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Abstract of the Dissertation 

Comparison of Sustained Cognitive Training vs. Cardiovascular Exercise on Cognitive 
Decline and Pathology in a Vascular Model of Alzheimer’s Disease 

by 
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Doctor of Philosophy 

in 

Integrative Neuroscience 

Stony Brook University 

2015 

 

Despite numerous advances in our understanding of the mechanisms that underlie Alzheimer’s 

disease (AD), there is still no cure, and the disease continues to pose a severe public health 

problem. It has become clear that many factors, including certain lifestyle practices, may 

contribute to the development of the disease; however, much remains to be learned about how 

lifestyle factors may prevent or delay cognitive decline. Unlike human epidemiological studies, 

murine models can provide clearer inferences about causality. The present studies focus on two 

lifestyle factors: cognitive enrichment and cardio-vascular exercise.  Specifically, the effects of 

lifestyle interventions on behavioral performance and pathology were studied in a transgenic 

murine model of vascular amyloid pathology, the Tg-SwDI.  The vascular component of this 

model’s pathology is an important feature of AD pathology that shows particular promise for 

being responsive to these interventions.   The first two studies examined the effects of a novel, 

progressive cognitive training intervention on pathology and behavior in three-month-old Tg-

SwDI mice, as well as in a model of parenchymal amyloid (Tg-5xFAD mice).  Only marginal 
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improvements were observed in cognitive measures, without corresponding changes in gross or 

regional levels of amyloid pathology or in levels of regional neuroinflammation.  These data do 

not support the value of isolated cognitive training regimens, though the feasibility of this 

approach in murine models is demonstrated.  The final study examined the impact of four 

months of 1, 3, or 12-hours of voluntary cardiovascular exercise on cognitive-behavioral 

measures in three-month-old Tg-SwDI and healthy wild-type mice.   Exercise effects were 

evident across multiple behavioral measures, but did not provide reliable improvement of 

performance across tests.   Taken together, these results highlight the potential for differential 

susceptibility of particular features of AD to the effects of lifestyle.   
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CHAPTER I: GENERAL INTRODUCTION 

Alzheimer’s disease: Introduction and Background 

Alzheimer’s disease (AD) is a debilitating neurodegenerative disease that is the leading 

cause of irreversible dementia in the United States. Individuals afflicted by AD initially present 

with impairments in their ability to form and retrieve recent memories; but as the disease 

progresses, it robs them of all intellectual functions, including reasoning, abstraction, language 

and emotional control (Alzheimer’s Association, 2014; Selkoe, 2012). Two pathological features 

that were first identified by Alois Alzheimer over a century ago characterize the AD brain: the 

deposition of amyloid- β (Aβ) peptides in brain tissue, and the accumulation of 

hyperphosphorylated tau in intracellular neurofibrillary tangles (Alzheimer, 1907). These 

features spread progressively throughout the brain and are thought to be linked with chronic 

neuroinflammation and synaptic dysfunction (Mucke & Selkoe, 2011). It has been reported that 

90-96% of patients with AD also show signs of vascular dysfunction, including cerebral amyloid 

angiopathy (CAA), a condition that is characterized by the deposition of Aβ in the walls of 

cerebral arteries and capillaries (Vinters et al., 1987). Along with (1) quantities of oligomeric Aβ 

in the brain (Cleary et al., 2005; Lue et al., 1999), and (2) the number of neurofibrillary tangles 

(Braak et al., 2006), the severity of CAA is thought to be one of the pathologies most strongly 

associated with clinical dementia (Attems & Jellinger, 2004; Pfeifer et al., 2002; Thal et al., 

2003). 

Despite steady advances in our understanding of the pathological features and 

mechanisms that underlie AD, current pharmacological treatments have continued to show 

minimal efficacy in stopping or slowing the disease (Alzheimer’s Association Report, 2014; 

Milgram, 2006). This has generated a sense of urgency for the identification of effective 



!

2 
!

therapies for a growing AD population. AD is currently the 6th leading cause of death in the 

United States, with 5.4 million Americans thought to be currently living with the disease 

(Alzheimer’s Association Report, 2014). Because the average lifespan continues to increase, it is 

projected that the incidence of AD will double over the next 50 years absent new ways to delay 

its onset and slow its progression. AD is also a severe financial burden - the United States alone 

spends $200 billion annually to cover Medicare, Medicaid and other healthcare-related costs for 

individuals with AD (Alzheimer’s Association Report, 2014). 

 

Theories of AD etiology and available treatments 

Over the last few decades, several theories have been advanced to explain the cause of 

AD-associated pathogenesis and loss of cognitive function. The cholinergic theory is the oldest 

hypothesis of AD etiology, and the one on which most available drug therapies are based 

(Alzheimer’s Association Report, 2014; Bartus, 2000). In addition to the accumulation of senile 

plaques and neurofibrillary tangles previously mentioned, AD is also characterized by a 

significant reduction in levels of acetylcholine (ACh), a neurotransmitter that has been shown to 

play a major role in learning and memory (Bartus et al., 1982; Davies & Maloney, 1976). This 

discovery led to clinical trials of acetylcholinesterase inhibitors (AChEIs) that reduce the 

breakdown of acetylcholine in the brain, thus making more of this chemical available to neurons. 

Currently, there are four AChEIs (donepezil, rivastigmine galantamine and tacrine) available and 

being prescribed to individuals with AD. Unfortunately, it became apparent soon after they went 

on the market that while some patients gain short-term relief from these treatments, they are not 

effective at halting disease progression (Qaseem et al., 2008). 



!

3 
!

More recently, the amyloid cascade theory (ACT) has played a prominent role in 

describing AD etiology. The theory was proposed after rare mutations in the gene that encodes 

for the Amyloid Precursor Protein (APP) were found to invariably lead to a severe, early-onset 

form of AD. This familial form of AD is quite rare (~ 1%) compared to the more common, 

sporadic form of the disease (90-95% of individuals with AD) (Alzheimer’s Association Report, 

2014), but the ACT was nevertheless generalized across types because of the similarities in 

progression of pathogenesis that exist between the two. Briefly, the ACT proposes that the 

deposition of the naturally-derived Aß peptide is the initial pathological event in AD that triggers 

the formation of amyloid plaques, neurofibrillary tangles, gliosis, neuroinflammation and 

ultimately clinical dementia.  Despite its popularity, there have been multiple criticisms of the 

ACT. For example, post-mortem studies have shown repeatedly that levels of amyloid in the 

brain are not consistently correlated with levels of dementia (Bennett et al., 2006; Katzman, 

1998; Snowdon, 1997; Stern, 2001; Whalley et al., 2004). In addition, drugs developed to target 

the amyloid pathway have largely yielded inconclusive results. Between the years 2002 and 

2012, there were 244 compounds tested in 413 clinical trials. A large proportion (221/244) of the 

compounds target the production and/or clearance of the Aß protein via different mechanisms, 

some through inhibition of the enzymes gamma and beta secretase that cleave APP, others 

through active and passive Aß immunotherapy (Cummings, Morstorf & Zhong, 2014). Out of the 

221 Aß-targeting compounds tested, none were advanced to the Food and Drug Administration 

(FDA) and approved for marketing.  
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Modifiable risk factors 

Due to the lack of effective pharmacotherapy, a fundamental research goal has been to 

intervene early in the progression from healthy aging to AD. It is becoming clear that, similar to 

other conditions such as heart disease and type II diabetes, some of the risk for AD can be 

attributed to modifiable risk factors. A recent study reported that as many as one in three cases of 

Alzheimer’s disease worldwide may be attributable to factors such as type II diabetes, smoking, 

physical inactivity, midlife hypertension and low educational attainment (Barnes & Yaffe, 2011; 

Norton et al., 2014). This presents a real opportunity for the development of feasible preventative 

strategies inside and outside of clinical settings. 

The current studies focus on two modifiable risk factors in particular: cognitive 

enrichment and physical exercise, both of which have been examined and discussed in basic 

research laboratories, in clinical settings and by the media and general public. Despite broad and 

growing interest in these factors, there remains a large amount of work necessary to thoroughly 

understand the potential impacts they may have on preventing, delaying or slowing cognitive 

decline, as well as their influence at the neural level and on pathological features of the disease.  

The motivation behind this work derives ultimately from a hope that we will be able to 

provide clear clinical intervention guidelines that will help prevent and/or curb the progression of 

this insidious disease. The scientific literature that has emerged from these fields is reviewed in 

the following chapter. 

 
CHAPTER II: REVIEW OF LITERATURE: COGNITIVE ENRICHMENT, 
CARDIOVASCULAR EXERCISE AND ALZHEIMER’S DISEASE 

Cognitive Enrichment  

 Multiple epidemiological studies have reported that higher levels of education and 

engagement in cognitively stimulating activities may be correlated with lower risk of acquiring 
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AD, as well as the severity of AD symptoms (Review by Katzman, 1993; Stern & Gurland, 

1994; Wilson et al., 2002). These results have been replicated in subsequent studies that included 

in their analyses covariates such as socio-economic status, (Karp et al., 2004), family medical 

history (Schmand, 1997) physical activity (Wilson, 2002) and ethnicity (Scarmeas, 2006). A 

seminal longitudinal study that followed 800 nuns, priests and monks found that those 

individuals who spent more time engaging in cognitively stimulating activities (e.g., reading 

newspapers, books, completing crossword puzzles) were less likely to develop AD (Snowdon, 

2003; Wilson et al., 2002). One theory often proposed to explain the underlying mechanisms of 

the reduction in risk is that these mentally-stimulating activities result in an increased level of 

‘cognitive reserve,’ a compensatory ability at the neuronal level to withstand great amounts of 

pathological damage and protect against cognitive decline (Stern, 2001, 2006, & 2009). 

 

Brain training as an intervention 

 Epidemiological findings have generated a large interest, both clinically and 

commercially, in the possibility of using cognitive training regimens as non-pharmaceutical 

forms of treatment for patients with AD (Ballard, 2011). The findings on whether cognitive-

specific training has an impact on cognitive decline in AD, however, have been mixed. One 

large-scale study assessing cognitive function in 11,430 healthy adults found that while 

participants improved significantly on the specific tasks that they had trained on, this 

improvement did not generalize to other types of cognitive abilities (Owen et al., 2010). These 

results were replicated in a sample of older adults (Ball, 2002), again showing that there were no 

generalizable benefits following cognitive stimulation interventions. Conversely, one study 

found that AD patients who underwent a combination of reality orientation (RO), a technique 
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where caregivers repetitively present the patient with information that orients them, such as time, 

date, place, and a version of cognitive stimulation therapy (CST), reported significant 

improvements in the mini mental state examination (MMSE), a widely used test of general 

cognitive function, and in tests assessing overall quality of life (Spector, 2003).  

 In a pilot study by Rosen et al. (2011), participants with mild cognitive impairment 

(MCI) were asked to spend 2 months (90 minutes/day, 5 days/week) playing 7 online games that 

exclusively targeted processing speed and accuracy in auditory processing (e.g., distinguishing 

between similar sounds or words, determining whether sounds are moving upward or 

downward). The exercises were adaptive, such that the tasks continuously adjusted to match the 

participant’s level based on performance. Results showed that verbal memory scores improved 

significantly and that there was an increase in activation of the left hippocampus in the 

experimental group during the task. 

 Although these results are encouraging, it remains unclear whether the cognitive training 

regimens provide any sustained measurable benefit, mainly because it is difficult to control for 

potential confounds and social interactions in human intervention studies. In a study by Spector 

et al. (2003), individuals in the intervention group reported a better quality of life and improved 

cognitive function as measured by the MMSE; however, this intervention also included a social 

component of meeting and interacting in groups several times a week.  It has been reported that 

social interactions may independently protect against dementia (e.g., Fratiglioni, et al., 2004), 

making it difficult to tease apart what effects the training in particular had on the endpoints 

measured. It should also be noted that the study by Rosen et al. (2011) utilized a small sample 

size (n=12), making it difficult to generalize the findings and warranting careful interpretation. It 

is also possible that the reported changes are reflective of a shift in strategic abilities that alter the 
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way individuals approach a particular task, as opposed to sustainable improvements in general 

cognitive function. 

 Importantly, there have been multiple studies suggesting no evidence of cognitive 

improvement following isolated cognitive training in experimental studies (Noack et al., 2014; 

Redick et al., 2013; Shipstead et al., 2012) or popular brain training games like Lumosity or 

Happy Neuron (Ballard, 2011; Stanford Center on Longevity, 2014). Although certain changes 

in neural systems may be occurring following brain training (as they generally do, following 

most types of learning or changes to our environment) we may not yet be able to confidently 

conclude that the changes following brain training go beyond the specific skills learned during 

training or promote any sort of general ‘brain health.’  

 

Cardiovascular Exercise 

 Recently, evidence has begun to emerge that the benefits of cardiovascular exercise 

extend beyond general physical health to aspects of cognition, including learning and memory.  

It has been well documented that increased cardiovascular exercise is associated with improved 

cognitive functioning in older adults (Ahlskog et al., 2011; Blomquist & Danner, 1987; 

Colcombe & Kramer, 2003; Erickson, 2011; Lautenschlager et al., 2008; Rolland et al., 2007; 

Radak et al., 2010; Roig et al., 2013; Scarmeas et al., 2009). Studies on patients at various stages 

of the disease have reported that exercise interventions generally produce positive benefits in 

cognitive function, mood, and in Activities of Daily Living scores (e.g., Baker et al., 2010; Geda 

et al., 2012; Hernandez et al., 2010; Lautenschlager et al., 2008; Liu-Ambrose et al., 2010; 

Rolland et al., 2007; Williams, 2007).  In a well-known study conducted by Erikson et al. (2011), 

120 healthy older adults were assigned to participate in either moderate aerobic exercise or 
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stretching exercises (control group) for 3days/week. They found that aerobic exercise increased 

the size of both left and right anterior hippocampus by an average of 2%, whereas the stretching 

control group showed a slight, aging-associated decrease in the size of their hippocampus 

(~1.4% reduction).  In addition, while both groups showed improvements in a spatial memory 

task administered at three separate time points (baseline, six months and one year), the authors 

found that larger hippocampal volumes before and after the intervention were associated with 

better memory performance (Erickson et al., 2011).   

 In a similar study that examined the effects of aerobic exercise on mild cognitive 

impairment (MCI), Baker et al. (2010) randomly assigned 33 older adults with MCI to a high-

intensity aerobic exercise or stretching control group. The experimental group maintained their 

heart rate at 75-85% of their heart rate reserve for 45 to 60 min/day, 4 days/week for 6 months. 

Following the intervention, a battery of performance measures were given that examined verbal 

fluency, recall ability and participant’s task switching ability. Results showed that aerobic 

exercise improved performance on multiple tests of executive function, which was particularly 

pronounced in women, and led to a series of physiological changes such as increased BDNF, 

reduced cortisol and stabilization of insulin (Baker et al., 2010). 

 Importantly, these studies suggest that physical activity may lead to physiological 

changes that alter the course of cognitive decline. Although there are still no consistent official 

clinical guidelines that describe optimal levels and durations of aerobic exercise for individuals 

at different stages of the disease, these findings provide support for the continued study of 

exercise interventions in healthy aging populations as well as in individuals who may be already 

experiencing cognitive decline.  
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Animal Studies  

        Although results from human studies have been encouraging, they are limited in their ability 

to clearly describe the causal relationship between lifestyle factors and the cognitive decline and 

pathology associated with AD. Animal research has contributed a great deal to our understanding 

of the mechanisms that drive lifestyle-related reductions in risk and severity of Alzheimer’s 

disease. For the most part, transgenic mouse models of AD, genetically modified to express one 

or more of the human genes responsible for the heritable forms of the disease, have been very 

important to the furthering of knowledge in the field. Although no mouse line fully replicates the 

disease as it is manifested in humans, these models have provided insight into the relationship 

between neuropathology and behavioral deficits. For example, they have contributed to the 

understanding of how Aß pathology progresses in the brain (e.g., Domnitz et al., 2005), the 

involvement of the tau protein in cognitive decline (e.g., Santacruz, 2005), and the influence of 

carrying an ApoE4 allele (e.g., Nichol, 2009). In addition to expanding our knowledge of the 

biological bases of AD, they have also been used widely in preclinical testing of potential 

therapeutics (Elder, 2010).  

 

Using Animal Models to Study Cognitive Enrichment 

        For the most part, studies seeking to improve our understanding of the impact of cognitive 

enrichment have employed variations of the classic ‘environmental enrichment’ (EE) paradigm, 

designed to simulate a generally enriched and cognitively stimulating atmosphere for rodents 

(van Praag, 2000). First discussed anecdotally by Donald Hebb in 1947, ‘enriched environments’ 

have since been used to understand how our external environments can impact our brain (e.g., 

Black, Isaacs, Anderson, Alcantara & Greenough, 1990; Bruel-Jungerman et al., 2005; Diamond, 
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Krech, & Rosenzweig, 1964; Holloway, 1966;  Kempermann, Kuhn, & Gage, 1997; Leggio et 

al., 2005; Rosenzweig, Krech, Bennett, & Diamond, 1962; van Praag et al., 2000; Volkmar & 

Greenough ,1972).  

        Researchers that study the effects of lifestyle on Alzheimer’s disease have used EE 

paradigms to understand how a cognitively, socially and physically stimulating environment may 

offset cognitive decline and slow pathogenesis in transgenic models of AD. While there have 

been multiple versions of the enriched environment reported in the literature (e.g., Van Dellen et 

al., 2000) most use a variation of a relatively complex environment (Nithianantharajah & 

Hannan, 2006; van Praag, 1999, 2000) that exposes mice to exercise wheels, toys of various 

colors and textures, blocks, passageways and novel habitats. Results from these experiments 

have been generally positive; many reporting improved cognitive performance on various spatial 

and working memory tasks following exposure to enriched environments (e.g., Gobbo et al., 

2004; Jankowsky et al., 2005; Maesako et al., 2012). The effects on AD pathology, however, 

have been mixed (e.g., Arendash et al., 2004; Jankowsky et al., 2003, 2005; Lazarov et al., 

2005).  

      Despite the successes of this approach, there are several questions that warrant attention. 

First, given the multi-dimensional design of the EE paradigm, it is difficult to determine if and 

how cognitive-specific enrichment is having an impact. Also of interest is the kind of cognitive 

stimulation provided in an enriched environment Exposure to colorful toys and tunnels is 

relatively static, and may not properly model the progressive nature that is a common 

characteristic of human learning. The first study discussed in this dissertation introduces a novel, 

highly controlled paradigm that employs progressive, cognitive-specific training in mice in 

isolation from other potential confounds. Given the current, popular outlook on the benefits of 
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cognitive-specific training, the hope is that this highly-controlled study will help begin to clarify 

whether cognitive stimulation leads to actual, measurable benefits in cognitive function. 

 

Using Animal Models to Study Cardiovascular Exercise 

 Mouse models of AD have also been used to delineate the underlying mechanisms 

through which physical activity modulates brain function. These studies have reported a variety 

of benefits following exercise interventions, including alleviating amyloid burden and 

neuroinflammation (Adlard et al., 2005; Parachikova et al., 2008; Yuede et al., 2009), increases 

in certain growth factors such as BDNF (Cotman & Berchtold, 2002; Stranahan et al., 2009), and 

proteins related to synaptic terminals, such as synaptophysin (Nichol et al., 2009). Studies have 

also reported improvements in spatial memory and hippocampal function following various 

durations of exercise (review by Intlekofer & Cotman, 2013; Nichol et al., 2009; Parachikova et 

al., 2008).  

 These studies typically employ either voluntary exercise interventions on running wheels 

or forced exercise on treadmills. While the methods outlined in these studies vary in their 

exercise-duration parameters, none systematically compare the effects of different doses of 

exercise on cognitive function and AD-associated pathologies.  In fact, exercise is typically 

presented as a treatment that is compared only with a sedentary control condition, and does not 

assume that the intervention may have potential dose-response properties. One of the studies 

described below addresses this issue by examining the potential benefits of different doses of 

voluntary aerobic exercise in both transgenic mouse models and healthy mice. 
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Different transgenic mouse lines used in research 

 Over the last several decades, multiple transgenic mouse lines have been developed to 

study Alzheimer’s disease in a controlled setting. Depending on the human gene inserted into the 

genome and the specific neural-promoter used, different transgenic lines emphasize certain 

distinct features of AD pathology and symptomology. For example, many popular transgenic 

mouse lines, such as the Tg-2576 (Hsiao et al., 1996) and Tg-5xFAD (Oakley et al., 2006), 

develop parenchymal Aβ plaques that progress at varying rates. Other transgenic lines have been 

developed to express tau pathologies (e.g., Yoshiyama et al., 2007) and both Aβ and tau 

simultaneously (e.g., Oddo et al. 2003), to name a few. 

 The current studies primarily use the Tg-SwDI mouse line (Davis et al., 2004), a model 

unique in its expression of fibrillar amyloid that accumulates in the cerebral vasculature, a 

condition known as cerebral amyloid angiopathy (CAA). Unlike other commonly used models of 

amyloid pathology, the Tg-SwDI allows for an examination of the role that the vasculature plays 

in AD onset and progression.  This literature will be briefly reviewed below.   

 

CAA and Alzheimer’s disease   

Brain function is reliant upon an elaborate, tightly packed vascular network that provides 

glucose, oxygen and life-sustaining amino acids to brain cells. The brain’s vascular network 

expands 400 miles, and its structural and functional integrity must remain perfectly intact in 

order to maintain healthy function (Zlokovic, 2005). Because accumulation of amyloid in and 

around vessels in the brain is a common feature found in the brains of patients with AD (Nicoll, 

2004), there have been several theories proposed that link cerebrovascular dysfunction with AD 

pathogenesis and related cognitive decline.  
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In addition to accumulating in brain parenchyma, amyloid deposition is also observed in 

medium-sized and small cerebral vessels, a condition known as Cerebral Amyloid Angiopathy 

(CAA) (Attems, 2005; Jellinger, 2002; Levy et al., 1990; Rensink et al., 2003; Vinters, 1987). 

Although CAA is at times found in aged brains independent of AD, it is widely believed that it 

plays a direct role in the pathogenesis of the disease and associated cognitive decline (Nicoll, 

2004). One study found that among a sample of 82 patients with AD, 87% presented with CAA, 

compared with only 35% of the 119 non-AD patients (Yamada, 2002). Several studies have 

suggested, in fact, that CAA may correlate more strongly with cognitive decline than the other 

pathological features of AD (Neuropathology Group, 2001), and that it may be a more sensitive 

predictor of early dementia (Xu et al., 2014). In light of this information, some researchers have 

proposed that CAA should be included as a criterion for AD diagnosis, along with amyloid 

plaques and neurofibrillary tangles (Nicoll, 2004).  

