.3.2 SHIRPA Phenotypic Analysis, Balance Beam and Open Field Test…........64 

2.3.3 Anxiety and Depressive-like Pathologies…………………………...……...70 

2.3.4 Reversal learning in the MWM and Attentional Set-Shifting as 

 a measure of executive dysfunction……………………………………….……..75 

      2.4 Discussion…………………………………………………………….…………..79 

 Chapter 3 Therapeutic Approaches to Disease Modification in a Novel Sporadic  

 Model of Alzheimer’s Disease…………………………………………………...……....85 

       3.1 Introduction……………………………………………………………………....85 

       3.2 Materials and methods…………………………………………………………....87 

3.2.1 Animals……….…………………………………………………………......87 

3.2.2 Novel Object Recognition Task…..………………………………………....87 

 

3.2.3 Y-Maze Task…………………………………………...………………........88  

 

3.2.4 NMZ Study......................................................................................................89 

3.2.5 D-PUFA Study………………...……………………...……...……………...90 

3.2.6 Histidine Hydrazide (AG-01) Study...……………………………………....91 

3.2.7 Data Analysis…………………………………………...…………………...91 

       3.3 Results………………………………………………………………………….....92 

3.3.1 NMZ Rescues Cognitive Deficits in Aldh2-/- Mice.…………………………92 

3.3.2 D-PUFA Diet Prevents Cognitive Decline in Multiple Cognitive Tests……94 

3.3.3 D-PUFAs Reduce Lipid Peroxidation Products.…………………………....98 

3.3.4 AG-01 Reverses Cognitive Impairment in Aldh2-/- Mice…………………...98 



vii 
 

       3.4 Discussion………………………………………………………………………102 

Chapter 4 Characterization of Aldh2-/- Mice as a Model of Vascular 

Cognitive Impairment………………………………………………..…………………108 

       4.1 Introduction………………………………………………………………….....108 

       4.2 Materials and methods………….........…………………………………………111 

4.2.1 Animals……………………………………………………....................... 111 

4.2.2 Echocardiographic Strain Analysis………………........…………………. 111 

4.2.3 MWM…………………………………………………….......................... 113 

4.2.4 Radiotelemetry……………………………………………………............ 113 

4.2.5 Data Analysis ……………………………………………………..............115 

  

       4.3 Results……………………………………………………..................................115 

4.3.1 Longitudinal Assessment of Diastolic Function using  

Echocardiographic Strain Analysis……………………………………………...115 

4.3.2 Impaired Reversal Learning in 6-7 Month Aldh2-/- Mice in the 

MWM……………......................................................…………………………..119 

4.3.3 Radiotelemetric Assessment of Blood Pressure in Wild type 

 and Aldh2-/- Mice………………………………………...............……………...119 

      4.4 Discussion............................………………………………………………….....125 

 

Chapter 5 General Discussion and Conclusions…....……………………………...........130 

 

5.1 Future Directions……………………………………………………..................142 

References…………………………………………………….........................................144 

 

 

 

 

 

 

 



viii 
 

LIST OF FIGURES 

 

Figure 1-1. Amyloidogenic and non-amyloidogenic processing of APP......................................13 

Figure 1-2. Normal cholinergic signalling in neurons...................................................................17 

Figure 1-3. Schematic of the oxidative stress hypothesis of AD...................................................21 

Figure 1-4. Lipid peroxidation of poly unsaturated fatty acids.....................................................23 

Figure 1-5. Major vascular causes and brain legions associated with vascular cognitive 

impairment.....................................................................................................................................31 

Figure 1-6. Equipment set-up for Behavioral Tasks......................................................................39 

Figure 1-7. HNE protein-adducts found across multiple neurodegenerative diseases..................44 

Figure 2-1. Male vs female performance in the MWM at 3 months of age..................................59 

Figure 2-2. Latency to find platform in the MWM at 3, 6, 9, and 12 months of age....................60 

Figure 2-3. Time in target quadrant in the probe trial of the MWM in 3, 6, 9, and 12-month 

animals...........................................................................................................................................61 

Figure 2-4. Number of crosses in the target quadrant in probe trial of the MWM in 3, 6, 9, and 

12-month animals..........................................................................................................................62 

Figure 2-5. Time spent in each quadrant during the probe trial of the MWM at 6-months..........63 

Figure 2-6. Average time to cross balance beam in the Balance Beam test..................................66 

Figure 2-7. Total time mobile and distance travelled in the Open Field Test...............................68 

Figure 2-8. Average weight of a cohort of male and female wild type and Aldh2-/- mice............69 

Figure 2-9 Time spent in the illuminated side of a light/dark box................................................71 

Figure 2-10. Proportion of time spent in the open arm of the Elevated Plus Maze......................72 

Figure 2-11. Time spent mobile during the Tail Suspension Test................................................73 

Figure 2-12. Time spent actively attempting escape in the forced swim test...............................74 

Figure 2-13. Reversal learning in MWM at 1-month....................................................................76 

Figure 2-14. Reversal learning in MWM at 4-months..................................................................77 

Figure 2-15. Executive dysfunction measured using the attentional set-shifting task..................78 

 

Figure 3-1. Reversal of cognitive deficits after administration of NMZ in the Y-maze and NOR 

Task...............................................................................................................................................93 



ix 
 

Figure 3-2. Superior performance in the Morris Water Maze task in Aldh2-/- mice fed the D-

PUFA diet.....................................................................................................................................95 

Figure 3-3. Superior performance in the in the Novel Object Recognition (NOR)  

task in Aldh2-/- mice fed the D-PUFA diet...................................................................................96 

Figure 3-4. Superior performance in the Y-maze task by Aldh2-/- mice fed the D-PUFA diet....97 

Figure 3-5. Increased time spent in, and number of crosses into, the illuminated  

chamber of the Light/Dark Box by Aldh2-/- mice fed the D-PUFA or H-PUFA diet  

for 10 weeks.................................................................................................................................99 

Figure 3-6. Decrease in F2-isoprostanes and PGF2α in cortex and hippocampus  

from Aldh2-/- mice fed the D-PUFA diet.....................................................................................100 

Figure 3-7. Effect of AG-01 on cognitive impairment in Aldh2 -/- Mice……………………….101 

 

Figure 4-1. Vascular pathologies seen in Aldh2-/- mice................................................................110 

Figure 4-2. Parasternal Long Axis View, Echocardiographic Strain Analysis 

in 12-Month old Mice…………………………………………………………………………..116 

Figure 4-3. Parasternal Short Axis View, Echocardiographic Strain Analysis in  

12-Month old Mice……………………………………………………………………………..117 

Figure 4-4. Mitral inflow velocity, echocardiographic strain analysis in 12-month old mice….118 

Figure 4-5 Reversal learning in the MWM at 6-7 months of age................................................120 

Figure 4-6. Probe trial after reversal learning in the MWM at 6-7 Months of Age.....................121 

Figure 4-7.  Radiotelemetry recordings from 12-month male wild type and Aldh2-/- mice.........123 

Figure 4-8 Radiotelemetry recordings from 12-month female wild type and Aldh2-/- mice........124 

 

 

 

 

 

 
 

 

 



x 
 

LIST OF TABLES 

 

Table 1. Summary of behavioral testing done in commonly used animal models of  

Alzheimer’s Disease.....................................................................................................................40 

Table 2. Set-up for the attentional set-shifting task for rodents...................................................56 

Table 3 SHIRPA standardized battery at 3 months of age...........................................................65 

Table 4. SHIRPA standardized battery at 6 months of age..........................................................66 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 
 

LIST OF ABBREVIATIONS  

3xTg-AD: triple transgenic mouse model of Alzheimer’s disease 

Aβ: amyloid beta peptide 

ACh: acetylcholine 

AD: Alzheimer’s disease 

AG-01: Histidine Hydrazide 

ALDH2: aldehyde dehydrogenase 2 

AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

ANOVA: analysis of variance 

ApoE: apolipoprotein E 

APP: amyloid precursor protein 

ARA: arachidonic acid 

BACE: beta-site APP-cleaving enzyme  

BBB: Blood-brain-barrier 

BDNF: Brain derived neurotrophic factor 

CAM: calmodulin 

cGMP: cyclic guanosine monophosphate 

CMZ: chlomethaziole 

CNS: central nervous system 

CDK5: cyclin-dependent kinase-5 

CREB: cyclic adenosine monophosphate response element binding protein 

D-PUFA: deuterated poly unsaturated fatty acids 

DHA: docosahexaenoic 

E/A: ratio velocity flow in early diastole/late diastole 

EPA: eicosapentaenoic acid 

EPM: elevated plus maze 

FAD: familial Alzheimer’s disease 

HNE: 4-hydroxynonenal 

LTP: long term potentiation 

LPO: lipid peroxidation 

mAChRs: muscarinic acetylcholine receptors 

MWM: Morris water maze 

nAChRs: nicotinic acetylcholine receptors 

NFTs: neurofibrillary tangles 

NMDA: N-methyl-D-aspartate  

NOR: novel object recognition  

NO: Nitric oxide 

NMZ: 4-methyl-5-(2-(nitrooxy) ethyl) thiazol-3-ium chloride 

OFT: open field test 

PS1: presenilin 1 

PS2: presenilin 2 

PSD95: post-synaptic density protein 95 

PSEN: presenilin gene 

RAM: radial arm maze 

RNS: reactive nitrogen species 

ROS: reactive oxygen species 



xii 
 

SHIRPA: SmithKline/Harwell/Imperial College/Royal Hospital/Phenotype Assessment 

Tg2576: Transgenic 2576 animal model of Alzheimer’s disease 

VCI: Vascular Cognitive Impairment  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

 

Chapter 1 

INTRODUCTION 

 

1.1 Rationale and Statement of the Research Problem 

 

Since its discovery in 1906 by Dr. Alois Alzheimer, and the formulation of the amyloid 

hypothesis in 1991, Alzheimer’s disease (AD) has undergone extensive research across multiple 

disciplines to understand its complex pathology and progression. AD is an age-related 

neurodegenerative disorder characterized by amyloid-beta (Aβ) plaques, neurofibrillary tangles 

(NFTs) comprised of hyperphosphorylated tau protein, and neurodegeneration. Decades of 

research has yielded a number of animal models and a multitude of therapies in order to treat the 

progression and the symptoms of AD. However, despite advancements in research, AD remains 

one of the largest issues to public health care across the world as populations continue to age, 

and much of the pathogenesis of AD remains elusive. Most current mouse models of AD exhibit 

pathological changes dependent on the overexpression of mutant human genes linked to familial 

AD, and animal models that mirror late-onset/age-related AD (95% of AD cases) are severely 

lacking. Many current therapies for AD target Aβ plaque formation and despite showing promise 

in animal models, these drugs have failed at the clinical trial stage, indicating a need for new 

validated animal models of AD to provide novel insight into potential drug targets. 

Oxidative stress is considered a causative factor in AD, and the oxidative stress hypothesis is 

strongly supported in the literature [1–3]. Oxidative stress has been shown to cause tissue 

damage in a number of models of vascular cognitive impairment (VCI) and in age-related AD. 

We have developed a novel oxidative stress-based mouse model of age-related cognitive 
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impairment and AD based on gene deletion of aldehyde dehydrogenase 2 (ALDH2). ALDH2 is 

important for the detoxification of endogenous aldehydes such as 4-hydroxynonenal (HNE), a 

lipid peroxidation product formed during oxidative stress that can form protein adducts, altering 

cell function. Studies have shown significant increases in HNE adduct formation in the brain of 

AD patients and in brain regions susceptible to neurodegeneration [4]. HNE has also been shown 

to increase the formation of Aβ plaques and NFTs [5]. We have shown that Aldh2-/- mice exhibit 

oxidative stress and many AD-like pathologies including increased HNE adduct formation as 

early as 3 months, age-related increases in A, phosphorylated tau protein, activated caspases 3 

and 6, along with age-related decreases in PSD95, synaptophysin (indicating synaptic loss) and 

total and phosphorylated cAMP-response element binding protein (CREB). Importantly, Aldh2-/- 

mice exhibit age-related changes in recognition and spatial memory tasks as early as three 

months of age. We have also shown a number of pathologies characteristic of VCI, a subset of 

dementia whereby vascular pathologies contributes to the severity of cognitive impairment. 

Noted vascular pathologies include aortic endothelial dysfunction, arterial hypercontractility, 

vascular HNE adduct formation and age-related Aβ deposition in cerebral microvessels. The 

presence of AD-like pathologies suggests that Aldh2-/- mice represent a new, oxidative stress-

based model of age-related cognitive impairment and AD. The focus of this work was to further 

behaviorally characterize these mice using a variety of techniques in order to test the validity of 

our model, and also to assess whether novel therapeutic agents can prevent or reverse the 

cognitive and pathological changes observed in these mice. 

Chapter 1 is a review of the literature regarding our current knowledge of the pathogenesis 

of AD. This review highlights the three main hallmarks of AD and the current hypotheses that 

have formed our understanding of the disease including the oxidative stress hypothesis of AD. In 
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addition, a summary of the most commonly used animal models of AD will be discussed, as well 

as a comprehensive review of the behavioral techniques used to assess memory and behavior. 

Finally, a review of the current literature on VCI and how vascular pathologies can contribute to 

dementia will also be discussed. 

To better characterize Aldh2-/- mice, Chapter 2 describes a behavioral battery of experiments 

examining age-related changes in spatial-working, and recognition memory, anxiety- and 

depressive-like behaviors and the physical phenotype of the animals. Animals were assessed at a 

variety of different time points using the Morris Water Maze (MWM) task, Y-Maze and Novel 

Object Recognition (NOR) task, Open Field Test (OFT), Balance Beam test, Tail Suspension 

test, Light/Dark box, and the SmithKline/Harwell/Imperial College/Royal Hospital/Phenotype 

Assessment (SHIRPA) phenotypic analysis test.  

As mentioned previously, many therapeutics for AD have targeted the development of Aβ 

plaques or NFTs in the brain with little success. As such, there is a critical need for the 

development and validation of novel therapies that target pathologies which may appear early in 

the progression of AD. Chapter 3 discusses experiments examining the effects of three different 

pharmacological agents on the behavior of Aldh2-/- mice. The phosphorylation and activation of 

CREB in the hippocampus is necessary for the strengthening of synapses and the formation of 

memories and has been proposed as a potential disease-modifying target in AD through the use 

of Nitric Oxide (NO)/cyclic guanosine monophosphate (cGMP) signaling. Chlomethaziole 

(CMZ), an anticonvulsant/anxiolytic drug with a history of clinical use, has been shown to be 

neuroprotective against oxidative stress in animal models and targets inflammation and 

mitochondrial dysfunction, all of which are proposed to contribute to AD pathogenesis. A small 

modification of CMZ, redesigning it as the nitrate ester analogue, 4-methyl-5-(2-(nitrooxy) 
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ethyl) thiazol-3-ium chloride (NMZ), allows for the additional potential to increase 

NO/cGMP/CREB signaling, to improve synaptic efficacy, and restore circuits associated with 

CREB activation essential for learning and memory. 

Histidine hydrazide (AG-01), is a histidine-containing analogue of carnosine, and has been 

reported to be an effective HNE scavenger in vivo [6]. AG-01 protects against focal ischemia-

induced brain damage in mouse models of AD, and it decreases the level of HNE adducts of the 

γ-secretase substrate receptor nicastrin, involved with the accumulation of beta amyloid. To 

provide proof-of-principle and to validate the predictive value of the model as it relates to HNE-

mediated oxidative damage, we administered AG-01 to see if cognitive deficits could be 

reversed. 

Polyunsaturated fatty acids (PUFAs) are essential nutrients that impart fluidity to 

membranes, and contain double bonds separated by bis-allylic methylene groups [7]. These C-H 

bonds are particularly susceptible to cleavage by reactive oxygen species (ROS), forming alkyl 

peroxyl radicals which can react with oxygen molecules abundant in the lipid membrane. This 

peroxidation chain reaction results in the formation of degradation products such as HNE, which 

is increased in a number of neurodegenerative diseases. To stabilize, but minimally change, 

critical PUFAs, deuteration of PUFAs at the bis-allylic positions (D-PUFAs) can be employed to 

greatly reduce LPO. This substitution exhibits an isotope effect with respect to the ease of 

abstraction of bis-allylic hydrogen, resulting in a decrease in the rate of PUFA peroxidation. 

Thus D-PUFAs down-regulate PUFA oxidation and reduce or eliminate downstream multiplying 

cycles of lipid peroxidative damage. We administered mice a D-PUFA enriched diet for 18 

weeks and assessed its effect on memory and cognition in Aldh2-/- mice using the MWM, Y-

Maze, and NOR tests.  
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Finally, as mentioned previously, Aldh2-/- mice exhibit many pathologies characteristic of 

VCI. Epidemiological studies suggest a link between cardiovascular diseases and dementia, 

however there is a severe lack of animal models that mirror these pathologies. Chapter 4 

describes experiments to further characterize cardiovascular function in Aldh2-/- mice, using 

echocardiographic strain analysis to perform a longitudinal assessment of diastolic dysfunction, 

as well as radiotelemetry to assess blood pressures in twelve-month old animals. 

In summary, several experimental techniques were used in order to further characterize and 

validate Aldh2-/- mice as a model for age-related cognitive impairment and AD as well as VCI. 

We also assessed three drug treatments to determine if cognitive deficits could be reversed, 

further validating our animal model, as well as the efficacy of these therapies. These findings 

will provide new insight into a novel, oxidative stress-based model of age-related cognitive 

impairment, AD and VCI that will prove useful both for assessing AD therapeutics and for 

gaining better insight into the pathogenesis of AD. 

 

 Statement of Hypothesis and Objectives 

The overall working hypotheses for this thesis are as follows: 

1. Memory and cognition are impaired in Aldh2-/- mice and the decline in cognitive 

performance is not a result of confounding changes in other behaviors 

2. NMZ, AG-01, and D-PUFAs mitigate cognitive impairment in Aldh2-/- mice 

3. Aldh2-/- mice exhibit age-related changes in cardiovascular function 

In Chapter 2 the objectives were: 
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1. Perform a comprehensive behavioral characterization of Aldh2-/- mice including an 

analysis of any phenotypic changes compared to wild type mice 

2. Expand on trends showing age-related changes in anxiety and depression in Aldh2-/- mice 

3. Assess higher levels of cognitive performance including executive dysfunction using 

reversal learning and the attentional set-shifting task 

 

In Chapter 3 the objectives were: 

1. Establish a baseline score of cognition using NOR, Y-Maze and MWM before treatment  

2. Assess cognition during, and post administration of NMZ, AG-01, and D-PUFAs in male 

and female wild type and Aldh2-/- mice at various time points 

 

In Chapter 4 the objectives were: 

1. Using echocardiographic strain analysis, examine changes in strain in wild type and 

Aldh2-/- mice at 3-month intervals, over a 12-month period 

2. Using radiotelemetry, assess the blood pressure of wild type and Aldh2-/- mice at 12 

months of age 
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1.2 Epidemiology of Alzheimer’s Disease 

 

AD is a global epidemic that affects more than 46 million people, a number that is 

expected to rise to over 130 million by the year 2050 according to the 2016 World Alzheimer’s 

Report [8]. It is the most common form of dementia, a term which encompasses a group of 

symptoms including memory loss, and cognitive dysfunction, and it accounts for 50 to 56% of 

dementia cases at autopsy and in clinical series [9]. Three characteristics are commonly seen in 

AD patients: the accumulation of numerous dense deposits called amyloid beta (Aβ) plaques, the 

formation of neurofibrillary tangles (NFTs) containing hyperphosphorylated tau protein that 

interfere with normal cellular processes in the brain, and neurodegeneration and neuronal cell 

loss [10]. The UN Aging Program has projected that the number of older people (those aged 65 

or older) in the world is expected to increase from 420 million in 2000 to approximately 1 billion 

by 2030 with an increase in the proportion of older people from 7% to 12% [11]. Because AD is 

strongly associated with increasing age, it is expected to pose huge issues to public health care 

across the world as populations continue to age. 

           AD currently affects more than 700,000 Canadians and epidemiological studies have 

shown that approximately 1 in 11 Canadians over the age of 65 is affected by AD, with the 

likelihood of being afflicted increasing to 1 in 3 after the age of 80 [8]. Worldwide prevalence of 

dementia is estimated to be approximately 3.9% in those aged 60 and over, with regional 

prevalence estimated to be 1.6% in Africa, 4.0% in China, 4.6% in Latin America, 5.4% in 

Western Europe, and 6.4% in North America [9]. The incidence rate of AD increases with age 

until approximately age 85, at which point it is unknown whether this continues to increase or 

plateaus. At the individual level, AD shortens life expectancy, decreases overall quality of life, 

and is a primary cause of physical disability and institutionalization amongst the elderly [12]. 
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AD has also had a substantial effect on the worldwide economy and global health care 

systems, which will continue to grow as incidence increases. Long-term institutional care is the 

main cost in many developed countries for patients, and it is estimated that about 43% of AD 

patients require significant care. In 2015, 15.9 million family and friends provided 18.1 billion 

hours of unpaid care to those with AD, with an estimated economic value of $221.3 billion [13]. 

The worldwide societal costs of dementia were estimated to be more than US$300 billion, 

including one third for informal care, and annual costs for patients with AD were estimated at 

nearly US$148 billion [14]. These cost estimates may omit or underestimate the substantial 

hidden unpaid costs borne by caregivers, including loss of earnings by patients and family 

caregivers as they reduce employment, hours of informal care, and mortality burden [15]. On 

average, 32% of caregivers cut back on paid work to care for a family member with dementia. 

Additionally, compensatory financial support is often lacking; 45% to 80% of people report 

receiving no formal support from government agencies, depending on the country surveyed [16].   

Aside from the monetary cost of care for patients suffering from AD, there is also a 

significantly high level of stress reported among AD caregivers. Caregivers often report being 

overwhelmed and feeling stressed by various aspects of caring for patients, termed ‘caregiver 

burden’ [17]. In Canada, nearly half of the individuals living with dementia live in the 

community instead of a nursing home, and almost all of these individuals (94%) are cared for by 

family or friends [18]. Caregivers for the elderly with dementia are most often spouses (36%), 

daughters (28%) or sons (9%), and women represent the majority of caregivers [19]. Numerous 

studies have reported that caring for a person with AD is more stressful than caring for someone 

with a physical disability and anger and frustration, social withdrawal, anxiety, depression, 

exhaustion, sleeplessness, irritability, and physical health problems are all commonly reported 
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amongst caregivers [20] [21]. More than 50% of caregivers reported feeling anxiety or 

depression, and more than 80% reported trouble sleeping and poorer quality of life [22]. 

Caregivers who experience significant burden often experience a loss of control over the 

caregiving situation, increasing the likelihood of depression, and patient institutionalization. 

Caregivers must also learn to adjust to all the symptoms associated with dementia (memory loss, 

aggression, decreased ability to communicate) as well as imbalances in family relationships and 

increased isolation, fear, fatigue, and overwhelming loss of control [15]. This can all have a 

significant physical effect on caregivers, as an increased risk of cardiovascular problems, lower 

immunity, poorer immune response to vaccines, higher levels of chronic conditions (including 

diabetes, arthritis, etc.), decreased engagement in preventative health behaviors (e.g. exercise), 

and increased alcohol consumption have all been reported among caregivers of AD [15].  As the 

world’s population continues to age, it is evident that AD will continue to have a significant 

economic, psychological, and physical impact on families worldwide because of the requirement 

for constant care and therapy. 

 

1.3 Pathogenesis of AD: The Amyloid Cascade Hypothesis, NFTs, and Neurodegeneration  

On November 3 1906, Dr. Alois Alzheimer, a clinical psychiatrist and neuroanatomist 

reported “a peculiar severe disease process of the cerebral cortex” to a group of South-West 

German Psychiatrists [23]. In his report, he described a 50-year-old woman named Auguste 

Deter, who had been admitted to hospital due to paranoia, progressive sleep and memory 

disturbance, aggression, and confusion. Auguste had great difficulty remembering her husband’s 

name and identifying the food she was eating. She was constantly disoriented and, as her 

condition worsened, she experienced severe cognitive decline and hallucinations, eventually 
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losing almost all cognitive ability. Dr. Alzheimer followed Auguste from her admission, until her 

death 5 years later. After an autopsy and subsequent examination of her brain, distinctive plaques 

and neurofibrillary tangles were noted in the brain histology, both of which have become 

synonymous with AD.  

Today, Auguste would have been diagnosed with genetic, or early-onset familial AD 

(FAD) which, along with sporadic AD, account for the two distinct forms of the disease. FAD 

accounts for approximately 1-3% of all cases, and can be highly aggressive at an earlier age than 

sporadic AD cases (usually striking between the ages of 50 and 60) [24]. Patients with FAD have 

pathological features similar to sporadic AD but have a much shorter survival time, and exhibit 

other symptoms including seizures and sudden muscle contractions [25].  

The structure of Alzheimer’s lesions was first examined by electron microscopy in 1963 

where Kidd and Terry identified the structure of tangles consisting of paired helical filaments, 

and neuritic plaques consisting of amyloid fibres [26] .The close physical relationship between 

amyloid angiopathy in AD and neuritic plaques was later described by Miyakawa and Uehara in 

1979, where they determined that the amyloid in each of these lesions was likely to be 

chemically similar [27]. Soon after, the chemical compositions of the fibrils in the plaques, and 

the composition of the paired helical filaments of the tangles were described in an effort to gain 

an understanding of FAD. In 1984, Glenner and Wong [28] introduced the hypothesis that the 

gene responsible for the production of Aβ would be located on chromosome 21, based on the fact 

that individuals with Down’s syndrome developed pathological features typical of AD early in 

adulthood. After careful biochemical analysis, they were able to derive the partial sequence of 

Aβ from the angiopathic meningeal vessels of both AD patients and individuals with Down’s 

syndrome. Soon after, several groups successfully isolated a critical protein, which later became 
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known as the amyloid precursor protein (APP), and mapped it to chromosome 21, validating 

Glenner and Wong’s hypothesis [29]. Work on tau proteins had previously identified them as a 

protein involved in the stability and assembly of microtubules, and through protein purification 

methods and direct sequencing of the isolated helical filament peptides, tau proteins in the 

tangles were found to be phosphorylated, contributing to the belief that phosphorylation of tau 

underlies its abnormal deposition in the brain, contributing to Alzheimer’s pathology [30].  

The early biochemical work and discovery of APP and tau and their potential role in 

disease progression provided a great deal of insight into AD. To date, 32 mutations in APP have 

been discovered that have been categorized into three main classes: The first type of mutation, 

commonly known as the Swedish mutation, is located next to the β-cleavage site of APP, where 

it causes a 10-fold increase in the rate of β-cleavage triggering a significant increase in amyloid 

plaque formation [31]. The second group of mutations are located near the γ-site of APP and 

cause changes in the specificity of γ-secretase cleavage, leading to an increase in the production 

of Aβ, peptides of 36-43 amino acids that play a crucial role as the main components of amyloid 

plaques [32]. Finally, point mutations within the actual Aβ sequence also appear to increase the 

formation of plaques.  

Further insight into the APP gene also led to the discovery of two other distinct genes 

linked to FAD: presenilin-1 (PS1) on chromosome 14, and presenilin-2 (PS2) on chromosome 1. 

The presenilins are catalytic proteins in the γ-secretase enzyme complex, and mutations in PS1 

can alter its enzymatic activity, causing an increase in the amount of Aβ formed. Individuals with 

mutations in PS1 and PS2 often display other symptoms including seizures, ataxia, and other 

psychiatric abnormalities [32] .  
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While much of the early work on AD focused on a genetic basis for the disease based on 

APP processing and tau, it is important to note that nearly 95% of all AD cases are sporadic, 

occurring much later in life, usually after the age of 65. Although factors such as hypertension, 

diabetes, and cardiovascular disease can increase the likelihood of developing AD, the primary 

risk factor for sporadic AD is age, and the majority of cases are based on an age-related 

accumulation of malfunctions.  

 AD has been described for over a century, however the main etiology of the disease 

remains uncertain. As mentioned previously, three characteristics are commonly seen in AD 

patients: the accumulation of numerous dense Aβ plaques, the formation of NFTs containing 

hyperphosphorylated tau protein and neurodegeneration and neuronal cell loss. The discovery of 

APP and its genetic mapping to chromosome 21, along with the subsequent discovery of the 

presenilins were significant milestones in AD history in that these discoveries helped formulate 

the “amyloid cascade hypothesis”, a fundamental theory developed by Hardy and Higgins in 

1991 [33]. They believed that the deposition of Aβ protein, the main component of plaques, was 

the causative agent in Alzheimer’s pathology, and that the NFTs, neuronal cell loss, vascular 

damage, and dementia that followed was a direct result of this deposition. Since its initial 

development, significant research has been performed to expand upon, and fully understand the 

complexities of the hypothesis.  

            According to the amyloid cascade hypothesis, APP can be processed through two 

different pathways (summarized in Figure 1-1) [34]. The amyloidogenic pathway involves the N-

terminal cleavage of APP at the β-site by an aspartyl proteinase known as BACE (beta-site APP- 
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Figure 1-1. Amyloidogenic and Non-Amyloidogenic Processing of APP 

APP can be cleaved by β-secretase and γ-secretase to generate Aβ42 in the 

amyloidogenic pathway. APP can also be hydrolyzed by α-secretase and γ-

secretase in the non-amyloidogenic pathway, precluding the formation of Aβ42. 

Adapted from [33] .  
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cleaving enzyme) generating soluble APPα and C99 fragments [35]. This C99 fragment is a 

substrate for γ-secretase, which catalyzes the C-terminal cleavage of C99, resulting in the 

formation of several Aβ peptides of different lengths. These peptides contain hydrophobic amino 

acids that allow them to aggregate into oligomers, forming large insoluble fibrils seen in amyloid 

plaques [36]. These toxic Aβ oligomers can eventually lead to the loss of synapses, 

neurotoxicity, cerebrovascular damage, and microglia and astrocyte activation, all of which can 

result in cognitive dysfunction. Conversely, in the non-amyloidogenic pathway, α-secretase 

cleaves APP at the α-position within the Aβ42 domain, generating APPα and C83 fragments and 

precluding the formation of Aβ peptides [29].  

