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George Mason University, 2017 

Dissertation Director: Jane Flinn 

 

Research in the field of Alzheimer’s disease (AD) often focuses on the early onset 

form (EOAD); however, the majority of AD cases are late onset (LOAD). The reason for 

this is the genetic nature of EOAD, and thus relative ease of developing animal models for 

EOAD through genetic manipulation. The present study was an attempt to model LOAD 

in mice by crossing the J20 mouse, which overexpresses human mutated amyloid precursor 

protein (hAPP), with the ApoE4 mouse, which expresses the E4 allele of the 

apolipoprotein, resulting in J20/E4 offspring. The E4 allele is the only known genetic risk 

factor for the development of LOAD.  

In addition to modeling LOAD, the present study was interested in how dietary 

copper (Cu) and zinc (Zn) manipulation might impact the progression of AD with age. 

Previous findings from our lab suggest that increased levels of dietary Zn may have 

negative effects on cognition and memory that mirror the effects of a Cu deficient diet. 



xi 
 

These negative effects of increased Zn were remediated by adding Cu to the drinking water. 

To examine the effects of dietary Cu and Zn on LOAD, J20/E4 mice and C57BL/6J 

controls were assigned to one of three diet conditions beginning at two months of age: 

copper control (Cu+), copper deficient (Cu-), and zinc enhanced (Zn+). Mice were tested 

on a variety of behavioral tasks at six and twelve months of age.  

Non-cognitive behaviors are the primary cause of institutionalization among AD 

patients, yet there are few studies that examine how non-cognitive behaviors contribute to 

the progression of the disease. Three non-cognitive behaviors were assessed in J20/E4 

LOAD mice: nesting, burrowing, and circadian wheel running. Results showed that at six 

and twelve months of age J20/E4 mice were significantly impaired in both their nest 

building and burrowing ability compared to controls. This effect did not significantly 

change with age or with diet condition. Circadian wheel running also differed significantly 

between genotypes at six and twelve months in such a way that control animals began their 

active wheel running cycle before J20/E4 animals; no effect of diet condition was observed. 

Because all three observed non-cognitive behaviors were impaired as early as six months 

of age, and before the development of characteristic plaque pathology, we believe that non-

cognitive behavioral deficits may precede clinical onset and that future research is 

warranted.   

Western blot analyses were performed to examine how dietary metal manipulation 

in LOAD impacts Cu/Zn bioavailability and inflammation. To examine bioavailability, 

antibodies against Cu/Zn superoxide dismutase-1 (SOD-1) were probed in brain tissue 

from thirteen-month old mice, revealing no significant difference between genotype or diet 
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condition. To examine inflammation, antibodies against glial fibrillary protein (GFAP) 

were used; no significant differences in genotype or diet condition were found



 
 

1 

CHAPTER ONE: INTRODUCTION 

Amyloid	Beta		
 

Alzheimer’s disease (AD) is the most common form of dementia, accounting for 

more than 80% of dementia cases worldwide (Kumar & Singh, 2015).  Diagnosing AD is 

difficult and is usually based on symptoms of progressive memory loss, though several 

non-cognitive symptoms of AD present as well. A definitive diagnosis of AD can only be 

made postmortem by the presence of intracellular neurofibrillary tangles and extracellular 

amyloid plaques in brain tissue; both neuropathological changes that underlie the 

behavioral symptoms of AD. Though plaques and tangles are both considered hallmarks 

of AD, several lines of evidence suggest that plaques are the main pathogenic culprit of the 

disease, and will therefore be the primary focus of this review (LaFerla et al., 2007; Tanzi, 

2012; Alonso Vilatela et al., 2012).  

Amyloid plaques are formed from the aggregation of amyloid beta (Ab), a peptide 

derived from the enzymatic cleavage of amyloid precursor protein (APP) (Priller et al., 

2006).   Cleavage of APP is accomplished by a combination of three protein-cleaving 

enzymes in one of two different pathways. In the non-amyloidogenic pathway, APP is 

cleaved first by a-secretase and second by g-secretase, resulting in a fragment termed p3, 

which is thought to be neuroprotective (Schaeffer et al., 2011). In the amyloidogenic 

pathway, APP is cleaved first by b-secretase and second by g-secretase resulting in Ab 
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peptides that range in length from 38-42 amino acids (Alonso Vilatela et al., 2012). Ab is 

initially produced as a monomer, but readily aggregates to form soluble oligomers and 

insoluble amyloid plaques. Soluble forms of Ab tend to correlate better with disease 

progression than insoluble amyloid plaques (Shankar et al., 2008). 

Although Ab is the main constituent of amyloid plaques and is toxic, it is a normal, 

albeit minor byproduct of enzymatic APP cleavage (Priller et al., 2006). In the healthy 

brain, most Ab produced is cleared through enzymatic degradation (Selkoe, 2001), or 

shuttled out of the brain across the blood-brain barrier (BBB) by low-density receptor 

related protein-1 (LRP-1), which is found largely on astrocytes (Shibata et al., 2000; Deane 

et al., 2009; Kanekiyo et al., 2013). In the AD brain, Ab accumulates at a faster rate than 

the rate of clearance, and eventually forms insoluble aggregates. These insoluble 

aggregates, amyloid plaques, interfere with cell signaling, result in increased oxidative 

stress, and cause chronic inflammation (Heneka et al., 2005; Maynard et al., 2005; Vasto 

et al., 2008).  

 

Genetics	of	AD		
 

Alzheimer’s disease occurs in two forms: early onset (EOAD) and late onset 

(LOAD). Both variants of the disease are pathologically characterized the same way; 

however, EOAD affects patients younger than age 65 and LOAD affects patients over age 

65. The genetics of EOAD are fairly well understood and have been extensively studied. 

There are a number of mutations found on three different genes that contribute to EOAD, 

all of which have an autosomal dominant inheritance pattern. The three genes involved are 
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APP on chromosome 21, presenilin 1 (PS1) on chromosome 14, and presenilin 2 (PS2) on 

chromosome 1. Inheriting a single copy of a mutated gene leads to a significant likelihood 

of developing the disease, and because of this inheritance pattern, these genes are often 

referred to as “causal”. Although the genetic nature of EOAD has allowed for the 

development of a variety of mouse models used to study AD, and has greatly furthered our 

understanding of the pathological underpinnings, EOAD accounts for only 5% of total AD 

cases while LOAD accounts for the majority. 

Late onset AD is a complex a multifactorial disease. Currently there is only one 

identified genetic risk factor for developing LOAD- being a carrier of one or more E4 

alleles of the apolipoprotein (ApoE) gene, found on chromosome 19. Apolipoproteins  

are a family of proteins involved in lipid homeostasis by binding to and transporting lipids 

through the lymphatic and circulatory systems (Rhinn et al., 2013). The highest expression 

of ApoE is found in the liver, followed by the brain (Mahley et al., 2000). In the brain 

ApoE is produced by astrocytes and microglia, and sometimes by neurons (Kim et al., 

2009).  

The role of ApoE in AD is complex and not well understood. It was thought for a 

long time that ApoE was somehow involved directly in the breakdown of Ab by binding 

to Ab and forming a complex (Tokuda et al., 2000).  However, more recent studies have 

shown that Ab interacts very little with ApoE; and in fact, ApoE knockout astrocytes are 

able to clear Ab much more effectively than ApoE positive astrocytes (Verghese et al., 

2013), indicating that ApoE probably isn’t necessary for the clearance of Ab. A more 

plausible role for ApoE in LOAD involves LRP1, which is found in the plasma membrane 
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of astrocytes that form the BBB. LRP1 plays a key role in endocytosis and appears to bind 

Ab to assist in its breakdown and clearance through the BBB (Shibata et al., 2000). LRP1 

also binds ApoE, and studies by Verghese et al. (2013) have demonstrated that ApoE 

proteins actually compete with Ab for LRP1 binding, thereby indirectly slowing or 

preventing the breakdown of Ab. Additionally, E4 contributes to less effective clearance 

than other alleles of the ApoE gene.  

There are three primary alleles for the APOE gene: E2, E3, and E4. In general, E2 

is considered protective against AD, E3 is considered neutral, and E4 is considered a risk 

factor (Corder et al., 1994). Though the chances of developing LOAD are much higher for 

carriers of E4, it remains only a risk factor gene, not a causal gene. In fact, it is possible to 

be a carrier of E4 and never develop AD at all (Ridge et al., 2013). Identifying the 

proportion of these alleles within the general population is difficult, as it tends to vary by 

ethnicity, though estimates suggest that more than 20% of the general population carries 

an E4 allele. Within the AD community, more than 60% of patients are E4 carriers 

(Michaelson, 2014).  Additional factors thought to play a role in developing LOAD are 

lifestyle factors (exercise, education, diet, socioeconomic status, etc.) and environmental 

factors (pesticides, fertilizers, food additives, air pollution, etc.). For individuals that are 

E4 carriers and do develop late onset AD, onset tends to be earlier for homozygous carriers 

than it does for heterozygous carriers, demonstrating a dose effect of E4 (Corder et al., 

1993). Specifically, it has been estimated that the risk for AD is up to 2-3 fold higher in 

people with one E4 allele, and up to 12 fold higher in those with two E4 alleles 

(Michaelson, 2014).  
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Copper	and	Zinc		
 

Biometals are undoubtedly involved in the pathogenesis of AD, yet their exact role 

is unclear. It is generally believed that there is a redistribution of metals in the AD brain, 

where extracellular levels are increased and intracellular levels are decreased, such that 

there is an intracellular deficiency (Duce & Bush, 2010). Evidence for this has been 

demonstrated by multiple research groups that show an abundance of trace metals within 

Ab plaques and a reduction of metals in bulk tissue (Adlard & Bush, 2006; Bush, 2003). 