It has been suggested that the buildup of amyloid pathology along cerebral blood vessels 

may be a result of blood brain barrier (BBB) breakdown (Zlokovic, 2005). The BBB is made up 

of vascular endothelial cells that form a tight junction and control the flow of molecules that pass 

from the blood into the extracellular brain fluid. Oxygen, glucose and certain amino acids, for 

example, are allowed to pass or are transported through the barrier to the brain, while other 

molecules, like blood cells that would be toxic for the brain, are not permitted to pass. The BBB 

also promotes the clearance of toxic products, such as Aß, from the brain back into the blood 

where they are drained by perivascular clearance pathways (Weller et al., 2008). One theory 

suggests that as the BBB breaks down, Aß is no longer efficiently cleared from the brain, and 

begins to deposit within and around vessel walls, leading to features of CAA (Zlokovic, 2005). 
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In addition to the sporadic, non-heritable form of CAA, there are several familial forms 

that result from mutations of the Aß sequence on the APP gene (Grabowski et al., 2001; Levy et 

al., 1990; Van Broeckhoven et al., 1990). The Dutch mutation involves a substitution at position 

22 (E22Q) and leads to fibrillar Aß deposition in the cerebral blood vessels, along with 

progressive cognitive impairment (Rozemuller et al., 1993; van Duinen et al., 1987; Wattendorff 

et al., 1995). Patients with the Dutch mutation develop fibrillar amyloid that is confined within 

the walls of larger vessels. They do not have any parenchymal fibrillar plaques and do not show 

signs of neural inflammation, but have recurrent vessel hemorrhages and associated cognitive 

impairment.  The Iowa mutation is one amino acid downstream of the Dutch mutation, at 

position 23 of the Aß sequence (D23N), and leads to amyloid deposition specifically in the 

microvasculature. Since the amyloid is not contained within the vessel wall and engages the 

surrounding parenchyma, individuals with the Iowa mutation have severe neuroinflammation 

along with progressive cognitive impairment (Shin et al., 2002).  

These genes were used to develop the aforementioned Tg-SwDI, the first transgenic 

mouse model of cerebral amyloid angiopathy. The Tg-SwDI expresses low level s of familial 

Dutch/Iowa CAA mutant human APP in brain and develops early-onset and progressive 

accumulation of Microvascular CAA (Davis et al., 2004). Notably, Tg-SwDI do not develop 

parenchymal fibrillar plaque found in Dutch and Iowa-type human patients, however they do 

produce diffuse Aß in brain parenchyma and also show robust neuroinflammation The choice to 

use this particular model for the current studies was based on the assumption that, given the 

important role that the vasculature plays in the onset and progression of AD, it is crucial to 

examine how non-pharmaceutical interventions may impact this particular aspect of AD 

pathology. 
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Contributions of current studies 

The studies described in this dissertation are designed to make the following 

contributions: First, although the results of many human-based population studies have been 

encouraging, they are limited in their ability to describe causal relationships between lifestyle 

interventions and their influence on cognitive function. To that end, our studies used transgenic 

murine models that develop specific aspects of AD pathology and symptomology, making it 

possible to design studies with highly controlled experimental conditions.   

Second, studies using animal models have not yet thoroughly examined the impact that 

specific lifestyle factors might be having on the disease. As was explained in previous chapters, 

the commonly used enriched environment paradigm, central to our current understanding of how 

environments shape the brain, does not provide a clear picture of how lifestyle factors may be 

independently impacting AD symptomology. Our studies extract from the enriched environment 

specific varieties of stimulation and look at them in isolation. The hope is that understanding the 

influence of single factors will ultimately help inform the guidelines established in clinical 

settings.  

Lastly, the transgenic mouse lines most commonly used in reported studies on lifestyle 

factors and AD tend to express a limited variety of AD neuropathologies. These mice deposit 

amyloid primarily in brain parenchyma; a feature of AD that supporters of the amyloid cascade 

theory credit as the initial step in a cascade of pathological events that ultimately result in 

cognitive decline. Our studies broaden this examination by investigating cerebral amyloid 

angiopathy; another common and interrelated feature of AD that is thought to play a direct role 

in cognitive dysfunction and until now has not been examined in this context.  
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CHAPTER III: EFFECTS OF A PROGRESSIVE COGNITIVE STIMULATION 
INTERVENTION ON COGNITIVE FUNCTION AND PATHOLOGY IN A 
TRANSGENIC MURINE MODEL OF CAA  
 

INTRODUCTION 

Previous studies have reported enhancements in spatial memory and learning, as well as 

alterations of AD pathology, following varying periods of exposure to enriched environments 

that include various forms of cognitive, social and motor stimulation (e.g., Arendash, 2004; 

Jankowsky, 2005). However, the multi-dimensional feature of the classic rodent enriched 

environment does not allow for a detailed examination of whether cognitive stimulation in 

isolation may produce benefits. This is of particular interest given the advertised benefits of 

commercialized ‘brain training’ regimens in humans that are grounded in the theory that specific, 

isolated cognitive training may lead to generalized improvements in every-day cognitive 

function (Ballard, 2011). In the current study, we implement a highly controlled, isolated 

cognitive training intervention where mice progress through a series of increasingly challenging 

operant tasks.  The intervention shares many features with several commercialized cognitive 

training regimens, as well as regimens being tested in clinical research settings (e.g., Rosen et al., 

2011), such that the mice advance through these tasks at their own speed, are constantly working 

at their limits, and are introduced to new cognitive challenges. Aspects of spatial memory, 

exploratory behaviors and potential modifications to levels of pathology were examined 

following the 4-month intervention.  

Taking into account the previously reported benefits of exposure to a cognitively 

stimulating environmental enrichment paradigm, the putative benefits of cognitive-specific 

training in humans, and the features of the transgenic mouse model used in the current studies, 

we expect that the findings from the current study will support the following predictions:  
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1.! Transgenic mice will show a measurable degree of difficulty in mastering 

the operant tasks over the 4 months, considering the increasing difficulty 

of the tasks over time in addition to age-related accumulation of 

pathology. 

2.! Transgenic mice trained in the operant tasks will show improvements in 

cognitive function when they are presented with new cognitive challenges 

provided by the Barnes Maze and Radial Arm Maze tasks. 

3.! Transgenic mice will show modifications in levels of pathology following 

the PCS intervention, most likely in hippocampal regions.  

 

 

MATERIALS AND METHODS 

Subjects 

 The Tg-SwDI, a transgenic mouse line developed by Davis et al. (2004) at Stony Brook 

University, is the first transgenic mouse model that expresses aspects of cerebral amyloid 

angiopathy (CAA). The Tg-SwDI expresses low levels of familial Dutch/Iowa CAA mutant 

human APP on a C57B1/6 background with a Thy 1.2 promoter (Davis et al., 2004; Miao et al., 

2005). Histologically, the Tg-SwDI produces fibrillar amyloid that is localized in the cerebral 

vasculature surrounding the thalamus and subiculum beginning as early as 3 months of age. This 

is accompanied by neuroinflammation, microgliosis and astrogliosis around these areas (Fan et 

al., 2007; Miao et al., 2005). Accumulation of diffuse Aß is also seen in the brain parenchyma of 

these mice, appearing first in the subiculum, hippocampus and cortex and then spreading to the 

olfactory bulbs, thalamus and forebrain by 12 months of age. The Tg-SwDI mouse has also been 

reported to exhibit deficits in tasks of spatial memory (Xu et al., 2007; Xu et al., 2014), making it 
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an ideal model for the investigation of cerebral vascular amyloid and its contributions to AD 

pathology and symptomology 

Twenty female Tg-SwDI mice (nine PCS, five Fixed-Ratio (FR) six Sedentary) were an 

average of three months of age at the start of the intervention period and were matched with 

seventeen female C57BL/6 (wild type) controls (five PCS, five FR, seven sedentary).  Mice 

weighed 21-30 grams at the beginning of the intervention period. Mice were deprived of water 

for twenty-three hours/day, five days/week. They received water as a reinforcer for thirty 

minutes during their time in the operant chambers, and had thirty minutes free-access to water 

once their session was complete. Mice in the FR group were placed in the operant chambers but 

remained on the FR task for the entirety of the intervention. This protocol was adapted from 

Blackshear et al. (2011). All mice had free access to water on Saturdays and Sundays, and body 

weights were taken weekly. All procedures were performed in accordance with the NIH Guide 

for the Care and Use of Laboratory Animals and were approved by the SBU Institutional Animal 

Care and Use Committee. 

 

PCS Intervention 

 Progressive Cognitive Stimulation is a novel, individualized operant cognitive training 

program for mice that spans approximately four months. The operant chambers (MED 

Associates, St. Albans, VT) were located inside a sound-attenuating chamber, with an exhaust 

fan providing white noise.  The chambers were 19 x 22 cm at the floor with two front nose-poke 

ports 4.5 cm directly to the right and left of the water dipper, and one nose-poke port in the rear, 

directly opposite of the dipper. Nose poke ports were 1.5 cm in diameter and contained a small 
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light and a single photo-beam that registered nose-poke responses. The chamber had a metal 

rung floor and was lit by a small house light.  

 Over a 4-month period, the mice progressed through the increasingly difficult series of 

operant tasks, where the ability to perform one task was contingent upon the mastery of rules 

from the previous task. Because the intervention was designed as an individualized training 

program, mice were moved up to the next task once they had successfully reached the previous 

task’s criterion. Progression of programs was as follows: 

1.! Magazine (DIPPER) training: In this first task, mice were simply exposed to the 

functionality of the water dipper. The dipper was activated automatically every thirty 

seconds, and remained raised and available for mice to drink from for ten seconds. 

Additionally, both nose-ports remained illuminated, and a nose-poke into either produced 

an additional reinforcer. All mice were exposed to this procedure for two days. 

2.! Fixed Ratio: During this task, both left and right nose ports were illuminated 

simultaneously, and mice were required to nose poke into either port in order to receive a 

reinforcer. This program continued until mice made a total of fifteen or more responses in 

one session.  

3.! Alternation: Here, the goal was to have mice become comfortable using both left and 

right nose ports. In this task, only one of the front nose ports was illuminated at a time, 

and the location of the lit port alternated from left to right following a response. Mice had 

to poke their nose only into the lit port in order to receive a reinforcer. The program 

continued until mice made thirty or more responses total (fifteen responses to each side) 

in a single session. 
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4.! Light Dark Discrimination: The goal of this task was to teach mice to nose poke only into 

illuminated ports, while ignoring unlit ports. Similar to Alternation, only one port was 

illuminated at a time, but this time the illumination of nose ports was randomized, and 

any nose-poke into an unlit port was recorded as an error. The program continued until 

mice reached 90% correct responses (correct responses/total responses) in one session. 

5.! Shuttle: This task added another level of complexity, such that mice learned to follow a 

specific pattern of light cues. Here, the trial began with one front nose port well 

illuminated (left or right) that required a nose poke. Mice then turn around to nose-poke a 

rear well that became illuminated after the initial response. Following the rear-port 

response, the front well not initially illuminated was lit, and required a nose-poke that 

lead to a reinforcer. Errors were measured as a nose-poke into any unlit port. This 

program continued until mice reached 90% correct responses in one session. 

6.! Non-Match to Position: This task was similar to the Shuttle task, except for the addition 

of a short-term memory component. That is, instead of the last response being cued, both 

nose ports were illuminated and the mice had to remember to nose-poke the port opposite 

of the first light in order to receive a reinforcer. Errors were measured as a final nose 

poke into an incorrect port, and mice remained on this task until they reached 75% 

correct responses in one session.  

7.! Delayed Non-match to Position: This procedure was identical to Non-match to position, 

except for an added delay between the first (front) and second (back) response.  This 

delay required mice to hold the initial position of the illuminated front port in their short-

term memory as they progressed through the sequence of responses. All mice began with 

a 3 second delay. Performance was measured by an error (defined by incorrect 
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responses/total responses). If the errors were fewer than 25% in a single session, the 

delay would increase to a 5 second delay in the subsequent session. If they were higher 

than 25%, it would decrease to a 1 second delay. This task continued for 28 days.  

 

Battery of Behavioral Assessment Tasks 

 Following their assigned intervention, all mice completed a battery of behavioral tests 

that allowed for an examination of spatial working memory, exploratory behaviors and general 

activity levels. All mice were an average of seven months of age at the beginning of behavioral 

testing, which lasted approximately two weeks. The behavioral battery included the Barnes Maze 

task that was completed during the first five consecutive days of testing, and the Radial Arm 

Maze and DigiScan that were completed during the second week.  

 

Barnes Circular Maze 

 The circular platform is an adaptation of the Barnes Maze apparatus originally developed 

for rats (Barnes, 1979). It consisted of a wooden circular platform with 8 escape holes along the 

edge, spaced equally apart. Shelves were built under the holes such that an escape box could sit 

securely underneath each escape hole. The platform measured 91cm in diameter and the escape 

hole was 5cm in diameter. Holes were spaced 24.5cm apart. The escape box measured 10cm x 

8.5 cm x 4cm. The circular platform was placed at the center of the behavioral testing room and 

elevated 75cm off the ground. Each mouse was given 2 trials per day separated by a 15 minute 

intertrial interval. Testing lasted a total of 5 consecutive days. Visible distal cues were placed 

around the room and remained constant throughout testing. At the start of a trial, each mouse was 

gently placed onto the center of the maze. The mouse was allowed a maximum of 5 minutes to 
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find its assigned hole and escape box. When the mouse entered the box, the experimenter 

stopped the timer and the mouse was left in the escape box for 1 minute before being transferred 

back to the home cage. If the mouse did not find the escape hole within 5-minutes, they were 

placed into the hole and left there for 1 minute. During the trial, the following was recorded: the 

time it took the mice to find the escape box (latency to find) the time it took them to enter into 

the escape box (latency to enter) and the number of hole visits that were made before finding the 

escape hole (hole visits or errors). A hole visit was defined as a nose poke into a hole that did not 

have an escape box beneath it prior to finding the escape position. 

 

  Unreinforced 8 Radial Arm Maze (URAM) 

 The unreinforced radial arm maze used in these studies is an adaptation of the original 

designed by Olton and Samuelson in 1976, initially developed to measure spatial learning and 

memory in rats. In the current version, the complex environment was used to examine potential 

changes in exploratory behavior of mice in a novel environment, following the interventions. 

Eight equally spaced arms radiated from a circular center area. Each mouse was placed in the 

center of the maze and allowed 5 minutes to explore freely. During the 5-minute trial, number of 

entries and number of entries into previously entered arms (% re-entries) were recorded.  

 

  DigiScan 

 The Digiscan container is a clear, plexiglass container measureing 43cm x 21cm x 21cm. 

Photobeams record ambulation, defined as movement parallel to the floor, as well as horizontal 

activity, defined as all movement (including grooming and rearing activity). This task was used 

to measure general activity levels of mice. Mice were placed in the Digiscan for 5 minutes. In 
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addition to recording of ambulatory and horizontal activity, the number of assisted rearings 

(defined as a mouse rearing while using the sides of the container for support) and unassisted 

rearings (mouse rearing up on its hind legs without using the container for support) were 

recorded. 

 

Biochemical and Histological Measures 

Tissue preparation 

 This procedure was adapted from Vasilevko et al. (2007) and Xu et al., (2007). Mice 

were overdosed with 2.5% avertin and intracardially perfused with PBS. Brains were then 

removed and bisected along the midsagittal plane. One hemisphere was snap frozen and used for 

ELISA, the other hemisphere was placed in 70% ethanol, then treated with xylene and embedded 

in paraffin for immunohistochemical and immunoflourescence evaluation. 

 

 Enzyme Linked Immunosorbent Assay (ELISA) For Aβ species 

Brains of Tg-SwDI (as well as Tg-5XFAD in study #2) groups were analyzed for soluble 

(TBS), membrane (TBS/TX100) and insoluble (guanidine) forms of Aβ40 and Aβ42 using 

ELISA. The brains of wild type animals do not display any amyloid pathology as assessed by 

ELISA, and were therefore not analyzed.  

 Hemispheres that were flash frozen were pulverized into three aliquots. To obtain a 

soluble fraction, brain aliquots were homogenized with TBS (10ul/mg) using a bullet blender 

(Next Advance, Inc.) and .5mm glass beads (Next Advance, Inc.). Aliquots were then spun in a 

centrifuge for 20 minutes at 16,000 x g at 4ºC. The supernatant is the soluble fraction, and was 

removed. The next extraction used TBS/1% Triton X-100 following the same procedure to 
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obtain a membrane-associated fraction. The remaining pellet was suspended in 5M guanidine–

HCL (pH 8.0) and rotated at room temperature for 3 hours. Following centrifugation, the 

supernatant was removed as the insoluble fraction. For each fraction a sandwich ELISA was 

performed. Ninety-six well plates (Costar 3590) were coated with 1µg/well of antibody: either 

Aß42-specific antibody m21F12 (Eli Lily) or Aß40-specific antibody M2G3 (Eli Lily). Plates 

were blocked and then incubated with samples on a shaker overnight at 4ºC. Aß was detected 

using biotinylated-m3DG (Eli Lily), followed by streptavidin-HRP (Amdex RPN4401V). The 

plates were then developed using SureBlue (KPL) and reactions were stopped by using 1M HCL. 

Plates were read with Spectramax (Molecular device).  

 

Immunohistochemical Analysis 

 Sagittal brain sections were stained for fibrillar amyloid in the microvasculature, total 

amyloid burden and activated microglia. Specifically, the thalamus, cortex, hippocampus and 

subiculum were inspected. These regions were selected because of their propensity to 

accumulate pathology in this particular mouse model (Davis et al., 2004) and their vulnerability 

to degeneration in Alzheimer’s disease.  

 Immunohistochemistry was performed following similar procedures used in Xu et al., 

(2007).  For each hemisphere, a total of 100 sections were cut starting at the most distal region of 

the thalamus. Paraffin sections were cut in the sagittal plane at 10µm thickness using a sled 

microtome. These were then floated on a 43°C water bath and transferred onto glass slides. Each 

slide contained 3 sections that were separated by 10 cuts (i.e. slide #1 had section #1, #11 and 

#21; slide #2 had section #2, #22, #32, etc). Slides were deparaffined through immersion into 

xylenes and rehydrated with decreasing concentrations of EtOH (100% (2x), 95%, 90%, 75%, 
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50%). Antigen retrieval was conducted via 5-minute incubation with protease K. Sections were 

blocked with 0.3% triton X-100 buffer and incubated with primary antibody in 1:10 Superblock 

(Life Technologies) with 0.1% triton X-100 at 4ºC overnight. Primary antibodies used are as 

follows: Collagen Type IV (1:200) for blood vessels, 66.1 (1:250) for Aß species, Keratan 

sulfate (5D4) (1:20) for activated microglia. These incubated overnight at 4ºC. The next day, 

secondary antibodies were added and left to incubate for 2 hours. The secondary antibodies used 

are as follows: Biotinylated anti-mouse IgG (1:1000) and anti-Rabbit-AP (1:1000). Tissue 

sections were then coated with vectastain ABC (Vector labs) for DAB staining. FAST RED 

staining was used primarily to develop collagen staining. 

 

Percentage Immunoreactivity  

 Images of stains (Collagen type IV, Keratan sulfate, Thioflavin-S and 66.1) were 

collected using an Olympus BX60 microscope with an attached Olympus Dp72 camera. Images 

from the hippocampus (CA1, CA2, CA3 and dentate gyrus) subiculum, cortex and thalamus 

were collected from each section. Every tenth section was sampled in order to cover the region in 

a comprehensive fashion, which yielded 8-10 images for each brain region (thalamus, cortex, 

subiculum, and hippocampus) for each mouse (n=4-7). The pictures of cortex, thalamus and 

hippocampus were taken under 4X magnification, while the subicular regions were analyzed 

under 10X magnification. Using NIH ImageJ software, an appropriate threshold was set for each 

stain and the percent area occupied with positive stain was quantified.  
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Statistical Analyses 

All data were analyzed using StatView statistical software (SAS) or Microsoft Excel, and 

figures were generated in GraphPad Prism 6. One and two-way ANOVAs were used to analyze 

operant data, as well as data from the Unreinforced Radial Arm Maze and the DigiScan tasks. 

Two and three-way repeated measures ANOVA were used to analyze data from the Barnes Maze 

task. Student t-tests were used to assess differences in positive immunostaining as well as 

differences in total Aβ levels determined through ELISA. A series of Pearson correlations were 

used to examine preliminary relationships between behavioral data and performance on various 

intervention measures, behavioral data and specific measures of pathology, and intervention 

measures and measures of pathology. Significance level was set at p =.05. 

The current study investigated whether an isolated, progressive cognitive training 

intervention would impact cognitive function and neuropathology in a transgenic murine model 

of CAA.  

 

RESULTS 

Operant Responding 

The Fixed Ratio (FR) task required that mice poke their nose into a lit nose port. The goal 

of this task was for mice to begin making the association between nose-pokes into lit ports and 

the delivery of a water reinforcer. The number of sessions required to reach criterion (a total of 

15 or more responses in a single session) was measured. Two, one-way ANOVAs were 

performed to compare each group (PCS or FR) with their age-matched wild type control group. 

In the PCS group, the wild type mice required a higher number of sessions to reach criterion 

(M=6.8, SD=1.3) than the Tg-SwDI mice (M=5.0, SD= 2.179), but there was no statistically 
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significant difference between the two [F(1,12)=2.790, p>.05]. In the FR group, wild type mice 

again required a slightly higher number of sessions (M=6.6, SD= 2.8) when compared to the Tg-

SwDI mice (M=5.6, SD=1.36), but again there was no statistically significant difference 

between the two groups [F(1,9)=.503, p>.05] (Figure 1A) 

Because the FR group remained on the FR schedule for the entirety of the 4-month 

intervention, only data from the PCS group will be analyzed and reported from here on. The 

Alternation task required that mice generalize nose-pokes into both nose ports (on both the left 

and right side of the main chamber wall). Number of sessions required to reach criterion were 

again measured and analyzed using a one-way ANOVA. There was no statistically significant 

different found between the two groups (WT: M=7.2, SD=1.3; Tg-SwDI: M=6.7, SD=.83), 

[F(1,12)=.55, p>.05]. (Figure 1B) 

In the Light-Dark Discrimination task, mice were also required to nose-poke into a lit 

port, but the ports alternated at random. The mice, therefore, could not rely on a clear pattern 

(left, right, left, right) the way they could with the Alternation task, and had to solely follow the 

randomly placed lit port. As such, an error was measured as a nose poke into an unlit nose port. 

