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ABSTRACT 

 

 Alzheimer’s disease is a progressive neurodegenerative disorder that results in 

synaptic and neuronal loss in regions of the brain responsible for memory and cognition.  

To date, transgenic animal models have played a crucial role in our understanding of the 

underlying mechanisms of the disease.  In the present studies, behavioral performance 

was assessed in two strains of transgenic rats that overexpress human beta amyloid 

precursor protein.  After behavioral deficits were established, females were used to assess 

the effect of estrogen deficiency on these deficits.  Previous research suggests an 

increased vulnerability for females to Alzheimer disease-like pathology; while the 

underlying causes for this are unclear, it has been suggested that estrogens have 

numerous neuroprotective effects and that the loss of estrogens during aging and 

menopause may accelerate disease-like pathology.  Both types of transgenic rats showed 

behavioral deficits compared to age-matched non-transgenic control rats and estrogen 

deficiency exacerbated behavioral symptoms reflective of Alzheimer’s disease. 
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INTRODUCTION 

 

 Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that affects 

regions of the brain responsible for memory and cognition (Alzheimer, 1987 reprinted 

from 1907; Ballard & Walker, 1999).  AD affects more than 5.4 million people in the 

United States (Reitz, 2012) and an estimated 35.6 million people worldwide (Wimo et al., 

2013).  The prevalence of AD is expected to rise with the anticipated increase in 

population life expectancy (Hebert, Scherr, Bienias, Bennett, & Evans, 2003). 

 AD is a growing public-health concern as there are currently no known cures to 

treat the disease (Reitz, 2012).  Current pharmacological interventions for AD are 

effective at treating the symptoms of the disease, but they offer no ability to prevent or 

delay neurodegeneration.  One hopeful approach to address neurodegeneration is to 

develop an appropriate animal model of the disease and to use it to test the efficacy of 

emerging therapies.  Animal models mimic aspects of the disorder, including the 

pathological, physiological, or behavioral symptoms of the human disease (Sabbagh, 

Kinney, & Cummings, 2013 2013).  The ideal model should mimic multiple aspects of 

the disease, including its etiology and a time-dependent progression of the pathology; it 

should also involve similar structures to that of the human pathology (Do Carmo & 

Cuello, 2013).  One reason for the lack of progress towards developing a cure is that there 

are currently no animal models that completely capture the full spectrum of AD 

pathology.  This introduction briefly summarizes the most successful mouse models and 

addresses the development of a new rat model to study AD, with a focus on elucidating 

the link between gender and AD.  
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Female Gender as a Risk Factor for AD 

 Although age is the most significant risk factor for the development of AD, age-

related loss of sex steroid hormones is also an established risk factor in both men and 

women (Li & Singh, 2014; Pike, Carroll, Rosario, & Barron, 2009 & Barron, 2009; Vest 

& Pike, 2013).  While the relationships between sex steroid hormones and AD are not 

fully understood, findings from both human and animal studies show that depletion of 

estrogen and progesterone in women and androgens in men increase the vulnerability of 

the aging brain to AD pathogenesis (Vest & Pike, 2013).  Apart from declining levels of 

circulating sex steroid hormones, female gender may also be an inherent risk factor for 

AD.  Nearly two-thirds of patients with AD are women (Gao, Hendrie, Hall, & Hui, 

1998; Hebert, Weuve, Scherr, & Evans, 2013).  Not only is there is a higher number of 

female patients with AD than male patients with AD (Andersen et al., 1999; Bachman et 

al., 1992; Brayne et al., 1995; Brookmeyer, Gray, & Kawas, 1998; Farrer et al., 1997), 

but the incidence, which refers to the number of new cases within a certain time period, 

of AD is also higher in women (Andersen et al., 1999; Jorm & Jolley, 1998; Miech et al., 

2002; Ruitenberg, Ott, van Swieten, Hofman, & Breteler, 2001; Hofman, & Breteler, 

2001).  However, these differences in the prevalence and incidence rates of AD are 

difficult to interpret due to gender differences in life expectancy.  Nonetheless, AD 

pathology and AD-related cognitive decline are greater in women than in men (Barnes et 

al., 2005; Buckwalter, Sobel, Dunn, Diz, & Henderson, 1993; Corder et al., 2004; 

Henderson & Buckwalter, 1994; Read et al., 2006; Ruitenberg et al., 2001; Sinforiani et 

al., 2010; Swaab, Chung, Kruijver, Hofman, & Ishunina, 2001).  Furthermore, women 

with AD tend to have relatively greater difficulty with cognitive skills that are viewed as 
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female-advantaged, such as verbal fluency, naming, and verbal episodic memory 

(Henderson & Buckwalter, 1994; Ripich, Petrill, Whitehouse, & Zoil, 1995). 

 It has been suggested that women may be disproportionately affected by some 

genetic and environmental risk factors.  For example, there is a stronger association of 

sporadic AD with the apolopoprotein E ε4 allele, a major genetic risk factor for AD, in 

women than in men.  This association correlates with memory impairments and greater 

hippocampal and cortical atrophy (Altmann, Tian, Henderson, Greicius, & Alzheimer's 

Disease Neuroimaging Initiative, 2014; Damoiseaux, Prater, Miller, & Greicius, 2012; 

Farrer et al., 1997; Fleisher et al.; Liu et al., 2010; Payami et al., 1994), as well as higher 

amyloid plaque and neurofibrillary tangle burden in the brains of women than of men 

who are carriers of the ε4 allele (Corder et al., 2004).  While the underlying causes for the 

increased vulnerability for females to AD-like pathology are unclear, Grimm, Mensah-

Nyagan, and Eckert (2016) argue that there is a close relationship between age-related 

decreases in steroid levels and the age-related increases in oxidative stress.  

Mitochondrial dysfunction is suggested to underlie these deficits in brain metabolism 

(Long, He, Shen & Li, 2012; Nilsen, 2008; Viña & Lloret, 2010).  Hence, because the 

loss of estrogens is most drastic during menopause, women may have a higher 

vulnerability to oxidative stress at this period of time, which can promote the onset of 

neurodegenerative disorders.  Overall, research suggests that estrogens have numerous 

neuroprotective effects relevant to the prevention of AD and that the loss of estrogens in 

females during aging and the menopausal period may accelerate AD-like pathology (Pike 

et al., 2009). 
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Characteristics of Transgenic Mouse Models of AD 

 To date, the most successful and widely used animal models of AD have been 

transgenic (Tg) mice.  Tg mouse models have played a crucial role in our understanding 

of the genetics underlying the disease.  All Tg models exhibit one or more of the four 

physiological symptoms of the disorder seen in humans:  (1) Senile amyloid plaques 

caused by extracellular deposits of amyloid-β peptides (Aβ), (2) intracellular deposits of 

abnormally hyperphosphorylated tau protein in the form of neurofibrillary tangles, (3) 

chronic neuroinflammation, and (4) widespread neuronal loss (Dickson & Vickers, 2001; 

Selkoe, 2001).  Tg models mimic AD by overexpressing genes that have been associated 

with the familial form of the disease.  For instance, mutations in the amyloid precursor 

protein gene (APP) on chromosome 21, the presenlin-1 gene (PS1) on chromosome 14, 

and the presenilin-2 gene (PS2) on chromosome 1, cause early-onset autosomal dominant 

AD (St George-Hyslop, 2000); and thus, Tg reproduction of AD pathology is based on 

the overexpression or transfection of mutant forms of these genes.   

 Historically, mice have been preferred as an animal model in this line of research 

mainly because the tools for mouse genome manipulation are widely available (Abbott, 

2004; Tesson et al., 2005).  Initial Tg mouse lines carried mutations of APP, thus the vast 

majority of Tg animal models of AD exhibit a massive and often rapid production and 

accumulation of Aβ peptides (Games et al., 1995; Hsiao et al., 1996; Kokjohn & Roher, 

2009).  Subsequent models have relied on PS mutations (Duff et al., 1996), tau mutations 

(Lewis et al., 2000), or a combination of two or three mutations (Holcomb et al., 1998; 

Lewis et al., 2001; Oddo et al., 2003).  In general, mouse models bearing APP and/or PS 

mutations have provided valuable information about the mechanisms involved in AD and 



   
		

5 

the role of Aβ pathology (Sabbagh et al., 2013).  A brief history of AD animal model 

research involving behavior is reviewed below. 

 

Behavioral Markers of AD 

 Behavioral deficits in AD are caused by progressive synaptic and neuronal loss, 

especially in the temporal and parietal regions of the brain.  One of the earliest brain 

regions affected in AD is the hippocampus, and as expected, impaired performance is 

observed on many hippocampal-dependent tasks, especially spatial learning and memory 

tasks.  Hippocampal-dependent spatial navigation is highly conserved across mammalian 

species (Squire, 1992) and navigational ability is often assessed using mazes in rodents.  