Although a variety of biometals are found sequestered in Ab plaques, the present study will 

focus only on copper (Cu) and zinc (Zn), as their homeostasis is in part reliant on one 

another, and previous research in our lab has established a role for their involvement in 

learning and memory in rodents.  

A persuasive hypothesis for why Cu and Zn might be redistributed in AD relates to 

their cellular involvement as signaling molecules; both Cu and Zn are released into the 

synapse of glutamatergic cells in a calcium dependent manner (Duce & Bush, 2010; 

Frederickson et al., 2005). Zinc is released presynaptically, and Cu is released from the 

postsynaptic cell as a result of NMDA receptor activation.  In the energy starved AD brain, 

reuptake of these ions is inefficient, leading to elevated levels of Zn and Cu in the synapse 

and reduced intracellular availability (Savelief et al., 2013). Additionally, Ab, which is 

secreted into the synapse, has binding sites for Cu and Zn and can sequester them, seeding 

Ab oligomerization and the formation of amyloid plaques, and further reducing their 
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intracellular bioavailability (Maynard et al., 2005). Reduced bioavailability of Zn and Cu 

means reduced efficiency of Zn and Cu dependent enzymes, notably those that are 

important for neutralizing oxidative insults such as Cu/Zn superoxide dismutase-1 (SOD-

1). 

With regard to the outward, behavioral symptoms of AD, abnormal intake of 

dietary Cu and Zn have been negatively implicated. Several published studies document 

memory impairments in cases of Zn deficiency (Brewer, 2012; Adlard et al., 2010; Halas 

et al., 1983), as well as in cases of excess Zn (Yang et al., 2013; Railey et al., 2010; 

Chrosniak et al., 2006; Flinn et al., 2005).  The deleterious effects of Zn deficiency have 

been established repeatedly, as it is a prevalent condition around the world, especially in 

developing countries. Zinc deficiency can cause congenital malformations, stunt growth in 

children, and result in cognitive impairment across all age groups (Mandal & Lu, 2017; 

Sandstead et al., 2000). The effects of enhanced Zn are less understood, but it has been 

suggested that supplementation with Zn can result in an indirect Cu deficiency, due to the 

fact that Zn and Cu compete for absorption in the gut, and that elevated Zn reduces Cu 

absorption (Maret & Sandstead, 2006). When rats were raised on a Zn enhanced diet, 

impairments in working memory, reference memory, contextual discrimination, and fear 

response were observed; these effects were remediated through the addition of Cu to the 

drinking water (Railey et al., 2010). Thus, both Zn deficiency and excess Zn can be 

damaging through distinctly different mechanisms, highlighting the importance of 

controlling dietary Zn within a homeostatic range.   
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Non-Cognitive	Behaviors		
 
 

When attempting to model any disease in the laboratory, it is important to try and 

reproduce the full complexity of the disease and its symptoms, which in the case of AD, 

includes non-cognitive symptoms as well as cognitive. To be distinct, cognitive changes 

refer to changes in memory and reasoning, while non-cognitive changes refer to changes 

in motivation and interpersonal interactions. Non-cognitive behavioral impairments are the 

most common cause for institutionalization among AD patients; however, they are 

infrequently included in behavioral tests of AD animal models. Non-cognitive behavioral 

changes observed in human AD patients include changes in personality, mood (irritability 

and depression), altered sleeping patterns, and loss of motivation (apathy). These behaviors 

cause caregiver distress and may be associated with more rapid cognitive decline and loss 

of independence (Starkstein et al., 2006). Of particular interest are changes in apathy and 

sleep/wake behaviors, as these non-cognitive behaviors are easily measured in rodent 

models and can be assessed in addition to traditional tests of learning and memory.  

It has been suggested that apathy may be present very early on in AD (and other 

dementias), and before the onset of cognitive symptoms. In a study by Grool et al. (2014), 

researchers found that older individuals who experienced apathy had smaller brain volumes 

than those without symptoms of apathy, and that the brain regions affected were similar to 

the brain regions affected by dementia. It has also been noted that individuals that 

experience symptoms of apathy are more likely to develop dementia (Fitts et al., 2015), 
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and in patient with mild cognitive impairment (MCI), those with apathy progress to 

dementia more quickly (Robert et al., 2006). If apathy is in fact an early indicator of 

dementia, it could be a useful preclinical tool for early intervention.  

In addition to apathy, sleep disturbances are also reported in AD, including 

excessive daytime sleepiness, frequent nighttime awakenings, and decreased total time 

sleeping (Ju et al., 2013). As with most proteins expressed in the body, levels of Ab 

fluctuate throughout the day in such a way that they are highest during wakefulness, and 

lowest during sleep (Cedernase et al., 2016). Because levels are lowest during sleep, it has 

been suggested that sleeping may aid in the clearance of Ab in the healthy aging brain, and 

that this process is faulty in the AD brain, contributing to the accumulation of Ab into 

plaques (Xie et al., 2013). The accumulation of Ab in the brain is thought to begin long 

before the appearance of Ab plaques, therefore, it is difficult to determine if Ab 

accumulation is the cause or the effect of sleep disturbances. Ab immunotherapy studies 

have shown that reducing Ab can help to stabilize sleep wake disturbances, indicating a 

causative role (Roh et al., 2012; Wisor et al., 2005). If Ab accumulation causes 

disturbances in sleep/wake activity before the appearance of amyloid plaques, changes in 

sleep/wake activity may be indicative of future onset of AD.  
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Inflammation	and	Oxidative	Stress		
 
 

Both inflammation and oxidative stress are consequences of late stage AD. 

Inflammation is marked by the presence of microglia, astrocytes, and pro-inflammatory 

cytokines such as TNF-a and IL-b, which are important signaling molecules for initiating 

inflammatory cascade pathways (Vasto et al., 2008). Early in AD, the inflammatory 

response is an attempt by the innate immune system to preserve neuronal health and to 

mitigate the harmful effect of Ab accumulation; however, because AD is a chronic disease, 

the inflammatory response becomes chronic and is ultimately further damaging (Blasko et 

al., 2004).  

Astrocytes are an important cell for aiding in the immune response of the CNS, and 

are often found surrounding Ab plaques (Olabarria et al., 2010). Astrocytes are especially 

important during neuronal injury, because they aid in repair by forming glial scars that help 

to reestablish physical and chemical integrity of the synapse, prevent spread of cellular 

damage, and stimulate nearby capillaries to increase nutritional and metabolic support 

(Haydon & Carmignoto, 2006; Farfara et al., 2008). Under chronic pathological conditions, 

such as AD, this initial damage control function of astrocytes comes at the expense of their 

normal homeostatic function, and consequently neurons suffer further due to inability of 

astrocytes to effectively aid in the reuptake of glutamate, contributing to excitotoxicity at 

the glutamatergic synapse (Steele & Robinson, 2012). One way that astrocytosis can be 

measured in the AD brain is by analyzing levels of glial fibrillary associated protein 
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(GFAP), which is a component of the cytoskeleton in astrocytes and is often elevated in in 

AD (Ishiki et al., 2015).  

Oxidative stress is also elevated in the AD brain, and refers to an imbalance 

between the production of reactive oxygen species (ROS) and the body’s ability to 

neutralize ROS. ROS are formed as a natural byproduct of oxygen metabolism, and 

because the brain utilizes approximately 20% of the oxygen taken up by the body, it is 

naturally at high risk for oxidative damage (Maynard et al., 2005). In the normal aging 

brain, oxidative stress is relatively low due to the fact that antioxidant mechanisms are in 

place, such as superoxide dismutase (SOD 1-3) family enzymes, which function to break 

down ROS. In the AD brain multiple factors contribute to oxidative stress including 

impaired ability of mitochondria to metabolize oxygen, and altered metal ion homeostasis 

(Cuajuncgo et al, 2007).  

 

Current	Study	
 

The goal of the present study was to observe the effect of dietary Cu and Zn 

manipulation on their cellular bioavailability, inflammation, and species typical behaviors 

in a mouse model of LOAD. To model LOAD, J20 mice, which express two forms of 

mutated human APP (Swedish and Indiana) were bred with mice expressing human E4, to 

generate J20/E4 offspring. To our knowledge there have been no other attempts to 

characterize non-cognitive behaviors in an APP/E4 mouse cross; however, each of the 

genotypes have been studied alone by multiple research groups, mainly for cognitive 
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behaviors. In studies of cognition, mutations of human APP in mice resulted in impaired 

recognition memory in novel recognition tasks, as well as impairments of memory 

acquisition and retention (Wolf et al., 2016; Romberg et al., 2013); similar results have 

been reported in ApoE4 mice (Yin et al., 2011; Andrews-Zwilling et al., 2010). With regard 

to non-cognitive behaviors in AD mouse models, there has been little to no research 

attention, which is surprising considering the number of AD patients that are effected by 

non-cognitive symptoms. 

For this study, LOAD mice, along with C57 wildtype control mice were raised on 

one of three metal manipulated experimental diets, beginning at two months of age: copper 

control (Cu+), zinc enhanced (Zn+), or copper deficient (Cu-). Because Zn and Cu compete 

for absorption by the gut, the goal of the dietary manipulations was to induce a mild Cu 

deficiency in the Zn enhanced group. Therefore, similar behavioral impairments were 

expected in the Zn+ group and Cu- group, and both groups were expected to perform poorly 

compared to the Cu+ group.   