Number of sessions required to reach criterion, (a 90% correct response in one trial) was again 

measured and analyzed using a one-way ANOVA. Results showed that Tg-SwDI mice required a 

higher number of sessions (M=8, SD=1.4) compared to their wild type controls (M=5, 

SD=.894). This difference was statistically significant [F(1,11)=5.038, p=.046], suggesting that 

the Tg-SwDI required more time to learn the rule of this particular task. (Figure 1C) 

The Shuttle task adds another layer of complexity by requiring that mice follow a specific 

sequence of events to completion that includes a response requirement in the back of the 

chamber. There were no differences in the number of sessions required to reach the criterion of 
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90% correct response in a single trial (Tg-SwDI: M=7.87, SD=2.2; wild type: M=8.6, SD=1.67; 

F(1,11)=.386,p>.05). (Figure 1D). 

The Non-Match to Position task has the same response sequence as the Shuttle schedule, 

except for the addition of a short-term memory component that went as follows: after nose-

poking the rear nose port, both front ports were illuminated and the mouse was required to first 

recall the port they poked previously, and then poke the opposite nose port in order to receive a 

reinforcer. In this case, all mice spent an entire 40 days on this task because none reached 

criterion in that time. We took this opportunity to examine the differences in response accuracy 

over the 40 days. When looking at the entire 40 days of the task, we see a trending significant 

difference between groups [F(1,558)=3.74, p=.06]. (Figure 1E). In order to examine potential 

trends in response accuracy over the 40 days period, the data were broken up into 10-day spans 

and analyzed separately. If we look at the first, second and third 10-day blocks, we see no 

differences between groups (all p>.05). However, during the last 10 days, Tg-SwDI mice had a 

significantly higher percentage of correct responses compared to wild types [Tg-SwDI: 

M=66.5%, SD=20.3%; wild type: M=56.4%, SD=19.5%; F(1,138)=8.256, p=.0047], indicating 

that the Tg-SwDI, while comparable in their abilities toward the beginning of the task, eventually 

perform even better than their wild type counterparts. These data support results from a previous 

study in our laboratory (Blackshear, 2009)  

The average delays across sessions were calculated and potential differences between 

groups analyzed. Interestingly, the Tg-SwDI mice maintained a significantly higher average 

delay when compared to the wild type group [wild type: M=2.37, SD=16; Tg-SwDI: M=3.14, 

SD=2.7; F(1,390)=9.34, p=.002]. (Figure 1F). 
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   Behavior 

Barnes Maze 

A three-way repeated measures ANOVA, with experimental condition (PCS, FR and 

sedentary), genotype (wild-type or Tg-SwDI) and day set as factors, was first used to determine 

potential differences in spatial working memory performance and exploratory behavior in the 

Barnes Maze. A significant main effect of genotype [F(1,30) = 18.125, p = .0002] showed that 

latency to find measures were significantly lower in the wild-type groups compared to the 

transgenic groups, and a main effect of time [F(4,30)=20.7, p<.0001] revealed that performance 

improved over the five-day testing period. However, the analyses revealed no significant main 

effect of experimental condition [F(2,30) = .902, p>.05], a significant genotype x condition 

interaction [F(2,30) = 1.370, p>.05],  a time x genotype interaction or a time x condition 

interaction, suggesting that the PCS intervention did not modify performance on the Barnes 

Maze. (Figure 2A). 

The number of hole-visits mice made prior to finding their assigned escape box was also 

analyzed. Again, there was a significant main effect of genotype [F(1,30) = 18.372 p= .0002], 

with the wild-type mice making fewer hole-visits, but no significant main effect of condition 

[F(1,30) = .746, p>.05] or a genotype x condition interaction [F(1,30) =.080, p>.05] (Figure 

2B). How we examine these results depends on how we choose to interpret the hole-visit 

measure. One possibility is that the results suggest that the PCS intervention did not modify 

exploratory characteristics of the mice during their trials on the maze; another is that the 

intervention did not impact the number of ‘errors’ mice made into holes that did not contain their 

goal box.   
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Because there is a possible dissociation between performance on the first and second trial of 

the Barnes Maze, latency to find on the two separate trials of each day of Barnes maze testing 

were analyzed separately using repeated measures ANOVAs. Examining potential 1st trial 

differences may give us some insight into effects on ‘reference memory,’ where the inter-trial 

interval was substantial (24 hours), while examining potential 2nd trial differences may give us 

insight into effects on ‘working memory,’ where the inter-trial interval was minimal (15 

minutes). The very first trial on the first day of testing was excluded from the analyses because 

the mice had not at this point been exposed to the escape position and their memories were not 

yet being tested. There was no main effect of condition for the 1st [F(1,30) = .182, p>.05] or 2nd 

trials [F(1,30)=.343, p>.05], suggesting that the PCS intervention did not have a specific impact 

on either reference or working memory in the Barnes Maze task. 

 

Unreinforced Radial Arm Maze 

Next, an unreinforced version of the 8-radial arm maze was used to investigate potential 

exploratory and behavioral differences in a novel environment following the PCS intervention. 

When measuring the total number of entries made, a two-way ANOVA revealed a significant 

main effect of genotype [F(1,30) = 12.402, p=.0014], but no significant main effect of condition 

[F(1,30) = 1.015, p>.05] or a genotype x condition interaction [F (1,30) = .3.541 p>.05] (Figure 

2D) suggesting that the PCS intervention had no impact on the number of arms entered during 

the 5-minute trial period.  

When assessing the number of re-entries mice made into previously entered arms, a main 

effect of genotype was once again found [F(1,30) = 12.402, p=.0014], but there was no main 

effect of condition [F(1,30) = 1.015, p>.05] (Figure 2E) further confirming the lack of 
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differences in exploratory behavior between PCS and sedentary Tg-SwDI groups. However, the 

analyses revealed a statistically significant genotype x condition interaction, [F(1,30), 3.541, 

p=.0416], suggesting that the effect of genotype on exploration depended on the condition the 

mice were in.  

 

DigiScan 

In order to investigate potential differences in general activity levels and limb strength, a 

series of two-way ANOVAs were used to examine measures from the DigiScan test (Columbus 

Instruments, Columbus OH). There was no main effect of genotype [F(1,30) = .958, p>.05], 

condition [F(1,30) = .465, p>.05] or a genotype x condition interaction [F(1,30) = .873, p>.05] 

for the horizontal activity level measure. However, there was a significant main effect of 

condition on assisted rearings [F(1,30) = 10.708, p=.0003]. Fisher’s post-hoc analysis 

determined that this difference remains when only Tg-SwDI groups were examined [PCS 

M=30.88, SD= 7.753; FR M= 22.167, SD= 10.226; SED M=19.33, SD=5.61; F(1,17) = 4.9, 

p=.02, suggesting that the PCS intervention may have played a role in increasing the number of 

assisted rearings made by Tg-SwDI in the DigiScan test. (Figure 2C).  

 

Pearson Correlations 

A thorough series of correlations examining relationships between intervention measures, 

behavioral measures and pathological measures can be found in Figure 8.  Although most of the 

correlations were not significant, there was one that may be of interest: A Pearson correlation 

revealed a negative relationship (r(11)= -0.34, p>.05) between DNMTP task performance and 

individual performance in the Barnes Maze, such that those mice that maintained a higher delay 
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in the DNMTP task also took less time to find their escape box in the Barnes Maze task. When 

only the Tg-SwDI group was examined, this negative association became more pronounced (r(6) 

= -0.56, p=.15) (Figure 2F).  

Enzyme-Linked Immunosorbent Assay (ELISA) 

In order to examine whether PCS had an impact on levels of Aβ pathology, an ELISA 

was used to assess potential differences in whole-brain levels of Aβ between PCS, FR and SED 

groups. Aβ 42-soluble, Aβ 42-membrane and Aβ 42-insoluble fractions were examined with a 

student t-test. Wild type mice were not included in the analyses because they do not develop 

measurable levels of Aβ protein in the brain. As can be seen in Figure 3, there were no 

statistically significant differences in Aβ levels between any of the groups (all t-tests, p>.05).  

Given individual differences in both operant and Barnes Maze task performance, the 

following relationships were explored: First, average delay in DNMTP vs. levels of soluble and 

insoluble Aβ pathology, in order to examine whether a relationship exists between varying levels 

of pathology and high performance on the DNMTP task. This may give us an indication of 

whether mice that were more successful at the short-term memory operant task (and therefore 

had higher average delays) also had lower overall levels of Aβ pathology. There was no strong 

association between average delay in the DNMTP task and levels of soluble or insoluble Aβ 

(r(7) = -0.2, p>.05; r(7) = -0.08, p>.05, respectively). Second Barnes Maze performance was 

examined as measured by the latency to find measure vs. soluble and insoluble levels of Aβ. This 

allowed me to determine whether varying levels of pathology were related to Barnes Maze task 

performance. This was particularly interesting given that a previously reported correlation 

suggested that mice with higher average DNMTP delays also tended to have lower latency to 
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find measures. Performance on the Barnes Maze and levels of soluble (r(7) = -0.3, p>.05) and 

insoluble Aβ levels (r(7) = -0.14, p>.05) were not strongly correlated.  

Immunohistochemistry and Immunoflourescence 

 ELISAs were performed to assess whole-brain soluble and insoluble Aβ. In order to 

establish whether regional differences in quantity of amyloid plaque or activated microglia 

varied between PCS, FR and Sedentary groups, image analyses were used to examine 

hippocampal, subiculum, thalamic and cortical regions. These regions were of interest as they 

have been the focus of previous similar studies (Adlard et al., 2005; Lazarov et al., 2005; 

Jankowsky et al. 2003; Xu et al., 2014), and are among the most severely affected by AD 

(Alzheimer’s Association, 2014). 

 

Thioflavin-S Stain of fibrillar amyloid 

 Independent-sample t-tests were conducted to compare potential differences in percent 

area occupied with Thioflavin fluorescent stain of fibrillar amyloid in PCS, FR and Sedentary 

conditions. Four regions of interest (thalamus, cortex, hippocampus and subiculum) were 

selected because of their propensity to accumulate pathology in this particular mouse model and 

their vulnerability to degeneration in Alzheimer’s disease. There were no statistically significant 

differences in percent positive stain between the PCS and FR groups in thalamus (t(9)= 1.513, 

p>.05), cortex (t(9)=0.73, p>.05), subiculum (t(9)=1.344, p>.05) or hippocampus (t(9)=0.175, 

p>.05). Similarly, no differences were found between PCS and SED groups in thalamus (t(11) = 

0.107, p>.05), cortex (t(11)=.944, p>.05), subiculum (t(11)=.2506, p>.05) or hippocampus 

(t(11)=1.009, p>.05). (Figure 7A). These results suggest that the PCS intervention not seem to 

directly modify the level of amyloid pathology in these regions.  
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 Total Aβ stain (66.1) 

 Similar to the Thioflavin stain, independent-sample t-tests were conducted to compare 

potential differences in percent area occupied with a total Aβ stain in PCS, FR and SED 

conditions. There was no statistically significant difference in percent positive stain between the 

PCS and FR groups in thalamus (t(9) = 0.203, p>.05), cortex (t(9)=0.339), p>.05), subiculum 

(t(9)=1.426, p>.05) or hippocampus (t (9)=0.99, p>.05). Similarly, no differences were found 

between PCS and SED groups in thalamus (t(11)=0.322, p>.05), cortex (t(11)=2.0, p>.05), 

subiculum (t(11)=1.43, p>.05), or hippocampus (t(11)=0.368, p>.05). (Figure 7B). These results 

suggest that the PCS intervention did not directly modify the levels of both diffuse and fibrillar 

Aβ, lending further support to the lack of intervention effectiveness.   

 

  Activated Microglia Stain 

 In order to examine whether there was an impact on activated microglia in these regions 

following the PCS intervention, independent-sample t-tests were conducted to compare percent 

area occupied with positive stain in PCS, FR and Sedentary conditions. Similar to the previous 

results from regional analyses, there were no statistically significant differences in positive 

staining of activated microglia between the PCS and FR groups in the thalamic region (t(9)=0.40, 

p>.05), the cortex (t(9)=0.51, p>.05), subiculum (t(9)=0.61, p>.05) or hippocampus (t(9)= 1.36, 

p>.05). Similarly, there were no differences found between PCS and Sedentary groups when 

thalamic regions were analyzed (t(11)=1.476, p>.05, cortex (t(11)=0.312,p>.05), subiculum 

(t(11)=0.018, p>.05), or hippocampus (t(11)= 0.39, p>.05). (Figure 7C). 
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DISCUSSION 

The current study focuses on ‘cognitive training;’ the currently popular phenomenon 

grounded in the theory that specific, isolated ‘cognitive-training’ may allow for a generalized 

improvement in cognitive function and overall improvement in brain health. We test this theory 

by implementing a highly controlled, isolated cognitive training intervention where mice 

progress through a series of increasingly challenging operant tasks. The mice advance through 

these tasks at their own rate, are constantly working at their limits, and are introduced to new 

cognitive challenges; features that are present in most commercialized cognitive training 

regimens (i.e. Lumosity) as well as regimens being tested in research and clinical settings (e.g., 

Rosen et al., 2011).  

 

Operant Results 

Importantly, the proof of concept for this intervention was successful: all mice completed 

each task of the intervention and were able to progress through the tasks at their own pace by 

consistently working at their limits.   

Contrary to our initial prediction, the Tg-SwDI mice showed an interesting variety of 

both strengths and weaknesses in each task. They were comparable to wild types in their ability 

to learn basic stimulus-response rules (FR and ALT). Interestingly, while they required 

significantly more time to master the first complex-rule-associated operant task (Light Dark 

Discrimination; Figure 1C), they also had a relatively high number of correct responses in the 

more difficult Non Match to Position tasks, and were comparable if not superior to their wild 

type controls during the 28-day delayed Non-Match to Position tasks (Figure 1E). These results 

partially support previous findings from a dissertation from our research group (Blackshear, 
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2009) that were the first to demonstrate the difficulty Tg-SwDI had in task-switching to the LDD 

task, and the improvement in NMTP performance in the latter portion of the 40-day task. 

Importantly, the fact that Tg-SwDI and wild types were more or less matched in their operant 

task performance was beneficial because it established a baseline in training levels going into the 

evaluation of performance in subsequent behavioral testing.  

One potential explanation for their high performance on these relatively complex short-

term memory tasks may, paradoxically, be a result of pathology accumulating in areas of the 

brain that these tasks are presumably dependent on (hippocampal and subicular regions). The 

build-up of toxic proteins that pose a threat to neuronal connections may have led to an over-

compensation of blood flow and neuronal activity in these regions, thus leading to improved 

performance. Therefore, while wild type mice were presenting with ‘normal’ aging deficits, and 

therefore declining temporally in their performance in each task, the Tg-SwDI may have held a 

transient advantage on these particular tasks. In fact, there has been some evidence of increased 

activation in fMRI studies of human AD patients, which was interpreted as evidence of a 

potential compensatory mechanism that the brain undergoes in response to damage (Deutsch et 

al., 1993; Grady et al., 1993).  

One potential limitation of the PCS manipulation is that water deprivation may have 

dampened the effects of PCS by increasing the health challenges the Tg-SwDI mice had to 

endure. However, lack of group differences in pathology would suggest that deprivation did not 

exacerbate CAA-related pathology and was therefore a relatively benign aspect of the 

manipulation design. 

 

 Behavioral Results 
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 Following the PCS intervention, the Barnes Maze was used to examine aspects of spatial 

memory, an unreinforced version of the 8 Radial Arm Maze was used to look at exploratory 

behavior in a novel and relatively complex environment, and the DigiScan allowed for a general 

measure of overall activity levels.  

 

Rationale behind using Barnes Maze as measure of general cognitive abilities 

At this point, it is important to present the reasoning behind choosing the Barnes Maze as 

our test of ‘general’ cognitive abilities, and its distinctive characteristics when compared to the 

cognitive challenges found in PCS.  

One very common feature of AD is a general difficulty orienting oneself in extrapersonal 

space (Alzheimer’s Association Report, 2014).  Individuals with AD will often become 

disoriented and lost, even in familiar places, typically because they are lacking a spatial context. 

So, while they may recognize visual cues and register them as being familiar, they may be unable 

to understand where those cues are in relation to a specific location. This inability to properly 

orient oneself in space is undoubtedly a handicap that makes daily functioning problematic, and 

has been listed as one of the top 10 warning signs of early AD by the Alzheimer’s Association 

(2014).  

The Barnes Maze, unlike PCS, examines these hippocampal-dependent spatial abilities. 

In the Barnes Maze, mice are trained to learn a particular location, and are provided with 

multiple visual cues that they become familiar with over the five-day session. While a healthy 

wild type mouse will properly use these visual cues and their internal spatial map to locate their 

escape box, transgenic mice have much more difficulty with this task, and typically require more 

time to find their escape box in each trial. While it is possible that the transgenic mice recognize 
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the visual cues that they have been exposed to over the weeklong period, they have difficulty 

understanding where their escape box is in relation to those cues. This is illustrated by the high 

rate of nose poking into holes that lack an escape box prior to finding their own.  

It is, of course, difficult to definitively tease apart the brain circuitry required for PCS 

tasks and compare it to what is most important for the Barnes Maze task. Most likely, all of the 

cognitive challenges presented to the mice in both the PCS and Barnes Maze task are requiring 

different as well as overlapping neural networks. However, because the Barnes Maze requires 

spatial and orientation abilities that the PCS task does not, we thought it appropriate to use this 

Barnes Maze task not as a simple continuation of cognitive challenges following the PCS 

intervention, but instead as a way to measure more general sets of spatial cognitive abilities that 

are necessary for daily functioning. 

 

Results 

Overall, and contrary again to our initial hypothesis, mastery of the PCS operant tasks did 

not seem to generalize to consistently improved performance in any of the chosen behavioral 

tasks. There were no statistically significant differences in Barnes Maze performance between 

PCS Tg-SwDI and Sedentary Tg-SwDI mice. We do see improved performance in the PCS 

group on the first day of testing, although their relatively flat learning curve over the 5-day 

period indicates that their learning over time was limited. In addition, PCS did not lead to a 

rescuing of a healthy behavioral phenotype in the unreinforced Radial Arm Maze task (Figure 

2D&E). There are several ways to interpret these findings. First, it has been demonstrated in the 

human literature that similarly-designed ‘brain training’ games, while improving performance on 

the specific task that the individual has trained on, have not been shown to generalize to other 
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types of tasks (Noack et al., 2014). This holds true for the current study. The lack of differences 

between PCS and Sedentary groups demonstrates that although the PCS mice became adept at 

specific complex rule learning, this did not generalize to improved cognitive function in other 

situations. The function of the Barnes Maze, for example, might be analogous to an individual 

attempting to find one’s car in a parking lot. What this body of research would predict, all else 

being equal, is that an individual who has been working on brain-training games will have the 

same amount of difficulty finding their car in the grocery store parking lot as will the individual 

who has not been engaging in these games. The difference between them would be limited to 

their performance abilities on the brain-training games themselves.  

It is possible, however, that the types of behavioral tasks chosen were not sensitive 

enough to measure changes in cognitive function following this particular intervention. The 

Barnes Maze, for example, assumes a rodent’s inherent aversion to bright light and open spaces 

in order to create sufficient motivation for escape (Barnes, 1979). It is possible that the Morris 

Water Maze, that uses water as the primary aversive property (Morris, 1984), would lead to an 

even higher level of motivation for escape in rodents and thus be more sensitive to potential 

changes in cognitive function. It should be noted, however, that water-based tasks risk being too 

aversive; introducing potential confounds that may unintentionally alter results. Also, the Barnes 

Maze has shown in the past to be measurably sensitive to hippocampal deficits in various 

transgenic mouse lines (e.g., Xu et al., 2014). 

 Notably, there was a marginally significant negative correlation found between latency to 

find and average delay in the DNMTP task (Figure 2F), such that Tg-SwDI mice that had higher 

average delays (and therefore had higher performance levels) also took less time on average to 

find their escape box. Given the small sample size, it is possible that this negative relationship 
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would become more pronounced with a larger number of subjects. This, of course, poses a 

classic ‘chicken or egg’ dilemma: while it is possible that spending more time working at a 

higher level on the DNMTP task led to enhanced spatial memory abilities, via various currently 

unidentified mechanisms, it also possible that, like humans, mice may have varying degrees of 

abilities at baseline, which would then lead to corresponding performance on all tasks. The 

negative relationship was not found when only wild type mice were included in the analysis, 

however, which suggested that if there were differences in Tg-SwDI mice, they might become 

evident in histological analyses. While there were no relationships found between pathology 

levels and performance on the DNMTP or Barnes Maze (Figure 8), it is possible that there may 

have been changes at the neural level that were not examined.  

  

ELISA and Histological Results 

Quantified levels of pathology in all groups, both gross and regional, were similar to 

those reported from this model in previous studies (Fan et al., 2007; Xu et al., 2014), confirming 

the validity of the model used in the current study.     

There were no differences in overall levels of Aβ pathology, as measured by ELISA, or 

regional differences in density of fibrillar Aβ, total Aβ or activated microglia in the thalamic, 

hippocampal, subicular or cortical regions (Figures 3, 4, 6 & 7). There were also no clear 

relationships found between individual levels of Aβ and performance on the DNMTP task or 

behavioral tasks.  

Levels of Aβ determined by ELISA were similar to levels reported in previous studies of 

Tg-SwDI mice (Xu et al., 2014).  
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Conclusions 

Progressive cognitive stimulation is a novel intervention that successfully isolates 

cognitive stimulation, and shares many of the same features that exist in human ‘brain-training’ 

games, such that both transgenic and wild type mice were able to progress through each task at 

their own pace while consistently working at their limits, and were introduced to novel 

challenges that train attention and require behavioral flexibility. The intervention also included 

tasks that were dependent on short-term memory, which were of particular interest given their 

reliance on certain memory-critical brain areas that are also vulnerable in the Tg-SwDI mouse 

model. However, it became clear after subsequent testing of more general cognitive abilities that 

the PCS intervention did not have a measurable effect on the tasks chosen for this study (i.e. 

latency to find the goal box on the Barnes Maze and general activity on the unreinforced Radial 

Arm Maze).  Again, these results highlight the scant evidence available in the human literature in 

support of cognitive-specific interventions improving general cognitive aptitude in humans 

(Noack et al., 2014; Redick et al., 2013). The current study further validates the appeals being 

made by a growing number of scientists against overstating advantages of brain-training products 

by advertisers.  