 The amyloid cascade hypothesis has been instrumental in explaining several aspects of 

AD pathogenesis. However, this hypothesis does not consider the interaction between Aβ and 

tau. Tau is a microtubule-associated protein that is predominately expressed in neurons where it 

stabilizes microtubules and promotes their assembly [37]. Under normal conditions, tau can be 

phosphorylated at numerous sites that function to regulate the interaction between tau protein 

and its targeted microtubules [38]. However, during the progression of AD, tau can become 

hyperphosphorylated, leading to its dissociation from microtubules into a soluble cellular pool 

and eventual aggregation into paired helical filaments that ultimately form NFTs [39]. The 

accumulation of toxic intracellular aggregates, accompanied by the loss of  soluble tau that 

stabilizes microtubules may synergistically lead to neuronal cell loss, which may explain the 

correlation between NFT accumulation and cognitive decline in AD [37]. While the role of tau in 

AD is not fully understood, evidence suggests that the formation and accumulation of Aβ 

plaques precedes tau hyperphosphorylation and aggregation [40]. As a result, NFTs have often 

been a secondary pharmacological target for the treatment of AD in comparison to Aβ plaques, 
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although the lack of adequate therapeutics targeting Aβ plaques has suggested NFTs may be a 

more amenable target.  

Neurodegeneration is also an important pathological hallmark of AD and component of 

the Amyloid Cascade Hypothesis. It has long been hypothesized that the deposition of Aβ 

triggers neurodegeneration, characterized initially by synaptic injury followed by a loss of 

cortical and hippocampal neurons as well as astrogliosis, microglial cell proliferation, and the 

development of NFTs [41]. However, the role of Aβ and the amyloid cascade in promoting 

neurodegeneration is widely debated. Some studies have shown that neurodegeneration and 

synaptic loss may occur as a result of abnormal accumulation of toxic Aβ oligomers in the nerve 

terminal which may interfere with synaptic function by altering synaptic proteins such as post-

synaptic density-95 (PSD95), or glutamate receptors [42]. Cell death via the activation of 

caspases has also been implicated in neurodegeneration in AD and their activation can destroy 

key components of cellular infrastructure and activate factors that damage cells [43]. At least 7 

different caspases are thought to play a role in regulating neuronal cell death in response to 

changes in Aβ in the brain of AD patients and it has been hypothesized that caspase-3-mediated 

cleavage of APP may facilitate the formation of Aβ and activate the cleavage of tau facilitating 

the formation of NFTs [42]. Abnormal activation of these pathways may also lead to synaptic 

failure and altered neurogenesis by promoting tau phosphorylation and aggregation, cytoskeletal 

abnormalities, and activation of calcium-dependent proteolysis [42].   

 

1.4 Cholinergic Hypothesis of AD 

 Inspired by the success of neurochemical pathology work on Parkinson’s disease, an 

understanding of possible selective neurotransmitter loss in AD was soon developed. By 1976, a 
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selective deficit in cortical markers of cholinergic neurons was discovered in a number of AD 

patients [26]. It was previously determined that the source of origin of cortical innervation was in 

the basal forebrain, which was shown to have profound neuronal damage in AD including a loss 

of cortical innervation from the nucleus basalis [44]. Also, the activity of choline 

acetyltransferase (CAT), the transferase enzyme responsible for the synthesis of acetylcholine 

(ACh), was found to be reduced in the cerebral cortex and hippocampus in post-mortem AD 

brains [45]. This, in combination with experimental work on animal and human volunteers that 

showed the importance of cholinergic transmission in memory formation (through the use of 

cholinergic antagonists that impaired memory), led to idea that impaired cholinergic transmission 

may play a leading role in the development of AD [26].  ACh is a neurotransmitter in the 

peripheral and central nervous system and is synthesized in certain neurons by the transfer of an 

acetyl group from the coenzyme Acetyl-CoA to choline [45]. Following depolarization, ACh 

undergoes exocytosis reaching the synaptic cleft, where it binds to its receptors (summarized in 

Figure 1-2) [46] [47]. ACh present at the synaptic cleft is promptly hydrolyzed by the enzyme 

acetylcholinesterase, forming acetate and choline [47]. ACh signals through two classes of 

receptors: metabotropic muscarinic receptors (mAChRs) and ionotropic nicotinic receptors 

(nAChRs). Muscarinic receptors are coupled to either Gq proteins (M1 M3 and M5 receptor 

subtypes) that can activate phospholipase C (PLC) or  Gi/o proteins (M2 and M4 subtypes) that 

can be negatively coupled to adenylate cyclase [48]. These proteins link ACh activity to a wide 

variety of biochemical signalling cascades and, because they are located both pre- and post-

synaptically throughout the brain, they can produce a number of diverse consequences for brain 

activity. Nicotinic receptors function as excitatory cation channels and occur as assemblies of a 

large family of α- and β-subunits in the brain where they play a largely modulatory role [49]. In 
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Figure 1-2. Normal cholinergic signalling in neurons, adapted from [45]. 

ACh=acetylcholine; AChE=acetylcholinesterase, ChAT=choline 

acetyltransferase 
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addition, stimulation of nicotinic receptors can increase the release of glutamate, dopamine, 

ACh, norepinephrine, and serotonin, all of which can have a number of different roles in the 

brain [49]. Because of the diverse role of both nicotinic and muscarinic receptors in the brain, the 

cholinergic system is thought to be important for learning and memory, and ACh has been shown 

to facilitate neuronal firing in neurons through muscarinic receptor stimulation, which leads to 

several downstream changes in synaptic plasticity signalling cascades. Specifically, ACh 

modulates the expression of neurotrophic factors such as brain derived neurotrophic factor 

(BDNF), a protein that plays a major role in neuronal survival and synaptic plasticity in 

adulthood [50]. AD brains have been shown to have a number of alterations in cholinergic 

signalling cascades including changes in high-affinity choline uptake, impaired ACh release, 

deficits in the expression of nicotinic and muscarinic receptors, dysfunctional neurotrophin 

support, and deficits in axonal transport [51]. Synaptic loss is a major correlate of disease 

progression in AD, and the loss of cholinergic neurons contributes to memory and attention 

deficits. As such, drugs targeting the cholinergic system have been proposed as an option to treat 

AD patients. Cholinesterase inhibitors have been used for several years to increase ACh levels in 

the synaptic cleft, and to partially ameliorate cognitive symptoms and improve quality of life 

[47]. However, these drugs have positive effects for a short amount of time and do not alter 

disease progression. Thus, a novel approach for AD treatment, looking at other theories and 

animal models have been investigated. 
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1.5 Alternative Hypotheses of AD Progression 

The failure of drugs used to combat Aβ in the brain in Phase III clinical trials, and the 

lack of real efficacy of currently prescribed drugs has led scientists toward alternative theories 

behind the progression of AD. Specifically, the failure of drugs combatting Aβ in patients 

already in cognitive decline has called into question the removal of Aβ as an appropriate 

treatment strategy for AD. According to results from the Australian Imaging Biomarkers and 

Lifestyle Research Group [52] and the Dominantly Inherited Alzheimer Network [53], Aβ 

deposition has been shown to start forming decades before the onset of changes in the brain or 

cognition. Longitudinal studies involving Aβ deposition would therefore take many years to 

show the full pathologic cascade of events that lead to dementia, and any clinical trials of drug 

treatments would require large numbers of patients over extended periods of time because of the  

slow progression of cognitive symptoms [53]. There is also a lack of correlation between levels 

of cortical plaques and AD-related cognitive impairment, bringing into question the role of Aβ in 

AD. Because of these difficulties, and because of the lack of clarity regarding Aβ as an initiating 

factor in AD, researchers have begun to examine other factors that may play a central role in 

initiating AD pathology before plaque formation in the brain. 

 

1.5.1 Oxidative Stress Hypothesis of AD 

            In 1956, Harman published the “free radical theory of aging”, whereby free radical 

species, formed as a by-product of redox reactions in the cell, could contribute to oxidative 

damage, leading to damage to biomolecules, and accelerated aging [1]. Decades later, Beckman 

and Ames comprehensively reviewed the free radical theory and suggested ROS not only play a 

role in the functional changes that are characteristic of aging, but also that the theory should 
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encompass oxidative stress as a major determinant in the entire process of aging [54]. More 

recently, research by Bokov and colleagues [2] have suggested that peroxides, which are not 

actually free radicals, are involved in oxidative cellular damage, expanding the earlier free 

radical theory of aging  to the proposal of an “oxidative stress theory of aging”. This theory 

proposes that the imbalance between ROS production and their removal from multiple 

independent pathways causes an overall increased level of oxidative stress in an organism, and it 

is this level of oxidative stress that contributes to aging [1]. Because of its influence on aging, a 

number of studies have explored a link between oxidative stress and AD, leading to the 

formulation of the “Oxidative Stress Theory of Alzheimer’s disease”[55]. Summarized in Figure 

1-3, oxidative stress can increase the formation of Aβ plaques by increasing the expression of 

APP, or via an increase in the expression or activity of the APP processing enzymes, β-secretase 

and γ-secretase. Aβ can also produce oxidative stress thereby inducing further lipid peroxidation 

and contributing to a positive feedback resulting in its own formation. This increase in Aβ can 

lead to the aforementioned accumulation of amyloid plaques, and hyperphosphorylated tau 

proteins, resulting in the formation of NFTs. Both NFTs and amyloid plaques contribute to 

further oxidative stress and inflammation, leading to neurodegeneration and cell death. 

Several studies have helped place oxidative stress as a major factor in AD. The brain has 

particularly high levels of polyunsaturated fatty acids and redox metals which, coupled with high 

oxygen utilization and modest antioxidant defence, creates an environment especially vulnerable 

to oxidative damage by ROS and reactive nitrogen species (RNS) [55]. Under normal 

physiological conditions, the toxic effects of ROS are controlled by a variety of antioxidant 

systems. However, under pathological conditions the accumulation of ROS exceeds the capacity 

of antioxidant systems, leading to cellular damage and death, especially in neurons particularly 
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Figure 1-3. Schematic of the Oxidative Stress Hypothesis of AD.  

Oxidative stress can increase the formation of Aβ by directly increasing the expression of APP, 

or via an increase in the expression or activity of the APP processing enzymes β-secretase and 

γ-secretase. Aβ can also produce oxidative stress thereby inducing further lipid peroxidation 

and contributing to a positive feedback on its own formation. This increase in Aβ can lead to 

the accumulation of amyloid plaques, and hyperphosphorylated tau proteins, resulting in the 

formations of NFTs. Both NFTs and amyloid plaques contribute to further oxidative stress and 

inflammation, leading to neurodegeneration and cell death (modified from [54]) 
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vulnerable to oxidative stress [10]. Mitochondria are essential for neuronal function because 

neurons are highly dependent on aerobic oxidative phosphorylation for their energy needs, a 

process that is a major source of endogenous ROS including hydroxyl radical, and superoxide 

radicals[56]. Several efficient enzymatic processes are continuously operational to quench these 

reactive species, however inevitably the amount of ROS overwhelms the neuronal capacity to 

neutralize them, causing oxidative stress, mitochondrial dysfunction and neuronal damage [56].  

ROS-initiated non-enzymatic lipid peroxidation (LPO) of poly unsaturated fatty acids (PUFAs) 

such as linoleic, linolenic, arachidonic (ARA), eicosapentaenoic (EPA) and docosahexaenoic 

(DHA) acids are also a major contributor to oxidative damage and can result in altered 

membrane fluidity and changes in membrane-bound enzymes and receptors [57]. LPO is 

initiated by the abstraction of bis-allylic hydrogens, generating free radicals which can 

subsequently react with molecular oxygen to form lipid peroxyls (summarized in Figure 1-4) 

[58] . The product of this reaction can then abstract a hydrogen atom off an adjacent PUFA 

molecule, propagating the chain reaction. Propagation is eventually terminated by a chain-

terminating antioxidant such as vitamin E or by homologous recombination. The result of LPO is 

the production of secondary byproducts derived through either endoperoxide or hydroperoxide 

intermediates, including F2-isoprostanes (F2-isoP) derived from ARA, F3-isoprostanes derived 

from EPA, and F4-isoprostanes (neuroprostanes) derived from DHA. Decomposition of 

hydroperoxide intermediates gives rise to a number of reactive aldehydes, including 4-hydroxy-

2-nonenal (HNE), 4-hydroxy-2-hexenal (HHE) and many others [57]. 

Recent evidence has shown that AD brains exhibit significantly higher levels of ROS and 

RNS, and show many signs of oxidative damage including lipid peroxidation, formation of 

reactive aldehydes such as HNE and nucleic acid oxidation, well before the appearance of major 
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Figure 1-4. Lipid Peroxidation of Poly Unsaturated Fatty Acids 

LPO is initiated by the abstraction of bis-allylic hydrogens from PUFAs, generating free 

radical fatty acids which can subsequently react with molecular oxygen to form lipid 

peroxyls. The product of this reaction can then abstract a hydrogen atom off an adjacent 

PUFA molecule, generating a second fatty acid radical, propagating the chain reaction. 

Propagation is eventually terminated by a chain-terminating antioxidant such as vitamin 

E or by homologous recombination. Modified from [57] 
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AD pathologies, including Aβ accumulation, tau hyperphosphorylation, and cognitive 

dysfunction, suggesting that oxidative damage could potentially be an initiating event in AD 

pathogenesis [55]. Redox metals also play a key catalytic role in the production of free radicals, 

and many metals including iron, aluminum, copper, and zinc, are associated with oxidative stress 

and may have a role in the progression of AD [59]. Studies also suggest that mitochondrial 

damage by ROS could be an early event in AD, and mitochondrial enzymes including 

tricarboxylic acid cycle enzymes, the pyruvate dehydrogenase complex, and cytochrome c 

oxidase have been shown to have functional abnormalities in AD, resulting in altered 

mitochondrial function and energy metabolism leading to a further increase in ROS via the 

production of superoxide and hydrogen peroxide [1]. Excess calcium uptake into the 

mitochondria can also increase ROS production, inhibit ATP synthesis and release small proteins 

that trigger neuronal apoptosis initiation [56]. 

Transgenic models of AD also demonstrate a significant increase in oxidative damage 

prior to the formation of Aβ plaques, consistent with the idea that oxidative damage may be the 

initiating factor in AD [60]. Tg2576 APP mice show lipid peroxidation and increases in 

oxidative stress markers earlier than Aβ plaque deposition, and increases in RNS and ROS 

correlate with increases in Aβ aggregation [60]. Similar increases in lipid and protein oxidation 

occur in the APP/PS1 double-knockout mouse model [61], while decreased levels of antioxidant 

enzymes and increased levels of lipid peroxidation markers are seen before the appearance of 

amyloid plaques and NFTs in the 3xTg-AD transgenic mouse model [62].  

Taken together, these studies suggest that oxidative stress plays a key role in the initiation 

and progression of AD and contribute to our understanding of how ROS and other products of 

oxidative stress can interact and function during the aging process. However, a multitude of 
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animal studies and clinical trials have shown that the use of antioxidants does not delay the onset 

of AD, or reduce AD incidence again demonstrating the significant complexities of AD [45]. It is 

possible that membrane levels of antioxidants are already saturated, and as such, supplying 

further antioxidants to the brain would not help, as the membrane cannot incorporate more than a 

saturating amount without being toxic [63]. Despite this, oxidative stress continues to be a 

central mechanism behind the progression of AD.  

 

1.5.2 Vascular Hypothesis of AD 

 The “Vascular Hypothesis of AD” was first proposed in 1993 after it was noted that AD 

brains demonstrate characteristic and extensive angio-architectural distortion of cerebral 

capillaries, reduced cerebral blood flow, reduced glucose metabolism, and reduced oxygen 

utilization which appeared to be inversely proportional to disease severity [64]. Today, 

understanding the relationship between vascular compromise and neurodegenerative processes 

has become a prominent goal for scientists.  

Cerebral hypoperfusion, defined as blood flow that is suboptimal with respect to the 

metabolic demands of brain tissue, is a common occurrence during normal aging, with brain 

blood flow declining about 0.5% per year from ages 22 to 85 [45]. Regional cerebral blood flow 

is tightly linked to neurometabolic demand and as such, the development of chronic brain 

hypoperfusion can lead to compromised brain cell function because of an uncoupling of blood 

flow to glucose metabolism [65]. Because neurons have no energy reserves, sustained cognition 

and executive function is critically dependent on the steady delivery of oxygen and glucose to 

produce adenosine triphosphate (ATP). Therefore, when brain cell energy demand exceeds the 
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supply, impaired cognition, and neurodegenerative pathologies can develop [65]. This can occur 

over many years, creating a neuronal energy issue in the brain without eliciting any cognitive 

dysfunction, until it crosses a threshold whereby damage is significant enough to lead to 

dysfunction [64]. It is believed that this chronic hypoperfusion, as well as other vascular factors, 

may converge on a common AD pathway, including brain microvascular dysfunction and 

neurodegeneration, or Aβ deposition and tau hyperphosphorylation, driving AD progression 

[66].  Many metabolic and cardiovascular diseases, including obesity, diabetes, and hypertension 

(all of which can decrease cerebral blood flow) have been shown to be major risk factors in AD, 

and have been reported both in patients with mild cognitive impairment and in individuals who 

later developed AD [67]. It is now widely recognized that most AD cases have mixed vascular 

pathology and that small-vessel disease, and brain hypoperfusion, silent infarcts, stroke episodes, 

and hypoxic attacks all increase the risk of AD [68].  

            To date, the vascular pathologies have been linked to other AD pathological hallmarks. A 

two-hit vascular hypothesis of AD further expanded upon the original theory and attempted to 

explain the impact of vascular dysfunction on Aβ accumulation. As reviewed by Zlokovic in 

2011 [66], vascular risk factors (hit one) lead to BBB dysfunction and reduction in cerebral 

blood flow, initiating a cascade of events preceding dementia. These events include early 

neuronal dysfunction which is induced by accumulation of neurotoxic molecules and capillary 

hypoperfusion, as well as Aβ clearance at the BBB being reduced due to vascular injury, 

resulting in an overall increase in Aβ accumulation. This increase in Aβ (hit two) further 

amplifies neuronal dysfunction and accelerates neurodegeneration and dementia, contributing to 

tau hyperphosphorylation and NFT formation, and accelerating disease progression. Many 

studies have attempted to validate this hypothesis. Saido and colleagues [69] demonstrated that 
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ischemia in gerbil forebrains could increase the presence of the amyloidogenic Aβ, and occlusion 

of the main arteries to the brain in rat models have been shown to increase amyloidogenic 

processing of APP [70]. Also, increased formation of Aβ peptides has been shown in the human 

hippocampus following periods of ischemia, further supporting this hypothesis [71] . 

 Oxidative stress and vascular dysfunction have also been linked. Lucas and Rifkind 

reported that red blood cells could bind Aβ and trigger the production of ROS, leading to 

vascular oxidative stress that impaired cerebral oxygen delivery, contributing to 

neurodegeneration and AD progression [72]. An increased level of ROS in the vasculature can 

also reduce nitric oxide bioavailability and cause endothelial dysfunction, further contributing to 

dementia [73]. Increased free radical production has also been associated with cerebral ischemia, 

a risk factor for vascular type dementias. Finally, markers of oxidative stress, including reduced 

vitamin C, and depletion of antioxidant micronutrients have all been observed in AD patients 

[74].  

 The vascular hypothesis has been an important contribution to the study of AD and has 

provided the basis for many studies that have expanded our understanding of disease progression 

to a scope beyond Aβ deposition and NFT formation. Cardiovascular risk factors are now 

understood to play a major role in AD and cognitive impairment and the hypothesis has been 

useful in establishing therapeutic strategies aimed at preventing ischemic insults and subsequent 

neurodegeneration in AD. Anti-hypertensive agents have been shown in clinical trials to prevent 

cognitive decline associated with stroke in a significant percentage of patients, although their 

long-term effect on AD incidence has been inconclusive [45]. Therapeutics targeting cerebral 

amyloid angiopathy clearance and other vasculature-specific therapeutics have also been 
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developed and have shown promising effects [75]. It is clear that a functioning vascular system is 

an important component for the maintenance of cognitive function.  

 

1.6 Vascular Cognitive Impairment (VCI) and Executive Dysfunction 

 VCI is the second most common cause of dementing illness after AD and is defined as 

any clinical cognitive disorder of cerebrovascular origin. It can be caused by a number of factors 

including cerebral small vessel disease, multi-infarct dementia, haemorrhaging or microbleeds, 

angiopathy, hypoperfusion and other cardiovascular factors, and has a worldwide incidence of 

approximately 1 in 20 in people over the aged of 65 [76]. The pattern of cognitive impairments 

seen in VCI can vary and may be difficult to distinguish from the progressive cognitive decline 

typically seen in AD; pathological lesions often coexist in large community-based studies, 

however it has been shown that the vascular pathologies make an important and independent 

contribution to late life cognitive decline [76]. 

In contrast to AD, VCI is characterised by slowing motor performance and information 

processing with early impairments in attention, executive function and memory, VCI may be 

more sudden in onset and more aggressive [77]. The key requirements for a diagnosis of VCI are 

a demonstration of cognitive deficit by neuropsychological testing and the presence of 

cerebrovascular disease. Importantly, the classification of VCI is dependent on the evidence of a 

relationship between the extent of the vascular disease and the cognitive syndrome [78]. A more 

consistent finding in VCI than in AD is executive dysfunction and is much more impactful than 

memory impairment which can vary across patients with VCI (in comparison to being a more 

consistent finding in AD patients). Despite a lack of definitive memory impairment, patients with 
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VCI have difficulties with the activities of daily living. A loss of executive function is 

characterized by a lack of planning, disorganized thought, behavior, or emotion. Vascular lesions 

can interrupt a series of parallel cortico-subcortical circuits in the brain that result in a loss of 

goal-directed activities including planning, direction, execution, and supervision of behavior 

[79]. Executive functioning describes a great variety of cognitive processes that allows the 

individual to adapt to changing demands of life. These comprise different levels of basic 

cognition including flexibility, working memory, inhibition, and task switching, and higher order 

executive functions require the simultaneous use of multiple cognitive processes including 

planning, reasoning and problem solving [80]. Executive dysfunction may occur even when 

memory is intact, and memory and executive function appear to operate in distinct areas of the 

brain; working memory is an aspect of executive function that resides mainly in the prefrontal 

cortex whereas other types of memory reside in the temporal lobes [80].  

 Vascular brain injuries result in the loss of structural and functional connectivity and the 

compromise of functional networks in the brain. VCI is common after stroke or stroke-related 

injuries and can coexist with neurodegenerative pathology resulting in mixed forms of mild 

cognitive impairment or dementia. The presence of cognitive impairment after a stroke allows 

for an easy diagnosis of patients with VCI. However, in many other cases, for example in 

patients without any clinical history of a stroke or in patients who develop progressive cognitive 

decline years after a stroke, a diagnosis of VCI is more typically related to an assessment of 

characteristic pathologies of VCI, including infarcts, white matter lesions (WMLs), signs of 

cerebral amyloid angiopathy, or other vascular lesions (some of which are summarized in Figure 

1-5).  
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 The presence of multiple small or large infarcts (an area of necrotic tissue in the brain 

resulting from a blockage or narrowing of the arteries) has long been recognized as a cause of 

VCI, and larger infarct volume or a greater number of infarcts present are both associated with 

worsened cognitive performance [78]. There is however no clear threshold for an overall volume 

of brain lesion required for the occurrence of VCI. A single infarct can cause severe cognitive 

deficits when located in important regions of the brain including the thalamus, basal ganglia, and 

angular gyrus, and in integrated networks of cognitive function, specifically the cortico-

subcortical loops [78]. These same structures are also vulnerable to cerebral small vessel disease 

which typically manifests with WMLs and cerebral microbleeds, two of the most common 

causes of VCI [81]. WMLs are areas of demyelinated axons found in the white matter of the 

brain and are often found in people over the age of 65 as a result of normal aging. They represent 

the most prominent manifestations of small vessel disease and, pathologically, represent variable 

degrees of axonal loss and gliosis [82]. While it is unclear whether WMLs directly cause brain 

dysfunction, they are used as markers of underlying pathology, including VCI, and there is a 

correlation between WMLs and decreased brain volume, loss of memory and decreased 

cognitive ability. Cerebral microbleeds are small chronic brain hemorrhages that are likely 

caused by structural abnormalities of the small vessels [83]. They are valuable markers of small-

vessel disease, are thought to be representative of underlying vascular pathologies and are found 

significantly elevated in the elderly with VCI. One of the initial studies assessing the cognitive 

impact of microbleeds found that individuals with the pathology had a much higher prevalence 

of executive dysfunction, especially in individuals with microbleeds predominately in the frontal 

lobe and basal ganglia, suggesting that microbleeds can have a severe negative impact on 

cognition independent of other concurrent vascular lesions [83].  
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Figure 1-5. Major vascular causes and brain lesions associated with vascular cognitive 

impairment.  

Multiple infarcts, white matter lesions (WMLs) and global hypoperfusion are all major 

pathologies associated with cerebral small vessel disease, cerebral amyloid angiopathy, and 

vascular cognitive impairment. Modified from [78] 
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 Global reductions in cerebral perfusion can also result in ischemia and cognitive deficits 

and is a leading cause of VCI. A number of studies have shown that carotid artery occlusion and 

hemodynamic failure is independently associated with cognitive impairment, and studies on 

patients with severe carotid-artery stenosis have demonstrated significant decrements in 

structural brain connectivity and increased risk of cognitive decline [84]. Other causes of 

cognitive impairment include cardiac arrest, arrhythmias, and severe hypotension. 

 VCI is a variable condition that depends on the type, location, and extent of the 

underlying cerebrovascular disease and brain damage. Often, vascular damage occurs alongside 

other brain disease and exacerbates dementia. Importantly, there is currently no existing cure or 

treatment for VCI. For stroke-related VCI, the most important form of treatment is to prevent 

further strokes and control conditions that affect underlying health of the heart and blood vessels, 

including the use of drugs to control for high blood pressure, and/or high cholesterol. While there 

are several animal models of AD currently in the literature which have been widely used to study 

the molecular pathologies and cognitive decline associated with AD, there remains a paucity of 

validated animal models of VCI, despite its prevalence in society. A validated animal model of 

cognitive impairment and age-related VCI can allow greater insight into the pathogenesis and 

molecular mechanisms of VCI. It may also assist in the identification and development of VCI 

biomarkers.  

  

1.7 Animal Models of AD  

The Amyloid Cascade Hypothesis has had an important influence on the development of 

animal models to study the complexities of AD.  With the numerous challenges involved with 
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clinical trials and their ability to safely test the efficacy of novel agents in human subjects, the 

development of animal models that adequately mirror the pathologies seen in human AD is 

crucial for development and early testing of these agents. Rodents have been the animals of 

choice for research of AD because of their economic viability and availability, despite the fact 

that ageing rodents do not spontaneously develop AD-like pathological hallmarks [85]. Within a 

few years of the development of the amyloid cascade hypothesis, several transgenic mouse 

models that displayed some of the characteristics of AD neuropathology were developed, 

eventually expanding to a range of models that displayed more aggressive and complex 

phenotypes. In general, these animal models are based on either the overexpression of APP and 

secretases, mutated APP, or the overexpression of human APP coupled with mutated forms of 

presenilin. These early models relied on the overexpression of genes that contain mutations 

associated with FAD, resulting in a significant increase in the accumulation of Aβ in the brain, 

but showing minimal neurodegeneration or hyperphosphorylated tau [85]. The PDAPP mouse 

model was the earliest transgenic model, developed in the mid-1990s, and was followed in 

subsequent years by the development of the Tg2576 and APP23 mouse models [86]. The PDAPP 

mouse model expresses human APP with the Indiana familial AD mutation, whereas Tg2576 and 

APP23 mice model express human APP with the Swedish mutation [87]. The data derived from 

the use of these models provided significant early support for the amyloid cascade hypothesis in 

that they placed progressive Aβ deposition as a central role in disease progression, driving other 

pathologies including cerebral amyloid angiopathy, hippocampal atrophy, synaptic and 

neurotransmitter alterations, and cognitive and behavioral deficits [86]. These models have also 

described the central role APP processing can have on AD pathology. 
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Research examining the presenilin genes associated with FAD led to the eventual 

development of PS1 and PS2 transgenic mouse models of AD. While these early models helped 

in our understanding of the presenilins and their association with increased Aβ levels, they posed 

major flaws in that the increase in Aβ occurred despite a lack of plaque pathology, and  few 

associated cognitive or behavioral abnormalities, as well as a lack of NFT formation [88]. 

However, these models were later used for the development of double transgenic APP/PS1 mice 

which have shown an accelerated accumulation of Aβ pathology as well as neuronal loss, 

inflammation, and behavioral alterations, again speaking to the importance of presenilins in FAD 

[89]. Mutated human tau mice were eventually developed to overcome the lack of NFTs in these 

models, and the combination of tau and APP mutations showed enhanced amyloid deposition 

followed by tau hyperphosphorylation, NFT formation, and neuronal cell loss in a much more 

encompassing animal model [90].  

A major limitation of these early models was the lack of co-localization of plaques and 

NFTs in brain regions that are relevant to AD (like the hippocampus or neocortex). The 

development of the triple transgenic 3xTg AD mouse model was able to address these concerns 

whereby mutant APP and tau constructs were injected into single-cell embryos from mutant PS1 

mice, preventing the segregation of APP and tau genes in further generations [91]. These mice 

develop amyloid plaques prior to NFTs (again, as described  by the Aβ cascade hypothesis) and 

have a temporal and spatial localization of plaques and NFTs equivalent to AD (along with many 

of the other AD pathologies including inflammation, synaptic dysfunction and behavioral 

impairments) [91]. For these reasons, the 3xTg model is frequently used for the assessment of 

novel therapeutics.  
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Transgenic animal models have dominated the investigation of AD for decades and while 

animal models can never completely reflect the true nature of human disease, they are important 

in furthering our understanding of AD. However, the validity of these models has been 

questioned, particularly due to the lack of efficacy of therapeutics in humans that have been 

developed based on these animal models. In addition, there is a major lack of any animal models 

of VCI, an important and distinct disease from AD that is prevalent in society. Thus, the 

development of new animal models that use other major theories of AD as a basis for driving 

cognitive impairment, and that incorporate many of the important pathological hallmarks of AD 

and VCI would be critical for furthering our understanding of each.  