Consistent with the AD phenotype, research using Tg mice has consistently demonstrated 

AD-related impairments on a variety of spatial learning measures, including the Morris 

water maze (Blázquez, Cañete, Tobeña, Giménez-Llort, & Fernández-Teruel, 2014; 

Cañete, Blázquez, Tobeña, Giménez-Llort, & Fernández-Teruel, 2015), radial arm maze 

(Stepanichev et al., 2004; Stewart, Cacucci, & Lever, 2011; Wright et al., 2013) and the 

Barnes maze (Attar et al., 2013; Stover, Campbell, Van Winssen, & Brown, 2015; 

Walker et al., 2011; Walker et al., 2015).  The Morris water maze (MWM) is a 

hippocampal-dependent spatial learning and memory task that does not rely on appetitive 

motivation (Morris, 1984), which makes it particularly well-suited to investigate learning 

in animal models of AD (Billings, Green, McGaugh, & LaFerla, 2007; Hsiao et al., 1996; 

Kinney, Starosta, & Crawley, 2003).  Similar to the MWM, the Barnes maze is also a 

hippocampal-dependent spatial learning task, but is considered to be less stressful as it 

does not involve the stress of forced swimming (Barnes, 1979; Rosenfeld & Ferguson, 
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2014).  As such, this maze can be used with aged animals that sometimes develop 

locomotor difficulties.  Tests assessing contextual memory are also widely used to 

measure hippocampal function (Dineley, Xia, Bui, Sweatt, & Zheng, 2002).  Other tasks, 

such as the radial arm maze, novel object recognition, and passive avoidance are also 

useful in examining cognitive deficits consistent with AD in rodents.  Several 

comprehensive overviews of the literature on memory and spatial learning deficits in Tg 

mouse models have been published (Ashe, 2001; Foley, Ammar, Lee, & Mitchell, 2015; 

Kobayashi & Chen, 2005; Webster, Bachstetter, Nelson, Schmitt, & Van Eldik, 2014).   

 

Issues with Tg Mouse Models of AD 

 As mentioned, many mouse models of AD have been created, but none of them 

fully replicate the extensive cellular, biochemical, and behavioral pathology of AD 

patients (Kokjohn & Roher, 2009; Sabbagh et al., 2013).  For example, many of the Tg 

APP mouse models fail to develop neurofibrillary tangles (Colton et al., 2008; Oddo et 

al., 2003; Padmanabhan, Levy, Dickson, & Potter, 2006; Wilcock et al., 2008).  On the 

other hand, Tg mice with altered tau expression that develop AD-like tangles and cellular 

loss do not develop Aβ deposition (Sabbagh et al., 2013).  Although more sophisticated 

double and triple Tg mouse models have provided insights into the interactions between 

Aβ and tau pathologies (Mastrangelo & Bowers, 2008; Oddo et al., 2003; Sabbagh et al., 

2013; Stover et al., 2015; Wilcock, 2010), many still have drawbacks.  In humans, for 

instance, high levels of neuronal Aβ can be present for some time, sometimes decades, 

before the appearance of any cognitive symptoms (Bateman et al., 2012; Price & Morris, 

1999).  This increased Aβ load does not lead to pathology until there is an additional 
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disturbance like stroke, hypertension, or type 2 diabetes.  Not surprisingly, multiple 

pathologies appear to reduce the threshold at which AD changes are clinically manifest as 

cognitive impairment (Schneider, Arvanitakis, Bang, & Bennett, 2007).  In contrast to 

human AD, most mouse models exhibit behavioral deficits before they develop 

significant plaque pathology (Beauquis, Vinuesa, Pomilio, Pavía, & Saravia, 2014; 

Eriksen & Janus, 2007; Games, Buttini, Kobayashi, Schenk, & Seubert, 2006; Sterniczuk, 

Antle, Laferla, & Dyck, 2010; Wright et al., 2013), which fails to accurately mimic the 

disease course of human AD.  To further complicate the issue, there is evidence that 

neither plaques nor tangles are the proximate cause of neuronal dysfunction; instead, they 

may reflect the fundamental processes that accelerate synapse loss and eventually lead to 

neuronal death.  In fact, Aβ load often does not correlate with cognitive impairment 

(Arriagada, Growdon, Hedley-Whyte, & Hyman, 1992; Berg, McKeel, Miller, Baty, & 

Morris, 1993; Foley et al., 2015); instead, cognitive impairment is more strongly related 

to excessive synapse loss (Terry, 2006), an AD pathology many current mouse models 

(e.g., PDAPP, Tg2576) lack despite having extensive amyloid deposition (Irizary et al., 

1997; Irizarry, Soriano, & McNamara, 1997).  It seems as though neuronal loss can be 

induced in mice only by the combination of multiple mutations that individually are 

sufficient to cause the disease in humans (Casas et al., 2004; Schmitz et al., 2004; Oakley 

et al., 2006).   

 Even more importantly, however, cognitive deficits in Tg mice tend to be mild 

and resemble the cognitive deficits of prodromal, or early stage, AD more than of AD 

dementia.  Additionally, cognitive assessment in mice can be quite challenging.  Learning 

is slow in mice (Abbott, 2004) and their behavior is often variable and thus, may not 



   
		

8 

always be indicative of their true abilities.  Behavioral performance underlies cognitive 

assessment in animals, and the fact that performance does not always reflect acquired 

knowledge makes it difficult to accurately determine the effects of interventions on 

cognition, a major objective of this field of research. 

 

Rationale 

 The failure of mouse models to capture all the major features of the disorder 

highlights the necessity to develop superior models of the AD pathology.  Now that 

genome manipulation technologies have been developed for non-mouse species, it may 

be time to consider other animals as possible models of the disease, which may allow for 

new evidence regarding underlying pathology.   

 Similar to Tg mouse models, Tg rat models are also based on the overexpression 

or transfection of mutant APP and PS1 genes.  Moreover, rat models offer numerous 

advantages over mouse models.  Rats are physiologically, genetically, and 

morphologically more similar to humans than mice (Gibbs et al., 2004; Jacob & Kwitek, 

2002; Lin, 1995; Yang et al., 2004).  Additionally, rats’ larger bodies and brain size 

facilitate many experimental procedures including neurosurgery and neuroimaging 

(Tesson et al., 2005).  More importantly, rat behavior is far better characterized.  Rats 

have finer and more accurate motor coordination than mice and exhibit more complex 

learning and social behaviors (Do Carmo & Cuello, 2013; Iannaccone & Jacob, 2009).  

Consequently, rat models of AD allow for a more innovative and accurate assessment of 

the impact of pathology and novel therapies on cognition and behavior.  As a result, rats 

are increasingly being used to mimic neurodegenerative pathologies including 
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Parkinson’s (Inden et al., 2011; Nuber et al., 2013; Taravini et al., 2011), Huntington’s 

(von Hörsten et al., 2003), and even AD (Do Carmo & Cuello, 2013).  However, 

although rat models may more accurately generate the physiological characteristics of 

AD, an open question in the published literature is whether Tg rat models will also 

display the appropriate behavioral deficits of AD.   

 

Current Rat Models 

  In an attempt to generate a more accurate model of AD, Agca and colleagues 

(2008) have created a novel line of Tg rats that overexpress human APP with Swedish 

and Indiana mutations, which are genetic variations that have been linked to cause early 

onset AD in humans.  Similar to human AD, this Tg line does not always develop 

significant pathology unless there is an additional disturbance (Rosen et al., 2012).  To 

this extent, although this Tg line produces high levels of neuronal APP, it fails to produce 

Aβ plaques.  In order to increase AD pathogenesis to more accurately model human AD, 

the APP line was used to generate a double Tg line that overexpresses both the APP as 

well as the PS1 transgene.  To characterize these new rat models’ behavioral resemblance 

to AD pathology, both models of Tg rats underwent behavioral assessment in the present 

series of experiments.  Once characterized, these models were used to further investigate 

the interaction of gender and AD. 
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EXPERIMENT 1 
 

The purpose of Experiment 1 was to examine the spatial learning and memory 

deficits and anxiety levels associative with two novel rat models of AD.  To assess spatial 

learning and memory, the Barnes maze was used (Barnes, 1979).  This maze takes 

advantage of rodents’ natural aversion to bright open spaces and tendency to spend more 

time in darker enclosed areas.  More specifically, animals escape from a mildly aversive 

brightly lit circular platform surface to a small, dark recessed chamber located under one 

of 20 holes around the perimeter of the platform.  Latency to locate the escape chamber is 

measured on each trial during each testing session.  The Barnes maze procedure is able to 

tap into three distinct aspects of spatial learning and memory.  First, animals must learn 

the initial location of escape box and improved performance with each trial is indicative 

of normal learning and memory.  After learning the initial location of the escape 

chamber, the animals can be given a retention interval after which memory for the 

location can again be measured.  Lastly, the animals can also be given reversal training in 

which the location of the escape chamber is moved and the rate of learning of the new 

location can again be measured.   