It should also be noted that the PCS intervention did not lead to obvious benefits, unlike 

the classic enriched environment paradigm so commonly used to study the effects of an enriched 

lifestyle (including cognitive stimulation), on cognitive function and pathology (e.g., Arendash et 

al., 2004; Jankowsky et al., 2005). The current results lend support to the idea that benefits from 

enriched environment studies may be a product of other particular forms of enrichment found 

within (e.g., exercise and/or social enrichment), or rather that general improvements in function 

are driven by interactions between multiple forms of enrichment.  
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FIGURES: STUDY #1 

FIGURE 1 

Graphs showing average number of sessions required to reach criterion for 
individual training programs: A,B&D) All groups performed comparably on the FR, 
Alternation and Shuttle tasks, respectively. C) PCS wild type mice required fewer 
number of sessions to reach the criterion in LDD task, p <.05, E) Average percent 
correct responses in Non-Matched to Position schedule over 40 day period; Tg-
SwDI mice had a marginally higher average number of correct responses, p = .06. 
F) Average number of delays achieved in DNMTP task over 28 day period, Tg-SwDI 
maintained higher delay, p<.05. Error bars represent SEM.  
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FIGURE 2 

Graphs showing performance on a series of behavioral measures, A) Latency to find 
escape box in Barnes Maze task, there was a significant main effect of genotype (Tg-
SwDI vs. wild type, p<.05), but no main effect of condition (PCS vs. Sedentary, 
p>.05), B) Number of hole visits in Barnes Maze task, again there was a main effect 
of genotype (p<.05), but no main effect of condition, C) Average number of beam 
breaks in a DigiScan test of general activity, no differences between groups (p>.05), 
D&E) Number of entries and percent re-entries in an unreinforced version of the 
Radial Arm Maze task, significant main effect of genotype (p<.05), no main effect of 
condition, F) Relationship between average number of delays in DNMTP task vs. 
Latency to find in Tg-SwDI PCS in the Barnes Maze task, there was a negative, non-
significant relationship between the two variables (r=-0.52, p=.15). Error bars 
represent SEM. 
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FIGURE 3 

Graph shows total amount of Aβ in the following fractions: 40 soluble, 42 soluble, 
40 membrane, 42 membrane, 40 insoluble and 42 insoluble There were no 
significant differences between any of the groups across the fractions. Error bars 
represent SEM. 
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FIGURE 4 

PCS Tg-SwDI and FR Tg-SwDI images of hippocampus (A,E,I,M;4x mag), 
subiculum (B,F,J,N; 10x mag), cortex (C,G,K,O;L 4x mag) and thalamus (D,H,L,P; 
4x mag) stained with Thioflavin-s stain (Green) for fibrillar amyloid and 66.1 
(Brown) stain for Total Aβ. Scale bars for 4x images set at 200µm, scale bar for 10x 
images set at 100µm.  
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FIGURE 5 

Double immunostaining of Tg-SwDI mouse. A) Collagen IV (Red) for vessels and 
Thioflavin-S (Green) for fibrillar amyloid. Capillaries coated by fibrillar amyloid 
deposits seen clearly. B) Collagen IV for vessels and 66.1 (Brown) for total Aβ. 
Diffuse Aβ primarily in parenchyma. 40x magnification - scale bar set at 50µm.  
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FIGURE 6 

PCS Tg-SwDI and FR Tg-SwDI images of hippocampus (A,E; 4x mag), subiculum 
(B,F; 10x mag), cortex (C,G; 4x mag) and thalamus (D,H; 4x mag) stained with 
Keratan sulfate (Brown) antibody for activated microglia. Scale bar set at 200µm 
for 4x and 100µm for 10x. 

 

 

FIGURE 7 

Graphs showing percent average area of positive immunostaining for individual Tg-
SwDI mice in PCS (n=7), FR (n=4) or SED (n=6) groups. Regions of interest 
examined include thalamus, cortex, subiculum and hippocampus. A) Thioflavin-S 
stain for fibrillar amyloid, no statistically significant differences between any of the 
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groups in any of the regions (all t-tests, p>.05). B) 66.1 stain for total Aβ, no 
statistically significant differences between any of the groups in any of the regions, 
(all t-tests, p>.05). C) Keratan sulfate stain for activated microglia, no statistically 
significant differences across groups and regions (all t-tests, p>.05).   
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FIGURE 8 

Correlation matrix showing Pearson correlation coefficients that represent 
relationships between behavioral data and performance on various intervention 
measures, behavioral data and specific measures of pathology, and intervention 
measures and measures of pathology. Marginally significant correlation between 
latency to find and average delay in DNMTP task highlighted in yellow.  

 

 

 

 

  

DNMTP LTF Soluble Insoluble Thiof. Thal Thiof. Ctx Thiof. Sub Thiof. Hipp 66.1 Thal 66.1 Ctx 66.1 Sub 66.1 Hipp Glia Thal Glia Ctx Glia Sub Glia Hipp
DNMTP -0.561 -0.015 0.156 -0.188 -0.211 -0.160 -0.103 0.520 0.462 0.078 0.604 -0.694 -0.049 0.438 0.096
LTF -0.561 -0.388 -0.140 0.546 -0.325 0.221 -0.015 0.025 -0.193 -0.075 -0.552 0.438 0.578 0.095 -0.222
Soluble -0.015 -0.388 0.219 -0.547 -0.317 -0.429 -0.655 0.118 0.173 -0.108 0.380 -0.139 0.082 0.182 0.170
Insoluble 0.156 -0.140 0.219 -0.334 0.423 -0.021 0.410 -0.589 -0.699 0.570 0.298 -0.424 0.042 -0.508 0.574
Th.Thal -0.188 0.546 -0.547 -0.334 -0.176 -0.123 0.219 0.553 -0.288 -0.291 0.132 0.023 -0.266 0.261 -0.837
Th.Ctx -0.211 -0.325 -0.317 0.423 -0.176 0.521 0.757 -0.660 -0.416 0.725 0.035 -0.391 -0.527 -0.409 0.411
Th.Sub -0.160 0.221 -0.429 -0.021 -0.123 0.521 0.248 -0.415 0.230 0.752 -0.583 -0.117 0.215 0.243 0.447
Th.Hipp -0.103 -0.015 -0.655 0.410 0.219 0.757 0.248 -0.415 -0.611 0.477 0.188 -0.409 -0.452 -0.538 0.171
66.1 Thal 0.520 0.025 0.118 -0.589 0.553 -0.660 -0.415 -0.415 0.395 -0.538 0.420 -0.150 -0.116 0.703 -0.755
66.1 Ctx 0.462 -0.193 0.173 -0.699 -0.288 -0.416 0.230 -0.611 0.395 -0.177 -0.291 0.129 0.327 0.639 0.046
66.1 Sub 0.078 -0.075 -0.108 0.570 -0.291 0.725 0.752 0.477 -0.538 -0.177 -0.047 -0.598 0.014 0.016 0.655
66.1 Hipp 0.604 -0.552 0.380 0.298 0.132 0.035 -0.583 0.188 0.420 -0.291 -0.047 -0.719 -0.594 0.028 -0.253
Glia Thal -0.694 0.438 -0.139 -0.424 0.023 -0.391 -0.117 -0.409 -0.150 0.129 -0.598 -0.719 0.374 -0.228 -0.186
Glia Ctx -0.049 0.578 0.082 0.042 -0.266 -0.527 0.215 -0.452 -0.116 0.327 0.014 -0.594 0.374 0.158 0.394
Glia Sub 0.438 0.095 0.182 -0.508 0.261 -0.409 0.243 -0.538 0.703 0.639 0.016 0.028 -0.228 0.158 -0.345
Glia Hipp 0.096 -0.222 0.170 0.574 -0.837 0.411 0.447 0.171 -0.755 0.046 0.655 -0.253 -0.186 0.394 -0.345
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CHAPTER IV: EFFECTS OF PCS INTERVENTION ON COGNITIVE FUNCTION 
AND PATHOLOGY IN A MURINE MODEL OF PARENCHYMAL AMYLOID 
PATHOLOGY  
 

INTRODUCTION 

A follow up to Study #1, the current study examined whether PCS would have an impact 

on cognitive function and neuropathology in a well-characterized transgenic mouse model of 

parenchymal amyloid. The goal of this study was to replicate the PCS intervention with a more 

commonly used model of AD, which would allow us to either extend the findings from the first 

study to another form of AD pathology, and/or to examine potential distinctions of the effects of 

PCS on two common pathological features and their associated symptoms.  

 

MATERIALS AND METHODS 

Subjects  

 A common pathology observed in transgenic mouse lines is an accumulation of Aß 

deposits in brain parenchyma. The Tg-5xFAD mouse line is an aggressive model of parenchymal 

Aß deposits, harboring three APP mutations (APP K670N/M671L [Swedish], I716V [Florida], 

V717I [London]) and 2 presenilin mutations (PS1 M146L, L286V) on a B6/SJL background 

under a Thy1 promoter (Oakley et al., 2006). Aß deposits begin accumulating at 2 months of age 

in cortex and subiculum, spreading to the hippocampus by 4 and 6 months of age, along with 

microglial and astroglial activation, and subsequent neuroinflammation (Oakley et al., 2006). 

These mice have also shown behavioral deficits, particularly in hippocampal dependent memory 

tasks (Kaczorowski, Sametsky, Shah, Vassar & Disterhoft, 2009; Xu et al., 2014), and have been 

particularly useful in studying the involvement of parenchymal fibrillar accumulation of Aß in 

AD.  
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 Thirteen Tg-5xFAD mice (eight PCS, five FR, five male) were an average of three 

months of age at the start of each intervention period and were matched with seven C57BL/6 

(wild type) controls (four PCS, three FR, four male).  Mice were deprived of water for twenty-

three hours/day, five days/week. They received water as a reinforcer for thirty minutes during 

their time in the operant chambers, and had thirty minutes free-access to water once their session 

was complete. This protocol was adapted from Blackshear et al. (2011). All mice had free access 

to water on Saturdays and Sundays, and body weights were taken weekly. All procedures were 

performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals and 

were approved by the SBU Institutional Animal Care and Use Committee. 

 

REFER TO CHAPTER THREE FOR DESCRIPTION OF BEHAVIORAL TESTS AND 

BIOCHEMICAL ASSAYS  

 

Statistical Analyses 

All data were analyzed using StatView statistical software (SAS) or Microsoft Excel, and 

figures were generated in GraphPad Prism 6. One and two-way ANOVAs were used to analyze 

operant data, as well as data from the Unreinforced Radial Arm Maze and the DigiScan tasks. 

Two and three-way repeated measures ANOVA were used to analyze data from the Barnes Maze 

task. Student t-tests were used to assess differences in positive immunostaining as well as 

differences in total Aβ levels determined through ELISA. A series of Pearson correlations were 

used to examine preliminary relationships between behavioral data and performance on various 

intervention measures, behavioral data and specific measures of pathology, and intervention 

measures and measures of pathology. Significance level was set at p =.05. 
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As a follow up to the previous study, study #2 sought to investigate whether PCS would 

have an impact on cognitive function and neuropathology in a well-characterized, classic 

transgenic mouse model of parenchymal amyloid. While the results from study #1 suggest that 

the effects of a PCS intervention on the Tg-SwDI model of CAA are minimal, we hoped to 

replicate the intervention using a commonly used model of parenchymal amyloid, as it would 

allow us to either extend the findings to another form of AD pathology, or to see potential 

distinctions in how PCS impacts various pathological features and their associated 

symptomologies.  

RESULTS 

 

Operant Results 

The Fixed Ratio (FR) task required that mice poke their nose into a lit nose port. The goal 

of this task was for mice to begin making the association between nose-pokes into lit ports and 

the delivery of a water reinforcer. The number of sessions required to reach criterion (a total of 

15 or more responses in a single session) was measured. Two, one-way ANOVAs were 

performed to compare each group (PCS or FR) with their age-matched wild type control group. 

In the PCS group, the Tg-5xFAD mice required a slightly higher number of sessions to reach 

criterion (M=6.1, SD=.26) when compared to their age-matched wild types (M=5.7, SD=2.0). 

This difference was not statistically significant [F(1,8)=.058, p>.05.]. In the FR group, the Tg-

5xFAD required slightly fewer sessions to reach criterion (M=6.2, SD=2.4) when compared to 

wild types (M=7.3, SD=5.7), but again there was no significant difference between the two 

[F(1,6)=.158, p>.05]. (Figure 9A). 
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Only data from the PCS group will be analyzed and reported from here on because the 

FR group remained on the FR schedule for the remainder of the 4-month intervention. One Tg-

5xFAD mouse was unable to reach Alternation criterion, and therefore the data from that mouse 

will be excluded from the subsequent analyses. The Alternation task requires that mice 

generalize nose-pokes into both nose ports (on both the left and right side of the main chamber 

wall). Number of sessions required to reach criterion were again measured and analyzed using a 

one-way ANOVA. Tg-5xFAD mice required fewer sessions to reach criterion (M=8.8, SD=2.7) 

when compared to wild types (M=13.2, SD=6.8), but this difference was not statistically 

significant [F(1,7)=1.8, p>.05].(Figure 9B). 

In the Light-Dark Discrimination task, mice are also asked to nose-poke into a lit port, 

but this time the ports alternate at random. An error was measured as a nose poke into an unlit 

nose port. Number of sessions required to reach criterion (a 90% correct response in one trial) 

was again measured and analyzed using a one-way ANOVA. Again we saw no statistically 

significant difference between the two groups [transgenic: M=4.4, SD=1; wild type: M=4.2, 

SD=2.87; F(1,7)=.012, p>.05]. (Figure 9C). 

The Shuttle task requires that mice follow a specific sequence of events to completion, 

including an additional response in a lit port in the back of the chamber. Again we saw no 

differences in the number of sessions required to reach the criterion of 90% correct response in a 

single trial (transgenic M=1.6, SD=1.3; wild type M=1.2, SD=0.5; F(1,7)=.240, p>.05]. (Figure 

9D). 

The Non-Match to Position task has the same response sequence as the Shuttle schedule, 

except for the addition of a short-term memory component. After nose-poking the rear nose port, 

both front ports were illuminated and the mouse was required to first recall the port they poked 
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previously, and then poke the opposite nose port in order to receive a reinforcer. In this task, Tg-

5xFAD mice required more sessions to reach criterion (M=34, SD=4.4) compared to wild types 

(M=25, SD=7.7), with a marginally significant difference between the two [F(1,7)=4.8, 

p=.0628]. (Figure 9E). 

The last task of the intervention was the Delayed Non-Match to Position task. In this task, 

the delay between the first (front port) response and the second (back port) response varies, 

depending on the prior performance of the mouse.  For example, if the mouse begins with a 3 

second delay and reaches the appropriate criterion for that session, they will be moved to a 5 

second delay the next day, and so on. All mice spent 28 days on this task. The average delays 

across sessions were calculated and potential differences between groups analyzed. There were 

no statistically significant differences between groups (transgenic M=2.74, SD=-0.8; wild type 

M=2.46, SD=.79, F(1,7)=.248, p>.05]. (Figure 9F).  These results are discussed further in 

subsequent sections.  

 

   Behavior 

Barnes Maze 

A three-way repeated measures ANOVA, with experimental condition (PCS and FR), 

genotype (wild-type or Tg-5xFAD) and time set as factors, was first used to determine potential 

differences in spatial working memory performance and exploratory behavior in the Barnes 

Maze.  

There was a trending main effect of genotype [F(1,14) = 3.67, p=.07 ], with Tg-5xFAD 

mice taking longer to locate the escape box over the 5 day period compared to wild types. 

(Figure 10A). Given the aggressive nature of the pathology in this mouse model, and the fact that 
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impairments in Barnes Maze learning driven by genotype have been previously reported (Xu et 

al., 2013), it is possible that this difference may have been more pronounced with a larger sample 

size. There was no significant main effect of group, or a significant genotype x group interaction, 

suggesting that the PCS intervention did not impact the latency to find measure in the Barnes 

Maze.   

The number of hole-visits mice made prior to finding their assigned escape box was also 

analyzed. There was no significant main effect of genotype, or genotype x condition interaction, 

but there was a marginally significant main effect of condition [F(1,14)=.064, p=.064], with PCS 

mice making fewer hole-visits than FR mice (Figure 10B). However, a subsequent analysis that 

looked specifically at condition as a factor in Tg-5xFAD mice revealed no difference between 

PCS and FR groups, suggesting that the initial marginal difference seen was not entirely 

explained by the PCS intervention.    

 

DigiScan 

In order to investigate potential differences in general activity levels and limb strength, a 

two-way ANOVA was used to examine measures from the DigiScan test (Columbus 

Instruments, Columbus OH).  There was no significant main effect of condition, genotype or a 

genotype x condition interaction, suggesting that neither the PCS intervention nor genotype had 

an influence on levels of general activity. (Figure 10C). 

 

Enzyme-Linked Immunosorbent Assay (ELISA) 

An ELISA was used to assess potential differences in whole-brain levels of Aβ between 

PCS and FR groups. Aβ 42-soluble, Aβ 42-insoluble and Aβ 42-membrane fractions were 
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examined with a student t-test. Wild type mice were not included in the analyses because they do 

not develop measurable levels of Aβ protein in the brain. As can be seen in Figure 3, there were 

no statistically significant differences in Aβ levels between any of the groups (all t-tests, p>.05) 

(Figure 11).  

Given individual differences in both operant and Barnes Maze task performance, I next 

examined the relationship between average delay in DNMTP vs. levels of soluble and insoluble 

Aβ pathology. This may give us an indication of whether mice that were more successful at the 

short-term memory operant task (and thus had higher average delays) also had lower overall 

levels of Aβ pathology. There was no strong association between average delay in the DNMTP 

task and levels of soluble and insoluble Aβ (r(3) = -0.09, p>.05; r(3) = -0.1, p>.05, respectively). 

Second, Barnes Maze performance was examined as measured by the latency to find measure vs. 

soluble and insoluble levels of Aβ. This determined whether varying levels of pathology were 

related to Barnes Maze task performance. However, performance on the Barnes Maze and levels 

of soluble (r(3),=.5, p>.05) and insoluble Aβ levels (r(3)=0.4, p>.05 ) were not strongly 

correlated.  

 

Immunohistochemistry and Immunoflourescence 

 ELISA gives a gross measure of whole-brain soluble and insoluble Aβ. In order to 

establish whether regional differences in quantity of amyloid plaque or activated microglia vary 

between PCS and FR groups, image analyses were used to examine hippocampal, subiculum, 

thalamic and cortical regions. These regions were of interest as they have been the focus of 

previous similar studies (Adlard et al., 2005; Jankowsky et al. 2003; Lazarov et al., 2005; Xu et 

al., 2014), and are among the most severely affected by AD (Alzheimer’s Association, 2014). 



!

57 
!

 

 

ThioflavinS Stain of fibrillar amyloid 

 Independent-sample t-tests were conducted to compare potential differences in percent 

area occupied with thioflavin fluorescent stain of fibrillar amyloid in PCS and FR conditions. 

Four regions of interest (thalamus, cortex, hippocampus and subiculum) were selected because of 

their propensity to accumulate pathology in this particular mouse model and their vulnerability to 

degeneration in Alzheimer’s disease. There was no statistically significant difference in percent 

positive stain between the PCS and FR groups in thalamus (t(6)=0.7, p>.05), cortex (t(6)=1.19, 

p>.05), subiculum (t(5) =0.52, p>.05) or hippocampus (t(6)=0.8, p>.05). (Figure 13A). These 

results suggest that the PCS intervention and did not seem to directly modify the level of amyloid 

pathology in these regions.  

 

 Total Aβ stain (66.1) 

 Similar to the thioflavin stain, independent-sample t-tests were conducted to compare 

potential differences in percent area occupied with a total Aβ stain in PCS, FR and SED 

conditions. There was no statistically significant difference in percent positive stain between the 

PCS and FR groups in thalamus (t(6)=0.09, p>.05), cortex (t(6)=0.37, p>.05), subiculum 

(t(6)=0.016, p>.05) or hippocampus (t(6)=0.82, p>05). (Figure 13B). Again, results lend more 

support to the finding that the PCS intervention and/or daily handling did not seem to directly 

modify the levels of both diffuse and fibrillar Aβ. 
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DISCUSSION 

Operant Results  

Similar to results from study #1, the results from the current operant intervention tell us 

that Tg-5xFAD mice and wild types were able to progress through the tasks and learn the 

progressively challenging rules at similar rates over the intervention period (Figure 9). This 

general matching of performance was useful as it allowed for similarities in training levels as we 

moved on to subsequent testing. We do see a marginally significant difference in the NMTP task, 

with Tg-5xFAD mice requiring more sessions to reach criterion. It is possible that this difference 

may have been more pronounced with a larger sample size. Given that this is the first short-term 

memory related task, and the aggressive nature of the pathology in the Tg-5xFAD, it is not 

surprising that they struggled to grasp the rules of this particular task. Interestingly, there were 

no differences between groups when measuring average delay in the DNMTP task. It is possible 

that even though the Tg-5xFAD took more time to master the basic rules of the NMTP task, once 

they had mastered the rule, they were then able to work through the slightly more challenging 

version at the same level as healthy controls. Another possibility is that given the low average 

delay for both groups (transgenic M=2.74, SD=.8; wild type M=2.46, SD=.79), the DNMTP 

task was too challenging for either group, and the data therefore reflect a floor effect.  

The Tg-5xFAD mice performed comparably to Tg-SwDI on most operant tasks, except 

for requiring more sessions to master the Alternation task and fewer sessions to master the 

Shuttle task. This reflects distinctions in how different transgenic lines perform on particular 

operant tasks, something that has been examined thoroughly in a previous dissertation from our 

laboratory (Blackshear, 2009). It is possible that pathology with different spatial accumulation, 

as well as different rates of accumulation impacts the mouse’s performance in tasks that require 

various abilities. Difficulty mastering the Alternation task, for instance, may reflect an 
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impairment in the mouse’s ability to successfully transition for the first time to a task requiring 

the learning of a different rule. Impairment in the Shuttle task may indicate impaired 

performance in learning a specific sequence of relatively complex responses. 

 

Behavioral Results 

Similar to the Tg-SwDI results, the PCS intervention did not seem to impact cognitive 

function as measured by the Barnes Maze or exploratory behavior as measured by the DigiScan 

(Figure 10A,B&C). This tells us two things: First, it lends further support to the notion that 

isolated cognitive stimulation as an intervention may not generalize to other forms of cognitive 

abilities. Second, isolated cognitive stimulation does not seem to have an effect on two very 

common features of Alzheimer’s pathology: parenchymal or cerebrovascular amyloid pathology. 

 
Histological Results 

The quantified levels of pathology reported here are similar to those reported in previous 

studies (e.g.,  Xu et al., 2014) confirming the validity of the mice used in the current study.     

PCS did not change overall levels of Aβ pathology, as seen through ELISA, or regional 

differences in density of fibrillar Aβ or total Aβ in the thalamic, hippocampal, subicular or 

cortical regions (Figures 11, 12 & 13). Thus, the pathological results correspond to the 

behavioral results. 