 Mice were tested on a series of species typical behaviors at both six months and 

twelve months to monitor disease progression. The species typical behaviors that were 

analyzed include nesting, burrowing, and circadian wheel running. All three of these 

behaviors are considered motivated behaviors in mice and can be likened to non-cognitive 

behaviors in humans. Specifically, loss of motivation in mice is comparative to apathy in 

humans, a common symptom in early AD. Nest building by mice provides a means for 

temperature regulation and shelter, and burrowing serves as a defense against predators 

and a place for storage (Dudek et al., 1983). Both assays have proven a sensitive 
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measurement for monitoring the progression of prion disease and the effect of hippocampal 

lesion in mice (Deacon, 2012; Deacon et al., 2002), and both are useful for assessing the 

overall wellbeing of mice. Previous work in our laboratory using APP AD-type mice and 

E4 mice have found significant differences in their ability to construct nests compared to 

wildtype controls at twelve months of age (Boggs et al., 2015). We were especially 

interested in the present study, whether or not similar results would be observed as early 

as six months, and before plaque formation.  

Another non-cognitive behavior that is impaired or dysregulated in AD are 

sleep/wake rhythms.  Many patients with AD experience excessive daytime sleepiness and 

difficulty sleeping at night (Bliwise, 2004). The cause for this is unknown but it is thought 

to be linked to altered chronobiology including not only changes in sleep/wake patterns, 

but changes in body temperature, melatonin levels, and blood pressure as well (Harper et 

al., 2005). To measure sleep/wake activity in mice, this study capitalized on the natural 

tendency of mice to run on wheels, and recorded their wheel running activity using 

specialized cages. Pilot work in our lab has consistently demonstrated that AD-type mice 

have a delayed onset of their active cycle compared to wildtype controls.  

 After all behavioral testing was complete (around thirteen months of age) animals 

were sacrificed and brain tissue was homogenized from a subset to measure the expression 

of SOD-1 and GFAP by western blot. Expression of SOD-1 is important for neutralizing 

reactive oxygen species and limiting oxidative stress. In rats that were raised on a metal 

manipulated diet SOD-1 expression in the liver was reduced compared to control animals 

(Neely et al., 2016), suggesting that dietary metals may influence bioavailability of Cu for 
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incorporation into cuproenzymes. Expression of GFAP is often times elevated under 

conditions of chronic inflammation, therefore GFAP was expected to be elevated in J20/E4 

mice.  

 

Specific Hypotheses: 

1. Animals on a Zn enhanced diet will perform similarly to those on a Cu deficient 

diet, and both will perform significantly worse than animals on a Cu control 

diet. Impairments will be exacerbated in APP/E4 animals. 	

2. Behavioral impairments will be observed as early as six months and will 

significantly worsen with age. An age effect will be observed in both genotypes, 

but will be more pronounced in APP/E4 animals. 

3. Levels of GFAP will be significantly elevated in APP/E4 animals and will be 

highest in animals on metal manipulated diets. 

4. Levels of SOD-1 will be significantly reduced in APP/E4 animals and will be 

lowest in animals on metal manipulated diets.  
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CHAPTER TWO: METHODS 

This study was carried out in accordance with the Institutional Animal Care and Use 

Committee of George Mason University (IACUC #0299).  

 

Breeding		
 

To generate a LOAD mouse model, male J20 mice (The Jackson Laboratory; stock 

#006293), which express hemizygous Swedish and Indiana mutations of hAPP human 

were crossed with transgenic female homozygous ApoE4 mice (The Jackson Laboratory, 

stock #012307) to generate J20/E4 offspring; from here out J20/E4 mice will be referred 

to as APP/E4. With each round of breeding, approximately half of the offspring were 

positive for APP/E4 and the other half were positive for E4 alone. All animals carrying E4 

only were donated to other studies. A total of five separate breeding cohorts were required 

to meet the experimental sample size determined by an initial power analysis. Wildtype 

controls were bred separately using the same background strain as transgenic breeder mice- 

C57BL/6J  (C57) (The Jackson Laboratory; stock #000664). 
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Genotyping	and	Housing		
 
 

Genotyping was performed before postnatal day 21 by tail snip, and animals were 

weaned before postnatal day 30. All mice were housed based on age, sex, genotype, and 

diet condition, with no more than six females to a cage and no more than four males to a 

cage. Individual housing was avoided whenever possible.  

The mouse colony was climate controlled and maintained on a 12:12 light/dark 

cycle. Each cage was equipped with the following enrichment items to reduce stress: an 

igloo, running wheel, and Nyla bone. Health checks were performed daily and cages were 

changed bi-weekly by Krasnow Institute Animal Facility animal caretakers. Beginning at 

two months of age, experimental animals were picked up and gently handled three times 

per week by the experimenters or research assistants to reduce stress and anxiety during 

behavioral testing.  

 

Table 1. Expected Breeding Outcomes 
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Diet	and	Water	
 

Food and water were available ad libitum throughout the length of the study. Upon 

arrival to the Krasnow Institute Animal Facility, J20 and E4 breeders were placed on a 

standard lab diet purchased from Harlan Laboratories (7012 Teklad LM-485) and regular 

lab drinking water provided by a lixit system. Due to difficulties with breeding J20 mice 

for past experiments, all breeders were supplemented with Love Mash Reproductive Diet, 

which is high in fat to support reproductive performance (BioServ). Love Mash 

supplementation began two weeks prior to breeder pairing and was given every other day.  

Experimental animals were assigned to one of three experimental diet conditions 

beginning at two months of age: zinc enhanced (Zn+), copper control (Cu+), and copper 

deficient (Cu-) (see table 1). The experimental diet conditions were formed from a 

combination of two hard diets, and either lab drinking water or Zn drinking water. The two 

hard diets used were designed in close consultation with a Harlan nutritionist, and included 

a Cu control diet with 16 ppm Cu, as well as a Cu deficient diet with 4 ppm Cu. For specific 

information concerning the make-up of each diet, see the appendix. Other than Cu content, 

both experimental hard diets were completely identical.  

For drinking water, animals were either given lab drinking water or Zn drinking 

water (10 ppm), which was made bi-weekly using a starting solution of 10,000 mg/L of Zn 

dissolved in 5% HNO3 (SPEX CertiPrep). The final solution was buffered with Na2CO3 

(Sigma-Aldrich) to bring the water to a pH of 7.0. Water was made in David King Hall and 

transported to the Krasnow Institute Animal Facility in polycarbonate carboys. Water 
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samples were analyzed regularly at the United States Geological Survey (USGS) in Reston, 

Virginia.  

The decision to use 10 ppm enhanced Zn was made based on previous work in our 

lab that indicated 10 ppm Zn supplementation in the drinking water induced an apparent 

Cu deficiency (Railey et al., 2010).  The decision to reduce Cu levels to 4 ppm was made 

in consultation with a Harlan nutritionist, and was meant to induce a mild Cu deficiency, 

making the Zn enhanced group and the Cu deficient groups comparable. Food and water 

were weighed bi-weekly to track consumption across genotype and diet groups, no-

significant difference in consumption was observed.  

 

 

  

 

 

 

 

	

	

	
 
 

Diet Condition 2: 

Copper Control (Cu+) 

Diet Condition 1: 

Zinc Enhanced (Zn+) 

Diet Condition 3: 

Copper Deficient (Cu-) 

 

Lab H20 

+ 

16 ppm Cu diet 

 

10 ppm Zn enhanced 

H20 

+ 

16 ppm Cu diet 

 

Lab H20 

+ 

4 ppm Cu diet 

Table 2. Diet Conditions  
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Burrowing	and	Nesting		
 
 

Burrowing and nesting assays were performed at six and twelve months. For the 

burrowing assay, animals were individually housed in 7.5” x 11.5” x 5” transparent cages 

(Ancare), lined with Tek-Fresh bedding. Each cage was equipped with a cylinder burrow 

measuring 2” x 5”, constructed from PVC pipe and closed off on one end with an end cap. 

Burrows were filled with approximately 250 grams of pea gravel (+/- 5 grams) purchased 

from Lowes. The burrowing protocol used was modified from that used by Deacon et al. 

(2006), and involved weighing the burrows at two separate time points.  

To begin, animals were placed in their individual burrowing cages three hours 

before the start of the dark cycle. After two hours, burrows were weighed to determine the 

amount of pea gravel burrowed. Animals were then placed back into their cages with the 

remaining contents of the burrow for an overnight measurement. The following morning 

burrows were weighed again approximately one hour after the start of the light cycle. 