The Barnes maze is a hippocampal-dependent task that been shown to be sensitive 

to both hippocampal damage and to cognitive decline in AD rodents.  Previous research 

shows that Tg animals display poor spatial learning in the Barnes maze task compared to 

their wild-type littermates in a variety of AD mouse models, including TgCRND8 

(Walker et al., 2011), 3xTg (Attar et al., 2013), and APPswe/PS1ΔE9 (O'Leary & Brown, 

2009; Reiserer, Harrison, Syverud, & McDonald, 2007).  Although very few studies have 

investigated sex differences in cognitively normal rats in the Barnes maze, findings 
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suggest no sex differences in performance on this task (Bucci, Chiba, & Gallagher, 

1995).  However, there is evidence that sex hormone levels can influence spatial learning 

performance, such that females perform better during proestrus when estrogen levels are 

high (Warren & Juraska, 1997).  Nonetheless, Tg female mice are reported to show 

poorer behavioral performance than Tg males (Carroll et al., 2010; Clinton et al., 2007; 

King et al., 1999; Pistell, Zhu, & Ingram, 2008).  Furthermore, Tg mouse models of AD 

also exhibit sex differences in AD-like neuropathology; most commonly, female mice 

show earlier and more robust Aβ accumulation than males (Andersen et al., 1999; 

Callahan et al., 2001; Carroll et al., 2010; Halford & Russell, 2009; Hirata-Fukae et al., 

2008; Lee, Cole, Palmiter, Suh, & Koh, 2002; Sturchler-Pierrat & Staufenbiel, 2000).  

The observance of greater behavioral impairment and pathology in females across 

multiple Tg mouse models suggest that females are inherently more vulnerable than 

males to AD pathogenesis (Vest & Pike, 2013).  Thus, in line with previous research, it 

was predicted that both AD rat models (APP and APP+PS1) would show spatial learning 

and memory deficits compared to age-matched non-Tg (nTg) controls, and that double 

Tg (APP+PS1) rats would show the most severe impairments.  Additionally, it was 

predicted that larger memory impairments would be observed in the female Tg rats 

compared to the male Tg rats. 

A speed-accuracy trade off in Barnes maze performance is one potential problem 

that can be difficult to control.  Animals that are presumably anxious may complete the 

task more quickly (enter the escape box) but make a larger number of errors while doing 

so.  To check whether such a speed-accuracy trade off occurs in the Barnes maze 

behavioral data, an additional test, the elevated plus maze, was administered as a measure 
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to assess anxiety levels (Handley & Mithani, 1984; Pellow, Chopin, File, & Briley, 1985; 

Walf & Frye, 2007).  This commonly used task consists of two enclosed arms and two 

open arms arranged in the shape of a plus.  Similar to the Barnes maze, the elevated plus 

maze also takes advantage of rodents’ natural aversion to open spaces and animals that 

spend less time in the open arms relative to the enclosed arms are said to have higher 

levels of anxiety.  The anxiety test was exploratory in nature and no predictions were 

made because the literature on anxiety disturbances in Tg mice has been mixed.  For 

example, many studies have found evidence for increased anxiety-like behaviors and 

hyperactivity in Tg animals (Beauquis et al., 2014; Blázquez et al., 2014; Pietropaolo, 

Feldon, & Yee, 2014; Sterniczuk et al., 2010), while others have found evidence for 

anxiolytic-like behaviors (Lok et al., 2013) and reduced exploratory behavior (Hsiao et 

al., 1995; Moechars et al., 1999).  Several reviews of similar findings have been 

published (Ashe, 2001; Webster et al., 2014).  Although the relationship between anxiety 

levels and AD is not entirely clear, this behavioral assessment was included to ensure that 

any observed spatial learning and memory performance differences were not caused by 

differences in anxiety levels given the aversive motivational nature of the Barnes maze. 

 

Materials and Methods 

 

Animals.  Male and female APP+PS1 (n = 12), APP (n = 11), and nTg Fischer 

344 (n = 12) rats aged between 8 and 12.5 months (mean = 9.8) were used (see Table 1).  

Tg rats were bred as previously described (Agca et al., 2008) and Fischer 344 controls 

were bred from parents that were obtained from Harlan (Indianapolis, IN, USA).  All 
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procedures were performed in accordance with the University of Missouri's Animal Care 

and Use Committee (ACUC) guidelines and the ILAR Guide for the Care and Use of 

Laboratory Animals.  The rats were housed in pairs in conventional cages at 20–25°C in 

a controlled lighting environment and provided ad libitum access to water and standard 

pelleted rodent chow.   

 

 Gender 

Number of Males Number of Females 

G
en

ot
yp

e APP+PS1 n = 6 n = 6 

APP n = 6 n = 5 

nTg (CTL) n = 6 n = 6 

 

Table 1.  Rats used in Experiment 1.  A total of 35 rats were used. 

 

Behavioral Assessment.  Each rat was handled at least four times prior to 

behavioral treatments to reduce anxiety due to handling during testing.  On each day that 

behavioral testing occurred, rats were transported to the testing room from the colony 

room in their home cages and acclimated in the testing room for a minimum of 30 min 

prior to the first trial.  All animals were examined in the Barnes maze first, followed by 

the elevated plus maze. 

 

Barnes Maze.  The maze consists of a grey circular platform 122 cm in diameter, 

surrounded by a wall that was 30.5 cm in height.  The maze was elevated 83.8 cm above 

the floor by a stand.  Twenty holes measuring 10.2 cm in diameter were evenly spaced 

around the perimeter.  A rectangular grey escape box (28 cm in length x 12.7 cm wide x 
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7.6 cm deep at the area closest to the floor of the maze tapering to 16.5 cm deep) could be 

placed beneath any hole.  The escape box included an entry ramp that provided easy entry 

access for the rat.  A black curtain was hung around the maze to surrounded the apparatus 

and ensure that rats only used the visual cues provided in the maze, instead of distal cues 

within the testing room, to navigate around the maze.  Proximal cues were more likely to 

remain constant, within subjects and across subjects, during the course of training.  Four 

visual cues consisting of various shapes (triangle, square, circle, cross) were placed at 

evenly spaced intervals on the inside of the maze walls.  Two 86-W, 120-V floodlights 

producing 1690 lumins were hung above the platform to brightly light the maze in order 

to create a potentially aversive environment to help motivate the rats to escape from the 

brightly lit, open surface in favor of the dark environment of the escape box.  One light 

was hung 68.5 on side of the maze, while the other was hung 137 cm from the other side. 

Each rat was assigned an escape hole; assigned holes were alternated across rats 

to eliminate odor cues for consecutively tested rats.  The escape box location remained 

constant for any individual rat across test trials.  Behavioral testing consisted of 2 shaping 

trials (2 trials/day) and 6 acquisition trials (2 trials/day) over a period of 3 days.  Shaping 

trials were performed exactly like the acquisition trials except that the data were not used 

in the statistical analysis.  Before shaping trials, each rat was pre-exposed to the goal box 

for 90 sec.  The entrance of the goal box was covered with the grey, opaque start box (a 

23 cm x 23 cm box) to prevent escape from the goal box into the maze.   

An acquisition trial began by placing the rat under the start box positioned in the 

center of the platform.  After 30 sec, the box was lifted and the rat had a maximum of 5 

min (300 sec) to find and enter the escape box.  Live observers recorded latency (time it 
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takes for the rat to enter the escape box) and total errors (nose-pokes into non-escape 

holes).  If the rat did not enter the escape box within 5 min, it was gently guided there by 

the experimenter’s hand.  After 30 sec, the rat was removed from the escape box and 

returned to its home cage.  The platform and escape box were cleaned after every trial 

with a 20% ethanol solution.  Rats were then allowed to rest in their home cage in the 

testing room for 30 min before starting their second daily trial.  After the third day, 

testing abated for 3 days, after which retention was evaluated with two additional trials (1 

day), conducted exactly like those just described.  The following day, the rats were given 

reversal training, in which the rats were given trials identical to those described above, 

except that the escape box was moved to a new location in the opposite quadrant.  

Reversal training continued for a total of three days. 

 

Elevated Plus Maze.  The elevated plus maze was made of grey-painted wood.  The 

square center area of the maze, which could lead to any of the four arms, measured 14 cm 

by 14 cm.  Each of the four arms was 43.2 long from the center area.  The two enclosed 

arms had sidewalls and an endwall that were 20 cm in height; the open arms had 

sidewalls that were 3.75 cm high and there was no wall at the end of these arms.  The 

maze was elevated 57.2 above the floor.  Each rat was placed in the central platform of 

the maze, and allowed to freely explore for 10 min.  Time spent in the open arms, time 

spent in closed arms, number of entries into open arms, and number of entries into closed 

arms was recorded.  After each trial, the maze was cleaned with 20% ethanol solution. 
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Data Analysis.  Behavioral analyses were conducted using analysis of variance 

(ANOVA) in SPSS (SPSS 21, SPSS Inc., Chicago USA).  For the Barnes maze, the 

average of each animal’s performance scores each day was used in the repeated-measures 

analysis.  Day was used as the within-subjects factor and Genotype and Sex were used as  

between-group factors.  Data from the first acquisition day were not included in the 

analysis.  For the elevated plus maze, Genotype and Sex were used as the between-group 

factors.  Differences were considered significant at p < 0.05 for all analyses.  Multiple 

comparisons were conducted using Tukey HSD tests and Greenhouse-Geisser corrections 

were used for violations in sphericity. 