 

Conclusions 

 The current study was conducted for the purpose of replicating the novel PCS 

intervention in a classic mouse model of parenchymal amyloid pathology. Overall, results show 

that specific cognitive training failed to produce any benefits in general cognitive function, as 

measured by the Barnes Maze task. One major limitation of this study was the small sample size. 
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However, given the aggressive nature of the pathology in this particular model, and the findings 

from the previous study, it is likely that the intervention would have failed to produce 

measurable results had the sample size been larger. That being said, there are potential 

productive changes that could be made to the intervention timeline itself. One possibility is to 

start the intervention at an earlier age. In the current version, mice began the intervention at an 

age of ~three months, when pathology had already started to accumulate. It is possible that an 

earlier intervention, before any pathology and cognitive impairments were present, it would have 

been more effective at slowing the progression of the disease, or delaying the onset of pathology 

accumulation. It is also possible that benefits would have been more obvious had the mice 

remained on the short-term memory dependent DNMTP task for a longer period of time. In the 

28 days allotted, the Tg-5xFAD mice were not able to work above an average of a three-second 

delay, either because they were not given enough time to master the task, or because they had 

reached their performance limit. It should also be noted, however, that extending the intervention 

would necessitate subsequent testing of cognitive abilities at around 8 or 9 months of age, when 

this model has widespread pathological damage and severe cognitive deficits (Oakley, 2006; Xu 

et al., 2014).  
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FIGURES: STUDY #2 

FIGURE 9 

Graphs showing average number of sessions required to reach criterion for 
individual training programs: A-E) 5XFAD and wild types performed comparably 
on the FR, Alternation, LDD and Shuttle tasks, respectively. F) No differences in 
average number of delays between groups in DNMTP task (p>.05) Error bars 
represent SEM.  

 

 

 

FAD P
CS

W
T P

CS

FAD F
R

W
T F

R

0

5

10

15

S
es

si
on

s 
to

 C
rit

er
io

n FR

FAD PCS WT PCS
0

5

10

15

20

S
es

si
on

s 
to

 C
rit

er
io

n

ALT

FAD PCS WT PCS
0

2

4

6

S
es

si
on

s 
to

 C
rit

er
io

n

LDD

FAD PCS WT PCS
0.0

0.5

1.0

1.5

2.0

2.5

S
es

si
on

s 
to

 C
rit

er
io

n SHUTTLE

FAD PCS WT PCS
0

10

20

30

40

S
es

si
on

s 
to

 C
rit

er
io

n

NMTP

FAD PCS WT PCS
0

1

2

3

4

A
ve

ra
ge

 N
um

be
r o

f D
el

ay
s DNMTP

A B 

C D 

E F 



!

62 
!

FIGURE 10 

Graphs showing performance on series of behavioral measures, A) Latency to find 
escape box in Barnes Maze task, there was a trending main effect of genotype (Tg-
5xFAD vs. wild type, p=.07), but no main effect of condition (PCS vs. Sedentary, 
p>.05), B) Number of hole visits in Barns Maze task, no significant main effect of 
genotype or condition (p>.05), C) Average number of beam breaks in a DigiScan 
test of general activity, no differences between groups (p>.05). Error bars represent 
SEM. 
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FIGURE 11 

Graph shows total amount of Aβ in the following fractions: 40 soluble, 42 soluble, 
40 insoluble and 42 insoluble There were no significant differences between any of 
the groups across the fractions. Error bars represent SEM. 
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FIGURE 12 

Tg-5xFAD images of hippocampus (A, E; 4x mag), subiculum (B,F; 10x mag), cortex 
(C;G, 4x mag) and thalamus (D,H; 4x mag) stained with thioflavin-s stain (Green) 
for fibrillar amyloid and 66.1 stain (Brown) for total Aβ. Scale bars for 4x images 
set at 200µm, scale bar for 10x images set at 100µm.  
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FIGURE 13 

Graphs showing percent average area of positive immunostaining for individual Tg-
5xFAD mice in PCS and FR groups (n=4 in each group). Regions of interest 
examined include thalamus, cortex, subiculum and hippocampus. A) Thioflavin-S 
stain for fibrillar amyloid, no statistically significant differences between any of the 
groups in any of the regions (all t-tests, p>.05). B) 66.1 stain for total Aβ, no 
statistically significant differences between any of the groups in any of the regions, 
(all t-tests, p>.05).    
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CHAPTER V: EFFECTS OF A VOLUNTARY AEROBIC EXERCISE 
INTERVENTION ON THE TG-SWDI MOUSE MODEL OF CAA: A PILOT 
STUDY 
 

INTRODUCTION 

 

 A significant number of studies have reported benefits of exercise at the neuronal level 

and in cognitive function (e.g., Adlard et al., 2005; Liu-Ambrose et al., 2010; van Praag et al., 

2005). Most of the reported studies have used transgenic mouse models that develop amyloid 

pathology in brain parenchyma. The current study sought to expand previous findings by 

determining whether 4-months of voluntary exercise would impact cognitive function and 

pathology in a Tg-SwDI mouse model of CAA. This study was designed to examine exercise as 

a central variable, thereby isolating it from other potential forms of stimulation and/or 

enrichment. Mice were individually housed in tub cages with an attached running wheel that was 

connected to rotation-counting software. A voluntary wheel-running intervention was chosen 

over forced running (e.g., treadmill) because it allowed for an environment where mice could 

choose how often to run, minimizing the potential confounding variables related to forced 

interventions (Leasure & Jones, 2008). Following the 4-month intervention, behavioral and 

histological changes were assessed.  

 

MATERIALS AND METHODS 

Subjects 

  

Fourteen Tg-SwDI mice (eight RUN, six SED, all female) and seven C57B1/6 were an 

average of three months of age and weighed 20-30 grams at the start of the intervention period. 

All procedures were performed in accordance with the NIH Guide for the Care and Use of 
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Laboratory Animals and were approved by the SBU Institutional Animal Care and Use 

Committee. 

 

Voluntary Exercise Intervention 

 Mice assigned to the voluntary exercise group were single-housed in a cage measuring 

43x21x21cm equipped with a running wheel that measures 6.5 inch in diameter with a 3 inch-

wide running platform. Number of rotations were recorded through a software system that 

responds to the closing of a switch produced by two magnets lining up – one magnet located 

directly on the wheel, and another on the outside of the cage. A group of sedentary control mice 

were single-housed in cages that lacked an attached running wheel. Mice had 24-hour access to 

their running wheels for approximately 16 weeks. 

 

REFER TO CHAPTER THREE FOR DESCRIPTION OF BEHAVIORAL TESTS AND 

BIOCHEMICAL ASSAYS    

 

Statistical Analyses 

All data were analyzed using StatView statistical software (SAS) or Microsoft Excel, and 

figures were generated in GraphPad Prism 6. One and two-way ANOVAs were used to analyze 

operant data, as well as data from the Unreinforced Radial Arm Maze and the DigiScan tasks. 

One and two-way repeated measures ANOVA were used to analyze data from the Barnes Maze 

task. Student t-tests were used to assess differences in positive immunostaining as well as 

differences in total Aβ levels determined through ELISA. A series of Pearson correlations were 

used to examine preliminary relationships between behavioral data and performance on various 
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intervention measures, behavioral data and specific measures of pathology, and intervention 

measures and measures of pathology. Significance level was set at p =.05. 

 

RESULTS 

Intervention 

 Over the 4-month intervention, running animals showed a steady decrease in their 

average running distance.  The average running distance in the first month was 7381 m/24-hours 

+/- 2422, 5297 m/24-hours +/- 2190 in the second month, 5049 m/24-hours +/- 2206 in the third 

month and 3812 m/24-hours +/- 1886. This drop over time may be attributed to the steady 

increase in pathology that develops as the mice age, as described in Davis et al. (2004).  

 

  Behavior 

Barnes Maze 

 A two-way repeated measures ANOVA, with experimental condition (sedentary and 

exercise) as well as day set as the between-subject factors, was used to determine potential 

differences in spatial working memory performance and exploratory behavior in the Barnes 

Maze. There was a significant main effect of condition [F(1,12)=6.415, p<.05], suggesting that 

the exercise intervention improved performance on the latency to find measure of the Barnes 

Maze task. (Figure 15A). A series of one-way ANOVAs determined that there was a significant 

difference between groups only at day 2 [RUN M=92.5, SD= 44.648; SED M=151.5, SD=52.3; 

[F(1,12) = 5.179, p<.05], all other days did not reach statistical significance.   

 Because there is a possible dissociation between performance on the first and second trial 

in the Barnes Maze, given the differences in length of the inter-trial intervals (15 minutes vs. 24 
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hours), latency to find and hole visits on the two separate trials of each day of Barnes maze 

testing were analyzed separately using repeated measures ANOVA. The very first trial on the 

first day of testing were excluded from the analyses because the mice had not at this point been 

exposed to the escape position and their memories were presumably not yet being tested. 

Analyses determined that there was no main effect of condition for the 1st trial [F(1,12)=1.126, 

p>.05], but there was a significant 2nd trial main effect [F(1,12)=4.604, p=.05). (Figure 15B). 

One possibility is that exercise may have preferentially led to benefits in ‘working’ memory, or 

rather the ability to more easily recall the location of an escape box during a very short inter-trial 

delay (15minutes), as opposed to the longer delay (24 hours) of the 1st trial analyses. 

 The number of holes visited prior to finding the assigned escape box was also analyzed. 

There was no significant main effect of condition [F(1,12)=.002, p>.05]  suggesting that the 

voluntary exercise intervention had no impact on modifying the number of holes entered prior to 

hole with escape box, or the animal’s general exploratory behavior on the maze. (Figure 15C). 

 

Unreinforced Radial Arm Maze 

  An unreinforced version of the 8-radial arm maze was used to investigate potential 

exploratory and behavioral differences between mice that are placed in a novel, complex 

environment. When measuring the total number of arm-entries made, a one-way ANOVA 

revealed that the Tg-SwDI-SED mice had significantly fewer number of entries when compared 

to wild type-SED mice [F(1,10)=17.238, p=.002], which suggests a phenotypic difference in the 

way that Tg-SwDI mice explore the maze. (See Figure 15D). Subsequent one-way ANOVAs 

showed that Tg-SwDI-RUN mice entered significantly more arms than the Tg-SwDI-SED 

[F(1,12)=7.073, p=.0208), and that there were no differences between the Tg-SwDI-RUN group 
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and the wild type-SED group [F(1,13)=.065, p>.05]. These results suggest that exercise may 

have preserved ‘normal’ exploratory behavior in this particular mouse line.  Another series of 

one-way ANOVAs revealed that wild type-SED mice had significantly more re-entries compared 

to Tg-SwDI-SED mice, (F(1,10)=7.274, p>.05) and no statistically significant differences were 

found when comparing the wild type-SED group to the Tg-SwDI-RUN group [F(1,12) = 2.491, 

p>.05], lending further support to the finding that exercise preserves healthy exploratory 

behavior in an unreinforced radial arm maze task. (Figure 15E). These findings are examined 

further in the corresponding discussion section.   

 

DigiScan 

 A DigiScan test was used to determine whether differences in levels of general activity 

might partially explain the differences seen in the Barnes maze and unreinforced radial arm maze 

tasks. There were no differences in horizontal behavior or assisted rearings found between the 

Tg-SwDI-RUN and Tg-SwDI-SED groups [F(1,12) = .058, p>.05; F(1,12) = .03, p>.05], 

between Tg-SwDI-RUN and wild type-SED [F(1,12)=.046, p>.05; F(1,12)=.204, p>.05], or 

between wild type-SED and Tg-SwDI-SED [F(1,10)=.14, p>.05; F(1,10)=.063, p>.05]. These 

results suggest that the differences found in both Barnes Maze and Radial Arm Maze tasks 

cannot be entirely explained by differences in general activity levels and limb strength. This 

lends further support to the theory that the exercise intervention had an influence on these 

endpoints. (See Figure 15F).  
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ELISA 

 Student t-tests were used to examine potential differences in Aβ 40-soluble, Aβ 40-

insoluble, Aβ 40-membrane, Aβ 42-soluble, Aβ 42-insoluble and Aβ 42-membrane fractions 

between groups (RUN and Sedentary). Wild type mice were not included in the analyses since 

they do not develop measurable levels of the Aβ protein. As can be seen in Figure 16 there were 

no statistically significant differences in Aβ levels between any of the groups (all t-tests p>.05). 

(See Figure 16).  

Levels of Aβ determined by ELISA were similar to levels reported in previous studies of 

Tg-SwDI mice (Xu et al., 2014).  

 

  Immunohistochemistry and Immunoflourescence 

 ELISA gives a gross measure of whole-brain soluble and insoluble Aβ. In order to 

establish whether regional differences in quantity of amyloid plaque, activated microglia or 

vessel density vary between RUN and Sedentary groups, image analyses were used to examine 

hippocampal, subiculum, thalamic and cortical regions. These regions were of interest as they 

have been the focus of previous similar studies (Adlard et al., 2005; Lazarov et al., 2005; 

Jankowsky et al. 2003; Xu et al., 2014), and are among the most severely affected by AD 

(Alzheimer’s Association, 2014). 

 

ThioflavinS Stain of fibrillar amyloid 

           Independent-sample t-tests were conducted to compare potential differences in percent 

area occupied with thioflavin fluorescent stain of fibrillar amyloid in RUN and Sedentary 

conditions. Four regions of interest (thalamus, cortex, hippocampus and subiculum) were 
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selected because of their propensity to accumulate pathology in this particular mouse model and 

their vulnerability to degeneration in Alzheimer’s disease. There was no statistically significant 

difference in percent positive stain between the RUN and Sedentary groups in cortex 

(t(11)=1.57, p>.05), subiculum (t(11)=1.514, p>.05) or hippocampus (t(11)=0.95, p>.05). 

However, there was a marginally significant difference between groups when the thalamic 

regions were analyzed (t(11)=2.03, p=.067), but no differences in the average size of plaques 

(t(11)=0.16, p>.05).(Figure 19A). Results suggest that while 4-months of voluntary exercise did 

not seem to directly or indirectly impact the level of fibrillar amyloid pathology in cortex, 

hippocampus or subiculum, there may have been some reduction of fibrillar plaque density in the 

thalamic regions. This finding is examined further in the corresponding discussion section.   

 

 Total Aβ stain (66.1) 

 Similar to the Thioflavin stain, independent-sample t-tests were conducted to compare 

potential differences in percent area occupied with a total Aβ stain between RUN and Sedentary 

conditions. There was no statistically significant difference in percent positive stain between the 

RUN and Sedentary groups in thalamus (t(11)=0.59, p>.05), cortex (t(11)=1.187, p>.05), 

subiculum (t(11)=1.5, p>.05) or hippocampus (t(11)=0.14, p>.05). (Figure 19B). These results 

suggest that the RUN intervention did not modify density of total Aβ in the selected regions.  

 

   Activated Microglia Stain 

 It was shown previously that exercise interventions altered neuroinflammatory markers in 

a transgenic mouse model of AD (Parachikova, Nichol & Cotman, 2008). In order to examine 

whether there was an impact on activated microglia in these regions following the RUN 
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intervention, independent-sample t-tests were conducted to compare percent area occupied with 

positive stain in RUN and Sedentary conditions. Similar to the previous results from regional 

analyses, there were no statistically significant differences in positive staining of activated 

microglia between the RUN and Sedentary groups in the thalamic region (t(11)=0.16, p>.05) 

cortex (t(11)=0.47, p>.05), subiculum (t(11)=0.2, p>.05) or hippocampus (t(11)=0.4, p>.05). 

(Figure 19C). 

 

Vessel Density 

 Previous reports in the literature have found increased microvessel density following 

exercise interventions in rats (Ding et al., 2004). In order to establish whether our running 

intervention led to an increase in vessel density, a collagen IV antibody was used to stain for 

brain microvessels. Running did not alter vessel density in the determined regions, as there were 

no differences between RUN and Sedentary groups in thalamus (t(11)=1.292, p>.05), cortex 

(t(11)=0.311, p>.05), subiculum (t(11)=0.96, p>.05) or hippocampus (t(11)=0.02, p>.05). 

(Figure 19D). 

 

Correlations 

 A thorough series of correlations examining relationships between intervention measures, 

behavioral measures and pathological measures can be found in Figure 20. There are several 

relationships worth mentioning: First, there was a negative correlation between average number 

of rotations and total soluble Aβ, such that mice who ran more over the 4-month period also 

tended to have lower levels of soluble Aβ. This correlation was not statistically significant 

(r(6)=-0.45, p=.25), however it possible that with a larger sample size, this trend may have been 
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more pronounced. A weaker correlation was found between average number of rotations and 

levels of insoluble Aβ (r(6)=-0.02, p>.05). There were no significant relationships found 

between average number of rotations and other measures of pathology. 

 Second, given the marginal decrease in fibrillar amyloid in the thalamic region, 

determining whether increased vessel density was correlated with decreased levels of fibrillar 

amyloid was of particular interest. There was no relationship between the two; however, there 

was a significant negative correlation between vessel density in the thalamus and the latency to 

find measure in the Barnes Maze (t(11)=-0.7, p=.05), suggesting that those mice with higher 

levels of vessel density in thalamic regions spent less time locating their escape box in the 

Barnes Maze.  

 

DISCUSSION 

Eight, three-month-old Tg-SwDI mice were housed in a chamber with an attached 

exercise wheel that they had access to 24 hours/day for 4 months. A counting software program 

monitored the number of rotations the mice made per minute. Mice maintained a relatively stable 

running rate over the 4-month period, although it tapered off slightly over time (Figure 14). 

Following the intervention, mice were tested on a series of behavioral tasks that examined 

aspects of spatial memory and exploratory behaviors, and histological analyses were conducted 

to evaluate whether the intervention had an impact on levels of brain pathology. Results are 

discussed below. 
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Behavioral Results 

 Tg-SwDI-RUN mice spent significantly less time finding their escape box in the Barnes 

Maze task compared to Tg-SwDI-Sedentary mice (Figure 15A&B), indicating that there may 

have been some preservation of spatial memory function following the running intervention. 

This finding supports similar studies of other transgenic lines that show improvements in 

cognitive function following varying forms of cardiovascular interventions (e.g., Adlard et al., 

2005; Garcia-Mesa et al., 2011; Ke et al., 2011; Nichol et al., 2007; Parachikova et al., 2008; Um 

et al., 2011; Yuede et al., 2009). Interestingly, mice seemed to show the clearest improvement in 

2nd trial measures in particular, suggesting that the running intervention specifically ameliorated 

their working or spatial memory abilities. It is possible that this particular improvement can be 

attributed to alterations in hippocampal function following exercise interventions, a change that 

has been reported in previous studies (e.g., Cotman et al., 1995; Dietrich et al., 2008).  

 Tg-SwDI-RUN mice also exhibited healthier exploratory behavior (the term ‘healthy’ 

determined by wild type behavior) as measured by number of entries and re-entries into arms of 

the unreinforced 8-Radial Arm Maze. As can be seen in Figure 15D&E, Tg-SwDI-SED mice had 

relatively low numbers of entries and re-entries while wild type mice entered arms much more 

often. This may be due to a phenotypic difference in the way the Tg-SwDI mice explore the 

maze, perhaps indicating a level of caution or disorientation that emerges when mice are placed 

in a novel environment. Exercise seems to reverse this; Tg-SwDI-RUN mice had a significantly 

higher number of entries and re-entries into arms when compared to Tg-SwDI-SED. Because 

disorientation in extrapersonal space is a common symptom in humans with AD (Henderson et 

al., 1989; Monacelli et al., 2003), understanding if and how exercise alleviates such symptoms 

could be extremely useful from a health care standpoint. 
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 Because of the high levels of activity required for the intervention, measuring general 

activity levels between groups was essential. Exercise may have increased fitness and energy 

levels overall, which raises the possibility that the differences we see in the Barnes Maze and 

URAM were simply due to increased speed or higher levels of overall activity. The DigiScan test 

allowed us to measure general activity by calculating the number of movements the mice made 

quantified by the number of photobeam breaks in the DigiScan chamber.  Interestingly, there 

were no differences in overall activity levels (Figure 15F), suggesting that the effects we found 

in the Barnes Maze and URAM were likely not being driven by a variation in overall activity 

levels. However, it is important to note that the actual speed during the Barnes Maze and URAM 

was not reported. There were no differences found in assisted rearings or unassisted rearings, 

indicating that limb strength was also not a likely driving factor (data not shown).  

ELISA & Histology  

 Histological analyses were conducted subsequent to behavioral testing in order to 

determine whether the running intervention had any measurable effect on vascular amyloid 

pathology in the Tg-SwDI-RUN mice. An enzyme-linked immunosorbent assay (ELISA) 

revealed no differences in gross levels of whole-brain Aβ pathology between groups (Figure 16) 

indicating that running did not alter levels of whole-brain Aβ as determined by the ELISA.  

Improvements in cognitive function, despite steady or increased levels of Aβ pathology, have 

been reported in previous studies using environmental enrichment paradigms that contain 

running wheels (e.g., Arendash et al., 2004; Jankowsky et al., 2003).  

 Measuring total brain Aβ levels through an ELISA assay may be diluting potential 

changes in pathology in specific regions of the brain.  To address this limitation, regional 
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differences in quantity of amyloid plaque, activated microglia and vessel density were used to 

examine hippocampal, subiculum, thalamic and cortical regions. These regions were of interest 

as they have been the focus of previous studies (Adlard et al., 2005; Jankowsky et al. 2003; 

Lazarov et al., 2005; Xu et al., 2014), and are among the most severely affected by AD 

(Alzheimer’s Association, 2014). Overall, there were no statistically significant differences in 

density of fibrillar amyloid, total levels of Aβ or activated microglia (Figure 19). There was a 

marginally significant difference in thalamic fibrillary amyloid density between Tg-SwDI-RUN 

and Tg-SwDI-SED groups (Figure 19) which may be indicative of differences in rates of sensory 

processing seen in the behavioral tests. While the Barnes Maze is ostensibly a task that measures 

spatial memory abilities, it is also possible that improvements in the latency to find measure were 

driven by an improvement in the mouse’s ability to process sensory information more efficiently. 

One possibility is that this modification may have been related to decreases in levels of fibrillar 

amyloid pathology in thalamic regions. 

 Previous studies have reported increased microvessel density following exercise 

interventions in rats (Ding et al., 2004). Surprisingly, as can be seen in Figure 19, there were no 

differences in microvessel density in the chosen regions. One possible explanation for this 

finding is that the levels of fibrillar amyloid deposited within and surrounding vessel 

overwhelmed vessel restructuring or angiogenesis from taking place. It is also possible that while 

vessel density did not increase, running led to improved functioning of extant vessels. This may 

have potentially resulted in improved clearance of toxic substances via perivascular pathways, 

which may have in turn played a role in the improved cognitive function found. 
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Relationships found between variables  

 There was a negative, marginally significant correlation between average number of 

rotations and total soluble Aβ, such that mice who ran more over the 4-month period also tended 

to have lower levels of soluble Aβ. This relationship suggests that higher levels of running may 

have reduced levels of soluble Aβ, which may have been an underlying driving force in 

preserving cognition. It is also possible, however, that the direction goes the opposite way, such 

that mice with lower levels of soluble Aβ at baseline were more cognitively lucid and willing to 

run more often. There were no significant relationships found between average number of 

rotations and other measures of pathology. 