After each burrow was weighed, the Tek-Fresh bedding was dumped and the same 

cage was filled with corncob bedding (Harlan) and 3.5 grams of shredded printer paper 

(approximately 1-inch in length) for the nesting assay. Animals were placed back into their 

cages for a period of 24 hours. After 24 hours’ animals were put back into their home cages 

and pictures were taken of the nest. Nests were scored on a five point scale, with a higher 

score indicating a fully constructed nest. Multiple blind raters were used to score nests. For 

details on scoring, see the appendix. 
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Circadian	Wheel	Running		

	
Circadian wheel running (CR) data were collected at both six and twelve months to 

monitor the effect of disease progression. The CR assay began around 72 hours after the 

end of the nesting assay, and utilized special wheel running cages that allowed for constant 

monitoring of wheel running activity (Coulbourne Instruments). Animals were individually 

housed in CR cages lined with corncob bedding for a period of nine days. To reduce 

potential stress effects from individually housing the animals, every CR cage was placed 

next to another cage so that the animals could see each other. Data from day one and day 

nine were discarded to account for acclimation effects and variability of start/end times 

across cohorts. The following CR data were recorded and analyzed using ClockLab 

(Actimetrics): 

• Bout length- a bout is defined as a minimum of five wheel rotations per 

minute, lasting for a minimum of ten minutes 

• Counts per bout- the average number of wheel rotations within a bout 

• Bouts per day- the average number of bouts initiated within a given day 

• Activity onset- the time of day when the most active wheel running period 

begins; usually occurs on or around the start of the dark cycle  

• Activity offset- the time of day when the active wheel running period ends; 

usually on or around the start of the light cycle  
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Brain	Extraction	and	Dissection		

	
At thirteen months of age and within two days after completion of behavioral 

testing, animals were sacrificed by gradual CO2 asphyxiation and subsequent decapitation. 

Before decapitation all animals were checked by whisker deflection and tail pinch to ensure 

that they were deeply anesthetized. Animal's brains that were pre-selected for Western blot 

experiments were immediately hemisected upon removal, and the left hemisphere dounce 

homogenized in ice-cold RIPA lysis buffer; the right hemisphere was flash frozen on dry 

ice. For all animals excluded from Western blot experiments, whole brains were flash 

frozen on dry ice. Flash frozen tissue was moved to a -80 Celsius freezer for preservation.  

		

Western	Blots		

	
For Western blot experiments, the two primary antibodies of interest were GFAP 

(Thermo Scientific; 1: 10,000) and SOD-1 (Abcam; 1: 1,000). Prior to experiments, four 

males were selected from each experimental condition. Females were excluded from 

analyses due to the fact that no sex differences were observed in any of the behavioral 

tasks, and to eliminate hormonal effects that may have confounded western blot results. 

The left hemisphere from each animal was dounce homogenized in ice cold RIPA lysis 

buffer (Thermo Scientific), with Halt protease and phosphatase inhibitors added to preserve 

the phosphorylation state and prevent proteolysis of proteins (Thermo Scientific). 

Homogenized samples were centrifuged at 14,000 RPM for 20 minutes and supernatant 
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was collected and stored in aliquots at -80 Celsius until all experimental cohorts were 

complete.  

To determine protein concentration in each sample, BCA assays were performed 

(Pierce). Samples were prepared for polyacrylamide gel electrophoresis PAGE-SDS) using 

4xNuPAGE LDS Sample Buffer and 10x NuPAGE Sample Reducing Agent (Invitrogen), 

and by heating samples in a water bath at +80 Celsius for five minutes before being loaded 

into a NuPAGE Novex 4-12% Bis-Tris gel (Invitrogen). PAGE-SDS gels were run at 120 

volts for 60-90 minutes, or until done. Proteins were then transferred to a nitrocellulose 

membrane using an iBlot2 Dry Blotting System set to program 3.  

After protein transfer was complete, membranes were blocked with 3% Blotto at 

room temperature for 45 minutes on an agitator, and then probed with primary antibody 

overnight, on an agitator, at +4 Celsius. The following morning membranes were washed 

with TBST 3x for 7 minutes at room temperature and then probed with goat anti-rabbit 

secondary antibody (1: 5,000). Membranes were washed again 3x for 7 minutes in TBST 

at room temperature and then imaged using West Pico enhanced chemiluminescent 

substrate and a G-Box imager. Band density was determined by ImageJ (NIH).  
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6 Month Nesting/Burrowing 

  Zn+ Cu+ Cu- Total 
  Male Female Male Female Male Female   
APP/E4 n=15 n=8 n=14 n=8 n=8 n=11 64 
C57 n=13 n=9 n=10 n=10 n=8 n=12 62 
Total 45 42 39   

6 Month Circadian Wheel Running 
 

  Zn+ Cu+ Cu- Total 
  Male Female Male Female Male Female   
APP/E4 n=15 n=8 n=13 n=8 n=8 n=11 63 
C57 n=12 n=9 n=10 n=10 n=7 n=12 60 
Total 44 41 38   

Table 3a and 3b.  Six Months Behavioral Testing  

A 

B 
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12 Month Circadian Wheel Running 
 

  Zn+ Cu+ Cu- Total 
  Male Female Male Female Male Female   

APP/E4 n=14 n=8 n=14 n=7 n=8 n=8 59 
C57 n=10 n=9 n=9 n=9 n=5 n=12 54 
Total 41 39 33   

12 Month Nesting/Burrowing 

  Zn+ Cu+ Cu- Total 
  Male Female Male Female Male Female   
APP/E4 n=14 n=8 n=14 n=8 n=8 n=9 61 
C57 n=10 n=9 n=10 n=10 n=5 n=12 56 
Total 41 42 34   
     

Table 4a and 4b. Twelve Month Behavioral Testing 

B

A 
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Table 5. Timeline of Events/Testing 
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CHAPTER THREE: RESULTS 

It is important to note that for all behavioral tests, a genotype x diet x sex ANOVA 

model was run first. No significant effect of sex was found; therefore, sex was excluded as 

a factor for all analyses. The behavioral tests used in this study are known to fail tests of 

normality and under such circumstances, non-parametric measures were used instead. 

 

Nesting	
 

A genotype x diet ANOVA model was used to assess differences in nest 

construction in six and twelve-month-old mice. Nests were scored by three blind raters and 

then averaged across raters. Cronbach’s alpha was used to test for interrater reliability (six 

months: a= .937; twelve months: a= .931).   Results showed that at six months of age there 

was a significant main effect of genotype on nest building ability, where C57 animals had 

an average nesting score of 2.63 and APP/E4 animals had an average nesting score of 2.101 

(F(1,120)= 40.952), p<.001). There was no effect of diet condition on nesting scores. A 

similar effect was observed during the twelve month behavioral testing where C57 animals 

scored significantly higher than APP/E4 animals (F(1,111)= 12.170, p<.001) Specifically, 

C57 animals scored an average of 2.46, while APP/E4 animals scored an average of 2.13. 

A repeated measures ANOVA was additionally run, which indicated that nesting score did 
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not get significantly worse with age for either genotype, nor did it get worse with age based 

on diet condition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Nesting Score by Genotype at 6 and 12 Months. 
An ANOVA model showed significant differences in nesting ability at 6 months 
(p<.001) and at 12 months (p<.001) in such a way that C57 animals had a higher 
nesting score. A repeated measures ANOVA indicated that nesting score did not 
significantly change with age for either genotype. Error bars represent +/- SEM. 
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Burrowing	
 

All burrowing scores are expressed as a percentage of pea shingles burrowed. 

Burrowing data failed assumptions of normality for an ANOVA model, therefore the 

Independent Samples Mann-Whitney U test was used instead, revealing no significant 

differences in borrowing at the two-hour measurement for genotype or for diet condition 

at six months. However, the overnight burrowing data indicated a significant difference in 

percentage of pea shingles burrowed (U= 1,328, p<.001). The C57 animals burrowed an 

average of 90.6% of pea shingles overnight while APP/E4 animals only burrowed an 

average of 81.9% of pea shingles.  

 Although the two-hour measurement was non-significant at six months, the Mann-

Whitney U test showed a significant difference in genotype at twelve months of age (U= 

1,068.5, p<.001). After two hours, the C57 animals burrowed an average of 68.5% of their 

pea shingles and APP/E4 animals only burrowed an average of 53.1% of their pea shingles. 

There was no significant effect of diet condition on burrowing at the two-hour 

measurement. In addition to the two-hour measurement, a significant main effect of 

genotype was also found for the overnight measurement at twelve months, where C57 

animals burrowed an average of 95% of their pea shingles and APP/E4 animals burrowed 

an average of 85% of their pea shingles (U= 1,016.5, p<.001).  Again, no significant effect 

of diet was observed. When compared across age using the Related Samples Wilcoxon 

Signed Rank Test, neither the C57 or the APP/E4 animals significantly changed their 

burrowing behavior at the two-hour measurement or the overnight measurement. Diet also 

did not affect burrowing ability with age. 