 

1.8 Behavioral Assessment of Memory and Cognition 

The mechanisms by which memory is processed in the brain is exceedingly complex and 

poorly understood, despite decades of research. The most prominent areas of the brain associated 

with learning and memory systems, and the most susceptible to damage in AD and VCI include 

the neocortex, the hippocampus, and the para-hippocampal region. The transfer of information 

throughout these areas occurs through glutamatergic receptors, modified by cholinergic input 

from the basal forebrain [92]. Studies have demonstrated that glutaminergic N-methyl-D-

aspartate (NMDA) receptors are important for spatial learning and synaptic plasticity, and 

impaired spatial and working memory can be triggered using NMDA antagonists directly infused 

into the hippocampus [93]. Sufficient stimulation of presynaptic neurons causes the release of 

glutamate from the axon terminal, binding to postsynaptic α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptors, depolarizing the membrane sufficiently to relieve 

magnesium blockade of the NMDA channel. This allows the entry of calcium and sodium ions 
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through the channel to subsequently activate a number downstream cell signalling cascades [94]. 

Calcium ions can bind to calmodulin, leading to calcium/calmodulin-dependent activation of 

several protein kinases, which can further affect AMPA receptors to increase their permeability 

to sodium ions and increase the response strength to a stimulus, as well as strengthening the 

synapse [94].  These activated protein kinases can also translocate to the nucleus, where they can 

activate cAMP response element-binding protein (CREB), a transcription factor that acts to 

increase the expression of downstream genes involved in synaptic formation and maintenance, 

neuronal plasticity and neurogenesis [95]. Induction of structural changes at synapses require 

activation of gene networks and transcription factors such as CREB, and an association between 

activity-dependent gene expression and CREB activation is well established [96]. Activation of 

CREB by phosphorylation is necessary for memory formation and synaptic strengthening and 

mediates long term potentiation (LTP) by acting upon downstream genes involved in synaptic 

formation and maintenance, neuronal plasticity and neurogenesis [95]. 

There are many ways in which memory and behavior can be tested, and these methods 

are widely used in animal models of AD. The Morris Water Maze (MWM) has been extensively 

used to study spatial learning and memory and has been considered a gold standard method to 

test memory across a wide range of rodent models. The test is conducted in a large circular pool 

of water with a platform that has been hidden beneath the water in one specific area of the pool. 

The animal uses spatial cues surrounding the pool to navigate and find the hidden platform and, 

as it learns the location of the platform over repeated trials, its swim time decreases, with a 

higher proportion of time is spent swimming in the area near the platform [97]. Interestingly, 

executive function can also be tested using the MWM, whereby the location of the hidden 

platform is altered after the final day of testing. Here, the animal must re-learn where the location 



37 
 

of the platform is, and adapt its strategy to find the platform [98]. Although the MWM has been 

extensively used because of its relative ease and, the speed in which the animals can learn the 

task or demonstrate memory impairments, it has several limitations. These include the significant 

amount of stress that is placed on the animals during the test, and that the task can have much 

less specificity when testing diverse types of memory, as well as different areas of the brain. 

Also, several variables can influence the results obtained from the MWM test including the 

dimensions of the pool, water temperature, and training schedule. Other methods of testing 

memory impairments include spontaneous alternation in the Y-Maze to assess spatial working 

memory, or recognition memory using the novel object recognition (NOR) test, both of which 

have been extensively used in behavioral research. 

Anxiety and depressive-like behaviors are also prominent co-morbidities in AD and VCI 

and can be tested in animal models using a number of behavioral techniques. The tail-suspension 

test can be used for assessing depression-like behaviors in mice. In this test, a mouse is 

suspended from its tail in such a position that they cannot escape or hold onto a nearby surface 

and, for a 6-minute session, the resulting escape-oriented behaviors are quantified. Mice that 

display normal behaviors tend to spend more time trying to escape the tail-suspension, while 

mice that display depressive-like behaviors tend to remain motionless and have a reduced 

tendency attempt to escape.  

The elevated plus maze (EPM) is one of the most widely used tests for measuring 

anxiety-like behavior and is based on the natural aversion of mice for open and elevated areas. It 

consists of open and closed arms crossed in the middle, and a central area in between. Mice are 

given access to all the arms and can move freely between them. The number of entries (center of 

mass of the mouse entering an arm) and the time spent in the open arms are recorded and serve 
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as an index of anxiety-like behavior. Avoidance of the open arms is considered a result of the 

induction of higher levels of anxiety [99].  

Other forms of behavior testing include methods to describe the physical phenotype of a 

rodent. The SHIRPA (SmithKline/Harwell/Imperial College/Royal Hospital/Phenotype 

Assessment) behavioral observation protocol is a standard method to provide a behavioral and 

functional profile using an observational assessment of mice. The test can also indicate any 

defects in posture, motor control, co-ordination, or changes in excitability and aggression, 

defecation, lacrimation, muscle tone, and many other different phenotypic characteristics. In 

addition to this, the open field test (OFT) or the balance beam test can be used to further 

characterize the phenotype of rodents, including their movement and climbing ability [100,101] 

Many of these tests (equipment set-up summarized in Figure 1-6) have been used to 

characterize a variety animal models of AD, and their ability to test a variety of different 

behaviors can strengthen the characterization of animal models. A literature search of animal 

models of AD can yield dozens of different models that have a range of different behavioral 

deficiencies (some of which are summarized in Table 1-1). A full behavioral battery that assesses 

various aspects of cognitive function is an important step towards characterizing new models of 

AD and VCI, and towards assessment of novel therapeutic intervention.   
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Figure 1-6. Equipment set-up for Behavioral Tasks. 

Representative equipment for a number of different behavioral tasks. Light/dark box 

(A), MWM (B), EPM (C), and tail suspension (D). Modified from [99,102,103] 
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Model 

Name 

Fear 

Conditioning  

Y-Maze or 

T-Maze 

NOR MWM Open Field EPM 

PDAPP Decreased at 

6-10 months 

No data  Impaired at 

6 months 

Impaired 

spatial 

memory, 6-

9 months 

High levels 

motor 

activity 10 

and 16 

months 

No 

differences 

found 

Tg2576 Decreased 

from control, 

3-4 months 

Decreased 

spon alt, 10 

months 

Normal, 

some 

impairment 

late in life 

(14 

months) 

Impaired 

spatial 

memory, 3 

and 9 

months 

Increased 

and normal 

Decreased 

or normal 

anxiety 

APP+PS1 Decreased 

from controls 

1-2 months 

No 

differences 

found 

Impairment 

12-14 

months 

Impaired 

spatial 

memory, 15 

months 

Increased 

activity, 15-

17 months 

No 

differences 

found 

3x-Tg-AD Decreased 6 

months 

Decreased 

Spon Alt 

(older than 

6 months) 

Impairment 

9 months 

Impaired, 

4.5 months 

Lots of 

variability  

Increased 

anxiety, 

some 

normal 

5XFAD Decreased 

from control 

3 months 

Decreased 

Spon Alt 3-

5 months 

Impairment 

3-5 months  

Impairment 

3-5 months 

Decreased 

activity 

Decreased 

anxiety 

Table 1-1. Summary of behavioral testing in commonly used animal models of Alzheimer’s 

disease, and whether performance was found to be increased, decreased, or normal compared to 

wild type controls. Summarized from [104–110] 
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1.9 Pharmacological Treatment of AD 

The amyloid cascade and the cholinergic hypothesis were influential on the early 

development of drug treatments to combat AD. Several drugs that use an Aβ-centric approach to 

treat AD have been developed over the years. Secretase inhibitors (specifically γ-secretase 

inhibitors like semagacestat, developed by Eli Lilly) were shown to reduce Aβ concentration in 

the blood and cerebrospinal fluid, while BACE inhibitors have also been developed to interfere 

with APP processing [111]. Other approaches include preventing the aggregation of Aβ, 

inhibiting the formation of Aβ oligomers (Tramiposate, developed by Neurochem) [112], or 

increasing the removal of Aβ  using immunotherapeutic approaches. Stimulation of the immune 

system occurs either via active vaccines (whereby Aβ is attached to a carrier protein and injected, 

causing an immune response in the body that will produce antibodies to Aβ) or via passive 

vaccines (such as bapineuzumab, whereby laboratory-produced antibodies to Aβ are designed to 

bind and remove Aβ from the brain) [113].  Despite the promise of these drugs, all that have 

reached phase III clinical trials have failed. Bapineuzumab and Solanezumab both recently failed 

Phase III clinical trials because, although they were able to lower amyloid plaque burden and 

hyperphosphorylated tau protein in the cerebrospinal fluid, they failed to produce any significant 

cognitive improvements in patients [113]. Semagacestat failed in phase III trials because of a 

disappointing interim analysis wherein the drug performed worse than placebo, while 

Tramiposate did not show any significant treatment effect (although the results were confounded 

by unexplained variance) [38]. Even more recently, the phase III clinical trial of Solanezumab, a 

humanized monoclonal antibody directed against monomeric Aβ developed by Eli Lilly, and 

Verubecestat, a small molecule BACE inhibitor developed by Merck for the treatment of mild-

to-moderate AD, were halted as of November 2016 and February 2017 respectively due to a 
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determination that there was virtually no chance of finding a positive clinical effect. Despite the 

valuable information these trials have provided, and the importance of the amyloid cascade to 

AD, consistent failures have called into question the removal of Aβ as a treatment strategy for 

AD.  

 As a result of the extensive research examining impaired cholinergic and glutamatergic 

signalling in AD brains, the primary therapeutic approach to date to address cognitive loss 

associated with AD has been the use of NMDA receptor antagonists and cholinergic replacement 

strategies, using muscarinic and nicotinic-cholinergic ligands and acetylcholinesterase inhibitors 

to improve cholinergic signalling with the hope of improving cognition and global functioning in 

AD patients [50]. One of the first drugs to be approved for the treatment of AD was Tacrine, a 

centrally acting acetylcholinesterase inhibitor that was released in 1993, although it was pulled 

from the market in most countries because of its lack of efficacy and potential for toxicity [114]. 

To date, there are currently three acetylcholinesterase inhibitors that have been for the treatment 

of mild to moderate AD in Canada, donepezil (the drug most often prescribed), rivastigmine, and 

galantamine [50]. Memantine, an NMDA antagonist has also been widely used for the treatment 

of moderate-severe AD. Neuronal excitotoxicity is hypothesized to be involved in the etiology of 

AD, and by targeting NMDA receptors and impairing glutamatergic signalling, some of the 

symptoms of AD can be treated [115]. Despite their widespread use, these drugs have been 

reported to have similar ineffectiveness, with only minor improvements in cognition and global 

functioning. The effectiveness is also short-lived, and patients using these drugs still demonstrate 

a decline in cognitive functioning over time [47]. Moreover, it has been reported that not all AD 

patients are responsive to the effects of acetylcholinesterase inhibitors, or NMDA antagonists, 

and the difference between responders and non-responders remains unclear [116]. Taken 
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together, these studies have shown that, while these drugs can provide some small short-term 

improvements, they offer no long-term treatment or cure for AD.  

 

1.10 Towards a new model of AD: HNE and Aldehyde dehydrogenase 2  

As mentioned previously, HNE is a lipid peroxidation product formed during oxidative 

stress that can form protein adducts and alter cell function. Several studies have shown 

significant increases in HNE adduct formation in brain tissue of many patients with 

neurodegenerative diseases including Parkinson’s disease, Huntington’s disease, Amyotrophic 

Lateral Sclerosis (ALS) and AD (Figure 1-6). In AD, significant increases in free HNE in 

cerebrospinal fluid, amygdala, hippocampus, and para-hippocampal gyrus have all been detected 

compared to controls, and HNE-tau adducts have been shown to be a principal target for protein 

modification by oxidative damage [57]. Peroxidation of membrane lipids is a major source of 

free radical-mediated injury that directly damages neurons, leading to many downstream effects 

including membrane rigidity, decreased activity of membrane-bound enzymes (including sodium 

pumps, glutamate transporters, low-density lipoprotein receptor-related protein-1, and many 

others), impairment of receptors, altered membrane permeability and cell death [57]. Many of the 

proteins identified as targets of HNE modification across these disorders include proteins 

involved with glucose metabolism, mitochondrial function, and others associated with cognitive 

decline indicating that, despite differing pathological mechanisms that lead to the onset of 

neurodegenerative diseases, the formation of HNE-protein adducts may represent a shared step 

that aggravates brain damage and contributes to the decline in cognitive performance and clinical 

presentation [57].  
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Figure 1-7. HNE protein-adducts found across multiple neurodegenerative diseases 

HNE protein-adducts target a wide range of proteins across multiple diseases, including proteins 

involved with glucose metabolism, mitochondrial function, and others associated with cognitive 

decline. This indicates that the formation of HNE-protein adducts may represent a shared step 

that aggravates brain damage and contributes to the decline in cognitive performance and clinical 

presentation.  AD= Alzheimer’s disease. PD= Parkinson’s disease. ALS= Amyotrophic lateral 

sclerosis. HD= Huntington’s disease Adapted from [56]. 



45 
 

At low intracellular concentrations HNE may be beneficial to cells as it can promote cell 

survival and proliferation by regulating the expression and activation of key transcription factors 

including nuclear factor-kappa B (NF-κB) which is important in the regulation of cellular 

differentiation. At higher concentrations however, HNE causes the alteration of a wide range of 

biological activities including the suppression of basal and inducible NF-κB activity, disruption 

of ion homeostasis, activation of caspase pathways, disruption of glutamate transport, altered 

protein homeostasis and cell death [3]. Coupled with biophysical alterations of the lipid 

membrane, uncontrolled HNE production during increased oxidative stress can interfere with a 

range of normal cellular signalling. Aβ has been shown to induce oxidative stress in both in vitro 

and in vivo studies, and the addition of Aβ to neurons directly leads to the formation of HNE 

[117]. HNE modification of Aβ inhibits the degradation of oxidized proteins leading to an 

accumulation of abnormal ubiquitin-conjugated proteins in affected neurons, leading to 

dysfunction of the proteasome system, and furthering oxidative damage [118]. HNE can also 

enhance γ-secretase and β-secretase activity and Aβ production in neurons, and Aβ 

overproduction has been shown parallel to HNE-mediated BACE overexpression, establishing a 

direct relationship between lipid peroxidation-induced oxidative stress and the amyloidogenic 

processing of APP [119]. In addition, the γ-secretase substrate receptor nicastrin has been found 

to be directly modified by HNE in cultured neurons and brain specimens. These findings clearly 

support OS and HNE as a major factor in AD and neurodegenerative diseases. 

HNE is primarily metabolized in the brain through the adduction with glutathione via 

glutathione transferase, reduction by aldo-keto reductase or through oxidation by aldehyde 

dehydrogenase 2 (ALDH2). Of the three, oxidation by ALDH2 is the primary route of 

metabolism in the brain, catalyzing the oxidation of HNE to the non-electrophilic and non-
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reactive metabolite 4-hydroxynon-2-enoic acid (HNA), reducing its overall toxicity and impact 

on neurons in the brain [3]. Several brain regions express ALDH2 including the hippocampus, 

frontal and temporal cortex, and cerebellum, all of which are important in normal cognitive 

function [120]. AD brains have also shown significantly elevated expression of ALDH2 

suggesting that higher concentrations are needed to cope with increases of free HNE and that 

ALDH2 may serve a protective role in response to lipid peroxidation. ALDH2 activation can 

also attenuate HNE-induced pulmonary artery smooth muscle cell proliferation and migration 

(possibly via regulation of NF-κB) and the absence of ALDH2 may promote HNE-induced 

hypertension and atherosclerosis, possibly contributing to VCI [3]. ALDH2 deficiency is one of 

the most common enzymopathies in humans, caused by a Glu504Lys loss of function mutation 

that leads to a dramatic reduction of the enzymes catalytic activity. ALDH2*2 heterozygous 

carriers are common in East Asian populations, and reduced enzyme activity leads to the well-

known phenotype of Asian alcohol facial flushing. Importantly, a meta-analysis has shown that 

this genotype is also associated with increased AD risk among East Asia men, and ALDH2*2 

deficiency has also been shown to influence the risk for late-onset AD in a case-control study in 

a Japanese population [121]. While these findings are important, larger population studies are 

lacking and much of the research regarding ALDH2 and AD has been performed using in vitro 

and knock out mouse models. Nevertheless, it is clear that oxidative stress generates HNE and 

HNE-protein adducts which can trigger a cascade of pathologies that lead to an AD-like 

phenotype, and that ALDH2 is an important metabolizer and mediator of this oxidative damage. 

It follows therefore, that the absence of ALDH2 could promote age-related AD-like pathologies, 

which is the underlying hypothesis behind our novel, Aldh2-/- mouse model of age-related 

cognitive impairment and AD, and the focus of the work in this thesis. 
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CHAPTER 2 

Characterization of Aldh2-/- mice as an age-related model of cognitive impairment and 

Alzheimer’s disease 

2.1 INTRODUCTION  

AD has been studied extensively for decades, however there remains a lack of effective 

therapeutics that target the etiology of the disease rather than the symptoms. The development of 

therapeutics for AD has relied on extensive use of many transgenic mouse models of AD, which 

exhibit neuropathological changes that are dependent on the overexpression of mutant human 

genes linked to FAD (which accounts for less than 5% of total AD cases). Animal models that 

mirror sporadic AD, whereby pathological symptoms (Aβ, NFTs, and neurodegeneration) occur 

as a result of age-related changes, are severely lacking and would be instrumental furthering our 

understanding of the disease.  

 Oxidative stress markers appear early in AD patients and in animal models of AD, and 

these markers precede the onset of cognitive decline, plaques, and NFTs suggesting that 

oxidative damage may be a driving force in AD pathogenesis (as described in section 1.5.1). 

HNE, a lipid peroxidation product formed during oxidative stress can accumulate in the brain 

and has been found significantly elevated in the brains of AD patients. HNE adducts can form 

with several proteins that are involved in vital molecular processes including energy metabolism, 

antioxidant defense, and neuronal communication (as described in section 1.10). The Oxidative 

stress hypothesis of AD suggests that these changes due to oxidative stress can drive the 

pathology of AD, contributing to Aβ-mediated toxicity and cognitive decline. ALDH2 is 

important for the detoxification of toxic aldehydes including HNE and is expressed throughout 
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the brain including the frontal and temporal cortex, hippocampus, and mid-brain, and the absence 

of ALDH2 promotes HNE-induced oxidative damage. 

 We have developed a novel model of age-related cognitive impairment with AD-like 

pathologies based on the hypothesis that the absence of ALDH2 will cause an increase in HNE 

levels and would result in biochemical, histopathological, and cognitive changes that mirror 

those found in AD. As we have shown previously, these animals develop a number of 

pathological changes including synaptic loss, neurodegeneration, altered CREB signalling, 

increased Aβ and hyperphosphorylated tau, activated caspases, vascular pathologies and age-

related cognitive impairment [120]. However, a full behavioral battery has yet to be assessed in 

this animal model, including an in-depth assessment of cognitive impairment and a full 

assessment of any phenotypic differences which could confound interpretation of cognitive 

performance assessment previously observed. In the current study, we performed a behavioral 

battery, using the Morris Water Maze, several anxiety and depression assessments, and a full 

phenotypic assessment. We also assessed higher levels of learning and executive function using 

reversal learning in the MWM and the attentional set-shifting task. These studies were performed 

in order to extensively characterize Aldh2-/- mice as a model for age-related cognitive impairment 

and AD, and to ensure that changes in memory are not a result of confounding changes in other 

behaviors.  

 

2.2 MATERIALS AND METHODS 

2.2.1 Generation of Aldh2-/- mice 
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All procedures for animal experimentation were undertaken in accordance with the 

principles and guidelines of the Canadian Council on Animal Care and were approved by the 

Queen's University Animal Care Committee. Animals were maintained under a 12 h light/dark 

cycle (lights off at 7:00am), with free access to food and water. All behavior testing was 

performed during the dark phase of the light cycle. The Aldh2-/- mice have a C57BL/6 

background (backcrossed with Aldh2-/- mice for more than 10 generations). They were generated 

by gene targeting knockout [122] and were kindly provided by Dr. T. Kawamoto (University of 

Occupational and Environmental Health, Kitakyushu, Japan).Wild type male C57BL/6 mice (20 

-30 g) were obtained from Jackson Laboratory, (Bar Harbor ME). We generated wild type mice 

in-house, obtained by mating Aldh2 -/- mice with C57BL/6 wild type mice, and subsequent 

mating of the F1 heterozygotes and genotyping of the F2 progeny by PCR analysis of genomic 

DNA extracted from tail tips or ear punches. At 3 weeks of age the mice were weaned, ear-

punched for identification, and a 1.2mm snip of the end of their tails or the ear punch tissue was 

taken for genotyping. The tail snip or ear punch was placed in a DNAase-free Eppendorf tube 

and, using a Qiagen DNeasy Blood and Tissue Kit, DNA extraction was performed. The tail snip 

was cut up to small pieces and 20 µl of proteinase K was added. After vortexing and incubation 

for a minimum of 2 hours, 200µl of 100% ethanol and 200µl of buffer were added and the DNA 

recovered after passing the samples through the spin columns provided in the kit. DNA was 

quantitated using UV spectroscopy and 100ng were used for PCR amplification. Primer 

sequences were used according to [117]: 

Forward: CCGTACTGACTGTCCCATGCAGTGCT 

R1M: GGTGGATGTGGAAGTTGTGCGAGGC 

R1WT: TCCGCCAATCGGTACAACAGCCG 
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Where R1M and R1WT are the reverse primers specific for Aldh2 -/- and wild type mice, 

respectively. PCR was performed using a Qiagen Multiplex PCR Kit and a Thermocycler using 

the following PCR conditions:  

Cycle 1= 95°C for 15 mins  

Cycle 2= 94°C for 30 secs (denaturation) 

Cycle 3= 58°C for 30 secs (annealing) 

Cycle 4= 72°C for 30 secs (extension) 

Cycle 5= 34 times repeat cycles 2-4  

Cycle 6= 72°C for 10 mins (final extension) 

Cycle 7= 4°C indefinitely 

PCR products were separated by DNA gel electrophoresis; Aldh2 -/- mice generated a 280 base 

pair fragment, whereas wild type mice generated a 208 base pair fragment. 

 

2.2.2 Morris Water Maze 

The MWM was adapted from [123] and consisted of a circular pool (1.2m in diameter) 

filled with water (approximately 23°C) made opaque by non-toxic white paint. A circular 

platform (15cm in diameter) was submerged approximately 1cm below the surface in the 

northeast (NE) quadrant of the maze and, thus, hidden from view. Spatial cues, including colored 

flags, and stationary objects were placed around the pool. The escape latency (time to reach the 

hidden platform) was determined in in a 3-day cued trial block (4 trials per day) followed by a 5-

day hidden trial block (6 trials per day). For cued platform training, a black-and-white striped 

pole (2.2 cm diameter and 15 cm height) was attached to the center of the platform. Each mouse 
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was allowed 60 seconds to locate the platform per trial. Mice that could not find the platform 

within 60 seconds were gently guided towards it. Day 9 was a 60 second probe trial, in which the 

platform was removed, and time spent in each quadrant and number of crosses into each 

quadrant were recorded. For reversal learning, the hidden platform was placed in a new quadrant 

24 hour after the probe session and the mice carried out a further 3 days of hidden platform 

training (same trial numbers as before).  

 

2.2.3 Balance Beam Task 

This task was adapted from [124,125] and consisted of three consecutive days of testing 

on a 1-meter long beam with a flat surface (1.8 cm wide) resting about 50cm above the floor on 

two supports. An empty cage with nesting material served as a finish point at the end of the beam 

to attract the mouse. Day 1 and day 2 were training days in which the mouse was encouraged to 

cross the beam 3 times with a 10-minute break between each trial. On day 3, the mice were again 

given 3 trials, and the two best times required to cross the beam and enter the finish box were 

averaged 

 

2.2.4 SHIRPA Phenotypic Assessment 

 

The physical phenotype of a mouse was assessed using the SHIRPA 

(SmithKline/Harwell/Imperial College/Royal Hospital/Phenotype Assessment) behavioral 

observation protocol [100]. This standard method provides a behavioral and functional profile 

using an observational assessment of mice. The test can also indicate any defects in posture, 

motor control, co-ordination, or changes in excitability and aggression, defecation, lacrimation, 
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muscle tone, and many other different phenotypic characteristics. These parameters are scored to 

provide a quantitative assessment in order to compare results over time. The test initially begins 

by observing undisturbed behavior of the mice in a viewing jar. In addition to all measures noted 

below, the observer records any bizarre or different behavior that the mice may display 

(convulsions, spatial disorientation, compulsive licking, etc.). This is followed by transferring the 

mice to an open arena (empty cage) to examine transfer arousal and observe normal behavior. 

After this, a series of manipulations using tail suspensions, and a metal grid are used to further 

examine behavior. Finally, the animal is placed in a supine position, and autonomic behaviors 

are recorded. Throughout the experiment, vocalization, urination, and general fear and irritability 

or aggressions are recorded.  

 

2.2.5 Open Field Test 

Open field exploration provides an opportunity to assess novel environment exploration, 

general locomotor activity, and can provide an initial screen for anxiety-related behavior in 

rodents [101]. The open field test was used to assess spontaneous locomotor activity during free 

exploration. The OFT was conducted using a square Plexiglass® open field apparatus (45cm x 

45cm x 25cm). Each mouse was placed individually in the centre and allowed to explore freely 

for 5 minutes. The test was performed under dim light conditions and minimal background noise. 

Spontaneous locomotion was assessed by a grid of infrared beams using a software data 

acquisition system (TSE Actimot, Scientific Products and Equipment, Concord, ON). The total 

time spent moving, total distance travelled, and time spent rearing were recorded.  
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2.2.6 Elevated Plus Maze 

The EPM is one of the most widely used tests for measuring anxiety-like behavior and is 

based on the natural aversion of mice for open and elevated areas [99]. It consists of open and 

closed arms crossed in the middle, and a center area. The apparatus used contains two open arms 

(25-30 cm long, 5cm wide, 0.5cm high), with two closed arms (25-30cm long, 5cm wide, 15cm 

high). The entire apparatus sits approximately 1m above the ground and is made from finished 

wood. Mice are introduced to the EPM centrally and are allowed to move freely for 6 minutes. 

The proportion of time spent in the open arms is recorded and serves as an index of anxiety-like 

behavior. Avoidance of the open arms is considered a result of the induction of higher levels of 

fear.  

2.2.7 Tail Suspension and Forced Swim Tests 

The tail-suspension test is a behavioral test useful for assessing depression-like behaviors 

in mice. As adapted from [126], mice are suspended from their tails in such a position that they 

cannot escape or hold onto a nearby surface and, for a 6-minute session, the resulting escape-

oriented behaviors are quantified. The time that each mouse spends mobile is measured and 

recorded. Movement of the mouse includes attempts to reach the walls, strong shaking of the 

body, and movement of limbs. Small movements of only the front legs, and pendulum swings are 

not counted. The mouse is placed so that its nose is about 20-25 cm above the floor. A soft 

cushion is placed underneath the mouse in case of falls. Tape is adhered securely to the mouse’s 

tail and is strong enough to support the mouse. For the forced swim test, mice were placed into the 

centre of a 2 L polypropylene cylinder filled with 1600 mL of water maintained at room temperature (23-

25°C). The water was sufficiently deep that the mouse’s tail could not touch the bottom of the container. 

Mobility was defined as the concerted movement of 2 limbs resulting in propulsion or any change in the 
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orientation of the body. This definition excludes passive limb movements performed to maintain floating. 

The latency to becoming immobile and time spent mobile and immobile were recorded for analysis.  

2.2.8 Light/Dark Box 

The Light/dark box test was used to assess aversion to bright illumination as a measure of 

anxiety-like behaviour. The opaque plastic arena (50cm x 25cm x 18cm) was arranged as 

described in [126]. It was divided unequally such that two-thirds of the space was considered the 

“light” side and one-third was the “dark” side. The compartments were divided by an opaque 

barrier with a hole (6cm x 6cm) along the bottom to allow free movement between sides. The 

dark side was enclosed by opaque plastic sheets to block light and the light side was illuminated 

by a 60W bulb suspended 20 cm above. Animals were placed in the dark side and allowed to 

explore freely for 6 minutes. An entry was considered when the centre of mass of the animal 

crossed the division between sides. The latency to enter the light side and total time spent in the 

light and dark sides were recorded. 

 

2.2.9 Attentional Set-Shifting Task 

In addition to reversal learning in the MWM, executive dysfunction can be modelled 

using the attentional set-shifting task in rodents [127]. The test assesses the ability of a subject to 

change the focus of attention between different features of a stimulus, an ability that may depend 

critically on frontal structures. This task was developed based on tests that detect executive 

function in humans and non-human primates.   

Subjects are first taught to reliably dig in a 5 cm ceramic pot filled with wood shavings to 

obtain a hidden fruit loop sugar food reward. The ceramic pot is placed in the cage and a piece of 
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fruit loop is placed in the shavings at increasing depths every five minutes for one hour, with the 

reward first placed on the top of the pot and eventually buried approximately 2.5 cm deep. 

Digging training is considered successful if the subject successfully retrieves at least 3 fully 

buried fruit loops in a row.  

The testing phase involves the use of 2 pots (one of which is baited with the sugar 

reward). Rather than use a particular digging media (as mice have some difficulties manipulating 

media other than their cage bedding), the pots are placed on different platforms including glass, 

wood, sandpaper, plastic, and ceramic. The rim of each pot is scented with non-toxic commercial 

liquid perfumed oils of varying scents including mint, cherry, lavender, vanilla, etc. The odor is 

refreshed before each testing session, and the choice of odors is randomized daily, to prevent the 

occurrence of a specific pattern. Each subject is exposed to five testing stages (summarized in 

Table 2-1), which always followed the sequence: simple discrimination (SD), compound 

discrimination (CD), Intra-dimensional shift discrimination (IDS), IDS reversal discrimination 

(IDSrev), and Extra-dimensional shift discrimination (EDS). The goal for the animal is to use the 

platform material and odor cues to select the baited pot and retrieve the food reward. During 

each testing phase, the subject is released and allowed to explore the ceramic pots. Each dig in 

the incorrect, un-baited pot, is considered an error, and the subject is removed to the holding 

chamber. On subsequent trials, and after obtaining the reward, the subject is allowed to eat for 10 

seconds. This process is followed in the subsequent tests. A SD occurs when only one of the two 

distinct platforms is baited while the same scent is used for both pots. In CD, a secondary 

dimension is added to the paradigm (two different scents) and the subject is forced to rely on the 

relevant primary stimulus (two distinct platforms from SD) and disregard the irrelevant 

secondary stimulus to obtain the reward. In IDS, the subject is presented with a new set of odors  
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Test Type Dimensions   Example   

  Relevant Irrelevant Positive Stimulus Negative 

Stimulus 

SD Platform   Glass Platform 

Cherry Odor 

Wood Platform 

Cherry Odor 

CD Platform Odor Glass Platform 

Cherry or Vanilla 

Odor 

Wood Platform 

Cherry or Vanilla 

Odor 

IDS Platform Odor Foam Platform 

Mango or Mint 

Odor 

Lego Platform 

Mango or Mint 

Odor 

IDSREV Platform Odor Lego Platform 

Mango or Mint 

Odor 

Foam Platform  

Mango or Mint 

Odor 

EDS Odor Platform Sandpaper platform 

Cinnamon Odor 

Felt Platform 

Clean Linen Odor 

Table 2-1. Set-up for the attentional set-shifting task for rodents. After a training session, 

mice are introduced to an arena with two pots filled with bedding material. One of the pots is 

baited with a food reward. The pots are also placed on top of a small platform of varying 

texture, and different non-toxic scented oils were added to the rim of each one. The mice then 

proceed sequentially through the different shifts listed above 
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In the IDSrev, the relevant dimension stays the same as in the IDS. However, within the relevant 

dimension, the positive and negative stimuli are reversed, while maintaining identical, 

randomized, secondary stimuli. In the EDS, the subject is presented with a new set of odor and 

platform stimuli, with reversed relevant and irrelevant dimensions with respect to the IDS. The 

number of trials to achieve six correct trials successively is recorded during each shift.  