 Given the marginal decrease in fibrillar amyloid in the thalamic region, it was of 

particular interest to determine whether increased vessel density was correlated with decreased 

levels of fibrillar amyloid. There was no relationship between the two.  However, there was a 

significant negative correlation between vessel density in the thalamus and the latency to find 

measure in the Barnes Maze, suggesting that those mice with higher levels of vessel density in 

thalamic regions spent less time locating their escape box. It is possible that higher levels of 

vessel density in thalamic regions may have led to improved cognitive function despite stable 

levels of fibrillar amyloid, a finding that has potential implications for the role of the thalamus in 

sensory processing in the Barnes Maze.  

 

Conclusions 

 A 4-month voluntary exercise intervention led to improvements in aspects of spatial 

working memory in the Barnes Maze task and healthier exploratory behaviors in the URAM, 

despite steady levels of whole-brain Aβ, regional fibrillar amyloid, total Aβ, activated microglia 
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and vessel density. While the thorough investigation of whole-brain and regional levels of Aβ 

pathology and signs of neuroinflammation and angiogenesis revealed no obvious differences 

between groups (see correlation matrix: Figure 20), it is very possible that the improvements in 

behavioral performance were driven by changes at the neural level. For example, several studies 

by Henriette van Praag (1999; 2005) reported that running interventions increase neurogenesis in 

the dentate gyrus in aged mice. Others have reported increased levels of brain-derived 

neurotrophic factor (BDNF), a protein that supports survival of neuronal subtypes and is 

involved in synaptic efficiency and other forms of plasticity (Cotman et al., 2002; McAllister, 

1999; Neeper et al., 1996; Oliff et al., 1998; Schinder & Poo, 2000). It is also possible, 

considering the particular feature of AD expressed by the Tg-SwDI, that there were increases in 

blood flow following running interventions, which may have played a role in driving cognitive 

changes.   

 

 

 

 

 

 

 

 



!

80 
!

FIGURES: STUDY #3 

FIGURE 14 
 
Figure showing average number of rotations over the 4 month intervention period. Error bars 
represent SEM. 
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FIGURE 15 

Figures illustrating results from a series of behavioral measures. A) Latency to find on the 
Barnes Maze. There was a main effect of condition, with exercised Tg-SwDI mice spending less 
time locating their escape platform. Post-hoc tests revealed a significant difference between 
sedentary Tg-SwDI and RUN Tg-SwDI at day 2 (p<.05). B) A similar difference was found when 
only the second trial of each day was included in the analysis. A repeated measures ANOVA 
again revealed a main effect of condition and post-hoc tests showed significance at day 2 
(p<.05). C) Number of hole-visits made prior to locating escape position. There was no main 
effect of condition. D) The unreinforced Radial Arm Maze task revealed a main effect of 
condition, with sedentary Tg-SwDI entering fewer arms than RUN Tg-SwDI. E) Percent re-
entries in the unreinforced Radial Arm Maze showed a significant difference between sedentary 
wild-type and sedentary Tg-SwDI mice, with wild-type mice spending more time re-entering 
arms. There were no differences between sedentary wild-type and Tg-SwDI RUN mice. F) A 
DigiScan test was used to measure levels of general activity. This analysis revealed no 
differences between genotypes or conditions (p>.05). Error bars represent SEM. 
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FIGURE 16 

Graph shows total amount of Aβ in the following fractions: 40 soluble, 42 soluble, 40 membrane, 
42 membrane, 40 insoluble and 42 insoluble There were no significant differences between RUN 
and SED groups across the fractions. Error bars represent SEM. 
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FIGURE 17 

RUN Tg-SwDI and SED Tg-SwDI images of hippocampus (A,E,I,M;4x mag), subiculum 
(B,F,J,N; 10x mag), cortex (C,G,K,O;L 4x mag) and thalamus (D,H,L,P; 4x mag) stained with 
Thioflavin-s stain (Green) for fibrillar amyloid and 66.1 (Brown) stain for Total Aβ. Scale bars 
for 4x images set at 200µm, scale bar for 10x images set at 100µm.  
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FIGURE 18 

RUN Tg-SwDI and SED Tg-SwDI images of hippocampus (A,E; 4x mag), subiculum (B,F; 10x 
mag), cortex (C,G; 4x mag) and thalamus (D,H; 4x mag) stained with Keratan sulfate (Brown) 
antibody for activated microglia. Scale bar set at 200µm for 4x and 100µm for 10x. 

 

 

 

 

FIGURE 19 

Graphs showing percent average area of positive immunostaining for individual Tg-SwDI mice 
in RUN and SED groups. Regions of interest examined include thalamus, cortex, subiculum and 
hippocampus. A) Thioflavin-S stain) for fibrillar amyloid, no statistically significant differences 
between any of the groups in any of the regions (all t-tests, p>.05). B) 66.1 stain for total Aβ, no 
statistically significant differences between any of the groups in any of the regions, (all t-tests, 
p>.05). C) Keratan sulfate stain for activated microglia, no statistically significant differences 
across groups and regions (all t-tests, p>.05). D) There were no differences in vessel density 
across group (all t-tests, p>.05).  
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FIGURE 20 

Correlation matrix showing Pearson correlation coefficients that represent relationships 
between behavioral data and performance on various intervention measures, behavioral data 
and specific measures of pathology, and intervention measures and measures of pathology in 
RUN mice.  

 

 

 
  
 

 

 

 

 

 

 

 

Rotations LTF Soluble Insoluble Thiof.Thal Thiof. Ctx Thiof. Sub Thiof. Hipp 66.1 Thal 66.1 Ctx 66.1 Sub 66.1 Hipp Glia Thal Glia Ctx Glia Sub Glia Hipp %VessThal %VessCtx %VessSub %VessHipp
Rotations 0.063 -0.456 -0.028 0.229 0.261 -0.372 -0.245 -0.108 -0.256 -0.222 0.452 -0.408 -0.689 0.037 0.108 -0.293 -0.687 -0.359 -0.337

LTF 0.063 -0.294 0.581 -0.289 0.608 -0.414 0.228 -0.054 -0.557 -0.168 0.564 0.575 0.164 -0.542 0.583 -0.742 -0.313 0.305 0.061
Soluble -0.456 -0.294 -0.284 0.225 -0.434 0.835 -0.174 -0.210 0.710 0.165 0.112 0.417 0.422 0.004 -0.657 0.444 0.829 0.182 0.255

Insoluble -0.028 0.581 -0.284 -0.370 0.860 -0.586 0.001 0.035 -0.471 0.193 0.222 0.080 0.443 0.324 0.481 -0.646 -0.349 -0.455 -0.321
Thiof. Thal 0.229 -0.289 0.225 -0.370 -0.032 -0.013 -0.250 0.402 0.375 -0.318 0.371 -0.241 -0.450 0.104 -0.175 0.011 0.126 -0.063 0.642
Thiof. Ctx 0.261 0.608 -0.434 0.860 -0.032 -0.819 -0.255 0.332 -0.418 0.156 0.377 -0.176 0.159 0.284 0.454 -0.892 -0.663 -0.481 -0.117
Thiof. Sub -0.372 -0.414 0.835 -0.586 -0.013 -0.819 0.049 -0.420 0.612 0.060 -0.125 0.440 0.222 -0.249 -0.652 0.733 0.833 0.434 0.108
Thiof. Hipp -0.245 0.228 -0.174 0.001 -0.250 -0.255 0.049 -0.612 -0.674 -0.774 0.144 0.534 -0.323 -0.378 0.705 0.360 0.317 0.294 -0.160
66.1 Thal -0.108 -0.054 -0.210 0.035 0.402 0.332 -0.420 -0.612 0.383 0.474 -0.302 -0.495 0.215 0.188 -0.215 -0.478 -0.324 -0.007 0.632
66.1 Ctx -0.256 -0.557 0.710 -0.471 0.375 -0.418 0.612 -0.674 0.383 0.566 -0.298 -0.156 0.384 0.154 -0.950 0.286 0.445 0.133 0.453
66.1 Sub -0.222 -0.168 0.165 0.193 -0.318 0.156 0.060 -0.774 0.474 0.566 -0.553 -0.342 0.750 0.361 -0.642 -0.222 -0.154 -0.170 -0.051
66.1 Hipp 0.452 0.564 0.112 0.222 0.371 0.377 -0.125 0.144 -0.302 -0.298 -0.553 0.436 -0.347 -0.315 0.341 -0.385 -0.068 0.011 0.085
Glia Thal -0.408 0.575 0.417 0.080 -0.241 -0.176 0.440 0.534 -0.495 -0.156 -0.342 0.436 0.252 -0.718 0.201 0.052 0.553 0.668 0.180
Glia Ctx -0.689 0.164 0.422 0.443 -0.450 0.159 0.222 -0.323 0.215 0.384 0.750 -0.347 0.252 0.122 -0.366 -0.172 0.276 0.092 0.069
Glia Sub 0.037 -0.542 0.004 0.324 0.104 0.284 -0.249 -0.378 0.188 0.154 0.361 -0.315 -0.718 0.122 -0.172 0.079 -0.157 -0.912 -0.375
Glia Hipp 0.108 0.583 -0.657 0.481 -0.175 0.454 -0.652 0.705 -0.215 -0.950 -0.642 0.341 0.201 -0.366 -0.172 -0.327 -0.340 -0.060 -0.190

%VessThal -0.293 -0.742 0.444 -0.646 0.011 -0.892 0.733 0.360 -0.478 0.286 -0.222 -0.385 0.052 -0.172 0.079 -0.327 0.698 0.109 -0.135
%VessCtx -0.687 -0.313 0.829 -0.349 0.126 -0.663 0.833 0.317 -0.324 0.445 -0.154 -0.068 0.553 0.276 -0.157 -0.340 0.698 0.398 0.307
%VessSub -0.359 0.305 0.182 -0.455 -0.063 -0.481 0.434 0.294 -0.007 0.133 -0.170 0.011 0.668 0.092 -0.912 -0.060 0.109 0.398 0.567
%VessHipp -0.337 0.061 0.255 -0.321 0.642 -0.117 0.108 -0.160 0.632 0.453 -0.051 0.085 0.180 0.069 -0.375 -0.190 -0.135 0.307 0.567
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CHAPTER VI: COMPARISON OF DIFFERENT DOSES OF VOLUNTARY 
EXERCISE ON COGNITIVE AND NON-COGNITIVE MEASURES IN A 
TRANSGENIC MURINE MODEL OF CAA 
 

INTRODUCTION 

There is robust evidence in both the animal and human AD literature that cardiovascular 

exercise has benefits for overall health as well as cognitive function (Berkman et al., 1993; 

Laurin et al., 2001; Nichol et al., 2007). These findings have been so encouraging that regular 

exercise is often recommended to patients with AD and to those at risk for developing AD 

(Alzheimer’s Association Report, 2014). However, while it is generally accepted that exercise is 

beneficial, the precise dose of exercise needed to maximize health benefits remains unclear. In 

previous studies in rodents, exercise has typically been presented as a treatment that is compared 

only with a sedentary control condition, and does not assume that the intervention may have 

potential dose-response properties. Until now, no study has systematically compared the effects 

of different amounts of exercise on cognitive decline and overall health in AD.  

Although the advantages of using rodent models to design highly controlled studies is 

clear, there are also potential pitfalls to using behavioral measures in rodents that should be 

addressed. When it comes to examining aspects learning and memory, for example, animal 

researchers must often make assumptions about the validity of the memory tests that they 

employ. Differences in behavior profiles of mice, that may be contingent upon certain 

intervention conditions or genetic backgrounds, may influence the behavioral phenotype 

expressed through various behavioral measures. These need to be taken into account as one 

interprets behavioral results.  

 

 



!

88 
!

MATERIALS AND METHODS 

Subjects 

  

 Seventy-nine female mice made up the subject pool in the study. The breakdowns into 

conditions were as follows:  

Group N Strain Treatment

1 81(11deceased) Tg8SwDI Voluntary1Wheel1Running1(121hour1access)1

2 101(1 deceased) C57 Voluntary1Wheel1Running1(121hour1access)1

3 81(11deceased) Tg8SwDI Voluntary1Wheel1Running1(31hour1access)1

4 11 C57 Voluntary1Wheel1Running1(31hour1access)1

5 11 Tg8SwDI Voluntary1Wheel1Running1(11hour1access)1

6 9 C57 Voluntary1Wheel1Running1(11hour1access)1

7 10 Tg8SwDI Sedentary

8 12 C57 Sedentary

 

 Mice were between 1.5-3 months of age at the beginning of the intervention. Given the 

range of ages in this study, ages were distributed evenly across conditions. All procedures were 

performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals and 

were approved by the SBU Institutional Animal Care and Use Committee. 

 

Intervention 

 All mice weighed 14.6-22.5 grams at the start of testing and had unlimited access to food 

and water throughout the intervention period. Six days/week (Monday-Saturday), mice were 

gently removed from their home cages and placed into a chamber measuring 43x21x21cm with 

an attached running wheel for the allotted amount of time (either one, three or twelve hours). The 
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chambers were equipped with a running wheel that measured 6.5 inch in diameter with a 3 inch-

wide running platform. Number of rotations were recorded through a software system that 

responds to the closing of a switch produced by two magnets lining up – one magnet located 

directly on the wheel, and another positioned in parallel on the outside of the cage. A group of 

sedentary control mice were single-housed in home cages. The intervention lasted a total of 16 

weeks.  

 

Additional Behavioral Assessments  

 In addition to the battery of behavioral tasks described previously, the following 

behavioral tests were included into the present study. Crawley’s three-chamber social approach 

test was used as a measure of sociability and social anxiety. The Open Field was used as a 

measure of spontaneous exploratory behavior as well as anxiety-like behavior. The Light/Dark 

transition test was used to examine anxiety-like behavior, and the Rota-Rod test assessed basic 

coordination and motor function. 

 

Open Field 

 In the open field test, mice were individually tested in a square enclosure that measured 

60 cm by 60 cm. Using the AnyMazetm  software, regularly spaced grid lines were created to 

form a 4x4 grid square with each box measured to 15cm by 15cm. The Any-maze software 

allows researchers to record various measures in a field of view, which expands the previous 

limitations of human recording. The open field apparatus was used to examine time immobile, 

assisted and unassisted rearings, and time spent in center of apparatus vs. periphery. Each mouse 

was placed in the same starting location in one corner of box and was run for 300 seconds. The 
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AnyMazetm software was set up to systematically collect the data. The rearing measurements 

were manually entered into the software by the experimenter. 

 

Three Chamber Social Interaction Task 

Crawley’s three-chamber social approach test was used as a measure of general 

sociability and social anxiety (Crawley, 2004). The box was a 18.5inch x 8.25inch rectangle 

divided into three sections. Side chambers measure 8.25inch x 6.5inch and the middle chamber 

measures at 8.25inch x 5.5 inches. For habituation purposes, each mouse was placed in the center 

chamber of the empty apparatus for 5 minutes prior to the task to avoid any extraneous variables 

of the apparatus itself to create an effect. Each of the outer chambers had a metal cup-like 

cylinder, one of which housed a conspecific. This wire-metal cup allows for air exchange but 

prevents physical contact between the animal on the inside and outside. On the task day, a novel 

conspecific was placed inside the cylinder of one chamber while the cylinder on the opposite 

chamber was left empty. The test mouse began in the middle chamber and freely explored the 

three sections for 300 seconds. The Any-maze software was again implemented to record and 

compare the time spent interacting with each cup.  

 

Rota-Rod 

The Rotarod apparatus (Medical Associates Incorporated [model ENV-575M] is a 

mechanized 30cm long rod divided into five 6cm sections by 4 plastic white discs. The speed of 

rotation increased from 4rpm to 40rpm through the course of five minutes. Mice were run four at 

a time on the different sections of the rod. The time that it took each mouse to fall off the 

apparatus was recorded along with the corresponding speed at that time. Each mouse was tested 
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for three consecutive trials and each trial ended when all mice had fallen off the rod or the five-

minute trial had ended. 

 
Light/Dark Box  

The light-dark box is a 43cm x 21cm x 21cm plexiglass container divided into two parts. 

The ‘dark’ section is made of black plexiglass with a cover and was 14cm long while the “light” 

part is 29cm made with clear plexiglass with no cover. These sections were separated by a black 

plexiglass wall that has a 5cm x 5cm hole cut into the middle to allow for transitions. Each 

mouse was placed into the dark part of the box and allowed five minutes to either stay in the dark 

or transition into the light. A transition was defined as the mouse passing the entirety of its body 

into a different section of the box. The number of transitions, time spent in the light section, and 

time spent in the dark section were recorded 

 

Statistical Analyses 

All data were analyzed using StatView statistical software (SAS) or Microsoft Excel, and 

figures were generated in GraphPad Prism 6. One-way ANOVAs and t-tests were used to 

analyze intervention data. One and two-way ANOVAs were used to analyze the Unreinforced 

Radial Arm Maze, Open Field and Light Dark Box. Two and three-way repeated measures 

ANOVAs were used to analyze data from the Barnes Maze task and Social Interaction task. 

Pearson correlations were used to examine preliminary relationships between behavioral data 

and performance on various intervention measures. Significance level was set at p =.05. 
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RESULTS 

Intervention 

 One-hour exercise mice ran an average of 744 meters +/- 277; 3-hour mice ran an 

average of 2198 meters+/-243; and 12-hour mice ran an average of 5428 meters +/- 925. These 

distances remained similar across groups when each genotype was taken into account separately. 

The mice in each condition also maintained a steady rate of running over the four-month 

intervention period (refer to Figures 21B&C).  This similar rate of running over the 16 week 

intervention was useful as it allowed for similarities in training levels as we moved on to 

subsequent cognitive testing. 

 One interesting question to consider is whether data collected from the intervention can 

reveal anything about potential differences in running patterns. Of particular interest is the 

question of whether there is an adjustment of running rate that is contingent upon the duration 

period of each session. A qualitative examination of running patterns in rotations/minute (Figure 

22) would in fact suggest a difference between conditions. In order to quantify this difference, 

the average number of rotations/hour for each genotype (C57, Tg-SwDI) in each condition (one, 

three, twelve-hour) was calculated. The first five days of training was taken into account because 

after the fifth intervention day, the running rate from each condition clusters around the mean. 

Interestingly, there was a linear trend found in the one hour condition (C57: y=146.32x + 813.79, 

R2=0.837, Tg-SwDI: y=230.51x + 489.04, R2=0.63), the three hour condition (C57: y=153.13x + 

717.2, R2=0.78, Tg-SwDI: y=195.53x + 710.79, R2=0.72), but not the twelve hour condition 

(C57: y=4.1308x+816.51, R2=0.00131, Tg-SwDI: y=7.44x + 739, R2=0.0221) (Refer to Figure 

23). What these data suggest is that limiting the time mice have with the running wheel increases 

the rate of running in a linear fashion over the first several days of the intervention. The slopes 



!

93 
!

here represent the learning curve between conditions.  Mice are, presumably, adapting to the 

shorter run duration by increasing the amount of running that they do in the allotted period of 

time.   

 These differences between running volume and intensity were also illustrated by 

examining the average number of breaks that mice take per minute. Twelve-hour mice took 

significantly more breaks/minute when compared to both the one-hour group (t(10)= 8.077, 

p<.0001), and three-hour group (t (10)=5.98, p=.0001) (Figure 24).  

 These data give insight into specific duration-dependent running patterns that mice 

engage in when given access to an exercise wheel. Taking these differences into account may 

prove useful in studies that use voluntary wheel running as a form of intervention, considering 

that they likely have implications for the outcome of various behavioral measures. For instance, 

instead of simply using ‘average number of rotations’ as a gross measure of intervention 

performance, measures of volume and intensity such as running duration, number of breaks and 

rate of learning at the beginning of training may allow for more fine-grained analysis of the 

quality of running each mouse receives.  

 

Behavior 

Given the complexity of the study design, the subsequent results section was written 

using the following formula as a guide, with the intention of presenting the results from each 

behavioral measure in clear and thorough way.  
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A general ANOVA including all variables that allows for an overview of significant 

main effects and interactions in the study. 

 

 

In order to establish a baseline for what would be considered ‘normal’ Tg-SwDI and 

wild-type behavior, one way ANOVAs conducted to compare potential differences 

in behavior between these two groups 

 

 

One and two-way ANOVAs conducted exclusively on wild-type animals across all 

experimental conditions.  Although not directly related to our interest in the effects 

of exercise on the Tg-SwDI mouse model of CAA, this set of analyses can establish 

what behavioral outcomes following exercise interventions look like in ‘healthy’ 

mice. 

 

 

 

One and two-way ANOVAs conducted specifically on Tg-SwDI mice across all 

experimental conditions. These analyses can reveal the effects of different amounts 

of exercise on a mouse model of CAA pathology and cognitive decline. 
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Barnes Maze 

Latency to Find  

 Although the ‘latency to find’ measure is used extensively to detect alterations in spatial 

memory abilities, it is particularly susceptible to influence by other factors, predominantly 

varying levels of anxiety and motivation to escape. This caveat should be kept in mind as the 

following statistical analyses are considered.  

 A three-way repeated measures ANOVA, with experimental condition (1HR, 3HR, 

12HR, Sedentary) genotype (wild-type and Tg-SwDI) and day set as factors, was first used to 

determine potential differences in aspects of spatial working memory performance and 

exploratory behavior in the Barnes Maze task.  There was a significant main effect of genotype 

(F(1,70) = 13.349, p=.0005), indicating that wild-type mice took less time moving to their 

escape positions, experimental condition (F(3,70)=4.602, p=.0054), indicating that running 

animals on average took longer to move to their escape position, and day (F(4,70)=15.5, 

p=.0001), suggesting a possible learning effect on latency to find measures. There were no 

significant genotype x condition or day x condition interactions, but there was a significant 

genotype x day interaction (p<.05), suggesting that the effects of genotype on latency to find 

performance depended on the trial day.  

 A one-way repeated measures ANOVA that looked only at wild-type sedentary mice vs. 

Tg-SwDI sedentary mice was conducted in order to establish a baseline of behavior between the 

two genotypes. There was no significant main effect of genotype, but there was a significant 

main effect of day (p<.05), indicating a learning effect of latency to find in both groups.  

 A subsequent two-way repeated measures ANOVA including only wild-type mice did 

not show a main effect of condition but did show a main effect of day (F(4,144)=32.46, p<.05), 
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again suggesting that all mice took less time to locate their escape position in later trials, and a 

significant day x condition interaction (F(12,144) = 2.14, p<.05), suggesting that the effect of 

condition on latency to find in wild-type mice changed depending on the day. Fisher’s post-hoc 

comparison revealed a significant difference between 12HR vs. SED groups and 3HR vs. SED 

groups on day 1 and 12HR vs. SED groups on day 2, with sedentary groups taking less time to 

find their escape position.  