 
 

28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 2-Hour Burrow Score by Genotype at 6 and 12 Months. 
The Mann-Whitney U test showed a significant difference in burrowing ability 
between C57 animals and APP/E4 animals at 12 months only (p<.001). No 
significant effect was observed at 6 months, and no significant difference was 
observed with age as measured by the Wilcoxon Signed Rank Test.  Error bars 
represent +/- SEM.  
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Figure 3. Overnight Burrow Score by Genotype at 6 and 12 Months. 
The Mann-Whitney U test showed a significant difference in burrowing ability 
between C57 animals and APP/E4 animals at both 6 months (p<.001) and 12 
months (p<.001). The C57 animals burrow significantly more pea shingle than 
APP/E4 animals. Burrowing ability does not significantly change with age for 
either genotype as measured by the Wilcoxon Signed Rank Test. Error bars 
represent +/- SEM.   
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Circadian	Wheel	Running			
 

Activity Onset 

 

Onset data for six months behavioral testing failed normality assumption for an 

ANOVA model; independent samples non-parametric tests were used instead. A Kruskal-

Wallis test for three or more independent samples indicated no significant effect of diet on 

activity onset; however, a Mann-Whitney U test for two independent samples showed a 

significant effect of genotype on activity onset (U= 2,870, p<.001). Specifically, C57 

animals began their hour of activity onset on average at hour 19.79 and APP/E4 animals 

began their activity onset at hour 20.56. Onset data by genotype was also significant at 

twelve months; U= 2,481, p<.001, but was not significant for diet condition. At twelve 

months of age, C57 animals began their hour of activity onset on average at hour 19.23 and 

APP/E4 animals began their hour of activity onset at 19.86. Again, no significant effect of 

diet condition was found.  A Related Samples Wilcoxon Signed Rank test showed a 

significant change in hour of activity onset between six and twelve months for both C57 

animals; Z= 186, p<.001, and for APP/E4 animals; Z= 413, p<.001.  No significant 

difference in hour of activity offset was observed at six or twelve months.  
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Figure 4. Average Activity Onset by Genotype at 6 and 12 Months. 
APP/E4 animals had a significantly later hour of activity onset than C57 animals 
at both 6 and 12 months. At 6 months, APP/E4 animals began their onset 
approximately 46 minutes after C57 animals (p<.001) and at 12 months they 
begin their activity onset approximately 38 minutes after C57 animals (p<.001). 
Activity onset significantly changed with age for both genotypes in that they 
began their activity onset earlier in the evening at 12 months (p< .001). Lights 
turn of in the colony at hour 20.  Error bars represent SEM.   
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Bout Length 

A genotype x diet ANOVA was used to analyze average bout length at six months, 

which revealed no significant differences between diet condition, but a trend for genotype 

where C57 animals had an average bout length of 20.11 minutes and APP/E4 animals had 

an average bout length of 22.68 minutes (F(1, 117)= 2.843, p=.094). At twelve months of 

age there was also no effect of diet condition on bout length; however, there was a 

significant effect of genotype. The C57 animals had an average bout length of 18.59 

minutes and APP/E4 animals had an average bout length of 23.13 minutes (F(1,107)= 

8.591, p<.01).  To analyze bout length across conditions of age, a mixed model ANOVA 

was used. With age, bout length for C57 animals becomes significantly shorter (F(1, 50)= 

4.701, p<.05), but remains non-significantly different and relatively consistent for APP/E4 

animals.   

 

 

 

 

 

 

 

 

 

 

 



 
 

33 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Average Bout Length by Genotype at 6 and 12 months.  
At 6 months of age there is a trend for longer bout length for APP/E4 animals 
compared to C57 animals (p=.094). By 12 months of age the APP/E4 animals 
have a significantly longer bout length than C57 animals (p<.01). With age 
APP/E4 animals remain relatively consistent in bout length, but bout length is 
significantly shorter at 12 months for C57 animals compared to 6 months 
(p<.05). Error bars represent +/- SEM. 
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Counts Per Bout/Bouts Per Day 

 

A genotype x diet ANOVA was used to analyze counts per bout and bouts per day 

for six-month and twelve-month data; data were non-significant. A mixed model ANOVA 

was used to analyze how counts per bout changed with age between conditions of genotype 

and age, revealing a significant main effect of age for C57 animals only (F(1, 50)= 8.080, 

p<.01). At six months of age C57 animals had 872.56 average counts per bout, while at 

twelve months they had 707.65 counts per bout. The APP/E4 animals remained relatively 

consistent across age with 719.99 counts per bout at 6 months and 699.27 counts per bout 

at twelve months.  

Bouts per day also significantly changed with age for C57 animals in such a way 

that at six months of age they had an average of 15.97 bouts per day and at twelve months 

of age they jumped up to an average of 17.78 bouts per day (F(1,50)=9.143, p<.01). No 

significant effect of bouts per day by age was found within the APP/E4 animals. At six 

months of age APP/E4 animals averaged 16.74 bouts per day and at twelve months they 

averaged 17.66 bouts per day.  
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Figure 6. Average Counts Per Bout by Genotype at 6 and 12 Months. 
A 2x3 ANOVA showed no effect of genotype on counts per bout at 6 months or 
at 12 months. A repeated measures ANOVA showed that C57 animals had a 
significant decrease in the average number of counts per bout between 6 months 
and 12 months (p<.01). Error bars represent +/- SEM.  
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Figure 7. Average Bouts Per Day by Genotype at 6 and 12 Months. 
A 2x3 ANOVA showed no effect of genotype on bouts per day at 6 months or at 
12 months. A mixed model ANOVA showed that C57 animals had a significant 
increase in the of bouts per day between 6 months and 12 months (p<.01). Error 
bars represent +/- SEM.  
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Western Blots 

 

Western blot analyses were performed on thirteen-month-old brain tissue and band 

density was measured using Image J. Western blot data were analyzed by independent 

samples Mann-Whitney U for genotype and by independent samples Kruskal-Wallis for 

diet. There was no effect of either genotype or diet condition on SOD-1 expression and 

GFAP expression (see appendix for graphs).  
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CHAPTER FOUR: DISCUSSION 

The primary purpose of this study was to observe whether or not non-cognitive 

behaviors would be impaired early on in a LOAD mouse model (cognitive behaviors were 

additionally assessed as a separate arm of this study (Howell et al., 2016)). To our 

knowledge, this is the first attempt to characterize behavioral deficits in a J20 x E4 cross, 

and the first attempt to collect burrowing data in AD-type mice. Previous work in our lab 

by Graybeal et al. (2013) looked at nesting behavior in an AD mouse model, revealing 

significant impairments. Nesting and burrowing were chosen as behaviors of interest 

because mice are highly motivated to build nests and burrow for shelter, thermoregulation, 

and predator avoidance, and they are both highly sensitive measures of wellbeing. Deficits 

in nesting and burrowing behaviors may be due to lack of motivation or goal-directed 

behavior, which in humans resembles symptoms of apathy (Filali et al., 2009). Human 

studies have indicated that apathy is often reported in mild cognitive impairment (MCI), 

which is a pre-clinical stage of AD (Robert et al., 2006); therefore, we wanted to see if 

similar symptoms would be observed preclinically in APP/E4 mice (i.e. at six months). 

The decision to test at six months was made because The Jackson Laboratory states on 

their website that J20 plaque pathology doesn’t appear until eight months of age, and 

Congo Red staining in six-month-old J20 mice revealed no plaque pathology (Boggs et al., 

2015).   
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At 6 months of age, results showed that APP/E4 mice were in fact impaired in their 

nest building and overnight burrowing ability, compared to age-matched C57 mice, 

suggesting that impairments to motivated behaviors are present before detectable Ab 

plaque pathology. Surprisingly, no age-related decline was observed for either behavioral 

task, suggesting a ceiling effect by six months of age on these specific non-cognitive 

behaviors, and demonstrates the sensitivity of these behavioral assays for monitoring 

wellbeing in mice.  Other animal model studies have also demonstrated the sensitivity of 

nesting and burrowing, such as that by Deacon et al. (2012) which showed that animals 

injected with scrapie, a neurodegenerative prion, had impairments in nest building as early 

as 10 weeks after injection, though they did not show any clinical symptoms of scrapie 

until week 22.  Future studies with nesting and burrowing should consider testing mice as 

early as three months to better monitor disease progression over time.  

Another non-cognitive symptom of AD includes changes to sleep/wake behavior, 

such as excessive daytime sleepiness and difficulty sleeping at night. For most of the 

circadian wheel-running measures in this experiment, no significant differences in 

genotype were found at six months (with the exception of activity onset), though several 

age-related changes were observed. This indicates that burrowing and nesting may be more 

robust measures for detecting preclinical behavioral changes in mouse models of disease, 

and thus it may be more beneficial to primarily monitor changes in motivation/apathy and 

secondarily monitor changes to sleep/wake habits in both human studies and animal model 

studies.  
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The only circadian measure that showed a significant genotype effect at six months 

of age was hour of activity onset. The APP/E4 animals began their active period after the 

C57 animals, and the same effect was observed at twelve months. It is plausible to 

hypothesize that the reason for this is that the APP/E4 animals are cued to begin their active 

cycle by the C57 animals, rather than being cued by the light/dark cycle. To test this 

hypothesis, ongoing research in our lab is collecting circadian data from transgenic and 

control mice in separate rooms, which was not possible for the present experiment.  Though 

activity onset was the only significant measure at six months of age, there was a trend for 

bout length differences at six months in such a way that APP/E4 animals had a longer 

average bout length than C57 animals. In a separate set of open-field experiments, APP/E4 

mice were hyperactive compared to C57 mice at six months of age (Howell et al., 2015), 

which may explain why APP/E4 animals had a longer bout length than C57 animals.  

Bout length at twelve months of age was significantly longer in APP/E4 animals, 

but this is probably because C57 animals showed a decrease in bout length with age, while 

APP/E4 animals remained consistent. This created a larger gap in bout length between the 

C57 and APP/E4 animals at twelve months compared to six months. In addition to 

decreased bout length, C57 animals also had significantly fewer counts per bout with age; 

however, their bouts per day significantly increased, suggesting a potential compensatory 

mechanism to maintain the same overall activity level with age. APP/E4 animals remained 

relatively consistent on all measures with age.   

It should be noted that all observed differences in circadian wheel running behavior 

may be due to an insufficient acclimation period and a short testing period. All mice were 
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given 24 hours to acclimate to their circadian testing cages and remained in their cages for 

approximately 8 days thereafter. Isolation of group housed animals is stressful and may 

have been a confounding factor. Furthermore, most circadian wheel running experiments 

last for several weeks, which was not feasible for this study due to the fact that several 

other behaviors were examined in these mice creating a total testing period of one month. 