 

2.2.10 Data Analysis 

All data are expressed as the mean ± SD of n experiments, except in the MWM where 

latency to find platform is expressed as the mean ± SEM. Data were analyzed by one-way or 

two-way analysis of variance with a Bonferroni post-hoc test, or Student’s t-test for unpaired 

data, as indicated. A p value of 0.05 or less was considered statistically significant. 

 The behavioral experiments outlined above were performed on several different cohorts 

of mice at different time points (as indicated below). Both male and female mice were used for 

all tests. As exposure to water can impose significant stress on the animal, the MWM was 

performed on a separate cohort of aging mice so as not to influence the results of the other tests. 

For anxiety testing, the EPM and light/dark box were the first tests the cohort of mice were 

exposed too.  

 

2.3 RESULTS 

2.3.1 Longitudinal Morris Water Maze Analysis 

The MWM is the gold standard method of assessing changes in spatial learning and 

reference memory in rodents. To further characterize Aldh2-/- mice as a model for AD, we 
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assessed spatial learning and memory at 3, 6, 9, and 12 months of age in wild type and Aldh2-/- 

mice. At 3 months of age, a three-way ANOVA test was first performed to examine sex 

differences in performance in the MWM. No significant differences (F (7,320) =0.5391 p> 0.05) 

were found between male and female animals in the latency to find the platform during the cued 

and hidden trials, as well as the time spent in the target quadrant and number of crosses in the 

probe trial (Figure 2-1). Previous work on Aldh2-/-  mice has also found that male and female 

mice perform the same in the Y-maze and NOR task [120]. As a result, data from male and 

female mice were combined (thereby increasing sample size and reducing variability) for further 

assessment at other time points. At 3, 6, 9, and 12 months of age (Figure 2-2), both wild type and 

Aldh2-/- mice did not experience any significant differences during the 3-day cued platform 

training, in which mice swim to a visible platform suggesting a lack of differences in eyesight, 

swim speed, basic strategies and motivation (p>0.05). Also, we did not observe nonspecific 

behavioural changes such as floating or thygmotaxis in the Aldh2-/- mice. There was a significant 

genotype difference in escape latency for Aldh2-/- mice compared to wild type mice in trial 

blocks in which the platform was hidden (F (7, 304) =36.58 p<0.001). In the probe trial, Aldh2-/- 

mice spent less time in the target quadrant and had fewer platform crosses compared to wild type 

mice across all time points (F (1,125) = 136.2 p<0.001) (Figures 2-3, 2-4). Indeed, at 6 months, 

Aldh2-/- mice spent essentially the same amount of time in each quadrant, whereas wild type 

mice spent about three times more time in the target quadrant than the other quadrants (Figure 2-

5). These results suggest impaired spatial reference memory in Aldh2-/- mice, and that these 

memory impairments were not a result of other confounding factors. 
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Figure 2-1. Male vs Female performance in the MWM at 3 Months of Age  

(A) Escape Latency (time to reach the hidden platform), (B) Time in Target quadrant, and (C) 

Number of crosses in 3-month male and female animals was determined in a 3-day cued trial block 

(4 trials per day) followed by a 5-day hidden trial block (6 trials per day). Data are expressed as the 

mean ± SEM of the average scores in each trial block in A, and the mean ± SD in B and C. Data 

were analyzed by 2-way (and 3-way) ANOVA and Bonferroni’s multiple comparisons test. Wild 

type male n=9, Aldh2-/- male n=9., Wild type female n=11, Aldh2-/- female n=11, *, significant 

difference from wild type as indicated (*p<0.05, ** p<0.01). 
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Figure 2-2. Latency to find platform in the MWM at 3, 6, 9, and 12 months of age   

Escape Latency (time to reach the hidden platform) in 3-month (A), 6-month animals (B), 9-

month (C), and 12-Month (D) animals was determined in a 3-day cued trial block (4 trials per 

day) followed by a 5-day hidden trial block (6 trials per day). Data are expressed as the mean ± 

SEM of the average scores in each trial block. Data were analyzed by 2-way ANOVA and 

Bonferroni’s multiple comparisons test. At 3 months, wild type n=20, Aldh2-/- n=20. At 6 

months, wild type n=18, Aldh2-/- n=18, at 9 months wild type n=15, Aldh2-/- n=15. At 12 months, 

wild type n=14, Aldh2-/- n=13. *, significant difference from wild type as indicated (*p<0.05, ** 

p<0.01, ***p<0.001). 
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Figure 2-3. Time in target quadrant in the probe trial of the MWM in 3, 6, 9, and 12-month 

animals 

Total time spent in the target quadrant was determined in a probe trial 24hours after the final day 

of hidden platform testing. Data are expressed as the mean ± SD. Data were analyzed by an 

unpaired t-test at each time point. At 3 months, wild type n=20, Aldh2-/- n=20. At 6 months, wild 

type n=18, Aldh2-/- n=18, at 9 months wild type n=15, Aldh2-/- n=15. At 12 months, wild type n=14, 

Aldh2-/- n=13. *, significant difference from wild type as indicated (***p<0.001). 
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Figure 2-4. Number of crosses into the target quadrant in probe trial of the MWM in 3, 6, 9, 

and 12-month animals 

Number of crosses in the probe trial 24hours after the final day of hidden platform testing. Data are 

expressed as the mean ± SD. Data were analyzed by an unpaired t-test at each time point. At 3 

months, wild type n=20, Aldh2-/- n=20. At 6 months, wild type n=18, Aldh2-/- n=18, at 9 months 

wild type n=15, Aldh2-/- n=15. At 12 months, wild type n=14, Aldh2-/- n=13. *, significant 

difference from wild type as indicated (***p<0.001). 
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Figure 2-5. Time spent in each quadrant during the probe trial of the MWM at 6-months 

Time spent within each quadrant in the MWM probe trial at 6-months of age. Data are expressed 

as the mean ± SD. Data were analyzed by an unpaired t-test at each time point. At 3 months, wild 

type n=20, Aldh2-/- n=20. At 6 months, wild type n=18, Aldh2-/- n=18, at 9 months wild type n=15, 

Aldh2-/- n=15. At 12 months, wild type n=14, Aldh2-/- n=13. * used to indicate significant 

difference from wild type as indicated ***p<0.001), ψ used to indicate significant difference from 

other quadrants for wild type mice ψψψ p<0.001 
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2.3.2 SHIRPA Phenotypic Analysis, Balance Beam and Open Field Test 

 

To further examine any differences in behavioral phenotype, we assessed locomotor 

activity and coordination using the balance beam task, the SHIRPA standardized battery and the 

open field test. With respect to the SHIRPA analysis, animals were assessed using a variety of 

different measures to examine posture, motor control, co-ordination, or changes in excitability 

and aggression, defecation, lacrimation, muscle tone, and other different phenotypic 

characteristics. The proportion of animals expressing a particular phenotype are represented in 

Table 2-2 (3-month old animals) and Table 2-3 (6-month animals). A Student’s t-test analysis 

found no significant differences observed between either cohort of wild type and Aldh2-/- mice in 

any parameter (p>0.05). In addition, no significant differences were observed in the average time 

to cross the beam (Figure 2-6) during the balance beam task at 3 and 6 months of age (p>0.05). 

A longitudinal assessment using the open-field test was also performed on a cohort of mice to 

assess movement and distance travelled, and no significant differences were found across all 

time points (F (1, 77) =1.066 p>0.05). (Figure 2-7). A Student’s t-test also found that male and 

female weights were also not significantly different at 9-months (Figure 2-8) These data suggest 

that diminished cognitive performance was the result of impaired memory and not due to 

confounding impairments in motor function or any physical changes.  
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 Test Wild type (n = 13) Aldh2-/- (n = 20) 

 Viewing jar   

 Body position Sitting or Standing: 13 (100%) Sitting or Standing: 20 (100%) 

 Spontaneous activity Casual Scratch, Slow Movement 13 (100%) Casual Scratch, Slow Movement 20 (100%) 

 Respiration rate Normal: 13 (100%) Normal: 20 (100%) 

 Body tremor Normal: 13 (100%) Normal: 20 (100%) 

 Palpebral closure Open: 13 (100%) Open: 20 (100%) 

 Piloerection Normal: 13 (100%) Normal: 20 (100%) 

 Gait Normal: 13 (100%) Normal: 20 (100%) 

 Pelvic elevation Normal: 13 (100%) Normal: 20 (100%) 

 Tail elevation Horizontal: 13 (100%) Horizontal: 20 (100%) 

 Touch escape Mild 4 (31%) Mild 7 (35%) 

  Moderate 9 (69%) Moderate 13 (65%) 

 Positional passivity Struggles when held tail: 13 (100% Struggles when held tail: 20 (100%) 

 Trunk curl Present: 13 (100%) Present: 20 (100%) 

 Limb grasping Present: 13 (100%) Present: 20 (100%) 

 Grip strength Active Grip, Effective: 13 (100%) Active Grip, Effective: 20 (100%) 

 Body tone Slight resistance: 13 (100%) Slight resistance: 20 (100%) 

 Pinna reflex Active Retraction: 13 (100%) Active Retraction: 20 (100%) 

 Wire maneuver   

  Difficulty to Grasp with Hindlegs: 2 (15%) Difficulty to Grasp with Hindlegs: 4 (20%) 

  Active Grip with Hind Legs: 11(85%) Active Grip with Hind Legs: 16 (80%) 

 Skin color Pink: 13(100%) Pink: 20(100%) 

 Abdominal tone Slight resistance: 13 (100%) Slight resistance: 20 (100%) 

 Lacrimation None 13 (100%) None 20(100%) 

 Provoked biting Present 13 (100%) Present 20(100%) 

 Negative geotaxis Turns and Climbs Grid 13(100%) Turns and Climbs Grid 20(100%) 

 Handling behaviour   

 Irritability Present 13(100%) Present 20 (100%) 

 Aggression Present 13 (100%) Present 20 (100%) 

 Visual and auditory proficiency   

 Visual placing test Before Vibrasse Contact (Visual): 13 (100%) Before Vibrasse Contact (Visual): 20 (100%) 

 Preyer’s reflex test Positive Response to Clap: 13 (100%) Positive Response to Clap: 20 (100%) 

    

Table 2-2 SHIRPA standardized battery at 3 months of age. 

 Differences in motor balance, locomotion, and coordination, using the SHIRPA standardised 

battery were assessed in male and female wild type and Aldh2-/- mice. Data are expressed as the 

proportion of mice expressing a particular phenotype. No significant differences were found 

between wild type and Aldh2-/- mice in any parameter (Student’s t-test, p>0.05). 
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Test Wild type (n = 15) Aldh2-/- (n = 19) 

Viewing jar   

Body position Sitting or Standing: 15 (100%) Sitting or Standing: 19 (100%) 

Spontaneous activity Casual Scratch, Slow Movement 15 (100%) Casual Scratch, Slow Movement 19 (100%) 

Respiration rate Normal: 15 (100%) Normal: 19 (100%) 

Body tremor Normal 15 (100%) Normal: 19 (100%) 

Palpebral closure Open: 15 (100%) Open: 19 (100%) 

Piloerection Normal: 15 (100%) Normal: 19 (100%) 

Gait Normal: 15 (100%) Normal: 19 (100%) 

Pelvic elevation Normal: 15 (100%) Normal: 19 (100%) 

Tail elevation Horizontal: 15 (100%) Horizontal: 19 (100%) 

Touch escape Mild 5 (33%) Mild 8 (42%) 

 Moderate 10 (67%) Moderate 11 (58%) 

Positional passivity Struggles when held tail: 15 (100% Struggles when held tail: 19 (100%) 

Trunk curl Present: 15 (100%) Present: 19 (100%) 

Limb grasping Present: 15 (100%) Present: 19 (100%) 

Grip strength Active Grip, Effective: 15 (100%) Active Grip, Effective: 19 (100%) 

Body tone Slight resistance: 15 (100%) Slight resistance: 19 (100%) 

Pinna reflex Active Retraction: 15 (100%) Active Retraction: 19 (100%) 

Wire maneuver   

 Difficulty to Grasp with Hindlegs: 4 (27%) Difficulty to Grasp with Hindlegs: 5(26%) 

 Active Grip with Hind Legs: 11 (73%) Active Grip with Hind Legs: 14 (74%) 

Skin color Pink: 15(100%) Pink: 19 (100%) 

Abdominal tone Slight resistance: 15 (100%) Slight resistance: 19(100%) 

Lacrimation None 15 (100%) None 19 (100%) 

Provoked biting Present 15 (100%) Present 19 (100%) 

Negative geotaxis Turns and Climbs Grid 15 (100%) Turns and Climbs Grid 19 (100%) 

Handling behaviour   

Irritability Present 15 (100%) Present 19 (100%) 

Aggression Present 15 (100%) Present 19(100%) 

Visual and auditory proficiency   

Visual placing test Before Vibrasse Contact (Visual): 15 (100%) Before Vibrasse Contact (Visual): 19 (100%) 

Preyer’s reflex test Positive Response to Clap: 15 (100%) Positive Response to Clap: 19 (100%) 

   

Table 2-3. SHIRPA standardized battery at 6 months of age. 

 Differences in motor balance, locomotion, and coordination, using the SHIRPA standardised 

battery were assessed in male and female wild type and Aldh2-/- mice. Data are expressed as the 

proportion of mice expressing a particular phenotype. No significant differences were found 

between wild type and Aldh2-/- mice in any parameter (Student’s t-test, p>0.05).  
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Figure 2-6. Average time to cross balance beam in the Balance Beam test 

Average of the best two times to cross the balance beam during a 3-trial balance beam test in 3-

month (A) and 6-month (B) wild type and Aldh2-/- mice. Data are expressed as the mean ± SD and 

were analyzed by an unpaired t-test. Wild type n=9, Aldh2-/- n=14 at both time points. No 

significant differences found between wild type and Aldh2-/- mice (p>0.05). 
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Figure 2-7. Total time mobile and distance travelled in the Open Field Test 

The OFT was used to assess locomotor abilities of wild type and Aldh2-/- mice. Total time 

mobile (upper panel) and total distance travelled (lower pannel) in a 5-minute session was 

automatically calculated by computer tracking software. Mice were assessed at 3, 7, and 11 

months. Data are expressed as the mean ± SD. Data were analyzed by an unpaired t-test at each 

time point. At 3 months, Wild type n=9, Aldh2-/- n=9. At 7 months wild type n=18, Aldh2-/- 

n=12, at 11 months wild type n=18, Aldh2-/- n=17. No significant differences were found 

between wild type and Aldh2-/- mice at any time point (p>0.05). 
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Figure 2-8. Average Weight of a cohort of male and female wild type and Aldh2-/- mice 

A cohort of animals were weighed at 9-months to complete a physical comparison of these 

animals. No significant differences in weight were found between male and female wild type and 

Aldh2-/- mice. Data are expressed as the mean ± SD and were analyzed by an unpaired t-test. n=7 

for each group of mice. 
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2.3.3 Anxiety and Depressive-like Pathologies 

 

      As mentioned in Section 1.7, anxiety and depressive-like pathologies are often present in AD 

patients and in other mouse models of AD. Anxiety-like pathologies were assessed in Aldh2-/- 

mice using the EPM and the Light/Dark box at three time points. Because of the effect other 

(more stressful) tests can have on the anxiety and behavior of mice, anxiety testing was done 

prior to any other behavioral testing. In the light/dark box, aversion to bright illumination is used 

as a measure of anxiety-like behaviour. At 3 months, no significant differences were found 

comparing the total time spent in the illuminated side of the box between wild type and Aldh2-/- 

mice. As the mice age however, Aldh2-/- mice spend significantly less time in the illuminated side 

(F (2, 102) =13.92 p<0.0001) at both 7-months and 11-months while wild type controls maintain 

a similar preference for the illuminated side (Figure 2-9). These results were mirrored in the 

EPM (Figure 2-10). At 7 and 11-months male Aldh2-/- mice spend significantly less time in the 

open arm of the EPM (F (2, 95) =10.89 p<0.001). and although female Aldh2-/- mice exhibited a 

trend in that direction, this was not significant. 

With respect to depressive-like pathology, the tail-suspension test was performed at 3, 7, 

and 11-months of age and the total time mobile was determined. No significant differences 

(p>0.05) between wild type and Aldh2-/- mice were found in the time spent mobile across all time 

points (Figure 2-11). However, a Student’s t-test found a significant decline (p<0.001) in the 

time spent actively escaping in the forced swim test was found in Aldh2-/- mice at 7 months 

(Figure 2-12).  
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Figure 2-9. Time spent in the illuminated side of the light/dark box 

The light/dark box was used to assess anxiety-like behavior of wild type and Aldh2-/- mice. 

Total time spent in the illuminated side was recorded in a 6-minute session. Mice were 

assessed at 3, 7, and 11 months. Data are expressed as the mean ± SD. Data were analyzed by 

an unpaired t-test at each time point and by 2-way ANOVA across time points. At 3 months, 

wild type n=18, Aldh2-/- n=14. At 7 months wild type n=20, Aldh2-/- n=19, at 11 months wild 

type n=17, Aldh2-/- n=17. * used to indicate significant difference from wild type, Ψ used to 

indicate significant difference in Aldh2-/- from 3-months ** p<0.01,  ***p<0.001, **** 

p<0.0001, ΨΨΨΨ p<0.0001. Aldh2-/- mice spend significantly less time in the illuminated 

side at 7 and 11 months of age (P<0.01), and the time spent is progressively less as the 

animals age (P<0.0001). There were significant effects of genotype and age on time in the 

illuminated chamber (F1,102=22.5, p<0.0001; F1,102=13.9, p<0.0001). 
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Figure 2-10. Proportion of time spent in the open arm of the Elevated Plus Maze 

The EPM was used to assess anxiety-like behavior of wild type and Aldh2-/- mice. The 

proportion of time spent in the open arm compared to total exploration time was recorded in 

a 6-minute session. Mice were assessed at 3, 7, and 11 months. Data are expressed as the 

mean ± SD. Data were analyzed by 2-way ANOVA. At 3 months, Male Wild type n=8, Male 

Aldh2-/- n=8, female wild type n=8, female Aldh2-/- n=8. At 7 months Male wild type n=10, 

Male Aldh2-/- n=10, female wild type n=10, female Aldh2-/- n=10. At 11 months, Male wild 

type n=8, Male Aldh2-/- n=10, female wild type n=9, female Aldh2-/- n=9 * used to indicate 

significant difference from wild type, ** p<0.01. Male Aldh2-/- mice spend significantly less 

time in open arm at 7 and 11 months of age (p<0.01). 
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Figure 2-11. Time spent mobile during the Tail Suspension Test 

The tail suspension test was used to assess depressive-like behavior of wild type and Aldh2-/- mice. 

Total time spent mobile was recorded in a 6-minute session. Mice were assessed at 3, 7, and 11 

months. At 3-months Wild type n=10, Aldh2-/- n=9. At 7-months wild type n=14, Aldh2-/- n=20, at 

11 months wild type n=14, Aldh2-/- n=16. Data are expressed as the mean ± SD. Data were 

analyzed by 2-way ANOVA. No significant differences were found in the time spent mobile 

between wild type and Aldh2-/- mice (p>0.05). 
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Figure 2-12. Time spent actively attempting escape in the forced swim test. 

Male and female mice were subjected to the forced swim test for 6-minute trials at ages 3, 7, and 

11 months. The amount of time spent mobile and immobile were recorded. Data presented was 

analyzed as described. Significant differences were observed between Aldh2-/- and wild type 

mice at age 7 months. Data were analyzed by 2-way ANOVA and a Bonferroni post-hoc test. 

Data are presented as mean ± SD (wild type n=15-20, Aldh2-/- n=15-20). Significant differences 

reported as indicated (*** p<0.001). 
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2.3.4 Reversal learning in the MWM and Attentional Set-Shifting as a measure of executive 

dysfunction 

 Reversal of spatial learning is the learning of a new response in a familiar environment 

and is sensitive to hippocampal damage. It has been used as a measure of cognitive flexibility or 

higher levels of learning and, coupled with attentional set shifting, is an important assessment of 

executive function [127]. Reversal learning can be assessed in the MWM by altering the position 

of the hidden platform to a new location 24hours after the probe trial and forcing the mouse to 

adapt its strategy and re-learn a new location using the same spatial cues. We assessed reversal 

learning in the MWM in a cohort of male and female animals at 1-month and at 4-months to 

determine whether mice had an early impairment in executive function. At 1-month, no 

significant differences (p>0.05) were found in any measures of the MWM including the reversal 

trials (latency to find platform, time spent in target quadrant, and number of crosses). However, 

similar to what was previously observed, at 4-months Aldh2-/- mice exhibit significantly longer 

latency times (F (1, 275) =4.68 p<0.0001) to find the platform in normal and in reversal learning 

and spend significantly less time in the target quadrant and crossed over significantly fewer times 

in the probe trial (Figures 2-13, 2-14). In addition to reversal learning, executive dysfunction in 

Aldh2-/- mice was assessed using the attentional set-shifting task. The number of trials to 

criterion, or the number of trials it takes for the mouse to successfully dig in the baited pot 6 

consecutive times was recorded and is shown in Figure 2-15. At 6 months of age, Aldh2-/- mice 

take significantly more trials to reach criterion (Student’s t-test p< 0.001) across all sets of shifts 

except in the intra-dimensional shift discrimination (IDS). These data suggest Aldh2-/- mice 

exhibit significant impairment in executive function. 
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 Figure 2-13. Reversal learning in the MWM at 1-month   

Escape latency (time to reach the hidden platform) in 1-month old animals was determined in a 

3-day cued trial block (4 trials per day) followed by a 5-day hidden trial block (6 trials per day) 

and a 3-day reversal learning trial block (6 trials per day). Data are expressed as the mean ± SEM 

of the average scores in each trial block in A, and the mean ± SD in B and C. Data were analyzed 

by 2-way ANOVA and Bonferroni’s multiple comparisons test, wild type n=15, Aldh2-/- n=16. 

No significant differences found in any measures between wild type and Aldh2-/- mice.  
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Figure 2-14. Reversal learning in the MWM at 4-months   

Escape Latency (time to reach the hidden platform) in 4-month animals was determined in a 3-

day cued trial block (4 trials per day) followed by a 5-day hidden trial block (6 trials per day) and 

a 3-day reversal learning trial block (6 trials per day). Data are expressed as the mean ± SEM of 

the average scores in each trial block in A. Data were analyzed by 2-way ANOVA and 

Bonferroni’s multiple comparisons test, wild type n=15, Aldh2-/- n=16. * used to indicate 

significant difference from wild type; (*p<0.05, **p<0.01, ***p<0.001) 
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Figure 2-15. Executive dysfunction measured using the attentional set-shifting task 

After training, mice were introduced to an arena with two pots filled with bedding material. One of 

the pots is baited with a food reward. The pots are also placed on top of a small platform of varying 

texture, and different non-toxic scented oils were added to the rim of each one. For each of the tests 

listed in Table 1, the mouse must learn the different relevant stimulus (i.e. platform) and ignore the 

irrelevant stimulus in order to choose the proper baited pot for a food reward. The number of trials 

to criterion, or the number of trials it takes for the mouse to successfully dig in the baited pot 6 

consecutive times was recorded and is shown above. Data are expressed as the mean ± SD. Data 

were analyzed by an unpaired t-test, wild type n=3, Aldh2-/- n=3.   *, significant difference from 

wild type as indicated, ***p<0.001) 
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2.4 DISCUSSION 

 

Previous work on Aldh2-/- mice has shown a progressive, age-related decline in spatial 

and recognition memory beginning at 3 months of age and maximizing at 6-7 months, as 

evidenced by performance in the Y-maze and NOR task [120]. This decline in memory task 

performance is associated with several pathological changes that are rarely observed together in 

AD animal models, including increases in Aβ, phosphorylated tau, activated caspases, synaptic 

loss, and defective CREB signalling. The results from this study further support a decline in 

spatial reference memory as evidenced by performance in the MWM test at 3, 6, 9, and 12 

months of age. The results from the reversal trial suggest that executive function may be 

impaired as early as 4 months. Interestingly, reversal learning at 1-month was not altered, and 

there was no difference in performance between males and females in the MWM at 3 months of 

age, consistent with previous findings for the NOR and Y-maze task [120]. 

The MWM is a common method for examining spatial memory in rodents because of its 

simplicity and effectiveness. Our variation of the MWM, whereby 3-days of cued platform 

training is followed by 5-days of hidden platform training was an effective way to ensure that 

results are not confounded by variations in swimming speed or visual acuity. Aldh2-/- mice did 

not experience any significant differences in latency to find the platform throughout the 3-day 

cued trial, indicating that all mice can see the platform, and can navigate to it without issue. 

While a significant difference in performance in the first block of hidden platform  (6- and 9-

month old animals) training may have been unexpected (since this was the first instance of the 

animals having to use spatial cues to find the hidden platform), there was no significant 

difference in escape latency between wild type and Aldh2-/- mice in the very first trial of the six 

trials (37.3 ± 21.1 s and 41.1 ± 22.1 s, respectively, p >0.05), indicating that the basis for a better 
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overall performance of the wild type mice in the first block was due to shorter escape latencies in 

the latter trials of that block. Reversal trials, whereby the hidden platform is moved to a new 

location forcing the mice to adapt their search strategy to find the hidden platform, has been used 

to assess cognitive flexibility and executive function in mice [105,128,129], and we 

demonstrated possible executive dysfunction that occurs early in Aldh2-/- mice, although the 

results from reversal trials and from the attentional set shifting task maybe inconclusive, as small 

sample sizes, and the inability of Aldh2-/- mice to re-learn the new location of the hidden platform 

prevent any conclusive evidence of dysfunction. While these experiments provide a good starting 

point into an examination of higher levels of cognitive function, further experiments would be 

needed to determine definitively whether cognitive flexibility and executive function is 

significantly altered in Aldh2-/- mice. Nevertheless, this study provided a thorough examination 

of spatial memory and executive function at multiple time points to help further characterize 

Aldh2-/- mice. Interestingly, impairments in the MWM occurred at a much earlier age compared 

to other, well established animal models of AD including the PDAPP model (impairments at 6-

9months) and the 3xTg AD model (4.5 months) and appear in an age-dependent manner (no 

deficits in MWM at 1-month) which is advantageous in the study of AD, and in the development 

of therapeutics to combat the progression of the disease (Table 1-1). While there are no rodent 

models that reflect the complexity of human AD in its entirety, these early deficits coupled with 

the early appearance of significantly increased HNE adducts and decreased phosphorylated 

CREB at 3 months of age, represent a significant advantage that Aldh2-/- mice have over 

transgenic AD models, because cognitive impairments occur at a more experimentally useful 

time.  
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The SHIRPA test is a useful assessment of basic neurologic function and comprises 

assessments of a variety of reflexes, startle amplitude, balance, and motor coordination, and has 

been used to characterize several other transgenic AD models [130]. Coupled with the balance 

beam test, which further assesses the motor coordination of the mouse by monitoring its ability 

to cross a narrow beam, we performed a thorough examination of the physical features ofAldh2-/- 

mice. No significant differences were found in any measures throughout the SHIRPA analysis, 

including assessments of visual and auditory acuity, or during the balance beam task, indicating 

that Aldh2-/- mice are physically similar to wild type controls. This was further emphasized 

through performance in the OFT where Aldh2-/- mice spent a similar amount of time mobile, and 

travelled a similar distance compared to wild type animals. Differences in gait and movement 

ability would likely confound many of the results seen in previous behavioral assessments 

including the Y-maze, NOR, and MWM. Taken together, these tests are an important part of a 

full behavioral battery to ensure that behavioral changes in Aldh2-/- mice are a result of cognitive 

dysfunction and not a result of confounding changes in other factors.  

Anxiety and depression are commonly found in AD patients and are associated with 

psychiatric morbidity, disability, increased health care utilization and mortality [22]. Anxiety 

symptoms occurred in nearly 70% of subjects in a population of AD patients and were 

significantly correlated with impairments in daily living activities, and behavioral disturbances 

including wandering, sexual misconduct, hallucinations, and physical abuse. Comorbidity of 

anxiety and depression is also a prevalent and important factor for mortality in AD patients, and 

anxiety in patients suffering from mild cognitive impairment may significantly increase their risk 

of AD [22]. Although the precise mechanisms that lead to anxiety and depression in AD are 

unknown, impairments in adult hippocampal neurogenesis, as well as general hippocampal 
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dysfunction have been observed and may play a role, and changes in anxiety and depression 

worsen with age [131]. These psychiatric symptoms have proven useful as preclinical markers 

for the investigation of pharmacological modulation of amyloid deposition and for the 

symptomatic treatment of non-cognitive behavioral alterations seen in AD [132]. We assessed 

anxiety and depressive-like symptoms in Aldh2-/- mice to further characterize them as a potential 

model for AD, and to better understand non-cognitive behavioral alterations that are evident in 

AD that may also appear in our model. Using a battery of well described tests, we found that 

anxiety significantly worsened over time in Aldh2-/- mice, evidenced by decreased time spent in 

the illuminated side of a light/dark box, and decreased time spent in the open arm of the EPM 

(Figures 2-9 and 2-10). While there were trends towards more depressive-like behavior in these 

mice (using the tail suspension test), we found these to be non-significant (Figure 2-11). 