 

Results and Discussion 

 

Barnes Maze. 

Acquisition.  Analysis of errors and latency during acquisition did not produce a 

significant main effect of Genotype, Sex, or Day (ps > 0.09); there were also no 

significant interactions between Day and Sex, Day and Genotype, nor three-way 

interaction (ps > 0.08).  Overall, these results suggest that the groups did not differ in 

learning during the acquisition trials (see Fig. 1 for errors and Fig. 2 for latency).  

Although it could be argued that no learning occurred during this phase as there was no 

main effect of Day, we know this is not the case because the animals made fewer errors 

and had shorter latencies during the acquisition test days than on the shaping day, as 

shown in Figures 1 and 2, respectively. 
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Figure 1.  The effect of genotype on acquisition error performance in the Barnes maze 
during Experiment 1.  All values are expressed as daily group means ± standard error of 
the mean (SEM).  There were no significant main effects or interactions during 
acquisition; however, overall error performance on the acquisition training trials was 
qualitatively better than performance during the prior shaping trials. 

Figure 2.  The effect of genotype on acquisition latency performance in the Barnes maze 
during Experiment 1.  All values are expressed as daily group means ± SEM.  There were 
no significant main effects or interactions during acquisition; however, latency 
performance on the acquisition training trials was qualitatively better than performance 
during the prior shaping trials for each group. 
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Retention.  Analysis of errors during the probe trials following the retention interval 

revealed no significant main effect of Genotype or Sex nor an interaction (ps > 0.18), as 

shown in Figure 3.  Analysis of latencies during this phase produced a significant main 

effect of Genotype (p < 0.04), but no main effect of Sex or an interaction (ps > 0.22).  

Specific comparisons revealed that APP+PS1 rats had significantly longer latencies than 

both CTL rats (p < 0.05) but not APP rats (p < 0.09), as shown in Figure 4.  APP and 

Control rats did not differ (p > 0.97) in latency scores.  Thus, the memory deficit 

evidenced by longer latencies was larger for APP+PS1 rats than APP rats, consistent with 

our hypothesis. 

 

 
Figure 3.  The effect of genotype on overall error performance in the Barnes maze during 
Experiment 1.  The acquisition and reversal bars represent overall group means ± SEM of 
all three training days, while the retention bars represent group means ± SEM of two 
probe trials.  There were no significant main effects or interactions in error performance 
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during any of the three stages of testing; however, APP+PS1 rats had a non-significant 
tendency to make more errors than APP and CTL rats in all phases of the task. 

 
Figure 4.  The effect of genotype on overall latency performance in the Barnes maze 
during Experiment 1.  The acquisition and reversal bars represent overall group means ± 
SEM of all three training days, while the retention bars represent group means ± SEM of 
two probe trials.  There was a significant main effect of Genotype during retention, 
indicating that APP+PS1 rats had significantly longer latencies than Control rats (p < 
0.05) but not APP rats (p > 0.08).  * indicates p < 0.05. 

Reversal.  During reversal learning, analysis of errors produced no significant 

interactions or main effects of Sex or Genotype (ps > 0.09); but there was a significant 

main effect of Day (p < 0.02), suggesting that error performance differed over training 

days, with animals producing more errors on training day 2.  Although group differences 

did not reach conventional levels of significance, inspection of Figure 5 reveals that 

APP+PS1 rats tended to show poorer error performance than APP animals (p < 0.08).  

Analysis of latencies produced no significant main effects or interactions (ps > 0.10), but 

inspection of Figure 6 suggests that APP+PS1 rats tended to show poorer latency 
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performance than both APP rats (p < 0.15) and Control rats (p < 0.08) as indicated by 

their higher latency times.   

 
Figure 5.  The effect of genotype on reversal error performance in the Barnes maze 
during Experiment 1.  All values are expressed as daily group means ± SEM.  There was 
no significant main effect of Genotype, but there was a main effect of Day, suggesting 
that animals produced more errors on training day 2 than on days 1 and 3. 

 
Figure 6.  The effect of genotype on reversal latency performance in the Barnes maze 
during Experiment 1.  All values are expressed as daily group means ± SEM.  There were 
no significant main effects or interactions during reversal training, but APP+PS1 rats had 
a tendency to have longer latencies than both APP rats (p < 0.15) and Control rats (p < 
0.08). 
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 Overall, these results support the initial hypotheses that nTg Controls would 

outperform Tg rats and that APP+PS1 rats would perform worse than APP rats on this 

behavioral task.  However, statistically significant group differences were only found for 

one measure, which may be due to lack of power to detect significant group differences 

because of small sample sizes.  Another factor that may have contributed to these 

findings stems from the age ranges examined in this study, which may not have been 

optimally selected; it is possible that the AD animals used in this study were too young to 

show large memory deficits and it is likely that older rats would show larger group 

differences on this behavioral task, as older rats are likely to also have increased AD-like 

neuropathology.  Nevertheless, although not statistically significant, the trends observed 

in the data do correspond to the initial hypotheses and should be evaluated further. 

 A possible advantage of this model over previous animal models of AD is that 

this model may better mimic the timing of disease onset of human AD.  Many mouse 

models develop aggressive AD-like pathology as early as 3 months of age (PDAPP: 

Dodart, Mathis, Saura, Bales, Paul, & Ungerer, 2000; TgCRND8: Janus et al., 2000 and 

Chishti et al., 2001); and as previously stated, many of these mouse models often develop 

behavioral impairments before the onset of wide-spread plaque development (Beauquis, 

Vinuesa, Pomilio, Pavía, & Saravia, 2014; Eriksen & Janus, 2007; Games, Buttini, 

Kobayashi, Schenk, & Seubert, 2006; Sterniczuk, Antle, Laferla, & Dyck, 2010; Wright 

et al., 2013).  Consequently, this time course and disease progression do not correspond 

to human AD, in which the onset is much later in life and in which substantial plaque 

pathology is probably present for some time before cognitive symptoms first appear 

(Price & Morris, 1999).  The rat models of AD used in this experiment have been shown 
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to develop significant AD-like pathology, including neurofibrillary tangles in the APP 

rats and chromatolysis in hippocampal neurons and neuronal loss in CA3 region of 

hippocampus in the APP+PS1 rats, when examined at 18-19 months of age (Agca, 

Klakotskaia, Schachtman, Chan, Lah, & Agca, 2016).  However, it is currently unclear 

whether these neuropathologies are also present at the younger age range used in the 

current experiment.  Previous studies with these models suggest that plaque formation in 

these animals is dependent on environmental challenges (Rosen et al., 2012), so it is 

likely that there was little to no significant AD-like neuropathology at the younger age 

ranges used in the current study.  Larger memory deficits are expected with the onset of 

more severe pathology; consequently, future studies should evaluate behavior in older 

animals. 

 

 Elevated Plus Maze.  Analysis of performance produced four measures:  (1) total 

time spent in the open arms (Open Arms); (2) the ratio of time spent in the open arms 

relative to the closed arms (Time Ratio); (3) the number of arm alternations 

(Alternations); and (4) the ratio of entries into the open arms relative to the closed arms 

(Entry Ratio).   

 The analysis revealed no significant main effect of Genotype (Fig. 7 and 8) or 

interaction for any of the four measures (ps > 0.20).  There was however a significant 

main effect of Sex for Open Arms (p < 0.01), Alternations (p < 0.001), and Entry Ratio (p 

< 0.02), but not Time Ratio (p > 0.76).  Females spent significantly more time in the open 

arms than the male rats, alternated between the open and the closed arms significantly 
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more frequently than male rats, and made significantly more entries into open arms 

relative to closed arms than males, as shown in Figures 9 and 10. 

 
Figure 7.  The effect of genotype on time spent in open arms and time ratio in the 
elevated plus maze during Experiment 1.  All values are expressed group means ± SEM.  
There were no significant Genotype main effects or interactions. 

 

 
Figure 8.  The effect of genotype on arm alternations and entry ratio in the elevated plus 
maze during Experiment 1.  All values are expressed group means ± SEM.  There were 
no significant Genotype main effects or interactions. 
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Figure 9.  The effect of sex on time spent in open arms and time ratio in the elevated plus 
maze during Experiment 1.  All values are expressed group means ± SEM.  There was a 
significant main effect of Sex, indicating that female rats spent significantly more time in 
the open arms than male rats (p < 0.01).  There was no sex difference in the ratio of time 
spent in the open arms relatives to the closed arms (p > 0.76).  ** indicates p < 0.01. 

 

 
Figure 10.  The effect of sex on arm alternations and entry ratio in the elevated plus maze 
during Experiment 1.  All values are expressed group means ± SEM.  There was a 
significant main effect of Sex, such that females made significantly more arm alternations 
(p < 0.001) and significantly more entries into open arms relative to closed arms (p < 
0.05) than males.  * indicates p < 0.05 and *** indicates p < 0.001. 
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 Although no predictions were made for the elevated plus maze, these results do 

support previous behavioral studies using nTg rats.  For instance, Johnston and File 

(1991) also found that female rats showed a reduced aversion to the open arms of the 

elevated plus maze compared to male rats.  However, these authors were unable to make 

a firm conclusion concerning sex differences in anxiety levels because the results of the 

different anxiety tests they used did not lead to effects in the same direction.  