It is also worth noting that mice were provided with running wheels in their home cages, 

in an effort to reduce stress and prevent aggression among cage-mates. It has been 

established that exercise can be beneficial in delaying AD, therefore, free running in the 

home cage may have been a confound and may have suppressed behavioral impairments. 

In a separate arm of this study, Howell et al. (2015) examined spatial learning and 

memory in these same mice and found that APP/E4 mice had significantly longer latency 

to the escape platform than C57 animals at six months. Additionally, at six months, C57 

animals had more platform crossings on probe trial days than APP/E4 animals, and they 

spent significantly more time in the target quadrant. Similar results were observed at twelve 

months, and surprisingly both genotypes improved with age.  

 Surprisingly, neither of the western blot experiments found a significant genotype 

effect, despite observed behavioral effects. Previous findings from our lab found 

significantly altered GFAP levels in CRND8 mice at six months; therefore, similar results 

were expected for this study. In general, levels of GFAP tend to be elevated in AD, as 

GFAP is important for neuronal repair during times of insult. As a follow-up to the western 

blot experiments, sections from thirteen-month-old APP/E4 mice were stained for Congo 

Red to examine plaque load, revealing very few plaques across all conditions of diet (see 
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appendix). This too was surprising, and in stark contrast to plaque load observed in six-

month-old CRND8 mice, which are laden with plaques in regions in and around the 

hippocampus and neocortex. The CRND8 mouse and the J20 mouse are often considered 

comparable mouse models, as they both express the Swedish and Indiana mutations of 

APP. The only differences between the two mice are their background strain (CRND8 mice 

are a C3H/C57 hybrid and J20 mice are on a pure C57 background) and their promotor 

(CRND8 mutations are driven by the PrP promotor and J20 mutations are driven by 

PDGFB). Future research should consider characterizing similarities and differences 

between these two mouse models in terms of behavioral and histological pathology.   

Histologically, Congo Red stains for insoluble amyloid plaques, and does not stain 

soluble amyloid. It was initially thought that insoluble amyloid plaques, which are a 

downstream result of soluble amyloid production, were to blame for the pathogenesis of 

AD; however, it is becoming increasingly evident that soluble amyloid correlates better 

with the behavioral symptoms of AD (Jakob-Roetne et al., 2009; Shankar et al., 2008), 

Given this, it is possible that CRND8 mice develop insoluble aggregates more quickly than 

J20 mice, and that J20 mice at thirteen months primarily have soluble amyloid. This would 

explain the observed behavioral differences in APP/E4 mice at six and twelve months, and 

the lack of plaques at thirteen months. Testing for soluble versus insoluble amyloid is best 

done using methods such as quantitative real-time polymerase chain reaction (qRT-PCR), 

which is not something our lab was equipped to do for this study.  Using qRT-PCR to 

confirm soluble versus insoluble levels may, however, be a feasible follow-up to this study 

(with collaboration from another laboratory on campus), as the right hemispheres from 
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these mice are preserved in a -80 Celsius freezer.  As for the non-significant GFAP and 

SOD-1 data, perhaps insoluble amyloid better correlates with levels of oxidative stress and 

inflammation, which would explain why CRND8 mice show differences in GFAP levels 

and APP/E4 mice do not. Additionally, it was expected that dietary manipulation of metals 

would influence levels of GFAP and SOD-1, yet no dietary effect was observed for either 

of the western blot experiments, nor was there an effect for any of the behavioral 

experiments. 

The addition of 10 ppm Zn is relatively low compared to other Zn dosing studies, 

which dose with Zn amounts as high as 60 ppm (Yang et al., 2013). Additionally, a 4 ppm 

Cu deficient diet was meant to induce a mild Cu deficiency that would resemble a Cu 

deficiency induced by Zn supplementation, therefore, it may not have been low enough to 

have an effect on brain Cu levels. It is known that metal homeostasis within the brain is 

highly regulated and that dietary levels are reflected by the brain much later (Kasarskis, 

1984; Takeda, 2000). It is reasonable to suggest that the dietary manipulations in this study 

were not extreme enough to influence the tightly regulated homeostatic mechanisms of the 

BBB and BCB, and thus did not alter brain levels of Cu/Zn. Furthermore, the story behind 

the involvement of metals on the development of AD is far from being understood, as 

metals in the brain play a wide variety of physiological roles, and their levels are reliant on 

one-another in many cases.    

Another consideration with regard to the lack of dietary effect on behavior is the 

fact that the diets used in this study were new to our lab. Previous work in our lab has 

assessed dietary metal manipulation, primarily through supplementation, in the drinking 



 
 

44 

water. The only way to induce a deficiency, however, is to manipulate the hard diet, and 

reduce the metal of interest. With the advice and consultation of a Harlan nutritionist, we 

created a purified Cu deficient and Cu control diet using the levels of Cu and Zn in our 

standard lab diet, 7012, as a guideline. The reason for creating this purified diet was 

because 7012 has high levels of non-nutritive substances, such as phytates, which can vary 

between batches and can reduce the absorption of metals by the body, which could have 

introduced variability to this study. The Zn/Cu ratio in the standard 7012 diet is 60:20, and 

the Zn/Cu ratio in the purified diet was changed to 40:16. Zinc was reduced in the purified 

diet because in theory, the removal of phytates would allow for better absorption of Zn. In 

this case, because of the decrease of Zn in the purified diet, 10 ppm Zn, which has worked 

in past studies, may not have been high enough to have an effect, and perhaps the reduction 

of Zn in the purified diet should have been accounted for by adding an additional 20 ppm 

to the drinking water.    

In summary, we believe that because of our findings, and the findings of others, 

that preclinical monitoring of non-cognitive behaviors, especially those related to apathy, 

may be important for early detection and intervention of AD. We additionally feel that non-

cognitive behaviors in animal models are under-researched and that more attention should 

be placed on non-cognitive behaviors in the future. All of the non-cognitive behaviors 

measured in this experiment are relatively inexpensive and can be measured in addition to 

the traditional cognitive behaviors performed in most laboratories.   

With regard to dietary metal manipulation, it appears as though 10 ppm Zn is not 

high enough and 4 ppm of Cu is not low enough to induce any changes in behavior or 
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cellular response (e.g. inflammation and bioavailability), at least in this diet. It would be 

valuable for future dietary metal studies, if a dose response study were conducted first, 

which to our knowledge has not been done.  It should also be noted that different animal 

models of AD develop plaques and behavioral deficits at different ages and to varying 

degrees, therefore, caution should be taken when considering the translatability of such 

studies to humans.    
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Figure 8. Nesting Score by Diet Condition at 6 and 12 Months. 
There were no significant differences in nesting ability between the 3 different 
diet conditions at 6 or 12 months, or with age. Error bars represent +/- SEM. 
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Figure 9. 2-Hour Burrow Score by Diet Condition at 6 and 12 Months. 
There is no significant difference in burrowing ability across the 3 diet conditions 
at 6 or 12 months, or across age. Error bars represent +/- SEM.  
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Figure 10. Overnight Burrow Score by Diet Condition at 6 and 12 Months. 
There is no significant difference in burrowing ability across the 3 diet conditions 
at 6 of 12 months, or across age. Error bars represent +/- SEM.  
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There was no significant difference in hour of activity onset by diet condition at 
6 or 12 months, or across age. Error bars represent +/- SEM. 
 

 

 

 

Figure 11. Activity Onset by Diet Condition at 6 and 12 Months.  
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Figure 12. Average Bout Length by Diet Condition at 6 and 12 Months. 
There was no observed difference in bout length across conditions of diet at 6 
months or at 12 months, or across age. Error bars represent +/- SEM.  
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 Figure 13. Average Counts Per Bout by Diet Condition at 6 and 12 Months.  
No significant differences in counts per bout based on diet condition was 
observed at 6 or 12 months, or across age. Error bars represent +/- SEM.  
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 Figure 14. Average Bouts Per Day by Diet Condition at 6 and 12 Months.  
There were no observed differences in bouts per day based on diet condition at 6 
months, 12 months, or across age. Error bars represent +/- SEM.  
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Figure 15. SOD-1 Expression by Genotype and Diet 
No significant effect of diet or genotype on SOD-1 expression was found. Error bars represent +/- 
SEM.  
 

Figure 16. GFAP Expression by Genotype and Diet 
No significant effect of diet or genotype on GFAP expression was found. Error bars represent +/- 
SEM.  
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Example Nesting Scores- nesting scores were based on a 5-point scale (1, 1.5, 2, 2.5, 3) 

Score= 3 

 

Score= 2 

 

Score= 1 

 

 

A score of 3 was given 
when all of the 
shredded paper was 
used to construct a 
nest. 

A score of 2 was given 
when most of the 
shredded paper was 
used to construct a 
nest. 

A score of 1 was given 
when none of the 
shredded paper was 
used to construct a 
nest. 
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Copper Control Diet Sheet 
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Copper Deficient Diet Sheet 
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Congo Red Staining of 13-Month-Old APP/E4 mice  

APP/E4 Zn+  

 

APP/E4 Cu+ 
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APP/E4 Cu-  

 

 

C57 (Negative Control) 

 

 



 
 

59 

 
REFERENCES 

Adlard, PA, & Bush, AI. (2006). Metals and Alzheimer’s disease. Journal of Alzheimer’s  
Disease, 10(2), 145-163. 

 
Adlard, P.A., Parncutt, J.M., Finkelstein, D.I., & Bush, A.I. (2010). Cognitive Loss in Zinc 

Transporter-3 Knock-Out Mice: A Phenocopy for the Synaptic and Memory 
Deficits of Alzheimer’s Disease? Journal of Neuroscience, 30(5), 1631-1636. 