However, further studies using the forced swim test have shown that male Aldh2-/- mice exhibit a 

significant decline in the time spent actively escaping in the forced swim test (Figure 2-12). 

. These results indicate that Aldh2-/- mice develop anxiety-like symptoms as they age, in 

addition to possible depressive-like symptoms. The progression of these symptoms appears to 

mirror previously show impairments in cognition and are maximal between 6-7 months of age. 

This progression is also similar to the age-related changes we see in several pathological markers 

including HNE, Aβ, phosphorylated tau, and caspases [120]. A number of studies have 

established a link between oxidative stress and pathological anxiety, and oxidative stress has 

been associated with several neuropsychiatric diseases including schizophrenia and major 

depressive disorder, leading authors to suggest that oxidative damage may be a pathogenic factor 

for neurological diseases [133]. Hovatta et al. identified a close relationship between increased 

antioxidative defense mechanisms and anxiety in several inbred mouse strains [134], and 
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products of oxidative stress (including HNE) have been found to be significantly elevated in AD 

brains [135,136]. Thus, it is possible that the oxidative stress driving AD-like pathologies and 

cognitive impairment in Aldh2-/- mice is also involved in the progression of anxiety-like 

pathologies. 

Interestingly, male Aldh2-/- mice spend significantly less time in the open arm of the EPM 

in comparison to wild type males, while this difference is not significant in females. There are 

contradicting reports of sex differences in spatial ability and memory in rodents and rodent 

models of AD or in models of anxiety and several explanations have been proposed to account 

for behavioral sex-differences. It is possible that males and females differ in their motivation to 

learn certain tasks or that differences in physiological development of the hippocampus or the 

effects of certain hormones could affect performance in behavioral tasks [137]. Hormones, such 

as estrogen have been shown to affect hippocampal physiology and have a neuroprotective role 

in the brain, and estrogen fluctuations have been shown to be important for performance of 

females in spatial memory tasks, although the mechanism behind this is not well understood. 

Female mice have also been shown to be more active in the EPM, encouraging greater 

exploration of the anxiogenic regions of the apparatus which may explain their better 

performance in this task compared to other behavioral tests [138]. Population-based studies have 

shown that females are far more likely to develop AD and anxiety, partly explained because 

increasing age is an important risk factor and women typically have a higher life expectancy than 

men [139]. Women may also have a greater sensitivity to stressful and traumatic life experiences 

which may explain a trend towards increased anxiety in females [139].  

In conclusion, this study has determined that Aldh2-/- mice exhibit a significant decline in 

performance in the MWM (including reversal learning) as early as 3 months of age indicating 
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significant cognitive and executive dysfunction, and increased anxiety-like symptoms as 

evidenced by performance in the EPM and light/dark box without confounding changes in 

physical phenotype. These results further validate Aldh2-/- mice as a potential model for age-

related cognitive impairment with AD-like pathologies.  
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CHAPTER 3 

Therapeutic Approaches to Disease Modification in a Novel Sporadic Model of Alzheimer’s 

Disease 

 

3.1 INTRODUCTION 

 

Despite decades of research on the pathogenesis of AD, therapeutic interventions remain 

scarce. The two major therapies currently available include acetylcholinesterase inhibitors (eg. 

donepezil) and the NMDA antagonist memantine. However, these drugs mainly treat symptoms 

and do not resolve any of the underlying causes of the disease. Many other therapeutics for AD 

have targeted the development of Aβ plaques or NFTs in the brain with little success, and all 

have failed during Phase III of clinical trials. As such, there is a critical need for the development 

and validation of novel therapies that target pathologies which may appear early in the 

progression of AD. The following chapter describes the effectiveness of three novel therapeutics 

for AD using Aldh2-/- mice as a model for age-related cognitive impairment and AD.  

As mentioned previously, the phosphorylation and activation of CREB in the hippocampus is 

necessary for the strengthening of synapses and the formation of memories and has been 

proposed as a potential disease-modifying target in AD through the use of nitric oxide 

(NO)/cyclic guanosine monophosphate (cGMP) signaling. CMZ (chlomethaziole) is an 

anticonvulsant/anxiolytic with a history of clinical use that has been shown extensively to be 

neuroprotective against oxidative stress in animal models [140,141]. In addition, CMZ has been 

shown to target inflammation and mitochondrial dysfunction, both of which are thought to be 

contributing factors in AD pathogenesis. Through a small modification of CMZ, redesigning it as 
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the analogue, 4-methyl-5-(2-(nitrooxy) ethyl) thiazol-3-ium chloride (NMZ), NMZ has a new 

potential for NO/cGMP signaling capacity that can reactivate circuits associated with CREB 

activation (described in Section 1.8) that are essential for learning and memory. This in turn 

could help offset some of the pathological changes seen in AD. We administered NMZ was to 

Aldh2-/- mice to determine whether cognitive deficits could be prevented or reversed. 

Oxidative stress is considered to be a crucial factor in the pathogenesis of AD (as well as 

other neurodegenerative diseases) and is evident in the early stages of disease progression. The 

brain is particularly vulnerable to oxidative stress due to elevated levels of polyunsaturated fatty 

acids (PUFAs), abundant transition metals, high oxygen utilization, and modest antioxidant 

defense. PUFAs are essential nutrients that impart fluidity to membranes, and contain double 

bonds separated by bis-allylic methylene groups [7]. These C-H bonds are particularly 

susceptible to cleavage by reactive oxidation species (ROS), forming alkyl peroxyl radicals 

which can react with oxygen molecules abundant in the lipid membrane (see Figure 1-4). This 

peroxidation chain reaction results in the formation of degradation products such as HNE, which 

is increased in a number of neurodegenerative diseases. ROS-initiated non-enzymatic lipid 

peroxidation (LPO) of PUFAs such as linoleic, linolenic, arachidonic (ARA), eicosapentaenoic 

(EPA) and docosahexaenoic (DHA) acids is a major contributor to oxidative damage, resulting in 

altered membrane fluidity and changes in membrane-bound enzymes and receptors. To stabilize, 

but minimally change, critical PUFAs, deuteration of PUFAs at the bis-allylic positions (D-

PUFAs) can be employed to greatly reduce LPO. We evaluated whether a diet enriched in D-

PUFAs could decrease LPO and provide protection against cognitive impairment present in 

Aldh2-/- mice.  
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Histidine hydrazide (AG-01) is a histidine-containing analogue of carnosine, an effective 

HNE scavenger in vivo. It protects against focal ischemia-induced brain damage and has been 

shown to decrease the level of HNE adducts of the γ-secretase substrate receptor nicastrin, 

coinciding with decreased γ-secretase activity and decreased overall Aβ production [119]. To 

provide proof of principle, we administered AG-01 to Aldh2-/- mice to determine whether 

selectively targeting HNE adduct formation can have an affect on cognitive impairment.  

 

3.2 MATERIALS AND METHODS  

 

3.2.1 Animals  

 

All procedures for animal experimentation were undertaken in accordance with the principles 

and guidelines of the Canadian Council on Animal Care and were approved by the Queen's 

University Animal Care Committee. Animals were bred and maintained as described in Section 

2.2.1.  

 

3.2.2 Novel Object Recognition Task 

The open field novel object recognition task (NOR) is considered a 'pure' working 

memory test, free of any reference memory component, and is based on the natural and innate 

preference of rodents to explore novel objects. As described in [120], animals were initially 

introduced and habituated to the training room in their home cages for one hour prior to all 

testing. The NOR task consisted of three consecutive days testing: On day 1, mice were 

introduced to the empty training arena individually and were allowed to roam free for 10 minutes 

to habituate to the training arena (plastic opaque bedding-free container approximately 
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44×24×20cm). No data was recorded during this component of the experiment. On day 2, two 

identical objects (constructed from Lego® blocks, approximately 5-8cm in height) were placed 

in the training arena approximately 10cm apart from each other. Mice were again introduced 

individually and allowed to explore the objects for a 10-minute training session. On day 3 (24 

hours after the training period), the arena was set-up so that it contained one of the objects from 

the second phase, as well as a completely novel object. The mice were allowed to explore the 

objects until they accumulated a total of 30 seconds of exploration time (exploration was 

recorded when the nose of the mouse was within approximately 1cm of the object, climbing on 

the object was not considered exploration). The location of the novel object was counterbalanced 

among mice to control for any side biases that may occur, and all equipment was cleaned with 

70% ethanol after each trial. Two measures of behaviour were recorded: the time the animal 

spent with its head oriented directly towards and within 1cm of the object, and the frequency of 

visits to the object. The discrimination index (defined as the difference in time exploring the 

novel and familiar object, divided by the total time spent exploring both objects) and the 

exploratory ratio (defined as the time the animal spent with the novel object divided by the total 

exploration time) were also determined based on the recorded times.  

 

3.2.3 Y-Maze Task 

The Y-maze is a commonly used behavioral test for spatial working memory and is based 

on the mouse’s natural exploratory instincts. Memory is measured by scoring the number of arm 

alternations that the mouse makes when it travels to all three different arms of the maze without 

entering the same arm twice in a row. As per [120], animals are habituated to the training room 

in their home cages for one hour prior to all testing. The maze was specially constructed from 
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black odorless wood and was designed as a radial arm maze (8 arms, each approximately 

40x15x10cm with a center of approximately 15-20cm in diameter) with detachable arms so that 

it could be rearranged in the shape of a Y. The maze is surrounded by distinct spatial cues so that 

the mice can distinguish between arms. Mice are placed into the center of the maze and explore 

the 3 arms freely for a 10-minute session. The sequence and total number of arms entered were 

recorded (an entry is only considered if the hind paws of the mouse have completely entered the 

arm) and the spontaneous alternation rate was calculated (the total triads containing entries into 

each of the three arms without repeated entry into a previously visited arm, divided by the total 

amount of arm entries multiplied by * 100%). A high alternation rate is indicative of better 

performance in this spatial working memory task. The maze was cleaned with 70% ethanol 

between each mouse to eliminate odour cues. 

 

3.2.4 NMZ Study 

NMZ was provided by Dr. Greg Thatcher, (University of Illinois Chicago) and was 

prepared as per [142]. NMZ was mixed with yellow food coloring and propylene glycol to form 

a slurry, which was then transferred to a heated bag of no-sugar-added banana-flavored, 

hydration gel consisting of purified water, sucralose, fruit and natural flavoring, hydrocolloids, 

potassium sorbate, sodium benzoate, and phosphoric acid. The bag was closed and shaken until 

the yellow-dyed NMZ or vehicle was homogenously dispersed throughout the bag. The gel was 

immediately transferred to 50mL conical plastic tubes. Following cooling, the gel delivery 

device was assembled by placing a 2 mL pipette tip between the wall of the plastic tube and the 

gel. The device was then inverted and tapped to ensure airflow and was placed with the gel-side 

down upon the grate of the cage lid in place of water bottles. Three-month-old male or female 
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wild type or Aldh2-/- mice were randomly assigned to NMZ or vehicle treatment groups and the 

mice treated with drug (20 mg/kg/day) or vehicle for 12 weeks. Mice were singly housed to 

ensure each animal received the appropriate drug dosage. Preliminary studies established the 

average volume of hydrogel consumed per day, and this was used to calculate the concentration 

of NMZ in hydrogel required such that animals ingested approximately 20 mg/kg of NMZ per 

day.  

A pre-screening of behaviour was assessed at 2.5-3 months of age, just prior to the 

initiation of NMZ treatment. NOR and y-maze tasks were each performed as described in 

Sections 3.23 and 3.24 once per month for 3 months until termination of the study. 

 

3.2.5 D-PUFA Study 

A cohort of animals for this study was bred and maintained as described above. Aldh2-/- 

mice were only used for this study and were fed one of two possible diets. The PUFA component 

of the diet was 1.2 g (1.2%) linoleic acid and linolenic acid per 100 g diet in a 1:1 ratio). The 

experimental diet contained 11,11-D2 linoleic acid ethyl ester and 11,11,14,14-D4 α-linolenic 

acid ethyl ester, whereas the control diet had the same ratios of non-deuterated, H-PUFA. The 

total combined fat composition of the diet was 12.0% (saturates, monounsaturates and PUFAs). 

The control and experimental diet were supplied by Retrotope Inc. Male and female Aldh2-/- 

mice were fed either D- or H-PUFA-supplemented diet for 18 weeks, beginning at two months of 

age. Behavioral testing using the NOR task, spontaneous alternation in the Y-maze, and MWM 

were performed as described above and in Section 2.2.2 after the animals had been on the D- or 

H-PUFA diet for 2, 10 or 18 weeks. The OFT and light/dark box tests were performed once, after 

animals had been on the diet for 10 weeks, as described in Sections 2.2.5 and 2.2.8. At the end of 
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the study, samples of cortex and hippocampus were obtained for assessment of PGF2α and 

esterified F2-isoP. The lipid peroxidation markers (esterified) F2-IsoPs and PGF2α were 

determined in cortex and hippocampus at the Eicosanoid Core Laboratory at Vanderbilt 

University Medical Center. Samples were pre-treated and analysed for (esterified) F2-IsoPs and 

PGF2α using GC/negative ion chemical ionization MS as described in [143]. 

 

3.2.6 Histidine Hydrazide (AG-01) Study 

 Wild type and Aldh2-/- mice were randomly assigned into four groups: wild type mice 

treated or untreated, and Aldh2-/- mice treated or untreated (Phosphate Buffered Saline, PBS, was 

used as the vehicle control). Mice were administered either 20mg/kg of AG-01 or PBS via 

intraperitoneal injection every other day for 4 weeks Boc-L-Histidine hydrazide ( AG-01, Sigma) 

is first unblocked with trifluoroacetic acid (TCA) and then neutralized with sodium hydroxide 

(NaOH) and sterilized before administration. After pre-drug testing using the NOR task and the 

Y-maze task (at 2-3 months and 4-5 months), mice were administered AG-01 for 4 weeks and 

were re-evaluated at approximately 6 months of age. Y-maze and NOR task were performed as 

described above. 

 

3.2.7 Data Analysis  

All data are expressed as the mean ± SD of n experiments. Data were analyzed by one-

way or two-way analysis of variance with a Bonferroni post-hoc test, or Student’s t test for 

unpaired data, as indicated. A p value of 0.05 or less was considered statistically significant. 

Both male and female mice were used for all tests 
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3.3 RESULTS 

3.3.1 NMZ Rescues Cognitive Deficits in Aldh2-/- Mice 

We have previously shown that Aldh2-/- mice exhibit a significant and progressive decline 

in spatial working and recognition memory as evidenced by their performance in the Y-maze and 

NOR tests, as well significant changes in multiple biochemical markers associated with synaptic 

and neuronal dysfunction in AD [120]. Indeed, these cognitive deficits were evident after a pre-

screening test at 2.5-3 months prior to the administration of NMZ. Aldh2-/- and wild type mice 

tested in the Y-maze and NOR before randomization into treatment groups exhibit significant 

cognitive deficits across all tests (Figure 3-1). After administration of NMZ for 12 weeks Aldh2-/- 

mice that were treated with NMZ showed no cognitive deficits in any measures of the Y-maze or 

NOR (p>0.05), while untreated mice continued to show a progressive decline in memory (F (6, 

102= 2.338) p<0.001).  (Figure 3-1). This was coupled with significant reversal of biochemical 

changes linked to synaptic and neuronal dysfunction previously seen in Aldh2-/- mice [144]. 

These data suggest that NMZ can reverse the age-related changes in cognitive function observed 

in Aldh2-/- mice.  
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Figure 3-1. Reversal of Cognitive Deficits After Administration of NMZ in the Y-maze 

and NOR Task 

After obtaining baseline measurements at 2.5-3 months, mice were randomized to drug or 

vehicle control groups (n=8-11) and treated with NMZ (20mg/kg/day p.o.) or vehicle at 3 

months of age for a period of 12 weeks. NMZ treated Aldh2-/- mice show significant reversal 

of age-dependent decline in the spontaneous alternation rate (A), ratio of time spent with the 

novel object to the familiar object (B) and discrimination index (C) in the Y-maze task and 

NOR task, respectively. Data are presented as the mean ± S.D. and were analyzed by two-way 

ANOVA with Bonferroni post-hoc tests. Statistical significance is indicated by *p<0.05, 

**p<0.01, ***p<0.001, **** p<0.0001 compared with wild type 
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3.3.2 D-PUFA Diet Prevents Cognitive Decline in Multiple Cognitive Tests 

Again, three main tests for spatial and working memory were performed to assess the 

effects of the D-PUFA diet on memory deficits in Aldh2-/- mice. In the MWM, no significant 

differences in latency times between the two diets for the cued platform training were found 

indicating both groups could swim and visually locate the platform. For the hidden platform 

trials, after 2 weeks on the D-PUFA or H-PUFA diet, there was a significant decrease (F (7,232) 

=21.06 p<0.05) in escape latency times for D-PUFA diet mice compared to H-PUFA diet mice 

on the fourth and fifth days of testing (Figure 3-2). Differences in escape latencies became more 

marked after 10 or 18 weeks on the two diets, and were significantly different on days 2, 3, 4, 

and 5 of testing (blocks 5-8). In the probe trial, mice fed the D-PUFA diet spent more time in the 

target quadrant and had a greater number of platform crosses compared to H-PUFA diet mice 

after either 2, 10, or 18 weeks on the two diets (Student’s t-test p<0.01). Although wildtype 

animals fed the D-PUFA or H-PUFA diets were not used in this study, when the performance of 

mice fed the D-PUFA diet for 2 weeks is compared to that of wildtype animals of a similar age, 

but fed LabDiet® 5015 Mouse diet, no significant differences in escape latency were found at any 

trial block (Figure 3F). 

In the NOR and Y-maze tasks, mice fed the H-PUFA diet showed a progressive decrease 

in performance in both memory tasks, compared to a progressive increase in performance in 

mice on the D-PUFA diet. Performance in the NOR task was significantly different between the 

two groups after 10 and 18 weeks on diet (Figure 3-3), and in the Y-maze task after 18 weeks on 

diet (Figure 3-4) (Student’s t-test p<0.001).  
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Figure 3-2. Superior performance in the Morris Water Maze task in Aldh2-/- mice fed 

the D-PUFA diet.   

2 weeks (A) 10 weeks (B) or 18 weeks (C) after the initiation of the D-PUFA or H-PUFA diet, 

escape latency was determined in a 3-day cued trial block (4 trials per day) followed by a 5-day 

hidden trial block (6 trials per day). Day 9 was a probe trial, in which the time spent in the target 

quadrant (D) and number of platform crosses (E) were determined (total time of the trial was 60 s). 

Performance in the MWM task in a separate cohort of wild-type animals was compared to Aldh2-/- 

mice fed the D-PUFA diet for 2 weeks (F). In (F), no significant differences were found at any trial 

block. In (A, B and C), data are expressed as the mean ± SEM of the average scores in each trial 

block (n=16 for D-PUFA and n=15 for H-PUFA). In D and E, data are expressed as the mean ± SD 

(n=16 for D-PUFA and n=15 for H-PUFA). In D, the dotted line represents the expected time that 

would be spent in any quadrant by chance alone. Data were analyzed by 2-way ANOVA and a 

Bonferroni post-hoc test in (A B and C), and by Student’s t-test for unpaired data in (D and E), *, 

significant difference from D-PUFA as indicated (*p<0.05, ** p<0.01, ***p<0.001).  
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Figure 3-3. Superior performance in the in the Novel Object Recognition (NOR) task in 

Aldh2-/- mice fed the D-PUFA diet.  

Male and female mice were subjected to the NOR task 2, 10, and 18 weeks after initiation of 

either the D-PUFA or H-PUFA diet, and the frequency of visits to the objects and the time spent 

exploring each object was recorded. (A) Ratio of time spent with the novel object in relation to 

the familiar object. (B) Discrimination index. Data are presented as the mean ± SD (n=16) and 

were analyzed by Student’s t-test for unpaired data. ***Significant difference from D-PUFA 

(p<0.001). 

 

 

 

 

 

 

 

 



97 
 

 

 

 

 

Figure 3-4. Superior performance in the Y-maze task by Aldh2-/- mice fed the D-PUFA diet.  

The spontaneous alternation rate in the Y-maze task was assessed in male and female mice 2, 10, 

and 18 weeks after initiation of either the D-PUFA or H-PUFA diet. Data are presented as means 

± SD (n=16) and were analyzed by Student’s t-test for unpaired data.  *** Significant difference 

from D-PUFA (p<0.001). 
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In the OFT, which was used to assess spontaneous locomotor activity during free 

exploration in a dimly lit environment, no differences were found between groups in total time 

moving or total distance travelled. Similarly, exploratory behaviour, as measured by time spent 

rearing revealed no difference between groups. This suggests that there is no difference in pattern of 

movement or exploratory behaviour in an open field, similar as to what was shown in previous 

experiments.  

The Light/dark box test was used to assess aversion to bright illumination as a measure of 

anxiety-like behaviour. In mice fed the D-PUFA diet for 10 weeks there was a significant increase in 

both time spent in the light side and total number of crosses between the light and dark sides, 

compared to mice on the H-PUFA diet (Figure 3-5), and these differences were similar to those 

between wild type and Aldh2-/- mice of a comparable age shown previously (Figure 2-9). 

3.3.3 D-PUFAs Reduce Lipid Peroxidation Products 

As mentioned previously, oxidative stress is considered to be a causative factor in AD, and 

D-PUFAs have been previously shown to reduce LPO products in other models of AD. We 

investigated whether D-PUFA treatment could also reduce LPO in the Aldh2-/- mouse model of 

sporadic AD, coinciding with a reversal of cognitive deficits. D-PUFA treatment markedly decreased 

esterified F2-isoprostanes (F2-isoPs) by approximately 55% in both cortex and hippocampus, and 

prostaglandin F2α (PGF2α) levels by 20-25% (Figure 3-6) (Student’s t-test p<0.05). These findings 

indicate that D-PUFAs can, not only reduce cognitive deficits, but also reduce brain LPO products in 

Aldh2-/- mice.  

3.3.4 AG-01 Reverses Cognitive Impairment in Aldh2-/- Mice 

 

A new cohort of animals was used to assess the effects of AG-01 (Figure 3-7). Aldh2-/- mice 

exhibited significant cognitive deficits in the Y-Maze and NOR test before randomization  
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Figure 3-5. Increased time spent in, and number of crosses into, the illuminated chamber of 

the Light/Dark Box by Aldh2-/- mice fed the D-PUFA diet for 10 weeks.  

Mice were placed into the dark side of the light/dark box chamber and allowed to explore for a 6 

min period. The number of crosses between the light and dark sides of the chamber, and the total 

time spent in the light side were recorded. Data are presented as means ± SD ((n=16 for D-PUFA 

and n=13 for H-PUFA) and were analyzed by Student’s t-test for unpaired data.  *, significant 

difference from D-PUFA (*p<0.05). 
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Figure 3-6. Decrease in F2-isoprostanes and PGF2α in cortex and hippocampus from Aldh2-

/- mice fed the D-PUFA diet. 

 18 weeks after initiation of either the D-PUFA or H-PUFA diet, homogenates of cortex or 

hippocampus were analyzed for bound F2-isoprostanes (upper panel) or PGF2α (lower panel). 

Data are presented as means ± SD (n=6-8) and were analyzed by Student’s t-test for unpaired 

data.  *, significant difference from H-PUFA as indicated (*p<0.05 ***p<0.001).   
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Figure 3-7. Effect of AG-01 on cognitive impairment in Aldh2 -/- Mice 

 After obtaining baseline measurements at 2-3 months and 4-5 months, mice were randomized to drug 

or vehicle control groups (n=8-11) and underwent further NOR and Y-Maze testing. Drug treatment 

(20-mg/kg every other day of histidine hydrazide) was initiated at 5 months of age and continued for 

the next 4 weeks. (A) Spontaneous alternation rate in the Y-maze task. (B) ratio of the amount of time 

spent with the novel object in relation to the familiar object in the NOR task. C) Discrimination index 

in the NOR task. Data are presented as the mean ± S.D.  and were analyzed by two-way ANOVA. *, 

significant difference from wild type untreated as indicated (*p<0.05, ****p<0.0001).  
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into treatment groups at 2-3 months and 4-5 months. After 4-weeks of administration of AG-01, 

Aldh2-/- mice that were treated showed no cognitive deficits in any measures of the Y-maze or 

NOR (p>0.05), while untreated mice continued to show a progressive decline in memory (F 

(1,30) = 21.49 p<0.001). These data suggest that AG-01 can reverse the age-related changes in 

cognitive function observed in Aldh2-/- mice. 

 

3.4 DISCUSSION 

 

 For decades, the primary goal of therapeutic intervention in AD has been to lower Aβ 

levels and plaque burden in the brain, despite the fact that these agents have failed to reach 

primary endpoints in phase 3 clinical trials. AD is a complex disease, and the many of those who 

are diagnosed suffer from multiple pathologies, making the correlation of Aβ to cognitive decline 

relatively poor. Thus, there is a need for a novel therapeutic approach to AD to attenuate 

neuropathology, and to treat the underlying triggers of AD.  

 This chapter discusses work on three novel approaches towards treating the cognitive 

deficits seen in Aldh2-/- mice. The absence of Aldh2 promotes lipid peroxidation and HNE-

induced oxidative stress which leads to a number of pathological changes in the brain, and 

significant age-related cognitive impairment. Oxidative stress is an important contributing factor 

to sporadic AD, and the Aldh2-/- mouse is an important pre-clinical model that uses this premise 

as a driving factor to generate AD-like pathological changes, rather than using the 

overexpression of mutant human genes to abnormally increase Aβ deposition in the mouse brain.  

 NMZ is a “re-tooled CMZ”, an anticonvulsant/anxiolytic that was repurposed in phase 3 

clinical trials as a neuroprotective drug for use in stroke [145], although it is clinically prescribed 
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for anxiety and agitation. CMZ has been shown to attenuate mitochondrial damage and neuronal 

loss, and is a potentiator of GABA, all of which have been targets for AD therapy [146]. CMZ 

provided a basis for the development of NMZ by incorporating CREB activation. CREB 

signalling is essential for learning and memory and is coupled to NO/cGMP signalling in the 

hippocampus, one of several pathways that lead to its activation. CREB phosphorylation 

increases following the activation of NO/cGMP signalling and this contributes to the late phase 

of LTP, promoting memory consolidation and synaptic plasticity [145]. We have shown that 

Aldh2-/- mice have impaired CREB signalling that progressively declines as the animals age, 

mirroring cognitive deficits seen in the Y-maze, NOR, and MWM [120]. Therefore, we 

hypothesized that restoration of this signalling in Aldh2-/- mice could improve synaptic plasticity 

and reverse cognitive deficits. After oral delivery of NMZ, we found that spontaneous alternation 

in the Y-maze was restored to the level of wild type controls after only 4 weeks of 

administration, while NOR performance was restored after 8 weeks. This was coupled with 

increased levels of phosphorylated CREB in hippocampal homogenates, as well as increases in 

other protein biomarkers of synaptic function and decreased levels of Aβ and tau [144]. By using 

both NOR task and Y-maze to assess recognition and spatial working memory, two widely 

validated methods of assessing cognitive function, we were able to show the effectiveness of 

NMZ in reversing the progressive memory impairments that would otherwise have been seen in 

Aldh2-/- mice. These results, coupled with results found in three widely used AD models [144], 

reinforce the hypothesis that NMZ can restore CREB signalling and reverse cognitive 

dysfunction in our novel model of sporadic AD and suggest that this could be a new approach 

towards treating the underlying pathologies driving AD by modulating different targets involved 

in the neurodegenerative cascade.  
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Deuterium-reinforced PUFAs have been shown to reduce oxidative stress in several 

experimental animal models by establishing resistance to non-enzymatic LPO [147–151] . We 

assessed whether we could alter lipid metabolism using a D-PUFA-enriched diet to improve 

cognitive deficits in our Aldh2-/- model of age-related cognitive impairment and AD based on 

HNE-induced oxidative stress. Oral administration of the ethyl esters of 11,11-D2-linoleic acid 

and 11,11,14,14-D4-linolenic acid markedly reduced LPO products in Aldh2-/- mice. This was 

associated with improved performance in three different memory tasks that assess both working 

and spatial memory, and also with a reduction in anxiety-like behaviour. We assessed spatial 

reference memory using the MWM, using the same protocol as described in Chapter 2. We 

found a similar lack of difference between D-PUFA and H-PUFA fed mice during the 3-day 

cued trial, again suggesting that eyesight, swim speed, basic strategies, and motivation were the 

same in each treatment group (as well a lack of any nonspecific behavioural changes such as 

floating or thygmotaxis). In the 5-day hidden platform trials, we found that D-PUFA fed mice 

performed significantly better in all measures after only 2 weeks on diet, with more marked 

differences found after 10 and 18 weeks. Similarly, Aldh2-/- mice fed the H-PUFA diet showed 

progressive decreases in performance in the NOR and Y-maze task compared to D-PUFA fed 

mice, and in the light/dark box test, mice on the D-PUFA diet exhibited a reduction in the 

anxiety-like behavior that we have also observed previously. These results show that reduction of 

non-enzymatic LPO by D-PUFAs has cognition-restoring properties in Aldh2-/- mice, suggesting 

that oral dosing with D-PUFAs could be therapeutically beneficial for the treatment of 

neurodegenerative diseases associated with LPO.  

LPO products were also found to be markedly reduced as measured by the decrease in 

esterified F2-isoPs and PGF2α (produced from non-enzymatic and enzymatic oxidation of ARA 
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respectively). Increased levels of F2-IsoPs and F4-neuroprostanes are found in the frontal, 

parietal, and occipital lobes of subjects with MCI relative to age-matched normal control subjects 

[152]. These levels are comparable to those found in subjects with late stage AD, suggesting that 

LPO of ARA and DHA is an early event that continues throughout the progression of AD. This 

is consistent with other studies of individuals with MCI, early stage AD, and late stage AD 

which examined the formation of protein adducts of LPO-derived reactive aldehydes such as 

HNE [57,153]. Comparison of F2-IsoPs and PGF2α levels in the D-PUFA fed animals shows that 

there was a substantially greater reduction in non-enzymatic LPO than enzymatic lipid oxidation. 