 A two-way repeated measures ANOVA including only Tg-SwDI in the analysis revealed 

a significant main effect of condition (F(3,34)=2.934, p<.05). Fisher’s post-hoc comparison 

revealed differences between 1HR vs. SED, 3HR vs. SED and 12HR vs. SED, with sedentary 

mice taking less time to locate their escape platform. There was also a significant main effect of 

day (F(4,136) = 6.76, p<.05), and no condition x day interaction (p>.05).  

 

Hole Visits 

 A three-way repeated measures ANOVA, with experimental condition (1HR, 3HR, 

12HR, Sedentary), genotype (wild-type or Tg-SwDI) and day set as factors, was first used to 

determine potential differences in the number of hole visits mice made prior to locating the 

escape box. As explained previously, hole-visits can be considered ‘errors’ made prior to finding 

the ‘goal,’ but can also be thought of as measures of exploratory behavior on the maze platform. 

This analysis revealed no main effect of genotype, but a significant day x genotype interaction 

(F(4,70)=3.12, p<.05), indicating that the effect of genotype on number of hole visits depended 

on the trial day. There was also a main effect of experimental condition (F(1,70)=2.977, p<.05), 

suggesting that exercised animals overall made more  hole visits, and day (F(3,70) = 105.5, 

p=.0001), indicating a reduction in the number of hole visits over time. 
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 A one-way repeated measures ANOVA including only wild-type and transgenic 

sedentary conditions revealed no significant differences between the number of hole-visits made 

between these two groups. There was a significant day x genotype interaction, however, 

suggesting that the effect of genotype on hole visits depended on the day. Fisher’s post-hoc 

comparison showed that Tg-SwDI sedentary mice made more hole-visits on day 4 (p<.05). 

 A two-way repeated measures ANOVA including only wild-type mice revealed no main 

effect of condition and no condition x day interaction, suggesting that wild-type mice in all 

conditions made, on average, the same number of hole visits before finding their escape box.  

 A two-way repeated measures ANOVA including only Tg-SwDI mice again revealed no 

main effect of condition or a condition x day interaction.  

 

Mean Speed 

 Mean speed, calculated in meters/second, was also examined using a three-way repeated 

measures ANOVA. There was a significant main effect of genotype (F(1,70)=25.5, p<.0001), 

with wild-type mice recorded as being faster on average, experimental condition (F(3,70)=16.5, 

p<.0001), with sedentary mice being faster on average, and day (F(4,70)=16.5, p<.0001), 

suggesting that all mice became faster on average over time. There was no significant genotype x 

condition interaction (p>.05), but there were significant condition x day and genotype x day 

interactions (all p<.05), suggesting that the effect of condition on speed as well as the effect of 

genotype on speed depended on the trial day.  

 A two-way ANOVA including only sedentary groups from each genotype revealed a 

significant main effect of genotype (F(1,20)=4.43,p<.05), indicating that wild-type mice were 

recorded as moving around the maze faster than Tg-SwDI, and day (F(4,80) = 6.8, p<.05) again 
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showing an increase in speed in later trial days. There was no significant genotype x day 

interaction (p>.05).  

 A subsequent two-way ANOVA including only wild-type mice revealed a significant 

main effect of condition (F(3,36)=6.392, p<.05). Fisher’s post-hoc comparisons showed 

significant differences between 1HR and SED mice (p<.05), 12HR and SED mice (p<.05) and 

3hr and SED mice (p<.05), with sedentary mice moving faster.  There were no significant 

differences between 1HR, 3HR or 12HR groups.  

 When only Tg-SwDI were taken into account, a two-way ANOVA showed a significant 

main effect of condition (F(3,34)=15.064, p<.0001). Fisher’s post-hoc comparisons showed a 

similar trend: there were significant differences between the 1HR and SED conditions, 3HR and 

SED conditions and 12HR and SED conditions (all p<.05). None of the other conditions (1HR 

vs. 3HR vs. 12HR) were statistically significant, again showing that exercise lead to a reduction 

in speed on this particular task. 

 

Path Efficiency 

 A three-way repeated measures ANOVA that included genotype, experimental condition 

and day as factors revealed a significant main effect of genotype (F(1,70)=5.05, p<.05), 

indicating that wild-type mice took more direct routes to their escape box, and day 

(F(4,70)=88.3, p<.0001), suggesting a learning effect in the path efficiency measure. There was 

a significant genotype x day interaction (F(4,70)=4.42, p<.05), suggesting that the effect of 

genotype on path efficiency depended on which trial day the mice were on. No main effect of 

experimental condition, a genotype x condition interaction, or day x condition interaction 

(p>.05) was found.  
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RotaRod 

 The Rota-rod test measured coordination and limb strength in order to determine whether 

there were differences in these measures across genotypes and conditions. 

Time spent on rod 

 A two-way ANOVA with genotype and condition set as factors revealed a significant 

main effect of experimental condition (F(1,71)=3.02, p<.05), such that exercised mice spent 

more time on the rod, and no genotype x condition interaction (p>.05). 

 A one-way ANOVA including only sedentary groups revealed no main effect of 

genotype, and a one-way ANOVA including only wild-type mice showed no main effect of 

experimental condition (p>.05).  

 However, a one-way ANOVA including only Tg-SwDI mice revealed a marginal main 

effect of experimental condition (p=.08), with Fisher’s post-hoc comparisons showing 

significant differences between 12HR vs. sedentary mice (p=.01). This indicates that high levels 

of exercise improved motor coordination in Tg-SwDI mice. These results also rule out the role of 

motor deficits as potentially driving differences seen in various measures (e.g., Latency to Find 

in the Barnes Maze and average speed in the URAM). 

 

Unreinforced Radial Arm Maze 

 An unreinforced version of the 8-radial arm maze was used to investigate potential 

differences in exploration between mice that are placed in a novel, complex environment.  

Total number of arms entered 
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 When measuring the total number of arm-entries made, a two-way ANOVA revealed no 

main effect of genotype, condition or a genotype x condition interaction (p>.05), suggesting that 

overall activity levels were consistent across genotypes and conditions in this task, and that, on 

average, all mice explored the same number of arms. The same pattern was found when only 

sedentary mice, only wild-type mice and only Tg-SwDI mice were included into the analysis. 

 

Percent re-entry 

 Another two-way ANOVA showed a similar pattern when looking at percent re-entry, 

with no main effect of genotype, experimental condition or genotype x condition interaction 

(p>.05).  

 

Average speed 

 A two-way ANOVA examining average speed did reveal a main effect of genotype 

(F(1,71)=44.83, p<.0001), with wild-type mice recorded as moving faster on average, as well as 

experimental condition (F(3,71)=11.965, p<.0001), with sedentary mice recorded as moving 

faster, and no interaction between the two (p>.05). 

 There was a main effect of genotype when only sedentary wild-type and Tg-SwDI mice 

were included (F(1,20)=18.5, p<.05), again with wild-type mice recorded as moving faster as 

they explored the URAM. 

 A one-way ANOVA taking only wild-type mice into account found again that running 

reduced average speed in this task (F(3,37)=6.2, p<.05). Fisher’s post-hoc comparisons revealed 

differences between 1HR vs. SED, 3HR vs. SED and 12HR vs. SED, with sedentary mice 

recorded as faster (all p<.05).  



!

101 
!

 The same pattern was found when only Tg-SwDI were included (F(3,34)=6.9, p<.05). 

Fisher’s post hoc comparisons again revealed that significant differences between 1HR vs. SED 

mice, 12HR vs. SED mice and 3HR vs. SED mice, indicating that exercise reduced speed in the 

URAM test. 

 These results suggest that although there were not obvious differences between any of the 

groups in their level of exploration, exercise seems to have led to a reduction in speed in both 

wild-type and Tg-SwDI mice. 

 

Open Field 

 In order to further explore differences found in the Barnes maze and URAM tasks, a 

series of tests designed to measure aspects of anxiety-like behavior in mice were used.  

 

Time spent in Center 

 A two-way ANOVA was used to examine time spent in the bright center of the open field 

apparatus compared to the darker periphery. Here, we find no significant main effect of genotype 

(F(1,71)=.010, p>.05), but there was a significant main effect of experimental condition 

(F(3,71)=2.804, p<.05), indicating that exercised mice spent more time in the center than 

sedentary mice. 

 A one-way ANOVA looking exclusively at sedentary mice found a significant main 

effect of genotype (F(1,20)=10.019, p<.05), with sedentary Tg-SwDI spending more time on the 

periphery than sedentary wild-type mice. 
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 A subsequent one-way ANOVA taking only wild-type mice into account revealed no 

main effect of condition (F(3,37)=.654, p>.05), which most likely drove the reported lack of 

main effect of genotype in the initial analysis, given the subsequent analysis in Tg-SwDI mice. 

 Including only Tg-SwDI revealed a marginal main effect of condition (F(3,34)=2.313, 

p=.09). Fisher’s post-hoc analyses show significant differences between the 1HR group vs. SED 

group and 12HR vs. SED group (p<.05) such that Tg-SwDI mice from the running groups spent 

significantly more time in the center of the open field compared to sedentary mice. Taken 

together, these results suggest that Tg-SwDI mice in the 1HR and 12HR running conditions 

spent more time in the center, exhibiting fewer anxiety-like behaviors, compared to Tg-SwDI 

SED mice, despite levels of general activity and interest in exploratory behavior remaining 

constant between all groups (e.g., RAM total arms data). 

 

Light/Dark Transition Test 

 The Light/Dark box was used to examine anxiety-like behavior in mice, operationalized 

by how much time mice spent in the bright open part of the apparatus vs. the smaller, dark 

portion. It also allowed for an assessment of interest in exploring a potentially fear-inducing 

novel environment, measured by the number of transitions into the light.  

 

Time in Light 

 A two-way ANOVA that included genotype and condition as factors revealed no main 

effect of genotype and no genotype x condition interaction. There was a significant main effect 

of condition (F(3,71)=3.9, p<.05), with exercised groups spending more time in the light than 

sedentary mice. 
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 A one-way ANOVA including only sedentary wild-types and sedentary Tg-SwDI 

revealed a significant main effect of genotype (F(1,20)=6.28, p<.05), with Tg-SwDI sedentary 

mice spending less time in the light. 

 A one-way ANOVA looking exclusively at wild-type mice found no main effect of 

experimental condition (p>.05) 

 A one-way ANOVA including only Tg-SwDI mice found a significant main effect of 

condition (F(3,34)=3.6, p<.05), with post-hoc tests revealing differences between 1HR vs. SED, 

12HR vs. SED and 3HR vs. SED (all p<.05), with sedentary mice spending less time in light 

than exercised mice. These results suggest that the anxiety-like behavior seen in sedentary Tg-

SwDI is mitigated by low, moderate and high doses of exercise. 

 

Transitions into Light 

 A two-way ANOVA with ‘number of transitions into light’ set as the dependent variable 

showed no main effect of genotype, experimental condition or a genotype x condition interaction 

(all p>.05). This result suggests that all mice had, on average, the same general interest in 

exploring a novel, potentially fear-inducing environment.  

 When only sedentary mice were examined, there was no main effect of genotype (p>.05). 

A one-way ANOVA including only wild-type mice showed no main effect of condition (p>.05). 

When only Tg-SwDI were included, there was a main effect of condition (F(3,34)=2.8,p<.05). A 

Fisher’s post-hoc comparison showed differences between 12HR vs. SED mice, indicating that 

12HR mice made more transitions into the light than sedentary mice, suggesting that high levels 

of exercise may have increased exploratory behavior in a novel, potentially fear-inducing 

environment. 
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Three-Chamber Social Approach  

 A three-chamber social approach test was next used in order to determine whether the 

mitigating effects of exercise on anxiety in Tg-SwDI would generalize beyond open spaces and 

bright lights (e.g., Barnes Maze, Open Field, Light/Dark box) to other forms of anxiety, 

including anxiety in a social situation. 

 Mice were first habituated to the empty test environment for 5 minutes. There was no 

side preference detected during habituation (data not shown). Mice were then tested on general 

levels of sociability, operationalized by the amount of time spent interacting with an empty cup 

vs. a stranger mouse.  

 A three-way repeated measures ANOVA, with time spent with novel mouse vs. cup as a 

repeated measurement, and genotype, condition and side as between factors, revealed no main 

effect of genotype, but a significant main effect of side (p<.05), with all mice spending more 

time with the novel mouse than with the empty cup. 

 A two-way repeated measures ANOVA looking only at sedentary mice showed no main 

effect of genotype (p>.05), but a significant main effect of side (F(1,18)=21.1, p<.05), with both 

groups spending more time with the stranger mouse than with the cup. 

 A two-way repeated measures ANOVA including only wild-types revealed no main 

effect of condition, but again a main effect of side, with all wild-type animals preferring to 

interact with the stranger mouse than with the empty cup (p<.05). The same analysis done on 

Tg-SwDI showed a similar pattern: no main effect of condition, but a significant main effect of 

side (F(1,34)=40.08, p<.05). These results suggest that there were no differences between 
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genotypes or experimental conditions, and that the anxiety-like behavior found previously in Tg-

SwDI does not generalize to social conditions.    

 

DISCUSSION 

 The goal of the present study was to determine whether different amounts of exercise are 

related to distinct behavioral alterations in the Tg-SwDI mouse model of CAA. Mice in this 

study were assigned to a specific intervention condition where they were given free access to an 

exercise wheel for 1 hour, 3 hours or 12 hour/day. A group of mice in a sedentary condition 

remained in their home cage for the duration of the intervention. Following the intervention, a 

thorough battery of behavioral assessments was completed in order to investigate potential 

exercise-induced behavioral alterations. The present study revealed the following general 

conclusions that will be expanded upon below: 

•! Mice that are given different amounts of time with an exercise wheel will 

adjust the intensity of their running early on in the intervention, 

fundamentally changing the quality of running that they receive to a higher 

level of intensity  

•! Exercise resulted in apparent benefits including improved coordination and 

reduced anxiety-like behavior, but the effects of exercise on learning and 

memory were less clear.  

•! In most cases, the Tg-SwDI mice demonstrated equal sensitivity to the 

behavioral effects of the exercise manipulation 
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Intervention 

 Data collected from the 4-month intervention period point to interesting differences in the 

quality of running that mice received in each condition. For example, Figure 23 illustrates clear 

differences in learning curves between the groups during the initial five days of the intervention. 

Mice in the 1 and 3-hour conditions adjust to the shorter allotted time that they are given by 

increasing their running rate. Figure 24 further illustrates this difference by presenting a 

comparison between the average breaks/minute that mice in each condition took. The lower-dose 

exercise groups took fewer breaks/minute compared to the higher-dose exercise group (this can 

also be seen across a sixty-minute timeline in Figure 22), with mice in the lower-dose conditions 

ramping up the intensity of their running in order to compensate for the smaller volume allotted. 

Of interest is whether high intensity may compensate for lower volume (or higher volume for 

low intensity) when it comes to certain behavioral outcomes. The behavioral data, in which we 

saw general exercise-related benefits, would indicate that this may be the case: while we do see a 

dose-response pattern in the Rota-rod test, with 12HR Tg-SwDI mice seemingly the best 

coordinated, there were no clear dose-response patterns found in any of the other behavioral 

measures. Therefore, we see that exercise in general seems to lead to certain general benefits, 

and that high doses of exercise seem comparable to low across most of these measures. One 

interpretation from the clinical standpoint would be to recommend that only small doses of 

regular exercise are necessary in order to achieve health benefits. There is some recent evidence 

to support this interpretation (e.g., Beddhu et al., 2015; Hupin et al., 2015), although these 

studies are typically observational and focus on a particular non-representative subgroup. 

Another interpretation is that high-intensity workouts are equally as beneficial as moderate 

volume, low-intensity workouts (Gibala et al., 2012; Little et al., 2010). According to Gibala et 
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al. (2012), low-volume high intensity workouts, defined as brief bursts of vigorous activity 

followed by short periods of rest, lead to physiological changes similar to traditional high 

volume exercise regimens, including improved metabolism and cardiovascular function.  

 Interestingly, we do see a dose-response effect on a particular measure within the 12-hour 

Tg-SwDI condition (Figure 27D). Here, higher levels of running were correlated with reduced 

anxiety-like behavior in the Light/Dark test.  This relationship was not seen in wild-type mice or 

in the other conditions in the Tg-SwDI. One possibility for why this relationship is not seen in 

the lower-dose conditions may again relate to differences in running intensity. It is possible that 

within high volume/moderate-low intensity running, such as the kind that the 12-hour mice 

received, more is better than less when it comes to achieving anxiolytic effects, while the 

variation of low volume/high intensity running, such as the kind mice in the 1 and 3-hour 

conditions received, does not significantly change behavioral outcomes. 

 

Behavioral Results  

          Contrary to the study hypothesis, we found that exercise reduced performance in the 

Barnes Maze test. Exercised mice spent more time locating their escape box over the 5 day 

period (Figure 25A), made more hole visits on their way to their escape box (Figure 25B) and 

were generally slower than wild-type or sedentary Tg-SwDI mice (Figure 25C). If one interprets 

these results under the assumption that the Barnes Maze is a pure test of spatial memory, we 

might conclude that exercise exacerbated or induced memory impairment in Tg-SwDI mice.  The 

mechanisms related to this alteration in performance may have involved further damage to an 

already vulnerable vasculature. It has been reported that damage to the vasculature, through 

neuroinflammatory processes, may be the initial factor that results in the cascade of pathological 
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features in AD (Marchesi et al., 2011).  Amyloid begins to build up due to lack of proper 

perivascular clearance, which in turn leads to further vessel deterioration. One interpretation is 

that exercise exacerbated this positive feedback loop, increasing vascular damage through a 

deleterious imbalance between oxidative stress and antioxidants in the brain. This may have been 

particularly pronounced in this mouse model, given that it develops high amounts of amyloid and 

neuroinflammation around microvessels (Davis, 2004) and may therefore be particularly 

vulnerable to changes in oxygen metabolism. However, aside from a few studies reporting the 

negative effects of excessive exercise (e.g., O’Keefe et al., 2012; Schultz et al., 2007), there is 

substantial evidence in the literature indicating that exercise, in fact, facilitates recovery from 

oxidative stress (e.g., Radak et al., 2007), induces angiogenesis in the cerebral vasculature (e.g., 

Ding et al. 2006) and reduces plaque load while improving aspects of memory in transgenic 

mouse models of AD (e.g., Adlard et al., 2005; Yuede et al., 2009).  A closer examination of the 

standard measures used in the Barnes Maze test, as well as placing these results in the context of 

reported outcomes from other behavioral measures, provides a different interpretation of these 

initial findings.  

 Exercised Tg-SwDI mice had increased performance on the rota-rod, a reliable test of 

coordination and limb strength (Bogo et al., 1981; Figure 26A), thereby ruling out motor deficits 

as potentially driving the reduced performance found in the Barnes Maze. There were no 

differences in the number of arm entries and re-entries made in the unreinforced Radial Arm 

Maze (Figure 26C and 26D), suggesting that sedentary and exercised mice were equally 

motivated to explore a novel environment, although exercised Tg-SwDI mice were again 

reported as having navigated the apparatus more slowly (Figure 26B).  
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 The Light/Dark transition test and Open Field were used to examine measures of anxiety-

like and spontaneous exploratory behavior across genotypes and conditions (Bourin & Hascoet, 

2003; Crawley & Goodwin, 1980, Crawley, 1985). In the Light/Dark test, measures of transitions 

from dark into light as well as time spent in the light compartment were used as an index of 

anxiety-like behavior in rodents. As can be seen in Figures 27A and 27C, a significant difference 

between sedentary wild-type and sedentary Tg-SwDI mice suggests that CAA-related pathology 

leads to increased anxiety-like behavior in Tg-SwDI mice. Sedentary Tg-SwDI mice spent 

significantly more time in the periphery of the Open Field and the dark portions of the 

Light/Dark box when compared to wild-type sedentary mice. As the graph illustrates, exercise 

seems to restore the healthy phenotype in Tg-SwDI mice, with significant main effects of 

exercise specific to Tg-SwDI animals reported.  

There are multiple studies linking exercise with reduced anxiety-like behavior in rodents 

(Binder et al., 2004; Duman et al. 2008; Fulk et al., 2004; Salam et al., 2009; Santos-Soto et al., 

2013) including those that have demonstrated changes at the synaptic level, and alterations in 

noradrenergic and serotonergic systems (Broocks et al., 2001; Chaouloff et al., 1997; Morishima 

et al., 2006) which are thought to play a role in depression and anxiety in humans. One study 

found that exercise was associated with decreased fear reactivity (Schruers et al., 2002), which 

may provide support for the slowed movements reported in mice in the present exercised 

condition (Figures 23C & 24B). It is possible that the reduction in anxiety-like behavior was 

related to the difference in daily environmental stimulation that mice received across conditions. 

Exercised animals, by receiving daily sensory feedback from their running chamber and wheel, 

may have been more resilient to facing new challenging and less reactive to anxiety-provoking 

environments. Importantly, human studies have also linked exercise to a reduction in anxiety 
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(Broocks et al., 1998; Hassmen et al., 2000), reporting greater well-being and fewer symptoms of 

anxiety in populations that exercise regularly. Other longitudinal and cross-sectional studies in 

humans have reported high levels of anxiety as a predictor of cognitive decline (Sinoff & 

Werner, 2003) have suggested that anxiety increases our risk of cognitive decline by reducing 

our cognitive resources (Wetherell et al., 2002), and have reported that anxiety-like symptoms in 

patients with AD are related to poorer cognition (Ferretti et al., 2001). Interestingly, volume 

reductions of both the hippocampus and amygdala in MRI studies have been shown to predict 

dementia in healthy elderly adults (den Heijer et al., 2006). A recent study by Mah et al. (2014) 

showed that anxiety severity increased rates of conversion to AD in individuals with mild 

cognitive impairment (MCI), independent of depression. Taken together, these findings suggest 

that treatment of anxiety symptoms may have benefits for cognition and slowing the progression 

of cognitive decline, and that exercise may be a way of contributing to that treatment.  

 The three-chamber social approach test revealed that all mice, across genotypes and 

conditions, preferred to interact with a novel conspecific than an empty cup (Figure 28). This 

suggests that the anxiety-like behavior seen in brightly lit spaces did not generalize to situations 

that are social in nature. 