 
Alonso Vilatela, V.E., López-López, M., & Yescas-Gomez, P. (2012). Genetics of 

Alzheimer’s disease. Archives of Medical Research, 43(8), 622-631. 
 
Andrews-Zwilling, Y., Bien-Ly, N., Xu, X., Li, G., Bernanrdo, A, & Yoon, S.Y. et al 

(2010). Apolipoprotein E4 causes age- and Tau-dependent impairment of 
GABAergic interneurons, leading to learning and memory deficits in mice. Journal 
of Neuroscience, 30(41), 13707-13717. 

 
Blasko, I., Stampfer-Kountchev, M., Robatscher, P., Veerhuis, R., Eikelenboom, P., & 

Grubeck-Loebenstein, B. (2004). How chronic inflammation can affect the brain 
and support the development of Alzheimer’s disease in old age: The role of 
astrocytes and microglia. Aging Cell, 3(4), 169-176.  

 
Bliwise, DL. (2004). Sleep disorders in Alzheimer’s disease and other 

dementias. Clinical Cornerstone, 6(1), S16-S28. 
 
Boggs, K.N., Pedemonte, K.A., Neely, C.L.C., Stavrou, S.A., Howell, S.N., Bozzelli, 

P.L, & Flinn, J.M. (2015). Nest building and circadian rhythm is impaired in 
APOE4 mice compared to C57 mice. Poster presented at the Society for 
Neuroscience Conference, Chicago, IL 

 
Boggs, K.N. (2015). The Role of Copper and Zinc on Inflammation and Oxidative Stress 

in Alzheimer’s Disease (Unpublished Mater Thesis). George Mason Univeristy, 
Fairfax, VA.  

 
Brewer, G. J. (2012). Copper excess, zinc deficiency, and cognition loss in Alzheimer’s 

disease. BioFactors. 38(2), 107-113. 
 
Bush, AI. (2003). The metallobiology of Alzheimer’s disease. Trends in Neuroscience, 

26(4), 207-214.  
 
 



 
 

60 

Cedernase, J., Osorio, R.S., Varga, A.W., Kam, K., Schioth, H.B., & Benedict, C. (2016).  
Candidate mechanisms underlying the association between sleep-wake 
disruptions and Alzheimer's disease. Sleep Medicine Reviews. doi: 
http://dx.doi.org/10.1016/j.smrv.2016.02.002 

 
Chrosniak, L.D., Smith, L.N., Flinn, J.M., McDonald, C., Jones, B.F. (2006). Effects of  

enhanced zinc and copper in drinking water on spatial memory and fear 
conditioning. Journal of Geochemical Exploration, 88, 91-94.  

 
Corder, E.H., Saunders, A.M., Srittmatter, W.J., Schmechel, D.E., Gaskell, P.C., Small, 

G.W., Roses, A.D., Haines, J.L., Pericak-Vance, M.A. (1993). Gene dosage of 
Apolipoprotein E type 4 allele and the risk for Alzheimer’s disease in late onset 
families. Science, 261, 921–923. 

 
Corder, E.H., Saunders, A.M., Risch, N.J. et al. (1994). Protective effect of 

apolipoprotein E type 2 allele on late onset Alzheimer disease. Nature Genetics, 
(7)2, 180–184 

 
Cuajungco, MP, & Lees, GJ. (1997). Zinc metabolism in the brain: relevance to human 

neurodegenerative disorders. Neurobiology of disease, 4(3-4), 137-169.  
 
Deacon, R., Croucher, A, & Rawlins, J. (2002). Hippocampal cytotoxic lesion effects on 

species-typical behaviours in mice. Behavioural Brain Research, 132(2), 203-213.  
 
Deacon, RM. (2006). Burrowing in rodents: a sensitive method for detecting behavioral 

dysfunction. Nature Protocols, 1, 118-121.  
 
Deacon, R. (2012). Assessing burrowing, nest construction, and hoarding in mice. JoVE 

(Journal of Visualized Experiments), 59, doi: 10.3791/2607.  
 
Deane, R., Bell, R., Sagare, A., & Zlokovic, B. (2009). Clearance of amyloid-β peptide 

across the blood-brain barrier: Implication for therapies in Alzheimer’s disease. 
CNS & Neurological Disorders Drug Targets, 8(1), 16–30. 

 
Duce, JA, & Bush, AI. (2010). Biological metals and Alzheimer’s disease: Implications 

for therapeutics and diagnostics. Progress in Neurobiology, 92(1), 1-18. 
 
Dudek, B.C., Adams, N., Boice, R., & Abbott, M.E. (1983). Genetic influences on 

digging behaviors in mice (Mus musculus) in laboratory and seminatural settings. 
Journal of Comparative Psychology, 97(3), 249-259. 	

 
Farfara D, Lifshitz V, Frenkel D (2008). Neuroprotective and neurotoxic properties of 

glial cells in the pathogenesis of Alzheimer’s disease. J. Cell. Mol. Med. 12, 762–
780. 



 
 

61 

 
Filali,M., Lalonde, R., & Rivest, S. (2009). Cognitive and non-cognitive behaviors in an  

APPswe/PS1 bigenic model of Alheimer’s disease. Genes Brain Behavior, (8), 
143-148.  

 
Fitts, W., Weintraun, D., Massimo, L., Chahine, L., Chen-Plotkin, A., & Duda, J.E. et al.  

(2015). Caregiver report of apathy predicts dementia in Parkinson’s disease. 
Parkinsonism and Related Disorders, (8), 992-995.  

 
Flinn, J.M., Hunter, D., Linkhous, D.H., Lanirottim A., Smith, L., Brightwell, J., Jones,  

B.F. (2005). Enahnced zinc consumption causes memory deficits and increased 
brain levels of zinc. Physiology and Behaviors, 83, 793-803 

 
Frederickson, CJ, Koh, JY, & Bush, AI. (2005). The neurobiology of zinc in health and 

disease. Nature Reviews Neuroscience, 6, 449-462. 
 
George-Hyslop, S. P., & Petit, A. (2005). Molecular biology and genetics of Alzheimer’s 

disease. Compte rendus biologies, 328(2), 119-130. 
 
Graybeal, J. (2013). Memory, circadian rhythm, and goal directed behavior in an 

ApoE4/APP mouse model of Alzheimer’s disease (Unpublished doctoral 
dissertation). George Mason University, Fairfax VA 

 
Grool, A.M., Geerlings, M.I., Sigurdsson, S., Eiriksdottir, G., Jonsson, P.V., & Garcia, 

M.E. et al. (2014). Structural MRI correlates of apathy symptoms in older persons 
without dementia. Neurology, 82(18), 1628-1635.  

 
Halas, E.S., Eberhardt, M.J., Diers, M.A., & Standstead, H.H. (1983). Learning and 

memory impairment in adult rats due to severe zinc deficiency during lactation. 
Physiology & Behavior. 30(3), 372-381.  

 
Harper, DG, Volicer, L, Stopa, EG, & McKee, AC. (2005). Disturbance of endogenous 

circadian rhythm in aging and Alzheimer disease. The American Journal 
of Geriatric Psychiatry, 13(5), 359-368.  

 
Haydon PG, Carmignoto G (2006) Astrocyte control of synaptic transmission and 

neurovascular coupling. Physiol. Rev. 86, 1009–1031 
 
Heneka, M.T., Sastre, M., Dumitrescu-Ozimek, L., Dewachter, I., Walter, J., 

Klockgether, T., Van Leuven, F. (2005). Focal glia activation coincides with 
increased BACE1 activation and precedes amyloid plaque deposition in APP 
(V717I) transgenic mice.  Journal of Neuroinflammation, 2(22).  

 



 
 

62 

Howell, S.N. (2015). A longitudinal investigation into the effect of Zn and Cu on spatial 
learning/memory and social preference in a mouse model of LOAD (Unpublished 
doctoral dissertation). George Mason University, Fairfax, VA.  

 
Ishiki, A., Kamada, M., Kawamura, Y., Terao, C., Shimoda, F., & Tomita, M., et al. 

(2015). Glial fibrillar acidic protein in the cerebrospinal fluid of Alzheimer’s 
disease, dementia with Lewy bodies, and frontotemporal lobar degeneration. 
Journal of Neurochemistry, 136(2), 258-262. 
 

Jakob‐Roetne, R, & Jacobsen, H. (2009). Alzheimer’s disease: from pathology to 
therapeutic approaches. Chemie International Edition, 48(17), 3030-3059.  

 
Ju, Y.S., McLeland, J.S., Toedebusch, C.D., Xiong, C., Fagan, A.M., Duntley, S.P., et al.  

(2013). Sleep quality and preclinical Alzheimer’s disease. JAMA Neurol. 70(5). 
doi: 10.1001/jamaneurol.2013.2334 

 
Kanekiyo, T., Cirrito, J. R., Liu, C.-C., Shinohara, M., Li, J., Schuler, D. R., … Bu, G. 

(2013). Neuronal Clearance of Amyloid-β by Endocytic Receptor LRP1. The 
Journal of Neuroscience, 33(49), 19276–19283. 
http://doi.org/10.1523/JNEUROSCI.3487-13.2013 

 
Kasarskisa, J.E. (1984). Zinc metabolism in normal and zinc-deficient rat brain. 

Experimental Neurology, 85(1), 114-127.  
 
Kim J, Basak JM, Holtzman DM. The role of apolipoprotein E in Alzheimer’s disease. 