It is possible that D-PUFAs had an affect on both enzymatic and non-enzymatic oxidation 

because 11,11-D2-linoleic acid is efficiently converted to 13,13-D2-arachidonic acid, and the 

presence of deuterium at carbon 13 on arachidonic acid would be expected to influence both 

non-enzymatic and enzymatic oxidation since this is the site of action of the cyclooxygenase 

enzymes [154]. It is also possible that the presence of other D-PUFAs in lipid membranes can 

influence non-enzymatic oxidation slowing down the free radical chain reaction and resulting in 

a greatly decreased level of F2-IsoPs.   

It is important to note that antioxidant strategies, while efficacious in protecting neurons 

in AD models, have not led to any possible therapeutics for the treatment or prevention of AD. 

However, this does not refute the importance of oxidative stress and LPO in the pathogenesis of 

AD, or the clinical potential of D-PUFA treatment. Many of the studies claiming the 

ineffectiveness of antioxidant interventions suffer from variations in treatment regimens and trial 

duration, lack of therapeutic drug monitoring, lack of monitoring oxidative stress reduction 

caused by drug treatment, and choice and dosage of antioxidants [55]. Some evidence suggests 

that, under some conditions the lipophilic chain-terminating antioxidant, Vitamin E, can also act 
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as a pro-oxidant, thus serving to increase LPO [155]. It is also unknown what the relative 

importance of enzymatic versus non-enzymatic oxidation is in LPO, and it is possible that 

specific inhibition of non-enzymatic LPO by D-PUFAs may prove beneficial in a number of 

disease states involving LPO-induced damage, possibly in a way that is superior to general 

antioxidant inhibition or enzymatic inhibition of LPO.  

As mentioned previously, the basis of the Aldh2-/- mouse model is conditions which 

promote HNE-induced oxidative damage, specifically, the lack of ALDH2 activity. Thus, 

increases in HNE adduct formation and oxidative stress are likely the underlying cause for the 

pathological changes and cognitive impairment that characterize this mouse model.  It follows 

then, that preventing HNE adduct formation should attenuate these changes. To provide proof-

of-principle, and to further validate the predictive value of this model as it relates to HNE-

mediated oxidative damage and impaired cognitive function, we administered the HNE 

scavenger AG-01. AG-01 is an effective HNE scavenger in vivo and has been shown to decrease 

levels of HNE adducts in the 3xTgAD animal model of AD [119]. After pre-screening of 

memory impairments at 2-3 months and 4-5 months of age using the NOR task and the Y-maze, 

we administered AG-01 to wild type and Aldh2-/- mice. 4 weeks of treatment with AG-01 

resulted in a reversal of memory deficits as determined across all behavioral measures. These 

results further delineate and confirm the central role HNE adduct formation has in impairing 

cognitive function in Aldh2-/- mice, and further demonstrate that targeting HNE-induced 

oxidative stress could be a useful therapeutic approach towards treatment of AD.   

Contemporary disease-modifying approaches to AD remain focused on targeting and 

lowering brain Aβ aggregates in the brain. All of the drugs recently developed to lower Aβ levels 

in the brain have failed in Phase 3 clinical trials, and there is a need for novel therapeutics that 
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target underlying mechanisms of the disease to attenuate the progression of pathologies. The 

results from these studies suggest that NMZ, D-PUFAs, and AG-01 are effective therapeutic 

approaches that target differing pathways to reverse cognitive deficits seen in Aldh2-/- mice. By 

restoring CREB signalling using NMZ, by reducing LPO using D-PUFAs, or by selectively 

targeting HNE adduct formation, we can reduce oxidative stress, and reverse cognitive deficits 

found in Aldh2-/- mice. These results also suggest that Aldh2-/- mice are a useful pre-clinical 

model for the assessment of therapeutics, and for furthering our understanding of sporadic AD.  
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CHAPTER 4 

Characterization of Aldh2-/- Mice as a Potential Model of Vascular Cognitive Impairment 

 

4.1 INTRODUCTION  

Vascular cognitive impairment (VCI) is defined as any clinical cognitive disorder of 

cerebrovascular origin. As the second most common cause of dementing illness after AD, VCI 

has a worldwide incidence of approximately 1 in 20 in people over the aged of 65, and can be a 

much more aggressive form of dementia, especially at a younger age [76]. The importance of 

VCI lies in the fact that vascular disease is the single largest identifiable risk factor for dementia 

(aside from age).  

VCI can be characterised by a slowing of motor performance and information processing 

with particular deficiencies in attention and executive function, much more so than in AD [79]. 

Executive dysfunction may occur even when memory is intact, and memory and executive 

function appear to operate in distinct areas of the brain. Compromises of basic cognition found in 

VCI include flexibility, working memory, inhibition, and task switching, and higher order 

executive functions that require the simultaneous use of multiple cognitive processes including 

planning, reasoning and problem solving [80].  

Vascular pathologies have been shown to be causative factors in VCI. Cerebral small 

vessel disease, multi-infarct dementia, haemorrhaging or microbleeds, angiopathy, hypertension 

and hypoperfusion have all been shown to contribute to VCI, many of which coincide to drive its 

pathogenesis and lead to cognitive impairment. Multiple smaller infarcts and small vessel disease 

are more often a substrate of VCI, and even low infarct volumes have been shown to correlate 

with cognitive status [77]. A high microbleed count has been associated with an increased risk 

for cognitive deterioration and dementia, indicating that microbleeds mark the presence of 
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diffuse vascular and neurodegenerative brain damage [156]. White matter lesions also correlated 

with declines in cognitive testing [157], and numerous studies have demonstrated that increased 

blood pressure variability increases the risk for VCI and is associated with poorer cognitive 

function [158].  

Oxidative stress causes tissue damage in vascular cognitive impairment (VCI) and in age-

related Alzheimer’s disease (AD) [1]. An increased level of ROS in the vasculature, reduced 

nitric oxide bioavailability, and endothelial dysfunction are all associated with VCI, and high 

levels of peripheral markers of oxidative stress and low antioxidant power have been widely 

reported in patients with AD and VCI, despite their distinctive features[159]. In fact, oxidative 

stress has been demonstrated to play a role not only in VCI, but also in all of its risk factors 

including diabetes, hypertension, and hypercholesterolemia [159]. The dysfunction of 

mitochondrial proteins that lead to oxidative stress is involved in the hypertension-related target 

organ damage that affects vasculature, heart, kidneys, and the brain, and mitochondrial 

dysfunction is considered an important step in the pathogenesis of atherosclerosis [160]. 

We have developed a novel oxidative stress-based mouse model of age-related cognitive 

impairment based on gene deletion of aldehyde dehydrogenase 2 (ALDH2). ALDH2 is important 

for the detoxification of endogenous aldehydes such as 4-hydroxynonenal (HNE), a lipid 

peroxidation product formed during oxidative stress that can form protein adducts, altering cell 

function. Aldh2-/- mice exhibit oxidative stress, age-related decreases in performance in 

recognition and spatial memory, and importantly, several vascular pathologies including aortic 

endothelial dysfunction, and arterial hypercontractility, and HNE adduct formation and age-

related amyloid-β (Aβ) deposition in cerebral microvessels (Figure 4-1) [120]. Based on these 

pathologies, we propose that Aldh2-/- mice could be considered as a model of VCI, and the aim of  
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Figure 4-1. Vascular Pathologies observed in Aldh2-/- mice 

 Cerebral microvessels from Aldh2-/-
 

mice exhibit increased HNE adduct formation (A) and age-

related increases in Aβ formation (B). Representative dot blots and immunoblots are from 9-

month old animals. Immunoreactive spots or bands were quantitated by densitometry. Data are 

presented as the mean ± SD (n=4 mice) and were analyzed by a two-way ANOVA with a 

Bonferroni post-hoc test. *** significant difference from wild type (p<0.001). ψ ψ ψ 

significant 

age-related differences as indicated (p<0.001). In aortic ring preparations from 12-month old 

Aldh2-/-
 

mice there was a significant decrease in both the potency and maximal relaxation 

response to the endothelium-dependent vasodilator, acetylcholine (ACh)(C), and a significant 

increase in the potency of the adrenoceptor agonist, phenylephrine (Phe)(D).  Data are presented 

as the mean ± SD (n=4 mice) and EC
50

values for relaxation or contraction were analyzed by 

Student’s t-test for unpaired data. (from 118)  



111 
 

this study was to further characterize the vascular pathologies seen in Aldh2-/- mice, using 

reversal learning in the MWM to assess executive dysfunction, echocardiographic strain analysis 

to perform a longitudinal assessment of diastolic dysfunction, as well as radiotelemetry to assess 

blood pressures in twelve-month old animals.  

 

4.2 MATERIALS AND METHODS 

4.2.1 Animals 

All procedures for animal experimentation were undertaken in accordance with the 

principles and guidelines of the Canadian Council on Animal Care and were approved by the 

Queen's University Animal Care Committee. Animals were bred and maintained as described in 

Section 2.2.1 

 

4.2.2 Echocardiographic Strain Analysis 

Echocardiography is a useful non-invasive method to visualize cardiovascular structures 

and evaluate left ventricular systolic, diastolic, regional, and vascular function in mice. 

Abnormalities in myocardial function can be seen early in the development of many 

pathophysiologic states. Cardiac strain is a dimensionless parameter that represents deformation 

of the heart, either regionally or globally, relative to its original shape. Typically, strain is 

expressed as a percentage, although a change in strain rate, or the rate of deformation in the heart 

can also be determined. There are three principal strain components: longitudinal (direction of 

long axis of ventricles), circumferential (direction of ventricular circumference), and radial 
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(deformation across the wall). As the ventricle contracts in systole, there is longitudinal 

shortening of the myocardium (negative strain), circumferential shortening of the myocardium 

(negative strain) and radial (wall) thickening (positive strain). These can be examined in both 

parasternal short axis (PSA) or parasternal long axis (PLA) views.  

Echocardiography was performed as described in [161] using a Vevo® 2100 Imaging 

System. Diastolic function of a cohort of male and female wild type and Aldh2-/- mice was 

assessed using echocardiography at 3, 6, 9, and 12-months of age. Mice were anesthetized with 

3% isoflurane in oxygen and then placed onto a heated stage in the supine position once they had 

lost their righting reflexes. Tear gel was applied, and a nose cone was placed over the animal’s 

nose to deliver a maintenance dose of 1% isoflurane in oxygen to maintain anesthesia. Electrode 

pads were used to monitor heart rate and respiratory rate for physiological assessment during 

imaging. Hair was removed from the chest and upper abdomen of the mouse using depilatory 

cream and wet gauze. Once the mouse had been prepared for imaging, an MS550S transducer 

was oriented into a vertical position and set for two-dimensional “B-Mode” viewing. The 

transducer was lowered over the left parasternal line of the mouse until the heart came into view 

(PLA). An image of the pulmonary artery was captured and stored, and the transducer reoriented 

until the aortic outflow tract and cardiac apex came into view and were captured. Color Doppler 

was used to monitor the direction and velocity of blood flow, and pulse-wave Doppler mode was 

then used to assess blood flow direction and velocity over time. PSA echocardiography can then 

be used to provide a view of the entire left ventricle contracting in concentric fashion. In B-

mode, the transducer is rotated orthogonal to the left PLA view at the level of the mid-papillary 

muscle, giving a horizontal cross-sectional view (PSA). In “M-Mode”, sample volume is 

collected through the center of the ventricle. Transmitral inflow Doppler obtained in apical 4-
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chamber view was also collected for evaluation of left ventricular diastolic function by 

measuring competency and pressure gradients across the mitral valve. Once collected, all images 

were sent to the McEwen Centre for Regenerative Medicine, Toronto General Hospital Research 

Institute for analysis by Dr. Mark Chandy. Strain (%) and strain rate (s-1) were acquired and 

quantified in PSA and PLA views. Mitral inflow velocities were used to determine E velocity, A 

velocity, and E/A ratio, where E is the peak velocity flow in early diastole and A is the peak 

velocity flow in late diastole caused by atrial contraction. 

 

4.2.3 MWM 

We have previously shown that mice exhibit significant impairments in reversal learning 

at 4-months (Figure 2-13). We performed an additional assessment in 6-7-month wild type and 

Aldh2-/- mice after echocardiographic strain analysis was performed at 6 months. Mice underwent 

MWM with reversal learning as described in Section 2.2.2. For reversal learning, the hidden 

platform was placed in a new quadrant 24 hour after the probe session and the mice carried out a 

further 3 days of hidden platform training (same trial numbers as before) followed by an 

additional probe trial 24-hours after the final reversal trials.  

 

4.2.4 Radiotelemetry  

There are several ways to record blood pressure in mice, however the gold standard 

method for obtaining long-term blood pressure measurements in rodents involves the use of 

implantable radio-transmitters, which avoid the need for restraining mice and inducing stress that 

may otherwise confound blood pressure data. Male and female wildtype and Aldh2-/- mice at 12-
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months of age were implanted with a radio-telemetric pressure transducer (model TA11PA-C40; 

Data Sciences Inc., St Paul, Minnesota, USA) subcutaneously near the right hind limb, with 

catheter placement in the left common carotid artery (as per [162,163]). Briefly, the neck was 

shaved ventrally, and the surgical site scrubbed with Hibitane®, Betadine® and ethanol. An 

incision was made from the lower mandible to the sternum and the submaxillary glands were 

separated using sterile cotton swabs. The left common carotid was isolated and ligated below the 

bifurcation of the internal and external carotids. The vessel was punctured caudal to the first 

ligation using a 26-gauge needle bent at 90 degrees, and a thin-walled section of the tubing 

attached to the transducer was inserted into the left common carotid. The catheter was advanced 

to place the tip just inside the thoracic aorta and anchored in place by tying the loose ends of 

both ligatures around the vessel and catheter. The site of insertion was then sealed with 

cyanoacrylate tissue glue. Through the same neck incision, a subcutaneous pouch was created for 

placement of the transmitter body along the mouse’s right flank.  Mice were administered 1ml of 

0.9% NaCl subcutaneously during surgery and post-op, especially if they were not eating or 

drinking adequately. Animals were monitored daily and allowed to recover and acclimatize for 2 

weeks prior to the initiation of recordings. Systolic pressure, diastolic pressure, pulse pressure, 

heart rate, activity, and mean arterial pressure were determined from data collected every 4 

minutes by a digital radio signal received by units under each cage and transferred by a 

consolidation matrix (BCM100, Data Sciences Inc.) to the data acquisition system (Dataquest 

LabPRO or Dataquest ART, Data Sciences Inc.). Because mice are nocturnal, daily pressure 

averages were pooled from data collected from 8pm to 5am to reduce any confounding factors 

that could elevate stress such as cage changes and animal handling. 
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4.2.5 Data Analysis 

 

All data are expressed as the mean ± SD of n experiments. Data were analyzed by one-

way or two-way analysis of variance with a Bonferroni post-hoc test, or Student’s t-test for 

unpaired data, as indicated. A p value of 0.05 or less was considered statistically significant. 

Both male and female mice were used for all tests. For ultrasound data, male and female strain 

(%) and strain rate (s-1) were analyzed at 3,6,9, and 12 months of age. E/A ratio was determined 

at 12-months. For blood pressure data, recordings (every 4 minutes) were pooled for each mouse 

from the time recordings began until the time the animal was euthanized. Data was filtered for 

outliers (mean ± 2 standard deviations) and averages were determined across time for male and 

female wild type and Aldh2-/- mice. 

4.3 RESULTS 

 

4.3.1 Longitudinal Assessment of Diastolic Function using Echocardiographic Strain 

Analysis  

 

 Wild type and Aldh2-/- animals were assessed for diastolic function using 

echocardiography at 3,6,9, and 12 months of age. No significant differences were found in PSA 

or PLA strain analysis at 3,6, or 9 months between wild type and Aldh2-/- mice. However, at 12-

months, radial strain (%), and strain rate (s-1) in PLA and PSA, and longitudinal strain (%) was 

found to be significantly decreased in male Aldh2-/- (Figures 4-3, 4-4) (Student’s t-test p<0.05). 

While there was a trend towards decreased strain in female Aldh2-/- mice, this was found to only 

be significant in the PSA. In addition to this, E-wave velocity (cm/s) and E/A ratio was 

significantly decreased in Aldh2-/- mice at 12 months (Student’s t-test p<0.05) (Figure 4-5).  
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Figure 4-2. Echocardiographic strain analysis in 12-month old mice; parasternal long axis 

view 

Wild type and Aldh2-/- mice were anaesthetized with isoflurane and transthoracic 

echocardiography was performed. Strain (%) and strain rate (s-1) measurements were acquired 

and quantified in the longitudinal axis (A to D). Data are presented as the mean ± SD (n=11 wild 

type male, n=6 Aldh2-/- male, n=7 wild type female, n=6 Aldh2-/- female) and were analyzed by 

unpaired t-test. *, significant difference from wild type as indicated (*p<0.05, ** p<0.01) 
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Figure 4-3. Echocardiographic strain analysis in 12-month old mice; parasternal short 

axis view 

Wildtype and Aldh2-/- mice were anaesthetized with isoflurane and transthoracic 

echocardiography was performed. Strain (%) and strain rate (s-1) measurements were 

acquired and quantified in Short axis (A to D). Data are presented as the mean ± SD (n=11 

wildtype male, n=6 Aldh2-/- male, n=7 wildtype female, n=6 Aldh2-/- female) and were 

analyzed by unpaired t-test. *, significant difference from wildtype as indicated (*p<0.05). 
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Figure 4-4. Echocardiographic strain analysis in 12-month old mice; mitral inflow 

velocity. 

The ratio of peak velocity flow in early diastole (the E wave) to peak velocity flow in late 

diastole caused by atrial contraction (the A wave) and the E/A ratio were calculated from 

mitral inflow velocities in echocardiographic analysis of 12-month wildtype and Ald2-/- mice 

(A to C). Data are presented as the mean ± SD (n=8 wildtype, n=7 Aldh2-/-) and were 

analyzed by unpaired t-test. *, significant difference from wildtype as indicated (*p<0.05). 
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These results indicate that there was diastolic dysfunction in Aldh2-/- mice at 12-months of age, 

and that this was more evident in male mice. 

 

4.3.2 Impaired Reversal Learning in 6-7 Month Aldh2-/- Mice in the MWM 

Reversal of spatial learning has been used as a measure of cognitive flexibility and higher 

levels of learning, and, coupled with attentional set shifting, is an important assessment of 

executive function [127]. Reversal learning can be assessed in the MWM by altering the position 

of the hidden platform to a new location 24-hours after the probe trial and forces the mouse to 

adapt its strategy and re-learn a new location using the same spatial cues. We have shown 

impaired reversal learning at 4-5 months (Figure 2-13) and impaired attentional set-shifting at 6 

months (Figure 2-14). We also assessed reversal learning in animals at 6-7 months of age 

undergoing echocardiography to ensure that they too were cognitively impaired. Similar to what 

was previously observed, at 6-7-months Aldh2-/- mice exhibit significantly longer latency times 

(F (10,154=4.041) p<0.01) to find the platform in normal and in reversal learning and spend 

significantly less time in the target quadrant and cross over significantly less in the probe trial, 

and in a probe trial conducted 24 hours after the final reversal trial (Figures 4-6, 4-7). Again, 

these data suggest Aldh2-/- mice exhibit significant declines in spatial memory and in executive 

function. 

4.3.3 Radiotelemetric Assessment of Blood Pressure in Wild type and Aldh2-/- Mice 

 Blood pressure data was recorded from 12-month male and female wild type and Aldh2-/- 

mice 2-weeks post-surgery. Data was recorded every 4 minutes from the time recordings began 

until the animal was euthanized (4-6 weeks per mouse). Outliers were filtered out by  
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Figure 4-5. Reversal learning in the MWM at 6-7 Months of Age  

Escape Latency (time to reach the hidden platform, A), Time in Target quadrant (B), and 

Number of crosses (C) in 6-month male and female animals was determined in a 3-day 

cued trial block (4 trials per day) followed by a 5-day hidden trial block (6 trials per day) 

and a 3-day reversal learning trial block (6 trials per day). Data are expressed as the mean ± 

SEM of the average scores in each trial block for latency, and the mean ± SD for other data. 

Data were analyzed by 2-way ANOVA and Bonferroni’s multiple comparisons test. Wild 

type n=8 Aldh2-/- n=8, *, significant difference from wild type as indicated (*p<0.05, ** 

p<0.01, ***p<0.001, ****p<0.0001). 
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Figure 4-6. Probe Trial after Reversal Learning in the MWM at 6-7 Months of Age  

An additional probe trial was run 24hours after the final hidden trial of reversal learning. Time 

spent in the target quadrant and the number of crosses were determined. Data are expressed as the 

mean ± SD. Data were analyzed by unpaired t-test. Wildtype n=8 Aldh2-/- n=8, *, significant 

difference from wildtype as indicated ( ** p<0.01, ***p<0.001). 
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removing all data two standard deviations above or below the mean. Mean blood pressure was 

calculated per mouse from remaining pooled data between 8pm-5am to avoid confounding 

factors that may alter stress levels in mice. Male and female wildtype and Aldh2-/- mice were 

then compared. The data show that male Aldh2-/- mice exhibit significant increases (Student’s t-

test p<0.05) in systolic, diastolic, and mean arterial pressure compared to wildtype (Figure 4-8). 

No significant differences were found in physical activity, pulse pressure, or in heart rate 

(Student’s t-test p>0.05). Consistent with echocardiography data, blood pressure in females was 

not found to be significantly different between wildtype and Aldh2-/- mice across any of the 

measures (Figure 4-9). These data suggest that male Aldh2-/- exhibit significant increases in 

blood pressure at 12-months of age which, coupled with data from echocardiographic strain 

analysis, suggests significant diastolic dysfunction.    
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Figure 4-7.  Radiotelemetry Recordings from 12-month Male Wild type and Aldh2-/- mice  

Continuous radiotelemetry recordings were obtained from 12-month male wildtype and Aldh2-/- 

mice. Systolic pressure, diastolic pressure, mean arterial pressure, heart rate, activity and pulse 

pressure (A-F) were determined based on continuous recordings every 4 minutes from 8pm-5am.  

Data are expressed as the mean ± SD. Data were analyzed by unpaired t-test. Wildtype n=5  

Aldh2-/- n=6, *, significant difference from wildtype as indicated (*p<0.05). 
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Figure 4-8.  Radiotelemetry Recordings from 12-month Female Wild type and Aldh2-/- 

mice  

Continuous radiotelemetry recordings were obtained from 12-month female wildtype and 

Aldh2-/- mice. Systolic pressure, diastolic pressure, mean arterial pressure, heart rate, activity 

and pulse pressure (A-F) were determined based on continuous recordings every 4 minutes 

from 8pm-5am.  Data are expressed as the mean ± SD. Data were analyzed by unpaired t-test. 

Wildtype n=7 Aldh2-/- n=5 
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4.4 DISCUSSION 
 

VCI is the second most common cause of dementing illness after AD and its development is 

based on the progression of vascular disease (along with aging). A number of vascular 

pathologies have been shown to be causative factors in VCI including cerebral small vessel 

disease, cerebrovascular microbleeds, blood pressure variability, and diastolic dysfunction, and 

these factors often coincide to drive pathogenesis and lead to impairments in executive function 

and cognition. We have previously shown that Aldh2-/- mice exhibit several vascular pathologies 

including aortic endothelial dysfunction, arterial hypercontractility, HNE adduct formation and 

age-related Aβ deposition in cerebral microvessels. These are coupled with an age-related 

progression in cognitive impairment. The current study further characterized Aldh2-/- mice as a 

possible model of VCI by assessing age related changes in executive dysfunction, diastolic 

dysfunction, and blood pressure. 

Aldh2-/- mice exhibit a decline in spatial and working memory as assessed by the Y-maze, 

NOR, and MWM tasks. We have also shown that Aldh2-/- mice exhibit a decline in reversal 

learning in the MWM as early as 4 months of age, and impairments in attentional set-shifting at 

6-months. We reinforced our assessment of cognitive impairment in these mice by examining 

reversal learning in the MWM at 6-7 months of age after the 6-month assessment of diastolic 

function. Again, we found that reversal learning was significantly impaired in Aldh2-/- mice 

compared to wild type controls. Executive dysfunction is an early and more consistent finding in 

VCI than in AD and is much more impactful than memory impairment which can vary across 

patients with VCI (in comparison to a more consistent finding in AD patients [76,164]). Vascular 

lesions can interrupt a series of parallel cortico-subcortical circuits in the brain that result in a 

loss of goal-directed activities and changing demands of life including planning, direction, 
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execution, and supervision of behavior, all of which encompass normal executive functioning 

[79]. Reversal learning has been shown to be an effective way to assess executive function in 

rodent models. After one location has been thoroughly trained during the MWM, the platform is 

moved to a different quadrant of the pool and, because it is hidden, it is not apparent that 

anything has changed until the animal fails to locate the platform in its usual place. While less 

complex than attentional set shifting, reversal learning requires both cognitive flexibility and 

impulse control, thus tapping into components of human executive function [105]. There are 

several variations of reversal learning tasks in mouse behavior, however they all work on the 

same underlying principle, and animals with prefrontal cortex or hippocampal lesions experience 

profound deficits compared to wild type controls. Several AD mouse models have shown 

impairment in reversal learning at later ages, and it can be a reliable method of assessing early 

executive function in the prefrontal cortex of rodent models of ischemic stroke [165–167], 

making it an important and effective addition to a behavioral battery to further characterize 

Aldh2-/- mice as a model of VCI.  

Strain and strain rate are measures of deformation that are basic descriptors of the nature 

and function of cardiac tissue. They can be effectively and non-invasively measured in rodents 

using echocardiography to visualize cardiovascular structures and provide measures of diastolic 

function. With improved echocardiographic instrumentation, a more accurate assessment of left 

ventricular diastolic function and regional vascular function can all be measured, and 

echocardiography has been effectively used in several mouse cardiomyopathy models [168]. We 

used echocardiographic strain analysis to assess diastolic function at 3, 6, 9, and 12 months of 

age. We found no differences in any measures until 12 months of age, at which time we found a 

significant decline in strain between wild type and Aldh2-/- mice in both short-axis and long-axis 
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views. Oxidative stress has been widely known to cause a number of cardiovascular-related 

problems. Increased oxidative stress has been shown to promote vasoconstriction and platelet 

aggregation, and to decrease endothelium-dependent relaxation, contributing to diastolic 

dysfunction in diabetes mouse models [169]. In human populations, hypertensive patients with 

diastolic dysfunction had significantly increased levels of several oxidative stress markers, and 

these coincided with decreased atrial and longitudinal left ventricular systolic and diastolic 

deformation [170]. HNE has been directly linked to the progression of severe diastolic 

dysfunction in spontaneously hypertensive rats,  and high circulating HNE-protein thioether 

adducts correlated with changes across several echocardiographic diastolic measures including 

E-wave deceleration and in indices of left ventricular relaxation [171]. Therefore, it is perhaps 

unsurprising to find that, as Aldh2-/- mice age, the increase in HNE adduct formation results in a 

significant decline in diastolic function. 

Radiotelemetry has been extensively used in the literature to provide accurate, and 

continuous assessment of blood pressure in rodents without the added stressors that may occur 

using other methods (such as the restraint required when assessing blood pressure using tail cuff 

plethysmography). In contrast to blood pressure assessments under anaesthesia, the use of 

radiotelemetry eliminates the confounding influence of anaesthetic agents on circulation. 

Telemetry recordings over a period of several weeks allowed for a thorough assessment of blood 

pressure in Aldh2-/- mice and, coupled with results from echocardiography, help to further 

characterize these mice as a model of VCI. We found significantly elevated systolic, diastolic, 

and mean arterial pressure in Aldh2-/- mice in comparison to wild type controls at 12-months of 

age, and these changes were not associated with any significant changes in heart rate or 

locomotor activity. Again, it is perhaps not surprising to find that Aldh2-/- mice suffer from 



128 
 

exhibit significantly higher blood pressure than wild type controls. HNE can induce a range of 

hermetic effects in vascular endothelial and smooth muscle cells, and it has been shown to play 

an important role in the pathogenesis of vascular diseases such as atherosclerosis and diabetes 

[172]. HNE reduces bioavailability of the important vasoactive agent NO via modulation of 

nitric oxide synthase (NOS) activity, and HNE has also been shown to damage endothelial 

barrier function due to impaired cell-cell communication, thereby having a direct impact on the 

vasculature [173]. HNE-induced mitochondrial dysfunction may play a key role in the 

pathogenesis of atherosclerosis through modulation of vascular cells, and HNE adducts to 

mitochondrial NADP+-isocitrate dehydrogenase and reduced enzymatic activity have been 

shown to enhance cardiac hypertrophy and blood pressure in spontaneously hypertensive rats 

[174]. Other animal studies have also supported the hypothesis that increased blood pressure is 

associated with increased oxidative stress because of its ability to promote vascular smooth 

muscle cell proliferation and hypertrophy, which can lead to thickening of the vascular media, 

narrowing of the vascular lumen, and increasing vascular contractile activity, all of which can 

lead to hypertension [175]. HNE is directly linked to the progression of severe diastolic 

dysfunction in spontaneously hypertensive rats,  and high circulating HNE-protein adducts 

correlate with changes across several echocardiographic diastolic measures again supporting our 

findings in Aldh2-/- mice [176].   

Interestingly, male Aldh2-/- mice had a much more profound decline in diastolic function 

and elevation in blood pressure while females appeared to have only a modest decline. This was 

unexpected, as many studies have shown higher rates of diastolic dysfunction in women than in 

men [177], and we have previously shown that changes in cognitive function affect both male 

and female Aldh2-/- mice equally [120]. It is possible that this effect was due to a small sample 
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size as there remains a trend towards elevated blood pressure and decreased strain and strain rate 

in female mice. It is also possible that levels of estrogen protect the heart from HNE-induced 

hypertension and ventricular remodelling that we otherwise see in males, although the protective 

role of estrogens in cardiovascular disease remains controversial [178]. A further assessment of 

blood pressure and diastolic function at a later age, and with a larger sample size, could further 

elucidate whether male and female mice differ with regards to overall cardiac health. 

While the vascular changes we have observed help to further characterize Aldh2-/- mice, it 

is important to note that a number of other tests must be performed in order to fully determine 

whether Aldh2-/- mice could constitute a model of VCI. Vascular changes, including decreased 

cerebrovascular blood flow, white matter lesions, and inflammation must be present at an early 

age and must be an early trigger for cognitive impairment in order to differentiate VCI from 

other forms of dementia including AD. As mentioned previously, these vascular changes can 

lead to alterations of the BBB, decreasing the ability of the brain to clear Aβ and leading to 

further increases in oxidative stress and other AD-like pathologies. While we have seen vascular 

changes at a much later time point, an analysis of cerebral blood flow, blood pressure, and 

inflammation before the appearance of cognitive impairment (3-months of age) would strengthen 

the possibility that Aldh2-/- mice constitute a model of VCI. 