Additionally, previous studies have also found that behavioral indices of anxiety can vary 

across stages of the estrous cycle in rats (Mora, Dussaubat, & Díaz-Véliz, 1996), and that 

anxiety levels are lower in the proestrus stage than the diestrus stage (Marcondes, 

Miguel, Melo, & Spadari-Bratfisch, 2001), when serum estradiol levels are higher.  

Although estrous cycles were not monitored in this study, it is possible that estrous stage 

may have influenced the results of both of these tasks.  In any case, the lack of a 

Genotype main effect confirms that differential anxiety levels did not influence the 

observed spatial learning and memory performance in the Barnes Maze. 

 



   
		

26 

EXPERIMENT 2 

 

In an attempt to further investigate AD in females, Experiment 2 examined spatial 

learning and memory and recognition memory deficits in the two novel models of AD 

using only female rats.  Given that Experiment 1 was expected to produce a learning 

deficit in the Tg rats but no such deficit was observed, Experiment 2 examined whether 

performance will be poor in more aged rats.  The Barnes maze was used to measure 

spatial learning and memory and similar to the previous experiment, it was predicted that 

both AD rat models would show spatial learning and memory deficits compared to age-

matched nTg controls, and that double Tg rats (APP+PS1) would show the most severe 

impairments.   

In addition to spatial reference memory, a different type of memory, specifically 

recognition memory, which has also been extensively shown to be impaired in various 

mouse models of AD (Alkam et al., 2008; Dodart, Mathis, & Ungerer, 1997; Greco et al., 

2010; Hale & Good, 2005; Jardanhazi-Kurutz et al., 2010; Taglialatela, Hogan, Zhang, & 

Dineley, 2009; Yuede et al., 2009; Zhang et al., 2012), was assessed in this experiment.  

To assess recognition memory, the novel object recognition task was used (Ennaceur & 

Delacour, 1988).  This test is based on the spontaneous behavior of rodents to interact 

more with a novel object than with a familiar one.  The task consists of two phases.  In 

the training phase, rats are allowed to explore two identical objects.  In the testing phase, 

one of the two identical objects is replaced by a novel object.  Rats that explore the novel 

object for a longer time period are said to have better memory of the familiar object, 
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whereas rats that explore the novel and familiar objects for the same amount of time, are 

said to have a poorer recall for the familiar object (Antunes & Biala, 2012).   

The novel object recognition task has been used to detect memory deficits in 

many mouse models of AD, including single, double, and triple Tg models, as well as 

other models (see Grayson et al., 2015 for a review).  However, it is important to point 

out that some studies have failed to find a difference in recognition memory between Tg 

animals and wild-type controls (Ardiles et al., 2012; Cheng, Low, Logge, Garner, & Karl, 

2014; Davis, Easton, Eacott, & Gigg, 2013; Heneka et al., 2006; Huang et al., 2006; 

Middei, Daniele, Caprioli, Ghirardi, & Ammassari-Teule, 2006; Scullion, Kendall, 

Marsden, Sunter, & Pardon, 2011).  The lack of deficits could be explained by the wide 

range of protocols used (e.g., varying intertrial intervals) and the nature of the animals 

studied (e.g., strain, gender, age, etc.).  Despite inconsistent results in the literature across 

AD models, the novel object recognition task is dependent on the integrity of the 

temporal region in rodents (Ennaceur, Neave, & Aggleton, 1996; Mumby, Pinel, & 

Dastur, 1993) and requires prefrontal cortical input (Ennaceur, Neave, & Aggleton, 

1997), which corresponds to the brain regions affected in human AD (Delacourte, David, 

Sergeant, Buee, & Wattez, 1999; Whitwell, Przybelski, Weigand, & Knopman, 2007).  

Thus, a good animal model of AD should ideally show deficits in the novel object 

recognition task.  Therefore, it was predicted that both AD rat models would also show 

recognition memory impairments compared to age-matched nTg controls, and that double 

Tg rats would show the most severe impairments. 
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Materials and Methods 

 

 Animals.  Female APP+PS1 (n = 12), APP (n = 17), and nTg Fischer 344  (n = 

17) rats aged 12 months and 14 months were used (see Table 2).  Similar to Experiment 

1, Tg rats were bred as previously described (Agca et al., 2008) and Fischer 344 controls 

were bred from parents obtained from Harlan (Indianapolis, IN, USA).  All procedures 

were performed in accordance with the University of Missouri's ACUC guidelines and 

the ILAR Guide for the Care and Use of Laboratory Animals.  All unspecified details 

were the same as those in Experiment 1. 

 

 Age 

Number of 12-mo Rats Number of 14-mo Rats 

G
en

ot
yp

e APP+PS1 n = 5 n = 7 

APP n = 10 n = 7 

nTg (CTL) n = 10 n = 7 

 

Table 2.  Rats used in Experiment 2.  A total of 46 rats were used. 

 

Behavioral Assessment.  Each rat was handled at least four times prior to any 

behavioral treatment to reduce anxiety due to handling during testing.  Each day on 

which behavioral testing occurred, rats were transported to the testing room from the 

colony room in their home cages and acclimated in the testing room for a minimum of 30 

min prior to the first trial.  All animals underwent the novel object recognition task first, 

followed by the Barnes maze. 
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Novel Object Recognition Task.  Two identical copies of two pairs of objects were used.  

The heights of the objects averaged 11.5 ± 1.5 cm (mean ± SEM), the diameters averaged 

7.5 ± 1 cm, and all objects weighed in excess of 400 g to prevent displacement.  One 

object was made of hexagonal shapes consisting of gray plastic and the other was a small 

clear round vase filled with marbles, as pictured in Figure 11.  The objects were placed in 

a 50.5 x 39.1 x 32.1 (l x w x h) cm white acrylic rectangle-shaped chamber 2.5 cm from 

the two short-side walls.  The objects were washed with 20% ethanol solution after each 

exposure to a rat.  

 
Figure 11.  Objects used in the novel object recognition task.  Two identical pairs of 
objects were used in this task.  The object pictured on the left was a small clear round-
shaped vase filled with marbles and the object pictured on the right was made of gray 
plastic and consisted of three layered hexagonal shapes. 
 
 The novel object recognition task procedure was as follows.  On Day 1, the rats 

were placed in the chamber (without objects) for a 20-min acclimation session.  Day 2 

involved two sessions:  A training session and a test session.  During the training session, 

the rats were placed in the apparatus with two identical objects for 3 min.  The second 

session, the test session, occurred 15 min after the training session.  The rats spent this 15 
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min retention period in the home cage.  The rats were then placed in the chamber for 3 

additional min with one object that was used in the training session and a novel object.  

The amount of time spent interacting with each object, as well as, time spent in each half 

of the chamber were recorded.  Interaction with an object was defined as the rat’s head 

being oriented towards the object and the rat’s nose being within 3 cm of the object.  

Trials were video recorded and scored by observers that were blind to the treatment status 

of the rats.  

 

Barnes Maze.  A similar Barnes maze procedure was used as in Experiment 1, with a few 

modifications to shorten the duration of the assessment.  First, the animals were only 

given a maximum of 3 min (180 sec) to find and enter the escape box, rather than 5 min 

(300 sec).  Additionally, all animals were given three trials per day, instead of two trials 

per day, again with 30 min intertrial intervals.  Lastly, similar to Experiment 1, there was 

an initial shaping day (again, data from these 3 trials were not included in the analysis), 

which was followed by three additional days of acquisition training.  However, in this 

experiment, the retention interval was increased from three days to 14 days to produce a 

greater retention effect.  The retention day was followed by three reversal training days, 

where the location of the target box was moved to the opposite quadrant. 

 

 Data Analysis.  Behavioral analyses were conducted using analysis of variance 

(ANOVA) in SPSS (SPSS 21, SPSS Inc., Chicago USA).  For the Barnes maze, daily 

latency and error performance was averaged each day and used in the repeated-measures 

analysis.  Day was used as the within-subjects factor and Genotype and Age were used as 
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between-group factors.  For the novel object recognition task, Genotype and Age were 

used as between-group factors.  An object discrimination index, calculated for each rat, 

was expressed as (TN − TF), where TN and TF were the time spent during trial 2 with the 

novel object and familiar object, respectively; a corresponding score was calculated for 

side discrimination (Antunes & Biala, 2012).  Additionally, an object recognition index, 

calculated for each rat, was expressed as the ratio (TN × 100)/(TF + TN); a corresponding 

score was calculated for side recognition (Antunes & Biala, 2012).  Differences were 

considered significant at p < 0.05 for all analyses.  Multiple comparisons were conducted 

using Tukey HSD tests and Greenhouse-Geisser corrections were used for violations in 

sphericity. 