Neuron, 63(3), 287-303. 
 
Kumar, A, & Singh, A. (2015). A review on Alzheimer’s disease pathophysiology and its 

management: an update. Pharmacological Reports, 67(2), 195-203. 
 
LaFerla, F.M., Green, K.N., & Oddo, S. (2007). Intracellular amyloid beta in Alzheimer’s 

disease. Nature Reviews Neuroscience, 8, 499-509.  
 
Latest Alzheimer’s Facts and Figures. (2016). Retrieved August 22, 2016, from 

http://www.alze.org/facts/ 
 
Mahley, R.W. & Rall, S.C (2000). Apolipoprotein E: Far more than a lipid transport 

protein. Annual Review Genomics Human Genetics, 1, 507-537. 
 
Mandal, K., & Lu, H. (2017). Zinc deficiency in children. International Journal of 

Science Inventions Today, (6)1, 9-19.  
 
Maret, W., & Sandstead, H.H. (2006). Zinc Requirements and the Risks and Benefits of  



 
 

63 

Zinc Supplementation. Journal of Trace Elements in Medicine and Biology, 20, 3-
18. 

 
Maynard, CJ, Bush, AI, & Masters, CL. (2005). Metals and amyloid‐β in Alzheimer’s 

disease. International Journal of Esperimental Biology, 86(3), 147-159.  
 
Michaelson, D.M. (2014). APOE E4: The most prevalent yet understated risk factor for 

Alzheimer’s disease. Alzheimer’s and Dementia, 10(6), 861-868. 
 
Neely, C.L.C., Boggs, K.N., Lippi, S.P., Hernandez, C.M., & Flinn, J.M. (2016). Dietary 

copper and zinc on fear extinction, NMDAR 2A and 2B, and Cu/Zn superoxide 
dismutase expression: Implications for learning impairment. Poster Presented at 
the Society for Neuroscience Conference, San Diego, CA. 

 
Olabarria M, Noristani HN, Verkhratsky A, Rodríguez JJ (2010) Concomitant astroglial 

atrophy and astrogliosis in a triple transgenic animal model of Alzheimer’s disease. 
Glia 58, 831–838. 

 
Priller, C, Bauer, T, Mitteregger, G, & Krebs, B. (2006). Synapse formation and function 

is modulated by the amyloid precursor protein. The Journal of Neuroscience, 
26(27), 7212-7221.  

 
Railey, A.M., Micheli, T.L., Wanschura, P.B., Flinn, J.M. (2010). Alterations in fear 

response and spatial memory in pre- and post-natal zinc supplemented rats: 
Remediation by copper. Physiology and Behavior, 100(2), 95-100.  

 
Rhinn, H., Fujita, R., Qiang, L., Cheng, R., Lee, J. H., & Abeliovich, A. (2013). 

Integrative genomics identifies APOE  4 effectors in Alzheimer’s 
disease. Nature, 500(7460), 45–50. 

 
Ridge, PG, Ebbert, M., & Kauwe, J. (2013). Genetics of Alzheimer’s disease. BioMed 

Research International. Retrieved from 
http://www.hindawi.com/journals/bmri/2013/254954/abs/ 

 
Robert, P.H., Berr, C., Volteau, M., Bertogliati, C., Benoit, M., & Sarazin, M. et al.  

(2006). Apathy in patients with mild cognitive impairment and the risk of 
developing dementia of Alzheimer’s disease: a one year follow up study. Clinical 
Neurology and Neurosurgery, 108(8), 733-736.  

  
 
Roh, J.H., Huang, Y., Bero, A.W., Kasten, T., Stewart, F.R., Bateman, R.J., et al. (2012).  

Disruption of the sleep-wake cycle and diurnal fluctuation of β-amyloid in mice 
with Alzheimer's disease pathology. Sci Transl Med. 4(15). doi: 
10.1126/scitranslmed.3004291 



 
 

64 

 
Romberg, C., Horner, A.E., Bussey, T.J., & Saksida, L.M. (2013). A touch screen-

automated cognitive test battery reveals impaired attention, memory, 
abnormalities, and increase response inhibition in the TgCRND8 mouse model of 
Alzheimer’s disease. Neurobiology of Aging. 34(3) 731-744.  

 
 
Sandstead, H.H., Frederickson, C.J., & Penland, J.M. (2000). History of zinc as related to 

brain function. The American Society for Nutritional Sciences, 130(2), 496s-
502s.  

 
Savelieff, MG, Lee, S, Liu, Y, & Lim, MH. (2013). Untangling amyloid-β, tau, and 

metals in Alzheimer’s disease. ACS Chemical Biology, 8(5), 856-865.  
 
Schaeffer, E. L., Figueiro, M., & Gattaz, W. F. (2011). Insights into Alzheimer disease 

pathogenesis from studies in transgenic animal models. Clinics, 66(1), 45–54.  
 
Shankar, G.M., Li, S., Mehta, T.H., Garcia-Munoz, A., Shepardson, N.E., Smith, I., &  

Brett, F.M et al. (2008). Amyloid beta protein dimers isolated directly from 
Alzheimer’s brains impair synaptic plasticity and memory. Nature Medicine, 14, 
837-842. 

 
Shibata, M., Yamada, S., Kumar, S.R., Calero, M., Bading, J., Frangione, B., Holtzman, 

D.M., Miller, C.A., Strickland, D.K., Ghiso, J. & Zlokovic, B.V. (2000). 
Clearance of Alzheimer’s amyloid-ss(1-40) peptide from brain by LDL receptor-
related protein-1 at the blood-brain barrier. Journal of Clinical Investigation, 
106(12),1489–1499. 

 
Selkoe, D.J. (2001). Clearing the brain’s amyloid cobwebs. Neuron, 32(2),177–80. 
 
Selkoe, DJ. (2001). Alzheimer’s disease results from the cerebral accumulation and 

cytotoxicity of amyloid\ beta-protein. Journal of Alzheimer’s disease, 3(1), 75-80 
 
Starkstein, S.E., Jorge, R., Mizrahi, R., & Robinson, R.G. (2006). A prospective 

longitudinal study of apathy in Alzheimer’s disease. Journal of Neurology 
Neurosurgery and Psychiatry.77(1).  

 
Steele ML, Robinson SR (2012) Reactive astrocytes give neurons less support: 

implications for Alzheimer’s disease. Neurobiology of Aging, 33, 423.e1–13. 
 
Takeda, A. (2000). Movement of zinc and its functional significance in the brain. Brain 

Research Reviews, 34(3), 137-148.  
 



 
 

65 

Tanzi, RE. (2012). The genetics of Alzheimer disease. Cold Spring Harbor Perspectives 
in Medicine, 2(10), doi: 10.1101/schperspect.a006296. 

 
Tokuda, T., Matsubara, C.M., Vidal, R., Kumar, A., Permanne, B., & Ziokovic, B. et al. 

(2000). Lipidation of apolipoprotein E influences its isoform specific interaction 
with Alzheimer’s amyloid beta peptides. The Biochemical Journal, 348, 359-365. 

 
Vasto, S., Candore, G., Listi, F., Balistreri, C. R., Malavolta, M., & Lio, D. (2008). 

Inflammation, genes, and zinc in Alzheimer's disease. Brain Research 
Reviews, 58(1), 96-105. 

 
Verghese PB, Castellano JM, Garai K, Wang Y, Jiang H, Shah A, Bu G, Frieden C, 

Holtzman DM. ApoE influences amyloid-β (Aβ) clearance despite minimal 
apoE/Aβ association in physiological conditions. Proceedings of the National 
Academy of Sciences, 110(19). 

 
Wisor, J.P., Edgar, D.M., Yesavage, J., Ryan, H.S., McCormick, C.M., Lapustea, N., et 

al. (2005). Neuroscience. 131(2). 375-385.  
 
Wolf, A., Bauer, B., Abner, E.L., Ashkenazy-Frolinger, T., Hartz, A.M.S. (2016). A 

comprehensive behavioral test battery to assess learning and memory in 
a29S6/Tg2576 mice. Plos One. https://doi.org/10.1371/journal.pone.0147733 

 
Yang, Y., Jing, X.P., Zhang, S.P., Gu, R.X., Tang, F.X., & Wang, X.L. et al. (2013).  

High dose zinc supplementation induces hippocampal zinc deficieny and memory 
impairment with inhibition of BDNF signaling. Plos One, 8(1), doi: 
10.1371/journal.pone.0055384 

 
Yin, J.X., Turner, G.H., Lin, H.J., Coons, S.W., & Shi, J. (2011). Deficits in spatial  

learning and memory is associated with hippocampal volume loss in aged 
apolipoprotein E4 mice. Journal of Alzheimer’s Disease, 27(1), 89-98.  

 
Xie, L., Kang, H., Xu, Q., Chen, M.J., Liao, Y., et al. (2013). Sleep drives metabolic  

clearance from the adult brain. Science. 342(6156). doi: 10.1126/science.1241224 
 



 
 

66 

 
 
 
 

BIOGRAPHY 

Katelyn Nicole Boggs received her Bachelor of Science from George Mason University in 
Spring 2012 in Psychology, with a minor in Neuroscience. She immediately began 
graduate school the following semester in Fall 2012, to work towards a Master of Arts in 
Cognitive and Behavioral Neuroscience within the Psychology Department, which she 
earned in 2015. Following up from the results of her Master’s thesis, Katelyn continued 
her research and her educational career, and entered the doctoral program at George Mason 
University. This dissertation serves as the completion of her doctoral degree.   