In summary, we have shown that several cardiovascular pathologies are present in  

Aldh2-/- mice including oxidative stress, age-related decreases in performance in recognition and 

spatial memory, and executive function, aortic endothelial dysfunction, and arterial 

hypercontractility, HNE adduct formation and age-related Aβ deposition in cerebral 

microvessels, significantly elevated blood pressure, and a decline in strain and strain rate 

indicating significant diastolic dysfunction.  



130 
 

CHAPTER 5 

GENERAL DISCUSSION AND CONCLUSIONS 

 

 

 AD is an age-related neurodegenerative disorder characterized by amyloid-beta (Aβ) 

plaques, NFTs comprised of hypersphorylated tau protein, disruption of both excitatory amino 

acid and cholinergic neurotransmission, and neurodegeneration. Despite advancements in 

research and billions spent in the development of novel therapeutics, AD remains one of the 

largest issues to public health care across the world as populations continue to age. Much of the 

etiology of AD remains elusive, and there is a need for animal models that adequately reflect the 

pathological changes underlying the progression of human AD. Most current mouse models AD 

exhibit pathological changes dependent on the overexpression of mutant human genes linked to 

familial AD, and animal models that mirror late-onset/age-related AD (>95% of AD cases) are 

severely lacking. In addition, many current therapies for AD target Aβ plaque formation and 

despite showing promise in animal models (which are typically based on an increase in Aβ 

formation), these drugs have failed in Phase III clinical trials, indicating a need for new 

approaches and for validated animal models of AD to provide novel insight into potential drug 

targets.  

 The oxidative stress hypothesis of AD is based on the premise that oxidative stress can 

increase the formation of Aβ plaques by increasing the expression of APP, or via an increase in 

the expression or activity of the APP processing enzymes, β-secretase, and γ-secretase. Aβ can 

also induce further lipid peroxidation and contribute to a positive feedback on its own formation, 

leading to the accumulation of amyloid plaques, and hyperphosphorylated tau proteins, resulting 

in the formations of NFTs. Oxidative stress is considered a causative factor in AD, and the 
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oxidative stress hypothesis is strongly supported in the literature, as it has been shown to cause 

tissue damage in a number of models of VCI and AD [1–3].  

HNE is a lipid peroxidation-induced oxidative stress product that is involved in the 

pathogenesis of several neurodegenerative diseases. Studies have shown significant increases in 

HNE adduct formation in the brain of AD patients and in brain regions susceptible to 

neurodegeneration [4], and HNE has been shown to increase the formation of Aβ plaques and 

NFTs [5]. HNE has also been implicated in a number of cardiovascular diseases, and can 

promote cardiac hypertrophy and atherosclerosis, implicating it in the progression of VCI 

[172,173]. Metabolism of HNE occurs through adduction with glutathione via glutathione 

transferase, reduction by aldo-keto reductases or, primarily, through the oxidation to the non-

electrophilic and non-reactive metabolite 4-hydroxynon-2-enoic acid (HNA) via ALDH2. 

Several brain regions express ALDH2 including the hippocampus, frontal and temporal cortex, 

and cerebellum, all of which are important for normal cognitive function. Expression of ALDH2 

is elevated in these brain regions in AD patients suggesting that higher amounts of enzyme are 

needed to cope with the increases in free HNE and that ADLH2 may serve a protective role in 

response to increases in LPO [120].  

We have previously shown that Aldh2-/- mice exhibit oxidative stress and many AD-like 

pathologies including increased HNE adduct formation as early as 3 months, age-related 

increases in A, phosphorylated tau protein, and activated caspases 3 and 6, age-related 

decreases in PSD95 and synaptophysin (indicating synaptic loss) and total and phosphorylated 

CREB. Importantly, Aldh2-/- mice exhibit age-related changes in recognition and spatial memory 

tasks as early as three months of age. We have also shown a number of pathologies characteristic 

of VCI, a subset of dementias that encompasses the contribution of vascular pathology to the 
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severity of cognitive impairment, including aortic endothelial dysfunction and arterial 

hypercontractility, HNE adduct formation and age-related Aβ deposition in cerebral microvessels 

[120]. The focus of this thesis was to further characterize Aldh2-/- mice as a model of age-related 

cognitive impairment with AD- and VCI-like pathologies, and to assess three novel therapeutics 

in order to validate our model, and to gain a better insight into the pathogenesis of AD. 

Analysis of clinical and pathological features of AD have provided valuable insight into 

its pathogenesis and how these pathologies correlate to cognitive impairment. To complement 

these studies in human populations, pre-clinical animal models (specifically mouse models) have 

been extremely useful to further our understanding of AD pathophysiology, and to determine the 

efficacy of pharmacological interventions. Decades of research has yielded numerous mouse 

models of AD (as described in Chapter 1), however it is important to note that no animal model 

can fully recapitulate the complexity of AD in humans. It is therefore important to fully 

characterize and understand the utility and limitations of animal models. In order to better 

characterize Aldh2-/- mice as a model of age-related cognitive impairment and AD, we performed 

a number of behavioral experiments to further assess cognitive impairment and executive 

dysfunction, to determine whether these impairments could be a result of confounding changes in 

motor function, and to determine whether other behavioral pathologies including anxiety or 

depressive-like symptoms could be found (Chapter 2). A longitudinal analysis of spatial 

working and reference memory using the MWM task found significant impairments as early as 3 

months of age in both male and female Aldh2-/- mice. These mice exhibited significantly longer 

latency times to find the hidden platform, spend less time in the target quadrant, and cross over 

fewer times into the target quadrant during the probe trial 24hours after the final day of hidden 

trials.  No significant differences were found in 1-month animals. A lack of differences between 
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male and female mice suggest that sex does not affect the changes in cognitive impairment at 3-

months of age. Importantly, these changes were not affected by swim speed, or inability to 

visually locate spatial cues, as both wild type and Aldh2-/- mice performed similarly in a 3-day 

cued platform test where the platform was made visible. These results were further supported by 

data collected from the SHIRPA standardised battery, the balance beam test, and the open field 

test. These tests examine a variety of physical characteristics of rodents, including their mobility, 

visual acuity, and physical phenotype. Results from the SHIRPA battery suggest that Aldh2-/- 

mice are not physically different from their wild type counterparts. Their visual and auditory 

acuity is in-tact, and there are no changes in other physical characteristics. Performance in the 

balance beam was not different at any of the measured time points, as both wild type and Aldh2-/- 

mice cross the beam at similar speeds. Recordings from the OFT indicated that both wild type 

and Aldh2-/- mice spend the same amount of time mobile and travel the same distance. Taken 

together, we have thoroughly characterised cognitive impairment and physical phenotype of 

Aldh2-/- mice using a range of behavioral techniques. These results further emphasize our 

findings that behavioral impairments in Aldh2-/- mice are a result of cognitive dysfunction, and 

not as a result of confounding changes in physical phenotype or motor function.  

Anxiety and depression are commonly found in AD patients and are associated with 

impairments in daily living activities, and behavioral disturbances including wandering, sexual 

misconduct, hallucinations, and physical abuse. Comorbidity of anxiety and depression is also a 

prevalent and important factor of mortality in AD patients, and anxiety in patients suffering from 

mild cognitive impairment may significantly increase their risk of AD [179]. We also assessed 

anxiety and depressive-like behaviors in Aldh2-/- mice using the light/dark box, EPM, and tail 

suspension test, all of which have been extensively used in other animals of AD. Results from 
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the light/dark box indicate that Aldh2-/- mice experience anxiety-like behaviors, as they were 

found to spend more time in dark enclosed areas that wild type mice. These results also 

progressively worsened over time, as 7-month and 11-month old mice performed significantly 

worse than 3-month old mice. This was further corroborated by performance in the EPM, as 

Aldh2-/- mice again exhibited progressively worsened performance. We did not however note any 

significant differences in the tail suspension test, although data from the forced-swim test does 

indicate that depressive-like behaviors are evident in Aldh2-/- mice. Interestingly, the results from 

the EPM task suggest that male Aldh2-/- mice performance was more profoundly affected despite 

a lack of significant sex-differences in performance across any other behavioral parameters. 

There are contradicting reports of sex differences in rodent models of anxiety (and in AD mouse 

models) and several explanations have been proposed to account for behavioral sex-differences, 

including motivational differences or hormonal differences that may alter hippocampal 

physiology. Female mice have also been shown to be more active in the EPM, which may 

explain their performance in this task compared to other behavioral tests. Nevertheless, these 

results warrant further investigation into differences in performance in behavior tasks as a result 

of sex. 

We further investigated higher levels of cognition in Aldh2-/- mice using two measures of 

executive function. The attentional set-shifting task is a complex behavioral test to assess the 

ability of mouse to change its focus of attention between different features of a stimulus, an 

ability that may depend critically on frontal structures, and is often found impaired in AD and 

VCI patients. Reversal learning is an additional behavioral test, whereby the location of the 

hidden platform is altered after the last set of hidden trials, forcing the mouse to adapt its 

learning strategy to find the new location. The results from these experiments suggest significant 
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executive dysfunction in Aldh2-/- mice as early as 4 months of age. Knockout mice struggle to 

find the new location of the hidden platform in reversal trials, and they require significantly more 

trials to successfully find the food reward across all shifts in the attentional set-shifting task. 

While performance in the set-shifting task was surprising, as performance did not worsen as the 

difficulty of the task increased as one would expect (possibly due to the small sample size and 

difficulty extending the experiment), the difference between wild type and Aldh2-/- mice, coupled 

with results from reversal learning in the MWM further support the significant decline in 

executive function which is seen in our model and in VCI patients.  

Taken together, the experiments from this chapter further characterize Aldh2-/- mice as 

non-transgenic model of AD that displays a progressive decline in cognition, executive function, 

and anxiety-like behaviors without a change in confounding factors in mobility or physical 

phenotype. The validity of a mouse model of disease is tightly linked to the ability of the animal 

to mimic signs of the disease; in the case of AD, cognitive decline [180]. Many animal models of 

AD exhibit cognitive impairment at different ages, even without an increase in Aβ deposits or 

hippocampal reduction [181]. Some animal models, including the Tg2576 model, only 

experience cognitive dysfunction at later time points and are not always cognitively impaired 

when different behavioral tasks are used [182]. The APP/PS1 animal model has levels of Aβ  

five times higher by 6 months of age compared to the Tg2576 model, but only show deficits in 

the MWM at 15-17 months [183]. While these transgenic mouse models allow us to examine 

mechanisms involved in the development of AD, the large discrepancy in behavioral findings 

questions their predictive validity. While inconsistencies could be due to differences in 

behavioral protocols, age or genetic background of the animals, or timing and sleep cycle, there 

remains a need for novel models that encompass a wide range of behavioral deficits. The 
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experiments performed in this chapter show that Aldh2-/- mice could be an example of a new 

model, using oxidative stress as the driving pathological hallmark rather than transgenic 

manipulation of Aβ or tau. Using a behavioral battery, involving numerous well-established 

behavioral tests and protocols throughout a range of time-points strengthens the characterization 

of our model and, coupled with the drastic changes in several AD pathologies that we have 

previously shown, establishes Aldh2-/- mice as an effective pre-clinical model to further our 

understanding of AD, and to further elucidate the underlying role oxidative stress may have in 

driving the progression of the disease. 

With the establishment of Aldh2-/- mice as a model of age-related cognitive impairment 

and AD, Chapter 3 assessed several novel therapeutics aimed at targeting different underlying 

molecular pathologies of AD. To provide proof-of-principle and to validate the predictive value 

of the model as it relates to HNE-mediated oxidative damage, we administered AG-01 to see if 

cognitive deficits could be reversed in Aldh2-/- mice. After a pre-screening, cognitive deficits 

were reversed after only 4 weeks of administration of AG-01 (20mg/kg i.p. injection every other 

day) and were restored to wild type levels, as measured by the NOR task and the Y-maze task. 

Again, these results further confirm the central role HNE adduct formation has in impairing 

cognitive function in Aldh2-/- mice, and further demonstrate that targeting HNE-induced OS 

could be a useful therapeutic approach towards the treatment of AD.   

To determine whether restoration of CREB signalling could ameliorate cognitive impairment 

and AD pathologies, we administered NMZ, a re-tooled CMZ drug that activates NO/cGMP 

signaling to increase the phosphorylation of CREB, an important transcription factor for learning 

and memory. After oral delivery of NMZ, we found that spontaneous alternation in the Y-maze 

task was restored to the level of wild type controls after only 4 weeks of administration, while 
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NOR performance was restored after 8 weeks. This was coupled with increased levels of 

phosphorylated CREB signalling in hippocampal homogenates in response to muscarinic 

receptor stimulation, as well as increases in other protein biomarkers of synaptic function and 

decreased levels of Aβ and p-tau. These results show that modulation of a well-established drug, 

allowing it to target an additional molecular pathway vital to cognition, can reverse cognitive 

impairment and attenuate AD pathologies in our mouse model of AD. The multifunctional 

approach using NMZ was successful in several different mouse models incorporating Aβ 

pathology (APP/PS1 model), tau pathology (3xTg model), and APOE4, the major human genetic 

risk factor for AD (EFAD model) [144]. Its efficacy in our Aldh2-/- model also shows that the 

therapeutic approach is not limited to genetic mutations that are typical of familial AD, which 

only accounts for a small portion of all AD cases. Lowering Aβ levels in the brain remains the 

primary target for therapeutic intervention in AD (despite the failure of such therapeutics in 

phase 3 clinical trials), and new approaches to AD should positively impact this important 

hallmark, as well as other neuropathologies. We have shown that NMZ can target multiple 

contributing mechanisms to AD and dementia as well as cognitive impairment, encouraging 

alternate strategies to the singular targeting of Aβ.  

Finally, Chapter 3 also assessed the efficacy of deuterated PUFAs as a treatment for AD 

in our Aldh2-/- mouse model. Deuterium-reinforced PUFAs have been shown to reduce oxidative 

stress in several experimental animal models by establishing resistance to non-enzymatic LPO 

and slowing the LPO chain reaction. Using a D-PUFA-enriched diet, involving oral 

administration of the ethyl esters of 11,11-D2-linoleic acid and 11,11,14,14-D4-linolenic acid, 

we markedly reduced LPO products in Aldh2-/- mice, and improved performance in the MWM, 

the Y-maze and the NOR tasks and we found a reduction in anxiety-like behaviour. We found a 
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similar lack of difference between D-PUFA and H-PUFA fed mice during the 3-day cued trial 

(again suggesting that eyesight, swim speed, basic strategies, and motivation were the same in 

each treatment group), whereas we found that D-PUFA fed mice performed significantly better 

in all measures during the 5-day hidden platform trial after only 2 weeks on diet, with more 

marked differences found after 10 and 18 weeks. Aldh2-/- mice fed the H-PUFA diet showed 

progressive decreases in performance in the NOR and Y-maze tasks compared to D-PUFA fed 

mice, and in the light/dark box test, mice on the D-PUFA diet exhibited a reduction in the 

anxiety-like behavior. These results were coupled with markedly reduced LPO products 

measured by the decrease in esterified F2-isoPs and PGF2α. While we did not use wild type 

animals in this study, performance of mice fed the D-PUFA diet for 2 weeks was compared to 

wild type animals of a similar age fed a typical Laboratory diet, and no significant differences 

were found in escape latency in the MWM at any trial block. These differences in performance 

across all three memory tasks between mice fed D-PUFA and H-PUFA diets for 18 weeks were 

similar to those found between wild type and Aldh2-/- at a comparable age, indicating that D-

PUFAs essential restore performance back to wild type levels. Because of the variety of 

biochemical changes exhibited by Aldh2-/- mice, and a lack of certainty as to the relative 

importance of these changes in mediating the observed cognitive deficits, we chose to use the 

changes in the behavioural responses as our index of efficacy of the D-PUFA-enriched diet (as 

well as our index of efficacy for NMZ and AG-01). Of relevance to the improved cognitive 

performance exhibited by D-PUFAs is a recent study using quench-assisted MRI which 

demonstrated increased free radical production (and by extension increased LPO) in the dorsal 

CA1 region of the hippocampus of Aldh2-/- mice relative to wild type mice [184]. This 

hippocampal subfield is associated with the encoding of spatial memory in rodents (which, as 
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mentioned previously, can be assessed by behavioural tests such as the MWM task) and is 

therefore consistent with the idea of a role for LPO in the impaired spatial reference memory 

exhibited by Aldh2-/- mice, and further, its amelioration by D-PUFA treatment. 

Taken together, the data from Chapter 3 suggests three novel ways to effectively target 

several of the pathologies seen in AD including cognitive impairment, and strengthen the 

potential of Aldh2-/- mice as a model of age-related cognitive impairment and AD. NMZ, AG-01, 

and D-PUFAs dramatically improve cognitive performance, reduce LPO-induced oxidative 

stress, and restore CREB signalling in the brain in order to ameliorate many of the pathologies 

typical of AD. These results provide a rationale for future studies to determine the efficacy of 

each treatment in restoring cognitive function in human AD. 

In addition to the plethora of AD-like pathologies that we have previously seen, Aldh2-/- 

mice exhibit a number of vascular pathologies indicative of VCI. The development of VCI is 

based on the progression of vascular disease (along with aging), and a number of vascular 

pathologies have been shown to be causative factors in VCI, driving pathogenesis and leading to 

impairments in cognition and executive function. The work in Chapter 4 of this thesis attempted 

to further characterize Aldh2-/- mice as a possible model of VCI by assessing changes in 

executive function, diastolic function, and blood pressure. Using reversal learning in the MWM, 

we assessed executive dysfunction in Aldh2-/- mice and significant impairments were found at 6-

7 months of age in both the latency to find the hidden platform, and in the probe trial conducted 

24 hours after the final reversal learning trial. Coupled with preliminary data from the attentional 

set-shifting task shown previously, executive dysfunction is a consistent occurrence in Aldh2-/- 

mice and can occur as early as 3-4 months of age. This pattern is similar to that seen in VCI 

patients, where a temporal dissociation of impairments in executive function domains exists 
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early in the disorder [164]. We also assessed diastolic function using non-invasive 

echocardiography to visualize cardiovascular structures and provide a measure of diastolic 

function by calculating strain and strain rate measures. Echocardiography was performed on a 

cohort of animals and followed longitudinally from three to twelve months of age (data collected 

at 3, 6, 9, 12 months). This was an effective method to determine when diastolic function is 

altered in Aldh2-/- mice despite the limitation of a smaller sample size. We found significantly 

lower strain and strain rate measures across PSA and PLA views at 12 months, coupled with a 

significantly lower E/A ratio (ratio of peak velocity flow in early diastole to peak velocity flow 

in late diastole caused by atrial contraction). HNE is directly linked to the progression of severe 

diastolic dysfunction in spontaneously hypertensive rats,  and high circulating HNE-protein 

adducts correlate with changes across several echocardiographic diastolic measures in previous 

studies, supporting our findings in Aldh2-/- mice [176].  

To support our findings from echocardiography, we performed radiotelemetry on a cohort of 

12-month-old wild type and Aldh2-/- mice, which allowed us to continuously monitor blood 

pressure over a period of several weeks. We found significantly elevated systolic, diastolic and 

mean arterial pressure in male Aldh2-/- mice, coinciding with diastolic dysfunction. These results 

support our previous results and indicate severe vascular changes in knockout mice as they age,  

perhaps unsurprisingly, as lipid peroxidation and oxidative stress have been shown to be 

important contributors to hypertension due to impaired oxidant/antioxidant status that occurs 

with aging [185]. In fact, PGF2α is a particularly sensitive, and well-established biomarker of 

lipid peroxidation in elderly hypertensive patients, and may play a key role in the development of 

atherosclerosis and elevation of blood pressure [186]. 
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 Interestingly, we found that male Aldh2-/- mice had a significantly higher decrease in strain 

and strain rate, and significantly higher blood pressure than wild type males whereas female 

Aldh2-/- mice did not (although there was a trend towards significance). It is possible that our 

sample size was simply too small to account for changes in female mice, and the trends we found 

would continue towards significance with a larger cohort of animals. It is also possible that levels 

of estrogen may help prevent diastolic dysfunction, since estrogen has been shown to have a 

protective role against HNE and oxidative stress-induced diastolic dysfunction, and hormonal 

therapy has been associated with a reduced risk of death in both AD, and even more so in VCI 

[178,187,188]. However, further experiments in our model would be needed to fully elucidate 

the role sex has in the progression of vascular pathologies. It is also important to note that we 

have only examined changes in blood pressure at 12 months. Our previous results indicate that 

cognitive impairment begins in Aldh2-/- mice as early as 3 months, thus making it unclear 

whether the vascular changes contribute to early cognitive impairment, or whether the 

underlying oxidative stress primarily drives other pathologies, and the vascular changes are a 

consequence of this. Further experiments examining the role of inflammation and cerebral blood 

flow would also need to be done prior to the appearance of cognitive impairment to elucidate the 

role these vascular changes have in driving cognitive impairment and to determine whether 

Aldh2-/- mice could represent a model of VCI.  

In summary, the studies described in this thesis have helped to better characterise Aldh2-/- 

mice as a model of age-related cognitive impairment with AD-like pathologies. The results also 

found that cognitive deficits could be reversed using three novel and diverse approaches to 

targeting AD pathologies, including directly targeting HNE accumulation, increasing the 

activation of CREB signalling, and preventing the lipid peroxidation chain reaction that drives 



142 
 

oxidative stress-induced pathology. Lastly, these studies further characterised Aldh2-/- mice as a 

potential model for VCI, since executive function, diastolic function, and blood pressure were all 

found to be significantly altered in our model. The results and conclusions from this work will 

strengthen the argument that   Aldh2-/- mice represent a valid non-transgenic model for sporadic 

AD which can aid in the study of AD pathogenesis, and which will be useful for the assessment 

of novel therapeutic agents.  

 

5. 1 FUTURE DIRECTIONS 

 

The data from this thesis emphasize the important role oxidative stress has in driving AD-

like pathologies and cognitive impairment. While the work in Chapter 2 has shown behavioral 

impairments across a number of different cognitive tasks (and that the cognitive impairment was 

not affected by confounding changes in motor function), higher levels of cognition would still 

need to be properly assessed in Aldh2-/- animals. We performed preliminary experiments 

involving the attentional-set shifting task and reversal learning using the MWM, however this 

work should be further supported using other tasks including the multiple-choice serial reaction 

time task (whereby the animal must attend to several spatial locations, observe a stimulus and 

then correctly respond), or the What-Where-Which task (whereby the animal must associate an 

object with its location in a specific visuospatial context to form an integrated memory). These 

tasks further assess executive function and cognitive flexibility and could provide more insight 

into the extent of the executive dysfunction in our model.  

We explored the efficacy of three different therapeutic approaches in Chapter 3. While 

AG-01 was able to reduce HNE levels and reverse cognitive impairment, it would be important 

to assess the impact a brain-impermeable HNE scavenger would have on reversing cognitive 
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impairment in Aldh2-/- mice. If HNE could be selectively targeted in the vasculature, and 

cognitive impairments could still be reversed, this would further support Aldh2-/- mice as a model 

of VCI. In addition, our study involving the use of D-PUFAs to ameliorate cognitive deficits and 

AD pathologies should be expanded upon to include wildtype controls as well. A larger study 

could   examine the pharmacokinetics and pharmacodynamics of D-PUFAs, and the use of either 

11,11-D2-Linoleic acid or 11,11,14,14-D4-Linolenic acid alone or in different ratios, as well as 

studies using other D-PUFAs such as D-ARA, D-EPA and D-DHA. It would be of particular 

interest to see if D-PUFAs (or NMZ) could be administered at a much later time point (i.e. 6 

months of age) where cognitive deficits are at a plateau, and if these deficits could still be 

reversed in Aldh2-/- mice, this would further demonstrate the efficacy of these drugs and would 

suggest that they are disease modifying agents. 

With regards to the work performed in Chapter 4, diastolic function and blood pressure 

in female mice must be examined more thoroughly using a much larger cohort of animals to 

determine whether the observed trends reach significance. It would also be important to use 

radiotelemetry on a much younger cohort of animals (i.e. 3 months of age) to determine whether 

blood pressure is significantly elevated early, or whether it mirrors the results shown from the 

echocardiography study. A structural examination of the left ventricle and an assessment of left 

ventricular hypertrophy could also provide insight into the extent of vascular damage in our 

Aldh2-/- mice. Finally, if lipid peroxidation is in fact an important contributor to the elevated 

blood pressure and diastolic dysfunction we have observed, it would be interesting to determine 

whether using D-PUFAs to inhibit LPO could reduce blood pressure and restore diastolic 

function in Aldh2-/- mice. This could also be examined using a brain impermeable HNE 
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scavenger to determine whether selectively targeting HNE accumulation in the vasculature could 

affect the cardiovascular changes we have observed.  

 

REFERENCES  

  

1  Bennett, S. et al. (2009) Oxidative stress in vascular dementia and Alzheimer’s disease: a common 

pathology. J. Alzheimers Dis. 17, 245–257 

2  Bokov, A. et al. (2004) The role of oxidative damage and stress in aging. Mech. Ageing Dev. 125, 

811–826 

3  Xu, T. et al. (2016) Aldehyde dehydrogenase 2 protects against oxidative stress associated with 

pulmonary arterial hypertension. Redox Biol. 11, 286–296 

4  McGrath, L.T. et al. (2001) Increased oxidative stress in Alzheimer’s disease as assessed with 4‐

hydroxynonenal but not malondialdehyde. QJM Int. J. Med. 94, 485–490 

5  Zarkovic, K. (2003) 4-Hydroxynonenal and neurodegenerative diseases. Mol. Aspects Med. 24, 

293–303 

6  Tang, S.-C. et al. Neuroprotective actions of a histidine analogue in models of ischemic stroke. J. 

Neurochem. 101, 729–736 

7  Elharram, A. et al. Deuterium-reinforced polyunsaturated fatty acids improve cognition in a mouse 

model of sporadic Alzheimer’s disease. FEBS J. 284, 4083–4095 

8  Prince, M. et al. (2016) World Alzheimer report 2016: improving healthcare for people living with 

dementia: coverage, quality and costs now and in the future. at <http://eprints.lse.ac.uk/67858/> 

9  Qiu, C. et al. (2009) Epidemiology of Alzheimer’s disease: occurrence, determinants, and strategies 

toward intervention. Dialogues Clin. Neurosci. 11, 111–128 

10  Querfurth, H.W. and LaFerla, F.M. (2010) Alzheimer’s disease. N. Engl. J. Med. 362, 329–344 



145 
 

11  Xu, W. et al. (2013) Epidemiology of Alzheimer’s Disease. In Understanding Alzheimer’s Disease  

(Zerr, I., ed), InTech 

12  Agüero-Torres, H. et al. (1998) Dementia is the major cause of functional dependence in the 

elderly: 3-year follow-up data from a population-based study. Am. J. Public Health 88, 1452–1456 

13  Davidson, M. and Schnaider Beeri, M. (2000) Cost of Alzheimer’s disease. Dialogues Clin. Neurosci. 

2, 157–161 

14  Wimo, A. et al. (2007) An estimate of the total worldwide societal costs of dementia in 2005. 

Alzheimers Dement. J. Alzheimers Assoc. 3, 81–91 

15  Brodaty, H. and Donkin, M. (2009) Family caregivers of people with dementia. Dialogues Clin. 

Neurosci. 11, 217–228 

16  Prince, M. and 10/66 Dementia Research Group (2004) Care arrangements for people with 

dementia in developing countries. Int. J. Geriatr. Psychiatry 19, 170–177 

17  Kazhungil, F. et al. (2016) A comparative study of caregiver burden in late-onset depression and 

Alzheimer’s disease. Psychogeriatrics 16, 209–215 

18  Oremus, M. et al. (2015) Caregivers’ willingness-to-pay for Alzheimer’s disease medications in 

Canada. Dement. Lond. Engl. 14, 63–79 

19  Sharma, N. et al. (2016) Gender differences in caregiving among family - caregivers of people with 

mental illnesses. World J. Psychiatry 6, 7–17 

20  Schulz, R. and Sherwood, P.R. (2008) Physical and Mental Health Effects of Family Caregiving. Am. 

J. Nurs. 108, 23–27 

21  Evans, R.L. et al. (1992) Providing care to persons with physical disability. Effect on family 

caregivers. Am. J. Phys. Med. Rehabil. 71, 140–144 

22  Liu, S. et al. (2016) Caregiver burden and prevalence of depression, anxiety and sleep disturbances 

in Alzheimer’s disease caregivers in China. J. Clin. Nurs. DOI: 10.1111/jocn.13601 



146 
 

23  Hippius, H. and Neundörfer, G. (2003) The discovery of Alzheimer’s disease. Dialogues Clin. 

Neurosci. 5, 101–108 

24  Levey,  a I. et al. (1997) Presenilin-1 protein expression in familial and sporadic Alzheimer’s 

disease. Ann. Neurol. 41, 742–53 

25  Pandis, D. and Scarmeas, N. (2012) Seizures in Alzheimer Disease: Clinical and Epidemiological 

Data. Epilepsy Curr. 12, 184–187 

26  Hardy, J. (2006) A Hundred Years of Alzheimer’s Disease Research. Neuron 52, 3–13 

27  Miyakawa, T. and Uehara, Y. (1979) Observations of amyloid angiopathy and senile plaques by the 

scanning electron microscope. Acta Neuropathol. (Berl.) 48, 153–156 

28  Glenner, G.G. and Wong, C.W. (1984) Alzheimer’s disease: initial report of the purification and 

characterization of a novel cerebrovascular amyloid protein. Biochem. Biophys. Res. Commun. 120, 

885–890 

29  Tanzi, R.E. (2012) The genetics of Alzheimer disease. Cold Spring Harb. Perspect. Med. 2,  

30  Goedert, M. et al. (1988) Cloning and sequencing of the cDNA encoding a core protein of the 

paired helical filament of Alzheimer disease: identification as the microtubule-associated protein 

tau. Proc. Natl. Acad. Sci. U. S. A. 85, 4051–4055 

31  O’Brien, R.J. and Wong, P.C. (2011) Amyloid precursor protein processing and Alzheimer’s disease. 

Annu. Rev. Neurosci. 34, 185–204 

32  Tam, J.H. and Pasternak, S.H. (2012) Amyloid and Alzheimer’s disease: inside and out. Can. J. 

Neurol. Sci. 39, 286–298 

33  Hardy, J.A. and Higgins, G.A. (1992) Alzheimer’s disease: the amyloid cascade hypothesis. Science 

256, 184–185 

34  Barrantes, F.J. et al. (2010) Neuronal nicotinic acetylcholine receptor-cholesterol crosstalk in 

Alzheimer’s disease. FEBS Lett. 584, 1856–1863 



147 
 

35  Turner, P.R. et al. (2003) Roles of amyloid precursor protein and its fragments in regulating neural 

activity, plasticity and memory. Prog. Neurobiol. 70, 1–32 

36  Cole, S.L. and Vassar, R. (2007) The Alzheimer’s disease β-secretase enzyme, BACE1. Mol. 

Neurodegener. 2, 22 

37  Iba, M. et al. (2013) Synthetic Tau Fibrils Mediate Transmission of Neurofibrillary Tangles in a 

Transgenic Mouse Model of Alzheimer’s-Like Tauopathy. J. Neurosci. 33, 1024–1037 

38  Karran, E. et al. (2011) The amyloid cascade hypothesis for Alzheimer’s disease: an appraisal for 

the development of therapeutics. Nat. Rev. Drug Discov. 10, 698–712 

39  Serrano-Pozo, A. et al. (2011) Neuropathological Alterations in Alzheimer Disease. Cold Spring 

Harb. Perspect. Med. 1,  

40  Marcus, J.N. and Schachter, J. (2011) Targeting post-translational modifications on tau as a 

therapeutic strategy for Alzheimer’s disease. J. Neurogenet. 25, 127–133 

41  de la Torre, J.C. (2004) Is Alzheimer’s disease a neurodegenerative or a vascular disorder? Data, 

dogma, and dialectics. Lancet Neurol. 3, 184–190 

42  Crews, L. and Masliah, E. (2010) Molecular mechanisms of neurodegeneration in Alzheimer’s 

disease. Hum. Mol. Genet. 19, R12-20 

43  Friedlander, R.M. (2003) Apoptosis and Caspases in Neurodegenerative Diseases. N. Engl. J. Med. 

348, 1365–1375 

44  Mesulam, M.-M. (2013) Cholinergic Circuitry of the Human Nucleus Basalis and Its Fate in 

Alzheimer’s Disease. J. Comp. Neurol. 521, 4124–4144 

45  de la Torre, J.C. (2011) Three postulates to help identify the cause of Alzheimer’s disease. J. 