 The results from these behavioral studies demand a re-examination of Barnes Maze 

measures that are commonly reported in the literature, with particular attention paid to the 

sensitivity of these measures to behavioral changes following exercise interventions. It is 

possible that the anxiety-driven motivation the Barnes Maze relies on can be illustrated with an 

inverted U-shaped function (below), which illustrates that certain moderate levels of anxiety are 

directly related to a degree of motivation to escape (and therefore, performance), while low or 

extremely high levels of anxiety may either impair memory or simply override memory 
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processes. This basic idea of the inverted U-shape function as related to stress and performance  

has been reported previously (Baldi & Bucherlli, 2005). One possibility is that exercise, via 

mechanisms that lead to a reduction in anxiety-like behavior, leads to a shift in the inverted-U 

shaped curve, such that higher levels of anxiety would incentivize exercised mice to escape and, 

in turn, lead to higher performance.  

 

 

 

Current rodent behavioral paradigms used to assess memory 

 Do other existing behavioral paradigms provide a better alternative for studying effects of 

exercise interventions? Many studies have chosen to use tests like the Morris Water Maze and 

Radial Water Maze in order to show improvements in memory following exercise interventions 

in rodents (eg. Adlard, 2005; Nichol et al., 2007; Praag et al., 2005). One potential issue with 

water-based tasks relates to the aforementioned relationship between anxiety and performance. 
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Water-based tests have been shown to increase corticosterone in mice (Harrison et al., 2009), 

suggesting that stress responses may be interfering with interpretations of reported alterations in 

learning and memory. Also of concern is the ability to disentangle certain basic motor changes 

following exercise interventions from alterations in memory. Because exercise improves general 

fitness and coordination (Figure 26A), it is often difficult to tease apart whether improvements 

reported in any motor-based test are due to changes in memory or simply an artifact of 

improvements in overall limb strength and/or coordination. These potentially confounding 

factors should be taken into account when results from motor-based tests such as the Morris 

Water Maze are reported in the literature.   

 In the present study, exercise was shown to improve coordination and reduce anxiety-like 

behavior. It is possible that exercise, via these mechanisms and others, improves learning and 

memory or slows cognitive decline. However, in order to make inferences about alterations in 

memory following exercise interventions, appropriate tests of memory must first be developed 

and tailored to particular subject groups, taking into account intervention-induced physiological 

and behavioral changes that may alter the sensitivity of the memory measure.  

 
 
Future Directions 
 

In order to examine the exercise-related effects on pathology, a series of histological 

measures can be completed. These may include the examination of a wide variety of CAA-

related changes, including the analysis of cerebral Aß peptides through ELISA, 

immunohistochemical analyses that look at regional differences in neuroinflammation, vessel 

density and different forms of amyloid pathology throughout the brain. Regression analyses 

could then be used in order to examine whether certain biochemical variables predict behavioral 
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alterations. Pilot data from study III provides a first-look into what we might expect from the 

histological analyses in the present study. The pilot study showed no differences in gross levels 

of pathology (Figure 16), or regional differences in fibrillary amyloid, activated microglia or 

vessel density (Figures 17,18&19) indicating that exercise-related changes in behavior were not 

a result of any alterations in these measures. However, it should be noted that the measures used 

can be broadened to include other analyses that may be related to exercise-induced behavioral 

changes. These are discussed below. 

It may also be interesting to examine areas of the brain that are potentially associated 

with anxiety and fear-induced responses in the exercised and sedentary Tg-SwDI, including 

specific regions of the amygdala and hippocampus that have been shown previously to relate to 

anxiety-like behavior in mice (Felix-Ortiz et al., 2013). These regions have not been studied in 

the Tg-SwDI in this context, and it would be interesting to examine potential regional 

biochemical and structural changes following our intervention. 

Examining both vessel morphology and levels of oligomeric Aß through dot-blot analysis 

throughout the brain and relating these to behavioral changes may also be illuminating, as higher 

levels of oligomeric Aß are thought to correlate reliably with cognitive decline (Cleary et al., 

2005; Koffie et al., 2011; Selkoe, 2002). In addition, analyzing levels of BDNF and neurogenesis 

in hippocampus and other related regions would confirm previous studies that have shown 

increased levels of both following exercise interventions (Adlard et al., 2005 & Vaynman et al., 

2004).  
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Limitations  

 Potential alterations to future study designs may include the addition of a ‘locked wheel’ 

condition, where mice are matched for handling but are otherwise sedentary. This would allow 

us to begin ruling out differences in handling as a potential factor that could influence the 

behavioral changes reported, although the lack of differences between mice in the PCS and 

sedentary conditions in study I would suggest that being transferred from one’s home cage to a 

novel environment each day does not lead to measurable behavioral changes.  

One other possibility is to replace voluntary wheel running with a fixed treadmill 

intervention. This would allow for strict control over the amount of exercise mice receive and 

therefore would establish a uniform running baseline going into behavioral testing. However, one 

drawback of using a treadmill is the possibility of introducing confounding stress variables that 

may be brought on by forced movement (Leasure & Jones, 2008). 

 

Conclusions 

 The present study revealed that a 16-week exercise intervention in a Tg-SwDI mouse 

model of CAA pathology leads to improvements in coordination and a reduction in anxiety-like 

behavior across multiple measures. It also revealed a general slowing of speed during the 

exploration of a novel environment in exercise animals. The Barnes Maze was used in an attempt 

to determine whether exercise led to changes in learning and memory. However, reported 

reduced levels of anxiety-like behavior most likely confounded the Barnes Maze results, the 

memory-sensitive measures of which are contingent upon mice experiencing a certain moderate 

level of anxiety.   
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 The results from this study encourage a more nuanced interpretation of reported exercise-

related effects on learning and memory. While it has been well established that exercise has 

general health benefits, the effects on memory and cognitive decline are less clear, urging the 

field to become more sensitive to potential confounds and limitations of behavioral studies in 

rodents. 
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FIGURES: STUDY #4 

FIGURE 21 

The following graphs show A) the average distance run (meters/hour) by C57 and Tg-SwDI from 
1HR, 3HR and 12HR running conditions, calculated by averaging the total number of meters run 
over the 4 month intervention period and dividing by the corresponding number of allotted hours 
(1,3 or 12). B&C) Average number of meters run by C57 and Tg-SwDI, broken up into each 
month of the intervention. All mice maintained a relatively stable running rate over the entire 
intervention period. Error bars represent SEM. 
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FIGURE 22 

Graphs depicting typical running patterns in rotations/minute of 1HR (A) and 12HR (B) Tg-
SwDI mice. The first hour of wheel access for both groups was used. Day 60 was used to 
represent a typical data set because it occurred at a mid-way point of the intervention.   
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FIGURE 23 

The following graphs represent the number of rotations/hour during the first five days of the 
running intervention for both Tg-SwDI and C57 mice in 1HR, 3HR and 12HR conditions. The 
five day period was selected because it represents the period before running volume from all 
groups begins to cluster around the mean. The slopes exhibit the different learning curves 
between the 1HR/3HR and 12HR groups.  
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FIGURE 24 

The following preliminary figure illustrates the number of breaks/min taken by C57 and Tg-
SwDI in 1HR, 3HR and 12HR conditions. Each condition includes data from six mice that were 
averaged across three intervention days. 12HR mice took significantly more breaks (defined by 
when the number of rotations hit ‘zero’) when compared to both 1HR and 3HR mice. This trend 
remains constant between genotypes. Error bars represent SEM. 
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FIGURE 25 

Graphs showing performance of Tg-SwDI in 1HR, 3HR, 12HR groups and both Tg-SwDI and 
C57 sedentary groups on the Barnes Maze test. A) In the latency to find measure there were 
significant main effects of genotype and experimental condition, with wild-type and sedentary 
mice spending the least amount of time locating their escape platform (all p<.05). There were no 
significant differences between exercise conditions. B) Analyses on the number of hole-visits 
made prior to locating the escape box showed a significant main effect of condition, with 
exercise mice making more hole-visits prior to locating escape box. C) Average speed 
(calculated in meters/second) revealed a main effect of genotype and condition, with wild-type 
and sedentary mice moving at a higher speed. There was also a significant day x condition 
interaction. D) Path efficiency (1=most efficient route to escape box) showed a main effect of 
genotype. Error bars represent SEM. 
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FIGURE 26 

The following graphs represent performance on a series of behavioral measures. A) Time spent 
on rotating rod revealed a main effect of experimental condition, with exercised animals 
spending more time on rod than sedentary animals. Post-hoc test revealed differences between 
12HR and SED Tg-SwDI mice. B) Average speed (meters/second) in the unreinforced Radial 
Arm Maze.  There was a main effect of genotype and condition (all p<.05). C) There were no 
differences in total number of arms entered across any of the groups (p>.05). D) There were no 
differences in percent re-entries across conditions and genotypes (p>.05). Error bars represent 
SEM. 
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FIGURE 27 

Graphs representing performance on a series of behavioral measures. A) Light-dark box test of 
anxiety-like behavior and exploration. In the ‘time in light’ measure, there was a main effect of 
condition, with exercised animals spending significantly more time in the light part of the 
apparatus (p<.05). B) Number of transitions into light. Here, there were no significant main 
effects or interactions reported (p>.05). C) ‘Time in center’ measure in the open field revealed a 
main effect of experimental condition, with exercised mice spending more time in the center of 
the open field vs. periphery (p<.05). D) Correlation illustrating the number of rotations made by 
the 12HR Tg-SwDI mice vs. time spent in the light part of the light/dark box. There was a 
significant positive correlation, indicating that higher levels of exercise in this group are related 
to lower levels of anxiety-like behavior. Error bars for all graphs represent SEM. 

 

 

S E
D $
C 5
7

S E
D $
S w
D I

1H
R $
c 5
7

3H
R $
c 5
7

1 2
H R
$c
5 7

1H
R $
S w
D I

3H
R $
S w
D I

1 2
H R
$S
w
D I

0

5 0

1 0 0

1 5 0

T
im

e$
in
$L
ig
h
t$
(s
ec
)

p = .0 2

p = .0 4
p = .0 0 1

p = .0 4
p = .0 1

p = .0 2

p = .0 0 1

p = .0 3

L igh t=D a rk $B ox

S E
D $
C 5
7

S E
D $
S w
D I

1H
R $
c 5
7

3H
R $
c 5
7

1 2
H R
$c
5 7

1H
R $
S w
D I

3H
R $
S w
D I

1 2
H R
$S
w
D I

0

5

1 0

1 5

#
$T
ra
n
si
ti
o
n
s

p (= .0 1

p (= .0 0 6

p (= .0 0 3

L igh t=D a rk $B ox

S E
D $
C 5
7

S E
D $
S w
D I

1H
R $
C 5
7

3H
R $
C 5
7

1 2
H R
$C
5 7
$

1 H
R $
S w
D I

3H
R $
S w
D I

1 2
H R
$S
w
D I

0

2 0

4 0

6 0

8 0

T
im

e$
in
$$
C
e
n
te
r$
(s
e
c)

p = .0 0 4

p = .0 0 0 2

p = .0 0 0 1

p = .0 0 0 1

p = .0 4

p = .0 0 5

O pen $F ie ld

0 5 0 1 0 0 1 5 0
0

5 0 0 0

1 0 0 0 0

1 5 0 0 0

2 0 0 0 0

1 2H R $T g =S w D I
R o ta tio n s $vs .$T im e $in $L ig h t

R 2= .4 7 , (p = .0 3

N
u
m
b
er
$o
f$
$R
o
ta
ti
o
n
s

T im e $in $$L ig h t$(s ec )

A B

C D

 



!

123 
!

 

FIGURE 28 

The figure illustrates the results of a three-chamber test of sociability and social anxiety. A 
repeated measures ANOVA revealed a significant main effect of side, with mice in all genotypes 
and experimental conditions spending significantly more time with the stranger mouse than with 
the empty cup (p<.05). 
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TABLE 1 

A summary of each study, including a break-down of important characteristics of each mouse 
line used, behavioral tests and results, and results of neuropathology and histology. 

 

Tg line Hum. transgene Sex Intervention/ 
Duration

Behavioral task, 
age tested (mo) Results Neuropathology in 

experimental vs. control

TgSwDI
Swedish
Dutch
Iowa

Female PCS
16 weeks

Barnes Maze 
URAM
DigiScan
7mo

No significant differences 
in  BM, URAM or 
DigiScan 

Aß40 and  Aß42 levels stable
Activated microglia levels 
stable

TgSwDI
Swedish 
Dutch
Iowa

Female Vol. Exercise
16 weeks

Barnes Maze 
URAM
DigiScan
7mo

Significant differences in 
BM and URAM
No differences in 
DigiScan

Ab40 and Ab42 levels stable
Activated microglia levels 
stable
%Vessel density stable

TgSwDI
Swedish
Dutch
Iowa

Female

Vol. Exercise  
Dose-
response
16 weeks

Barnes Maze 
Rota-Rod
Open Field
Light/Dark Box
URAM
Social Approach
5-7mo

5XFAD

Swedish
Florida
London
PSEN
(L286V& 
M146L)

Female 
& Male

PCS
16 weeks

Barnes Maze 
DigiScan
7mo

No significant differences 
in  BM or DigiScan

Aß40 and  Aß42 levels stable
Activated microglia levels 
stable

TBD

Significant differences in 
BM, Rota-Rod, 
Light/Dark box, Open 
Field

No significant differences 
in URAM, Social 
Approach

Legend
BM = Barnes Maze
URAM = Unreinforced Radial Arm Maze
PCS = Progressive Cognitive Stimulation
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TABLE 2 

A summary of results from the series of behavioral tests used in study IV.   
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CHAPTER VII: GENERAL DISCUSSION  

 The four studies described in this document used murine model systems to clarify our 

understanding of how lifestyle interventions alter behavior and neuropathology.  These studies 

are timely given the extent of public, clinical and commercial interest in the potential utility of 

specific lifestyle changes for the prevention and treatment of Alzheimer’s-related disease 

(Ballard, 2011; Barnes & Yaffe, 2011; Stanford Center on Longevity, 2014). More so, these 

studies also yielded methodological advances and insights as to limitations by systematically 

isolating and studying each factor independently, yet in a manner from which comparisons might 

be made.  The principal mouse line used in these studies, the Tg-SwDI, was chosen because it 

models cerebral amyloid angiopathy (CAA).  CAA is a disease in which amyloid accumulates 

around the cerebral vasculature; an intricate network of vessels in charge of providing oxygen 

and glucose to the brain, and clearing toxic wastes through perivascular drainage systems, among 

other essential functions (Zlokovic, 2005).  In using the Tg-SwDI line, these studies provided for 

the first time an assessment of lifestyle factors on CAA symptomology.   More so, damage to the 

cerebrovasculature is a common feature of AD and is closely related to cognitive decline (Nicoll, 

2004; Xu et al., 2014).  Therefore, the cerebrovascular system is an attractive target for symptom 

improvement and might reasonably be affected by present interventions.  

Studies #1 and #2 focused on isolated cognitive stimulation in the form of ‘cognitive 

training;’ the currently popular phenomenon grounded in the theory that specific, isolated ‘brain 

training’ may allow for a generalized improvement in cognitive function (Ballard, 2011). We 

tested this theory by implementing a highly controlled, isolated cognitive training intervention 

that required mice to progress through a series of increasingly challenging operant tasks. The 

mice advanced through these tasks at their own rate, were constantly working at their limits, and 

were introduced to new cognitive challenges.  These features are present in most commercialized 
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cognitive training regimens (e.g., Lumosity) as well as regimens being tested in research and 

clinical settings (e.g., Rosen et al., 2011). Our studies found no changes in memory measures, 

general activity or levels of pathology or neuroinflammation following the intervention, 

suggesting that even a substantial amount of cognitive-specific training does very little to 

improve AD-related symptoms and pathology in the Tg-SwDI.  These results suggest that 

positive results reported in human interventions may not be the direct result of stimulation of 

specific cognitive domains, especially given the less intensive manipulations implemented in 

clinical settings.  Given the popularity of brain-training programs such as those offered by the 

company Lumosity (70 million users currently enrolled, according to their website 

http://www.lumosity.com), and the number of individuals presumably being reassured by their 

claims about reducing cognitive slowing and forgetfulness, it is becoming important to provide 

clear and reliable evidence about the benefits (or lack thereof) of cognitive training programs. 

However, our study does not provide compelling scientific evidence to suggest that cognitive-

specific training reduces cognitive decline. Indeed, many of the studies that brain-training 

companies cite as support for efficacy contain methodological weaknesses, such as small sample 

sizes and report benefits not sustained over time (e.g., Hardy et al., 2011; Kesler et al., 2012).  

Clearly in light of these concerns and the present findings, large-scale studies, replicated at 

multiple sites, must be done before the efficacy of training regimens can be considered 

established.  

Studies #3 and #4 examined cardiovascular exercise interventions in isolation. Study #3, 

a pilot study, provided histology and preliminary behavioral results following a 4-month 

intervention in Tg-SwDI mice.  Here, the running group showed shorter latency to find the 

hidden escape box in the Barnes Maze but no differences in levels of amyloid pathology, 
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neuroinflammation and vessel density in various brain regions related to AD pathology and 

symptomology. The subsequent large-scale study (study #4), again examined the effects of a 4-

month cardiovascular intervention, but added to its design the systematic comparison of different 

amounts of exercise, and focused on completing an extensive post-intervention behavioral 

characterization. This study showed performance patterns in the running group usually thought 

to represent impairments in the Barnes Maze task, though were more likely a function of reduced 

anxiety-like behavior in these mice. It also revealed an improvement in coordination and overall 

limb strength in running animals. Additionally, while it was initially hypothesized that exercise 

would have produced benefits in a dose-response fashion across multiple behavioral measures, a 

clear benefit of one condition vs. another was not seen, with the exception of the Rota-Rod task. 

Mice in the 12HR condition performed significantly better on this task (Figure 26A), suggesting 

that longer-distance running provides benefits for coordination and limb strength in the Tg-SwDI 

mouse. However, in regards to the lack of dose-response patterns across the remaining measures 

(Barnes Maze, Light Dark Box, Open Field and Unreinforced Radial Arm Maze) one possibility 

is that the quality of running mice received in each condition may have influenced the lack of 

reported dose-response patterns. For instance, high intensity running in the 1 and 3-hour 

exercised groups may have compensated for lack of volume, while high volume running in the 

12-hour condition may have compensated for lower levels of intensity. This may suggest that 

both are beneficial, a comparison that has been discussed previously in the human literature (e.g., 

Gibala, 2014).  

One concern to address is the discrepancy between several behavioral outcomes in 

studies #3 and #4. One possibility is that study #3 was statistically underpowered, and the 

differences in performance seen in the Barnes Maze and URAM were simply an artifact of a low 
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sample size.   Another possibility emerges when the basic differences in study design are 

examined. While study #4 included in its design two separate environments: a home cage and 

daily transfer into a chamber with a running wheel, mice in study #3 used the running chamber 

as their home-cage. This brings up the possibility of whether being introduced to two separate 

environments every day and/or the physical removal of mice from one environment to the next 

can lead to a fundamental change in behavior. One way to partially rule out a handling effect in 

study #4 would be to re-visit and make comparisons with the design and behavioral outcomes of 

study #1. Here, mice were also transferred from home cages into a novel environment (in this 

case, operant chambers) daily, but there were no statistical differences between sedentary Tg-

SwDI and PCS Tg-SwDI in any of the behavioral measures. This would suggest that the 

differences reported between conditions in study #4 are likely directly related to the exercise 

itself, though why the exercise occurring in a non-home cage setting would be important is 

unknown.  

Behavioral results from study #4 demonstrate the importance of designing intervention 

studies that include multiple control groups and a wide array of behavioral assessments. The 

wild-type mice distributed throughout each condition allowed for a systematic comparison 

between the effects of exercise on particular CAA-related behavioral deficits and the general 

effects of exercise on healthy mice. Taken in isolation, without the addition of wild-type control 

groups, one might conclude that there were beneficial effects of exercise across multiple 

measures in a particular model, instead of examining the effects of exercise more generally. In 

addition, the wide array of behavioral assessments contributed to the development of a 

comprehensive story that allowed for a broader examination of exercise-related behavioral 

changes. 
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Health and Clinical Implications 

Although studies 1&2 reported minimal improvements following cognitive-specific 

training, the message from these studies should not be that individuals should steer clear of 

brain-training all together. The message, rather, is that individuals should be able to make 

careful, systematic decisions about how they choose to spend their time improving their brain 

health, and should be able to base those decisions off clear results that are scientifically 

grounded.  The epidemiological literature supporting benefits of physical exercise and being 

socially active, for instance, suggests that combinations of both physical, social and cognitive 

factors may combine to promote and protect cognitive reserve (Stern, 2009), whereas individuals 

spending time doing brain-training games may not be spending it in the most productive manner 

if not engaging in these other, potentially more beneficial, activities.  

The most striking effect from study #4 was that daily running sessions, both of high 

intensity and high volume, seem to change the way that mice with CAA-related pathology 

acquire and integrate stimuli from spatial environments. We may explain this change as a 

reduction in anxiety-like behavior or as remediation of sensory slowing, which may itself have 

indirect clinical benefits, described previously (Ferretti et al., 2001; Mah et al. 2014; Sinoff & 

Werner, 2003; Wetherell et al., 2002), although this would have to be explored systematically in 

future studies.  

Perhaps the most striking final conclusion is about the resistance of the pathology in the 

transgenic animals to any change, positive or negative, to two highly intensive training regimens. 

This is a sobering reflection on the stubbornness of Aβ pathology, though may also be somewhat 
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artifactual to the aggressive, early emerging pathology produced by the familial gene 

combinations that are a convenient feature of the mouse models.  

 

Future Directions 

Along with cognitive-training and exercise, dietary and nutritional factors are also likely 

to play a role in prevention and risk of AD (e.g., Bayer-Carter et al., 2011; Bowen et al., 2002; 

Carrillo et al., 2013; Engelhart et al., 2002; Morris, 2009).  Future studies may choose to 

examine the role of low vs. high fat diets and food-derived antioxidants in ameliorating CAA 

pathology and symptomology. Importantly, once the effects of isolated lifestyle factors are 

established across multiple models of AD and multiple behavioral and pathological measures, it 

will then be prudent to begin systematically combining factors. This would allow for a thorough 

examination of potential additive effects of various lifestyle factors. 

In conclusion, this set of experiments explored the role of two important lifestyle 

interventions in a Tg-SwDI mouse model of CAA. Ultimately, cognitive-training had minimal 

effects on behavior and pathology. These results concur with the scant evidence in the human 

literature that support cognitive-specific interventions as a means to improve general cognitive 

function (e.g., Noack et al., 2014; Redick et al., 2013). Cardiovascular exercise seemed to have 

profound effects on reducing what appears to be anxiety-like behavior or sensory slowing in the 

Tg-SwDI, along with improving coordination and limb strength. Selective changes to cognitive-

performance following the intervention were less clear, which points to the importance of 

developing appropriately sensitive behavioral measures when testing exercise-induced changes 

in learning and memory. Looking forward, it will be prudent to examine the sustained effects of 
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exercise interventions at different ages and degrees of pathology in this model in order to begin 

developing clinical guidelines for an at risk population.  
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