 

Results and Discussion  

 

 Novel Object Recognition Task.  There were no significant Genotype differences 

in object discrimination or side discrimination during the training trial (ps > 0.05; data 

not shown), which indicated that there were no differences in object or side preferences 

between the identical pair of objects.  However, there was a significant main effect of 

Age in object and side discrimination during the training trial (ps < 0.05), suggesting that 

younger animals spent more time with the left object and on the left side of the chamber 

when given two identical items, which may have influenced the results of the subsequent 

test trial.  Analysis of object discrimination, side discrimination, object recognition index, 

and side recognition index, during the test trial yielded a main effect of Genotype (ps < 

0.05).  Post hoc comparisons indicated that the APP rats had a significantly larger 
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preference for the new object on the test trial than the Controls (ps < 0.05); in contrast, 

the Control rats had a significant preference for the old object, as shown in Figure 12.  

Paradoxically, these results suggest better memory in APP rats than in Control rats.  

APP+PS1 also tended to have a preference for the new object, but their preference was 

not significantly different from Controls (p > 0.14).  Although there was a significant 

main effect of Genotype for side discrimination (p < 0.05), post hoc comparisons did not 

reveal any significant group differences (ps > 0.05), but suggested that Controls had a 

non-significant preference for the old side compared to both of the other groups (ps < 

0.07). 

 
Figure 12.  The effect of genotype on object and side discrimination in the novel object 
recognition task during Experiment 2.  All values are expressed group means ± SEM.  
There was a significant main effect of Genotype, indicating a significantly larger 
preference for the old object in the Control rats compared to the APP rats.  Control rats 
also had a non-significant preference for the old side than both the APP and APP+PS1 
animals (ps < 0.07).  * indicates p < 0.05. 
 

For the recognition indices, an index above 50% indicates a novel object/side 
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APP rats had a significantly stronger preference for the novel object than the Controls (p 

< 0.03) according to this index, and therefore, outperformed Controls on this task, as 

shown in Figure 13.  To explore whether differential exploratory behavior could be 

responsible for the differences in object discrimination, the times spent not exploring 

either object were also compared between the groups and no differences were seen (p > 

0.05; data not shown).  Lastly, there were no significant age differences between the 12-

month old and 14-month old animals (Figs. 14 and 15) or an interaction between 

Genotype and Age for any of the measures (ps > 0.18). 

 
Figure 13.  The effect of genotype on object and side recognition indices in the novel 
object recognition task during Experiment 2.  All values are expressed group means ± 
SEM.  APP rats had a significantly stronger preference for the novel object than the 
Control rats.  Although there were no significant group differences in side recognition, 
Control rats showed a non-significant preference for the familiar side.  * indicates p < 
0.05. 
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Figure 14.  The effect of age on object and side discrimination in the novel object 
recognition task during Experiment 2.  All values are expressed group means ± SEM.  
There were no significant group differences. 

 
Figure 15.  The effect of age on object and side recognition indices in the novel object 
recognition task during Experiment 2.  All values are expressed group means ± SEM.  
There were no significant group differences. 
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previous studies have failed to find a difference in recognition memory between Tg 

animals and wild-type controls (Cheng, Low, Logge, Garner, & Karl, 2014; Davis, 

Easton, Eacott, & Gigg, 2013; Heneka et al., 2006; Huang et al., 2006; Middei, Daniele, 

Caprioli, Ghirardi, & Ammassari-Teule, 2006; Scullion, Kendall, Marsden, Sunter, & 

Pardon, 2011) as stated earlier, there is no evidence in the literature for a reversed effect 

like the one observed in this study.  Although anxiety was not measured in this study, 

Experiment 1 found that females showed significantly less anxiety in the elevated plus 

maze than males, which might suggest a lack of anxiety toward novel objects in all of the 

animals used in this study.  For example, Frick and Gresack (2003) found that male 

C57BL/6 mice showed a strong preference for the novel object in a similar paradigm, 

whereas females exhibited no preference.  Such sex differences could be explained by 

sexual dimorphisms in a number of relevant brain regions like the neocortex, 

hippocampus, and septum (Baker & Kim, 2002; Clark, Zola, & Squire, 2000; Ennaceur & 

Aggleton, 1997).  However, this explanation would suggest no group differences on any 

of the novel object recognition task measures, so it does not explain the significant 

differences observed in this study.  It is also possible that the preference for the novel 

object in the Tg animals was due to decreased neophobia; however, it is important to note 

that this is inconsistent with previous studies that have found more neophobia to stimuli 

in AD rats than wild-type littermates (España et al., 2010; Hsiao et al., 1995; Moechars et 

al., 1999).  

Lastly, it is also likely that these results are contingent upon the specific protocol 

used in this study.  For example, it is possible that the 20-min acclimation session before 

the training trial was too long, which may have caused habituation with the chamber and 
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thus less exploration of either of the objects or sides on the subsequent trials the 

following day.  Thus, subsequent studies may wish to use a shorter acclimation period.   

 

Barnes Maze.   

Acquisition.  Analysis of errors and latency during acquisition produced a main effect of 

both Genotype (ps < 0.05) and Day (ps < 0.01), but there was no significant effect of Age 

for either measure (ps > 0.23).  Additionally, there was a significant three-way interaction 

for errors (p < 0.05), but not latency (p > 0.24) and no other significant interactions (ps > 

0.28).  Both error and latency performance significantly improved across days as shown 

in Figures 16 and 17, and Control animals made significantly fewer errors than APP (p < 

0.002) and APP+PS1 animals (p < 0.02), as shown in Figure 18.   

 
Figure 16.  The effect of genotype on acquisition error performance in the Barnes maze 
during Experiment 2.  All values are expressed as daily group means ± SEM.  Error 
performance significantly improved over days (p < 0.01). 
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Figure 17.  The effect of genotype on acquisition latency performance in the Barnes 
maze during Experiment 2.  All values are expressed as daily group means ± SEM.  
Latency performance improved over days (p < 0.001). 

 
Figure 18.  The effect of genotype on overall error performance in the Barnes maze 
during Experiment 2.  The acquisition and reversal bars represent overall group means ± 
SEM of all three training days, while the retention bars represent group means ± SEM of 
three probe trials.  There was a significant main effect of Genotype for all phases of the 
testing, such that nTg rats made significantly fewer errors than Tg rats.  However, 
Control animals did not differ from APP animals during retention.  * indicates p < 0.05 
and ** indicates p < 0.01. 
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Surprisingly, however, Controls also had significantly longer latencies than 

APP+PS1 animals (p < 0.04), as shown in Figure 19.  The trend was different than what 

was expected, such that Control rats showed the longest latencies and the APP+PS1 rats 

showed the shortest latencies during acquisition.  This finding may have stemmed from 

the modified Barnes maze procedure used in this experiment.  The protocol in this 

experiment used shorter trials with more trials per day than the previous experiment.  The 

shorter trial length may have substantially reduced the average entry latencies of the Tg 

animals in a way that benefited their overall latency performance.  Further, the additional 

exposure to the maze via the extra trial per day may have had a detrimental effect on the 

performance of the nTg Control animals.  It is possible that the Control animals were no 

longer sufficiently aversively stimulated by the Barnes Maze environment and thus 

unmotivated to complete the maze.  This explanation seems plausible given that the 

Controls only had longer latencies but did not produce many errors.  Subsequent studies 

may consider adding additional aversive stimuli to the testing environment such as white 

noise or a fan to improve motivation in the Control rats. 
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Figure 19.  The effect of genotype on overall latency performance in the Barnes maze 
during Experiment 2.  The acquisition and reversal bars represent overall group means ± 
SEM of all three training days, while the retention bars represent group means ± SEM of 
three probe trials.  There was a significant main effect of Genotype during acquisition, 
indicating that Control rats had significantly longer latencies than APP+PS1 rats (p < 
0.05) but not APP rats (p > 0.05).  There were no significant group differences during 
retention or reversal training.  * indicates p < 0.05. 

Retention.  Error performance during the retention test produced significant main effects 

of Genotype (p < 0.004; Fig. 18) and Age (p < 0.02), as well as an interaction between 

Genotype and Age (p < 0.004).  There was also a significant main effect of Age (p < 

0.05) but not Genotype (p > 0.55; Fig. 19) for latency.  Post hoc comparisons indicated 

that APP+PS1 rats made statistically more errors than both APP (p < 0.03) and Control 

animals (p < 0.001) and that 14-month old rats made significantly more errors (p < 0.02) 

and had significantly longer latencies than 12-month old rats (p < 0.05), as shown in 

Figures 18 and 20 respectively.   

* 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

 Acquisition     Retention        Reversal       

Ti
m

e 
(s

ec
) 

CTL APP APP+PS1 



   
		

40 

 
Figure 20.  The effect of age on retention performance in the Barnes maze during 
Experiment 2.  All bars are expressed as group means ± SEM.  There was a significant 
main effect of Age for both errors and latencies, suggesting that 14-month old rats 
performed significantly worse than 12-month old rats.  * indicates p < 0.05. 

Reversal.  Analysis of error performance during reversal training found a significant 

interaction between Day and Genotype (p < 0.02) and a main effect of Day (p < 0.001), 

indicating that errors for all groups declined with reversal training as shown in Figure 21.  