Alzheimers Dis. 24, 657–668 

46  Scarpini, E. et al. (2003) Treatment of Alzheimer’s disease; current status and new perspectives. 

Lancet Neurol. 2, 539–547 



148 
 

47  Ferreira-Vieira, T.H. et al. (2016) Alzheimer’s Disease: Targeting the Cholinergic System. Curr. 

Neuropharmacol. 14, 101–115 

48  Picciotto, M.R. et al. (2012) Acetylcholine as a neuromodulator: cholinergic signaling shapes 

nervous system function and behavior. Neuron 76, 116–129 

49  Albuquerque, E.X. et al. (2009) Mammalian Nicotinic Acetylcholine Receptors: From Structure to 

Function. Physiol. Rev. 89, 73–120 

50  Craig, L.A. et al. (2011) Revisiting the cholinergic hypothesis in the development of Alzheimer’s 

disease. Neurosci. Biobehav. Rev. 35, 1397–1409 

51  Terry, A.V. and Buccafusco, J.J. (2003) The Cholinergic Hypothesis of Age and Alzheimer’s Disease-

Related Cognitive Deficits: Recent Challenges and Their Implications for Novel Drug Development. 

J. Pharmacol. Exp. Ther. 306, 821–827 

52  Chételat, G. et al. (2010) Relationship between atrophy and beta-amyloid deposition in Alzheimer 

disease. Ann. Neurol. 67, 317–324 

53  Bateman, R.J. et al. (2012) Clinical and Biomarker Changes in Dominantly Inherited Alzheimer’s 

Disease. N. Engl. J. Med. 367, 795–804 

54  Beckman, K.B. and Ames, B.N. (1998) The free radical theory of aging matures. Physiol. Rev. 78, 

547–581 

55  Praticò, D. (2008) Oxidative stress hypothesis in Alzheimer’s disease: a reappraisal. Trends 

Pharmacol. Sci. 29, 609–615 

56  Moreira, P.I. et al. (2010) Mitochondrial dysfunction is a trigger of Alzheimer’s disease 

pathophysiology. Biochim. Biophys. Acta BBA - Mol. Basis Dis. 1802, 2–10 

57  Di Domenico, F. et al. (2017) Role of 4-hydroxy-2-nonenal (HNE) in the pathogenesis of alzheimer 

disease and other selected age-related neurodegenerative disorders. Free Radic. Biol. Med. 111, 

253–261 



149 
 

58  Young, I.S. and McEneny, J. (2001) Lipoprotein oxidation and atherosclerosis. Biochem. Soc. Trans. 

29, 358–362 

59  Christen, Y. (2000) Oxidative stress and Alzheimer disease. Am. J. Clin. Nutr. 71, 621S-629S 

60  Praticò, D. et al. (2001) Increased lipid peroxidation precedes amyloid plaque formation in an 

animal model of Alzheimer amyloidosis. J. Neurosci. Off. J. Soc. Neurosci. 21, 4183–4187 

61  Fibrillar Beta-Amyloid Evokes Oxidative Damage in a Transgenic Mouse Model of Alzheimer’s 

Disease. , PubMed Journals. [Online]. Available: https://ncbi.nlm.nih.gov/labs/articles/11440793/. 

[Accessed: 16-Feb-2017] 

62  Resende, R. et al. (2008) Brain oxidative stress in a triple-transgenic mouse model of Alzheimer 

disease. Free Radic. Biol. Med. 44, 2051–2057 

63  Feng, Y. and Wang, X. (2012) Antioxidant Therapies for Alzheimer’s Disease. Oxid. Med. Cell. 

Longev. 2012, e472932 

64  de la Torre, J.C. and Mussivand, T. (1993) Can disturbed brain microcirculation cause Alzheimer’s 

disease? Neurol. Res. 15, 146–153 

65  Schaller, B.J. (2008) Strategies for molecular imaging dementia and neurodegenerative diseases. 

Neuropsychiatr. Dis. Treat. 4, 585–612 

66  Zlokovic, B.V. (2011) Neurovascular pathways to neurodegeneration in Alzheimer’s disease and 

other disorders. Nat. Rev. Neurosci. 12, 723–738 

67  Leritz, E.C. et al. (2011) Cardiovascular Disease Risk Factors and Cognition in the Elderly. Curr. 

Cardiovasc. Risk Rep. 5, 407–412 

68  Kalaria, R.N. (2010) Vascular Basis for Brain Degeneration: Faltering Controls and Risk Factors for 

Dementia. Nutr. Rev. 68, S74–S87 

69  Saido, T.C. et al. (1994) Spatial resolution of the primary beta-amyloidogenic process induced in 

postischemic hippocampus. J. Biol. Chem. 269, 15253–15257 



150 
 

70  Bennett, S.A.L. et al. (2000) Cleavage of amyloid precursor protein elicited by chronic cerebral 

hypoperfusion. Neurobiol. Aging 21, 207–214 

71  Qi, J.-P. et al. (2007) Cerebral ischemia and Alzheimer’s disease: the expression of amyloid-beta 

and apolipoprotein E in human hippocampus. J. Alzheimers Dis. JAD 12, 335–341 

72  Lucas, H.R. and Rifkind, J.M. (2013) Considering the vascular hypothesis of Alzheimer’s disease: 

effect of copper associated amyloid on red blood cells. Adv. Exp. Med. Biol. 765, 131–138 

73  Kelleher, R.J. and Soiza, R.L. (2013) Evidence of endothelial dysfunction in the development of 

Alzheimer’s disease: Is Alzheimer’s a vascular disorder? Am. J. Cardiovasc. Dis. 3, 197–226 

74  Fusco, D. et al. (2007) Effects of antioxidant supplementation on the aging process. Clin. Interv. 

Aging 2, 377–387 

75  Thomason, L.A.M. et al. (2013) Cerebrovascular contributions to Alzheimer’s disease 

pathophysiology and potential therapeutic interventions in mouse models. Eur. J. Neurosci. 37, 

1994–2004 

76  Jiwa, N.S. et al. Experimental models of vascular dementia and vascular cognitive impairment: a 

systematic review. J. Neurochem. 115, 814–828 

77  Bowler, J.V. (2005) Vascular cognitive impairment. J. Neurol. Neurosurg. Psychiatry 76, v35–v44 

78  Dichgans, M. and Leys, D. (2017) Vascular Cognitive Impairment. Circ. Res. 120, 573–591 

79  Bonelli, R.M. and Cummings, J.L. (2007) Frontal-subcortical circuitry and behavior. Dialogues Clin. 

Neurosci. 9, 141–151 

80  D’Onofrio, G. et al. (2018) Executive Dysfunction Detected with the Frontal Assessment Battery in 

Alzheimer’s Disease Versus Vascular Dementia. J. Alzheimers Dis. 62, 699–711 

81  Gao, Z. et al. (2014) Cerebral Microbleeds Are Associated with Deep White Matter 

Hyperintensities, but Only in Hypertensive Patients. PLoS ONE 9,  



151 
 

82  Lin, J. et al. (2017) , Multiple Factors Involved in the Pathogenesis of White Matter Lesions. , 

BioMed Research International. [Online]. Available: 

https://www.hindawi.com/journals/bmri/2017/9372050/. [Accessed: 04-Jul-2018] 

83  Martinez-Ramirez, S. et al. (2014) Cerebral microbleeds: overview and implications in cognitive 

impairment. Alzheimers Res. Ther. 6, 33 

84  Marshall, R.S. et al. (2012) Cerebral hemodynamics and cognitive impairment: baseline data from 

the RECON trial. Neurology 78, 250–255 

85  Van Dam, D. and De Deyn, P.P. (2011) Animal models in the drug discovery pipeline for Alzheimer’s 

disease. Br. J. Pharmacol. 164, 1285–1300 

86  Götz, J. et al. (2004) Transgenic animal models of Alzheimer’s disease and related disorders: 

histopathology, behavior and therapy. Mol. Psychiatry 9, 664–683 

87  Braidy, N. et al. (2012) Recent rodent models for Alzheimer’s disease: clinical implications and 

basic research. J. Neural Transm. 119, 173–195 

88  Spires, T.L. and Hyman, B.T. (2009) Transgenic Models of Alzheimer ’ s Disease : Learning from 

Animals. 2, 423–437 

89  Morris, G.P. et al. (2014) Inconsistencies and Controversies Surrounding the Amyloid Hypothesis of 

Alzheimer’s Disease. Acta Neuropathol. Commun. 2,  

90  Oddo, S. et al. (2003) Triple-transgenic model of Alzheimer’s disease with plaques and tangles: 

intracellular Abeta and synaptic dysfunction. Neuron 39, 409–421 

91  Sterniczuk, R. et al. (2010) Characterization of the 3xTg-AD mouse model of Alzheimer’s disease: 

part 1. Circadian changes. Brain Res. 1348, 139–148 

92  Rodriguiz RM, W.W. (2006) Assessments of Cognitive Deficits in Mutant Mice, Animal Mod.CRC 

Press. 



152 
 

93  Morris, R.G.M. et al. N-methyl-d-aspartate receptors, learning and memory: chronic 

intraventricular infusion of the NMDA receptor antagonist d-AP5 interacts directly with the neural 

mechanisms of spatial learning. Eur. J. Neurosci. 37, 700–717 

94  Zito, K. and Scheuss, V. (2009) NMDA Receptor Function and Physiological Modulation. In 

Encyclopedia of Neuroscience  (Squire, L. R., ed), pp. 1157–1164, Academic Press 

95  Kida, S. (2012) A Functional Role for CREB as a Positive Regulator of Memory Formation and LTP. 

Exp. Neurobiol. 21, 136 

96  Paul, C. et al. (2010) cGMP-dependent protein kinase type I promotes CREB/CRE-mediated gene 

expression in neurons of the lateral amygdala. Neurosci. Lett. 473, 82–86 

97  Vorhees, C.V. and Williams, M.T. (2006) Morris water maze: procedures for assessing spatial and 

related forms of learning and memory. Nat. Protoc. 1, 848–858 

98  Saab, B.J. et al. (2011) Statistical and theoretical considerations for the platform re-location water 

maze. J. Neurosci. Methods 198, 44–52 

99  Walf, A.A. and Frye, C.A. (2007) The use of the elevated plus maze as an assay of anxiety-related 

behavior in rodents. Nat. Protoc. 2, 322–328 

100  Rogers, D.C. et al. (2001) SHIRPA, a protocol for behavioral assessment: validation for longitudinal 

study of neurological dysfunction in mice. Neurosci. Lett. 306, 89–92 

101  Seibenhener, M.L. and Wooten, M.C. (2015) Use of the Open Field Maze to Measure Locomotor 

and Anxiety-like Behavior in Mice. J. Vis. Exp. JoVE DOI: 10.3791/52434 

102  Bourin, M. and Hascoët, M. (2003) The mouse light/dark box test. Eur. J. Pharmacol. 463, 55–65 

103  Cryan, J.F. et al. (2005) The tail suspension test as a model for assessing antidepressant activity: 

Review of pharmacological and genetic studies in mice. Neurosci. Biobehav. Rev. 29, 571–625 

104  Webster, S.J. et al. (2013) Comprehensive behavioral characterization of an APP/PS-1 double 

knock-in mouse model of Alzheimer’s disease. Alzheimers Res. Ther. 5, 28 



153 
 

105  Webster, S.J. et al. (2014) Using mice to model Alzheimer’s dementia: an overview of the clinical 

disease and the preclinical behavioral changes in 10 mouse models. Front. Genet. 5, 88 

106  Boutajangout, A. et al. (2012) Cognitive and sensorimotor tasks for assessing functional 

impairments in mouse models of Alzheimer’s disease and related disorders. Methods Mol. Biol. 

Clifton NJ 849, 529–540 

107  Lalonde, R. et al. (2012) APP transgenic mice for modelling behavioural and psychological 

symptoms of dementia (BPSD). Neurosci. Biobehav. Rev. 36, 1357–1375 

108  Rodriguiz, R.M. and Wetsel, W.C. (2006) Assessments of Cognitive Deficits in Mutant Mice. In 

Animal Models of Cognitive Impairment  (Levin, E. D. and Buccafusco, J. J., eds), CRC Press/Taylor & 

Francis 

109  Ashe, K.H. (2001) Learning and memory in transgenic mice modeling Alzheimer’s disease. Learn. 

Mem. Cold Spring Harb. N 8, 301–308 

110  Arendash, G.W. et al. (2001) Progressive, age-related behavioral impairments in transgenic mice 

carrying both mutant amyloid precursor protein and presenilin-1 transgenes. Brain Res. 891, 42–53 

111  Doody, R.S. et al. (2013) A Phase 3 Trial of Semagacestat for Treatment of Alzheimer’s Disease. N. 

Engl. J. Med. 369, 341–350 

112  Aisen, P.S. et al. (2011) Tramiprosate in mild-to-moderate Alzheimer’s disease – a randomized, 

double-blind, placebo-controlled, multi-centre study (the Alphase Study). Arch. Med. Sci. AMS 7, 

102–111 

113  Salloway, S. et al. (2014) Two Phase 3 Trials of Bapineuzumab in Mild-to-Moderate Alzheimer’s 

Disease. N. Engl. J. Med. 370, 322–333 

114  Qizilbash, N. et al. (2000) Tacrine for Alzheimer’s disease. Cochrane Database Syst. Rev. DOI: 

10.1002/14651858.CD000202 



154 
 

115  Reisberg, B. et al. (2003) Memantine in Moderate-to-Severe Alzheimer’s Disease. N. Engl. J. Med. 

348, 1333–1341 

116  Weng, P.-H. et al. (2013) CHRNA7 Polymorphisms and Response to Cholinesterase Inhibitors in 

Alzheimer’s Disease. PLoS ONE 8,  

117  Wang, R. et al. (2009) Effects of HNE-modification induced by Aβ on neprilysin expression and 

activity in SH-SY5Y cells. J. Neurochem. 108, 1072–1082 

118  Shringarpure, R. et al. (2000) 4-Hydroxynonenal-modified amyloid-beta peptide inhibits the 

proteasome: possible importance in Alzheimer’s disease. Cell. Mol. Life Sci. CMLS 57, 1802–1809 

119  Gwon, A.-R. et al. (2012) Oxidative lipid modification of nicastrin enhances amyloidogenic γ-

secretase activity in Alzheimer’s disease. Aging Cell 11, 559–568 

120  D’Souza, Y. et al. (2015) Characterization of Aldh2-/- mice as an age-related model of cognitive 

impairment and Alzheimer’s disease. Mol. Brain 8,  

121  Chen, C.-H. et al. (2016) The Role of Mitochondrial Aldehyde Dehydrogenase 2 (ALDH2) in 

Neuropathology and Neurodegeneration. 25, 13 

122  Kitagawa, K. et al. Aldehyde dehydrogenase (ALDH) 2 associates with oxidation of 

methoxyacetaldehyde; in vitro analysis with liver subcellular fraction derived from human and 

Aldh2 gene targeting mouse. FEBS Lett. 476, 306–311 

123  Deipolyi, A.R. et al. (2008) Altered navigational strategy use and visuospatial deficits in hAPP 

transgenic mice. Neurobiol. Aging 29, 253–266 

124  Luong, T.N. et al. (2011) Assessment of Motor Balance and Coordination in Mice using the Balance 

Beam. J. Vis. Exp. JoVE DOI: 10.3791/2376 

125  ARENDASH, G.W. et al. Behavioral Assessment of Alzheimer’s Transgenic Mice Following Long-

Term Ab Vaccination: Task Specificity and Correlations between Ab Deposition and Spatial 

Memory.  



155 
 

126  Can, A. et al. (2012) The Tail Suspension Test. J. Vis. Exp. JoVE DOI: 10.3791/3769 

127  Bissonette, G.B. and Powell, E.M. (2012) Reversal Learning and Attentional Set-Shifting in Mice. 

Neuropharmacology 62, 1168–1174 

128  Butter, C.M. (1969) Perseveration in extinction and in discrimination reversal tasks following 

selective frontal ablations in Macaca mulatta. Physiol. Behav. 4, 163–171 

129  Nolan, S.O. and Lugo, J.N. (2018) Reversal learning paradigm reveals deficits in cognitive flexibility 

in the Fmr1 knockout male mouse. F1000Research 7, 711 

130  Filali, M. et al. (2009) Cognitive and non-cognitive behaviors in an APPswe/PS1 bigenic model of 

Alzheimer’s disease. Genes Brain Behav. 8, 143–148 

131  Iascone, D.M. et al. (2013) Impairments in Neurogenesis Are Not Tightly Linked to Depressive 

Behavior in a Transgenic Mouse Model of Alzheimer’s Disease. PLoS ONE 8,  

132  Pugh, P.L. et al. (2007) Non-cognitive behaviours in an APP/PS1 transgenic model of Alzheimer’s 

disease. Behav. Brain Res. 178, 18–28 

133  Bouayed, J. et al. (2009) Oxidative stress and anxiety. Oxid. Med. Cell. Longev. 2, 63–67 

134  Hovatta, I. et al. (2005) Glyoxalase 1 and glutathione reductase 1 regulate anxiety in mice. Nature 

438, 662–666 

135  Hollis, F. et al. (2015) Mitochondrial function in the brain links anxiety with social subordination. 

Proc. Natl. Acad. Sci. 112, 15486–15491 

136  R, K. et al. (2014) Oxidative Imbalance and Anxiety Disorders. Curr. Neuropharmacol. 12, 193–204 

137  LaBuda, C.J. et al. (2002) Sex differences in the acquisition of a radial maze task in the CD-1 mouse. 

Physiol. Behav. 76, 213–217 

138  Tucker, L.B. and McCabe, J.T. (2017) Behavior of Male and Female C57BL/6J Mice Is More 

Consistent with Repeated Trials in the Elevated Zero Maze than in the Elevated Plus Maze. Front. 

Behav. Neurosci. 11,  



156 
 

139  Carter, C.L. et al. (2012) Sex and gender differences in Alzheimer’s disease: recommendations for 

future research. J. Womens Health 2002 21, 1018–1023 

140  Gilby, K.L. et al. (2005) Neuro-overprotection? A functional evaluation of clomethiazole-induced 

neuroprotection following hypoxic-ischemic injury. Neuroscience 131, 785–792 

141  Wilby, M.J. and Hutchinson, P.J. (2004) The Pharmacology of Chlormethiazole: A Potential 

Neuroprotective Agent? CNS Drug Rev. 10, 281–294 

142  Overk, C.R. et al. (2011) A novel approach for long-term oral drug administration in animal 

research. J. Neurosci. Methods 195, 194–199 

143  Milne, G.L. et al. (2007) Quantification of F2-isoprostanes as a biomarker of oxidative stress. Nat. 

Protoc. 2, 221 

144  Luo, J. et al. (2016) A multifunctional therapeutic approach to disease modification in multiple 

familial mouse models and a novel sporadic model of Alzheimer’s disease. Mol. Neurodegener. 11,  

145  Liu, J. and Wang, L.N. (2014) Gamma aminobutyric acid (GABA) receptor agonists for acute stroke. 

Cochrane Database Syst. Rev. DOI: 10.1002/14651858.CD009622.pub3 

146  Clarkson, A.N. et al. (2007) Mitochondrial involvement in transhemispheric diaschisis following 

hypoxia-ischemia: Clomethiazole-mediated amelioration. Neuroscience 144, 547–561 

147  Andreyev, A.Y. et al. (2015) Isotope-reinforced polyunsaturated fatty acids protect mitochondria 

from oxidative stress. Free Radic. Biol. Med. 82, 63–72 

148  Hill, S. et al. (2012) Small amounts of isotope-reinforced polyunsaturated fatty acids suppress lipid 

autoxidation. Free Radic. Biol. Med. 53, 893–906 

149  Hill, S. et al. (2011) Isotope-reinforced polyunsaturated fatty acids protect yeast cells from 

oxidative stress. Free Radic. Biol. Med. 50, 130–138 



157 
 

150  Shchepinov, M.S. et al. (2011) Isotopic reinforcement of essential polyunsaturated fatty acids 

diminishes nigrostriatal degeneration in a mouse model of Parkinson’s disease. Toxicol. Lett. 207, 

97–103 

151  Berbée, J.F.P. et al. (2017) Deuterium-reinforced polyunsaturated fatty acids protect against 

atherosclerosis by lowering lipid peroxidation and hypercholesterolemia. Atherosclerosis 264, 100–

107 

152  Markesbery, W.R. et al. (2005) Lipid peroxidation is an early event in the brain in amnestic mild 

cognitive impairment. Ann. Neurol. 58, 730–735 

153  Sultana, R. et al. (2013) Lipid peroxidation triggers neurodegeneration: a redox proteomics view 

into the Alzheimer disease brain. Free Radic. Biol. Med. 62, 157–169 

154  Shchepinov, M.S. et al. (2014) Chapter 31 - Deuterium Protection of Polyunsaturated Fatty Acids 

against Lipid Peroxidation: A Novel Approach to Mitigating Mitochondrial Neurological Diseases. In 

Omega-3 Fatty Acids in Brain and Neurological Health  (Watson, R. R. and De Meester, F., eds), pp. 

373–383, Academic Press 

155  Bowry, V.W. et al. (1992) Vitamin E in human low-density lipoprotein. When and how this 

antioxidant becomes a pro-oxidant. Biochem. J. 288, 341–344 

156  Akoudad, S. et al. (2016) Association of Cerebral Microbleeds With Cognitive Decline and 

Dementia. JAMA Neurol. 73, 934–943 

157  Bilello, M. et al. (2015) Correlating Cognitive Decline with White Matter Lesion and Brain Atrophy 

MRI Measurements in Alzheimer’s Disease. J. Alzheimers Dis. JAD 48, 987–994 

158  Aronow, W.S. (2017) Hypertension and cognitive impairment. Ann. Transl. Med. 5,  

159  Luca, M. et al. (2015) The Role of Oxidative Damage in the Pathogenesis and Progression of 

Alzheimer’s Disease and Vascular Dementia. Oxid. Med. Cell. Longev. 2015,  



158 
 

160  Rubattu, S. et al. (2014) Pathogenesis of target organ damage in hypertension: role of 

mitochondrial oxidative stress. Int. J. Mol. Sci. 16, 823–839 

161  Aasa, K.L. et al. (2015) In Utero Exposure to a Cardiac Teratogen Causes Reversible Deficits in 

Postnatal Cardiovascular Function, But Altered Adaptation to the Burden of Pregnancy. Toxicol. Sci. 

Off. J. Soc. Toxicol. 148, 155–166 

162  Alam, M.A. et al. (2016) Long-term Blood Pressure Measurement in Freely Moving Mice Using 

Telemetry. J. Vis. Exp. JoVE DOI: 10.3791/53991 

163  Shobeiri, N. et al. (2013) Cardiovascular disease in an adenine-induced model of chronic kidney 

disease: the temporal link between vascular calcification and haemodynamic consequences. J. 

Hypertens. 31, 160 

164  Sudo, F.K. et al. (2017) A continuum of executive function deficits in early subcortical vascular 

cognitive impairment: A systematic review and meta-analysis. Dement. Neuropsychol. 11, 371–380 

165  Papadopoulos, P. et al. (2013) Pioglitazone improves reversal learning and exerts mixed 

cerebrovascular effects in a mouse model of Alzheimer’s disease with combined amyloid-β and 

cerebrovascular pathology. PloS One 8, e68612 

166  Musilli, M. et al. (2013) Behavioral effects of Rho GTPase modulation in a model of Alzheimer’s 

disease. Behav. Brain Res. 237, 223–229 

167  Cordova, C.A. et al. (2014) Impaired executive function following ischemic stroke in the rat medial 

prefrontal cortex. Behav. Brain Res. 258, 106–111 

168  Gao, S. et al. (2011) Echocardiography in Mice. Curr. Protoc. Mouse Biol. 1, 71–83 

169  Sartori, M. et al. (2017) Association between Diastolic Dysfunction with Inflammation and 

Oxidative Stress in Females ob/ob Mice. Front. Physiol. 8,  



159 
 

170  Szelényi, Z. et al. (2015) Inflammation and oxidative stress caused by nitric oxide synthase 

uncoupling might lead to left ventricular diastolic and systolic dysfunction in patients with 

hypertension. J. Geriatr. Cardiol. JGC 12, 1–10 

171  Asselin, C. et al. (2007) Higher circulating 4-hydroxynonenal-protein thioether adducts correlate 

with more severe diastolic dysfunction in spontaneously hypertensive rats. Redox Rep. Commun. 

Free Radic. Res. 12, 68–72 

172  Chapple, S.J. et al. (2013) Effects of 4-hydroxynonenal on vascular endothelial and smooth muscle 

cell redox signaling and function in health and disease. Redox Biol. 1, 319–331 

173  Whitsett, J. et al. (2007) 4-Hydroxy-2-nonenal increases superoxide anion radical in endothelial 

cells via stimulated GTP cyclohydrolase proteasomal degradation. Arterioscler. Thromb. Vasc. Biol. 

27, 2340–2347 

174  Benderdour, M. et al. (2004) Decreased cardiac mitochondrial NADP+-isocitrate dehydrogenase 

activity and expression: a marker of oxidative stress in hypertrophy development. Am. J. Physiol. 

Heart Circ. Physiol. 287, H2122-2131 

175  Grossman, E. (2008) Does increased oxidative stress cause hypertension? Diabetes Care 31 Suppl 

2, S185-189 

176  Steer, P. et al. (2002) Cardiac and vascular structure and function are related to lipid peroxidation 

and metabolism. Lipids 37, 231–236 

177  Ferreira, R.G. et al. (2015) Sex differences in the prevalence of diastolic dysfunction in cardiac 

surgical patients. J. Card. Surg. 30, 238–245 

178  Zhao, Z. et al. (2014) Role of estrogen in diastolic dysfunction. Am. J. Physiol. - Heart Circ. Physiol. 

306, H628–H640 

179  Ferretti, L. et al. (2001) Anxiety and Alzheimer’s disease. J. Geriatr. Psychiatry Neurol. 14, 52–58 



160 
 

180  Bryan, K.J. et al. (2009) Transgenic Mouse Models of Alzheimer’s Disease: Behavioral Testing and 

Considerations. In Methods of Behavior Analysis in Neuroscience (2nd edn) (Buccafusco, J. J., ed), 

CRC Press/Taylor & Francis 

181  Kobayashi, D.T. and Chen, K.S. (2005) Behavioral phenotypes of amyloid-based genetically 

modified mouse models of Alzheimer’s disease. Genes Brain Behav. 4, 173–196 

182  King, D.L. and Arendash, G.W. (2002) Behavioral characterization of the Tg2576 transgenic model 

of Alzheimer’s disease through 19 months. Physiol. Behav. 75, 627–642 

183  Holcomb, L.A. et al. (1999) Behavioral changes in transgenic mice expressing both amyloid 

precursor protein and presenilin-1 mutations: lack of association with amyloid deposits. Behav. 

Genet. 29, 177–185 

184  Berkowitz, B.A. et al. (2017) In vivo imaging of prodromal hippocampus CA1 subfield oxidative 

stress in models of Alzheimer disease and Angelman syndrome. FASEB J. 31, 4179–4186 

185  Pawluk, H. et al. (2017) Biomarkers of antioxidant status and lipid peroxidation in elderly patients 

with hypertension. Redox Rep. 22, 542–546 

186  Yavuzer, H. et al. (2016) Biomarkers of lipid peroxidation related to hypertension in aging. 

Hypertens. Res. Off. J. Jpn. Soc. Hypertens. 39, 342–348 

187  Simpkins, J.W. et al. (2009) The Potential for Estrogens in Preventing Alzheimer’s                     

Disease and Vascular Dementia. Ther. Adv. Neurol. Disord. 2, 31–49 

188  Mikkola, T.S. et al. (2017) Lower Death Risk for Vascular Dementia Than for Alzheimer’s Disease 

With Postmenopausal Hormone Therapy Users. J. Clin. Endocrinol. Metab. 102, 870–877 

 

 

  



161 
 

 

 

 

 

 

 

 

 

 

 