There was also a significant main effect of Genotype (ps < 0.04) and Age (ps < 0.05) for 

both measures, suggesting that Control animals made significantly fewer errors than both 

APP (p < 0.001) and APP+PS1 animals (p < 0.003) as shown in Figure 18, and that 14-

month old animals made significantly more errors and had significantly longer latencies 

than 12-month old rats (ps < 0.05) as shown in Figure 22; the Age effect, however, did 

not vary as a function of Genotype for either measure (ps > 0.46).  Post hoc comparisons 

did not find any significant Genotype differences for latencies, but suggested that 

APP+PS1 rats had a non-significant tendency to have shorter latencies than both the 

Control (p < 0.09) and the APP rats (p < 0.12), as shown in Figure 23.  Again, this effect 

in the latency data may stem from differential motivation to complete the maze as 
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suggested earlier.  Although anxiety levels were not found in Experiment 1, other studies 

have found that AD animals tend to have higher levels of anxiety (Beauquis et al., 2014; 

Blázquez et al., 2014; Pietropaolo, Feldon, & Yee, 2014; Sterniczuk et al., 2010) and 

thus, it is possible that AD animals continue to be motivated to escape the aversive nature 

of the Barnes maze even after so many training trials, whereas the Control animals may 

learn that the maze environment is no longer fear-inducing after being exposed to it on so 

many previous trials. 

 
Figure 21.  The effect of genotype on reversal error performance in the Barnes maze 
during Experiment 2.  All bars are expressed as group means ± SEM.  There was a 
significant main effect of Day, indicating that the number of errors made declined with 
reversal training (p < 0.001). 
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Figure 22.  The effect of age on reversal performance in the Barnes maze during 
Experiment 2.  All bars are expressed as group means ± SEM.  There was a significant 
main effect of Age, indicating that older animals made significantly more errors and had 
significantly longer latencies than younger animals (ps < 0.05).  * indicates p < 0.05. 

 
Figure 23.  The effect of genotype on reversal latency performance in the Barnes maze 
during Experiment 2.  All bars are expressed as group means ± SEM.  Although there 
were no significant group differences, APP+PS1 rats had a non-significant tendency to 
have shorter latencies than both the Control (p < 0.09) and the APP rats (p < 0.12). 

Overall, in terms of error performance, APP and APP+PS1 rats showed poor 
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the Barnes maze.  This result is consistent with many spatial learning findings using 

rodent models of AD (Blázquez, Cañete, Tobeña, Giménez-Llort, & Fernández-Teruel, 

2014; Cañete, Blázquez, Tobeña, Giménez-Llort, & Fernández-Teruel, 2015; 

Stepanichev et al., 2004; Stewart, Cacucci, & Lever, 2011; Wright et al., 2013), including 

performance in the Barnes maze (Attar et al., 2013; O'Leary & Brown, 2009; Reiserer, 

Harrison, Syverud, & McDonald, 2007; Stover, Campbell, Van Winssen, & Brown, 

2015; Walker et al., 2011; Walker et al., 2015).   
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EXPERIMENT 3 

 

After examining the behavioral characteristics of these two novel rat models for 

AD and having established that they are good models of the disorder using the previous 

experiments, the purpose of this final study was to use these models to further elucidate 

the link between gender and AD.  As such, Experiment 3 examined the effects of 

decreased endogenous estrogen levels in females on memory performance. 

Although the role of sex steroids in brain development and reproductive behavior 

has long been recognized, the importance of these steroids on older adult brain function 

has only recently been examined (Ball & Birge, 2002).  In addition to its role as a 

reproductive hormone, estrogen has been shown to a play neuroprotective and 

neuromodulatory role in the brain.  For example, estrogen is involved in the control of 

neuronal functions such as neuronal proliferation, neuronal survival, and neuronal 

plasticity (Bhavnani, 2003; Brann, Dhandapani, Wakade, & Mahesh, 2007).  

Furthermore, estrogen receptors are expressed in brain regions vulnerable to AD, such as 

the hippocampus and the neocortex (Galea et al., 2013; Lee, Jiang, Han, Shin, & Choi, 

2014; Shughrue, Scrimo, Lane, Askew, & Merchenthaler, 1997).  Evidence also shows 

that estrogen can play an important neuroprotective role in AD as it may reduce Aβ 

levels, or prevent them from rising, in the presence of pathological triggers (Anastasio, 

2013).  Hence, it has been suggested that the reduction of estrogen levels during aging, 

especially during the postmenopausal period in women, induces progressive 

neurodegeneration in the brain and results in cognitive impairment (Brann et al., 2007; 

Fukuzaki et al., 2008; Paganini-Hill & Henderson, 1994).   
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Experimental animals provide a model for investigating age-related effects of 

estrogen on brain function.  Previous research has found that hippocampal estradiol 

treatment in middle-aged and aged female rodents increases levels of synaptophysin, 

which has been associated with improved spatial reference memory performance (Frick, 

Fernandez, & Bulinski, 2002).  Estradiol treatment can also block the induction of long-

term depression (Foster, Sharrow, Kumar, & Masse, 2003), which may be the mechanism 

through which estradiol improves memory in aging females.  In addition, the literature on 

estrogen deficiency has found that ovariectomy in middle-aged rats results in a decline in 

both spatial and non-spatial memory performance (Heikkinen et al., 2004; Markowska & 

Savonenko, 2002; Sato et al., 2003; Wallace, Luine, Arellanos, & Frankfurt, 2006) and 

active avoidance behavior (Singh, Meyer, Millard, & Simpkins, 1994).  Physiologically, 

estrogen deficiency through ovariectomy has been found to result in the production of 

neurofibrillary tangles and amyloid deposition in rats (Anukulthanakorn, Malaivijitnond, 

Kitahashi, Jaroenporn, & Parhar, 2013).  Furthermore, there is evidence to suggest that 

such cognitive deterioration can be prevented by estrogen replacement.  Estradiol 

administration to ovariectomized rats is associated with enhanced performance on a 

number of tasks (Cost, Williams-Lee, Fustok, & Dohanich, 2012; Gibbs et al., 2004; 

Iivonen et al., 2006; Luine, Jacome, & Maclusky, 2003; Markowska & Savonenko, 2002; 

Rhodes & Frye, 2004; Singh et al., 1994), further highlighting the potential benefits of 

estrogen.   

These multiple effects of estrogen on brain function seem to suggest an effective 

strategy to prevent and treat AD.  To further characterize our novel rat models as valuable 

models of AD, this study examined the effects of estrogen deficiency in these models on 
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spatial learning and memory and recognition memory.  Both AD models and nTg 

controls underwent either an ovariectomy or sham surgery, after which, spatial learning 

and memory and recognition memory were assessed.  As before, the Barnes maze and the 

novel object recognition task were used to assess behavior.  Assessment occurred 

approximately 6 months after the surgeries based on previous findings that have shown 

that deterioration in memory performance is not evident until at least 3 to 4 months after 

ovariectomy (Singh et al., 1994).  It was predicted that Tg (APP and APP+PS1) animals 

would show greater memory deficits than nTg controls, and that the APP+PS1 rats would 

have the most severe memory impairments on both tasks.  Additionally, it was predicted 

that ovariectomized animals would show more deficits than their sham controls, and that 

ovariectomy would have the largest detrimental effect on the APP rats.  The reasoning 

underlying this hypothesis was that the APP+PS1 animals were expected to have the 

worst overall behavioral performance, possibly near floor level; thus, there may be no 

room for their performance to decline any further.  Estrogen deficiency was predicted to 

not have much of an effect on the control animals as they do not have any AD pathology.  

Therefore, estrogen deficiency was expected to have the largest effect on the single Tg 

(APP) animals. 

 

Materials and Methods 

 

 Animals.  Similar to the previous experiments, female APP+PS1 (n = 25), APP (n 

= 21), and nTg Fischer 344 (n = 28) rats were used.  Tg rats were bred as previously 

described (Agca et al., 2008) and Fischer 344 controls were obtained from Harlan 
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(Indianapolis, IN, USA) at 3 weeks of age.  To manipulate estrogen deficiency at six 

weeks of age, half of the animals in each group underwent an ovariectomy surgery while 

the other half underwent a sham surgery (see Table 3).  All procedures were performed in 

accordance with the University of Missouri's ACUC guidelines and the ILAR Guide for 

the Care and Use of Laboratory Animals.  All unspecified details were the same as those 

in Experiment 2. 

 

 Estrogen 

Number of Sham Rats Number of OvX Rats 

G
en

ot
yp

e APP+PS1 n = 12 n = 13 

APP n = 12 n = 9 

nTg (CTL) n = 14 n = 14 

 

Table 3.  Rats used in Experiment 3.  A total of 74 rats were used. 

 

Behavioral Assessment.  Behavioral testing occurred starting at 8 months of age, 

or 6.5 months after surgeries.  Each rat was handled at least four times prior to any 

behavioral treatment to reduce anxiety due to handling during testing.  Each day on 

which behavioral testing occurred, rats were transported to the testing room from the 

colony room in their home cages and acclimated in the testing room for a minimum of 30 

min prior to the first trial.  The behavioral treatment order (Barnes maze and novel object 

recognition Task) was counterbalanced for all rats. 

 

Novel Object Recognition Task.  A similar novel object recognition task procedure was 

used as in Experiment 2, with one minor modification.  Instead of a 20-min acclimation 
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session on Day 1, rats received a 10-min acclimation session as to ensure high levels of 

activity during subsequent sessions. 

 

Barnes Maze.  A similar Barnes maze procedure was used as in Experiment 1, with a few 

modifications.  First, the animals were again given a maximum of 5 min (300 sec) to find 

and enter the escape box.  Additionally, all animals were given two trials per day, again 

with 30 min intertrial intervals.  Lastly, there was an initial training day with only one 

trial (data from this trial were not included in the analysis), which was followed by four 

additional days of acquisition training.  Additionally, the retention interval in this 

experiment was 14 days.  The retention day was followed by four reversal training days 

where the location of the target box was moved to the opposite quadrant. 

 

Data Analysis.  Behavioral analyses were conducted using analysis of variance 

(ANOVA) in SPSS (SPSS 21, SPSS Inc., Chicago USA).  For the Barnes maze, the 

average of each animal’s performance scores each day was used in the repeated-measures 

analysis.  Day was used as the within-subjects factor and Genotype and Estrogen were 

used as between-group factors.  For the novel object recognition task, Genotype and 

Estrogen were used as between-group factors.  Differences were considered significant at 

p < 0.05 for all analyses.  Multiple comparisons were conducted using Tukey HSD tests 

and Greenhouse-Geisser corrections were used for violations in sphericity. 
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Results and Discussion 

 

Novel Object Recognition Task.  There were no significant Genotype differences 

in object discrimination or side discrimination during the training trial (ps > 0.90; data 

not shown); however, there was a significant main effect of Estrogen in side 

discrimination during the training trial, suggesting that Sham animals had a preference 

for the left side of the chamber and OvX animals had a preference for the right side 

during the initial training trial, which may have affected the subsequent test trial results.  

During the test trial, there were no significant main effects of Genotype (ps > 0.53; Fig. 

24 and 25) or Estrogen (p > 0.68; Fig. 26 and 27), or any interactions (ps > 0.17) for any 

of the four variables. 

 
Figure 24.  The effect of genotype on object and side discrimination in the novel object 
recognition task during Experiment 3.  All values are expressed group means ± SEM.  
There were no significant group differences. 
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Figure 25.  The effect of genotype on object and side recognition indices in the novel 
object recognition task during Experiment 3.  All values are expressed group means ± 
SEM.  There were no significant group differences. 
 
 

 
Figure 26.  The effect of estrogen on object and side discrimination in the novel object 
recognition task during Experiment 3.  All values are expressed group means ± SEM.  
There were no significant group differences. 
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Figure 27.  The effect of estrogen on object and side recognition indices in the novel 
object recognition task during Experiment 3.  All values are expressed group means ± 
SEM.  There were no significant group differences. 
 

Although these results do not support the initial hypothesis, they do align with 

previous findings in the literature that have failed to find differences in recognition 

memory between Tg animals and wild-type controls (Ardiles et al., 2012; Cheng, Low, 

Logge, Garner, & Karl, 2014; Davis, Easton, Eacott, & Gigg, 2013; Heneka et al., 2006; 

Huang et al., 2006; Middei, Daniele, Caprioli, Ghirardi, & Ammassari-Teule, 2006; 

Scullion, Kendall, Marsden, Sunter, & Pardon, 2011).  This outcome suggests that the 

novel object recognition task may not be a sensitive measure to gauge the behavioral 

impairments observed in these rat models of AD. 

 

Barnes Maze.   

Acquisition.  Analysis of errors and latencies during acquisition produced a main effect of 

Day (ps < 0.001), indicating that performance improved over training trials, as shown in 
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performance (p < 0.02) but not in latency performance (p > 0.61), revealing that Controls 

made significantly fewer errors than APP rats (p < 0.04), but not APP+PS1 animals (p > 

0.07), as seen in the leftmost acquisition bars in Figure 30.  There was also a significant 

main effect of Estrogen in latency performance (p < 0.04) but not in error performance (p 

> 0.53), suggesting that Sham animals had significantly lower latencies than OvX 

animals during acquisition, as shown in the acquisition latency bars (fourth set of bars 

from the left) in Figure 31.  Overall, Controls made statistically fewer errors and had 

numerically shorter latencies than Tg rats during the acquisition phase, which is 

consistent with the initial hypothesis that Control rats would outperform Tg rats and 

supports previous Tg research.  Additionally, the finding that OvX animals would 

perform worse than Shams was also expected and consistent with previous spatial 

memory research (Heikkinen et al., 2004; Markowska & Savonenko, 2002; Sato et al., 

2003; Wallace, Luine, Arellanos, & Frankfurt, 2006). 

 
Figure 28.  The interaction of genotype by estrogen on acquisition error performance 
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over training days in the Barnes maze during Experiment 3.  All values are expressed as 
daily group means ± SEM.  Error performance significantly improved over days (p < 
0.001). 

 
Figure 29.  The interaction of genotype by estrogen on acquisition latency performance 
over training days in the Barnes maze during Experiment 3.  All values are expressed as 
daily group means ± SEM.  Latency performance significantly improved over days (p < 
0.001). 
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Experiment 3.  The acquisition and reversal bars represent overall group means ± SEM of 
all four training days, while the retention bars represent group means ± SEM of two 
probe trials.  Control rats made significantly fewer errors than APP (p < 0.04) but not 
APP+PS1 rats (p < 0.07) during acquisition.  During retention, APP rats made 
significantly more errors (p < 0.04) and had longer latencies (p = 0.05) than Controls, but 
not APP+PS1 rats (ps > 0.14).  During reversal, APP+PS1 animals made significantly 
more errors than Control animals (p < 0.002) but not APP animals (p > 0.14) and had 
significantly longer latencies than APP animals (p < 0.03) but not Controls (p > 0.31).  * 
indicates p < 0.05 and ** indicates p < 0.01. 
 
Retention.  Both error and latency performance during the retention test produced 

significant main effects of Genotype (ps < 0.05; Fig. 30), but not Estrogen (ps > 0.68; 

Fig. 31), and no significant interactions (ps > 0.23).  Post hoc comparisons that collapsed 

over estrogen indicated that APP rats made significantly more errors (p < 0.04) and had 

statistically longer latencies (p = 0.05) than Control animals during the retention test, as 

shown in Figure 30.  APP+PS1 rats did not differ from the other two groups on these two 

measures (ps > 0.14). 

 
Figure 31.  The effect of estrogen on overall latency performance in the Barnes maze 
during Experiment 3.  The acquisition and reversal bars represent overall group means ± 
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SEM of all four training days, while the retention bars represent group means ± SEM of 
two probe trials.  There was a significant main effect of Estrogen in latency during both 
acquisition and reversal, showing that OvX animals had significantly longer latencies 
than Sham animals (p < 0.05).  There were no significant estrogen differences for latency 
performance during retention or for error performance in any phase of training.  * 
indicates p < 0.05. 
 

Reversal.  Analysis of error performance during reversal training found 

significant main effects of Day (p < 0.005; Fig. 32) and Genotype (p < 0.002; Fig. 30) 

and two-way interactions between Day and Estrogen and Genotype and Estrogen (ps < 

0.05).  Analysis of latency performance during reversal training found significant main 

effects of Day (p < 0.002; Fig. 33) and Estrogen (p < 0.05; Fig. 31), and a three-way 

interaction (p < 0.001).  It was found that OvX animals had significantly longer latencies 

than Sham animals (p < 0.05), as seen in the rightmost bars of Figure 31.  Additionally, 

post hoc comparisons revealed that APP+PS1 animals made significantly more errors 

than Control animals (p < 0.002) but not APP animals (p > 0.14), and had significantly 

longer latencies than APP animals (p < 0.03) but not Controls (p > 0.31), as shown in 

Figure 30.  
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Figure 32.  The interaction of genotype by estrogen on reversal error performance over 
training days in the Barnes maze during Experiment 3.  All values are expressed as daily 
group means ± SEM.  Error performance significantly improved over days (p < 0.005). 

 
Figure 33.  The interaction of genotype by estrogen on reversal latency performance over 
training days in the Barnes maze during Experiment 3.  All values are expressed as daily 
group means ± SEM.  Latency performance significantly improved over days (p < 0.002). 
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 In addition to replicating the genotype differences from the previous experiments, 

Experiment 3 found that estrogen deficiency exacerbated AD symptoms in the Tg rat 

models, as evidenced by longer latencies in the Barnes maze.  This finding is consistent 

with previous studies of neuronal cell cultures and rodent models that propose a 

protective effect of estrogen in AD (e.g. Anastasio, 2013; Behl, Widmann, & Holsboer, 

1995; Xu et al., 1998).  More importantly, however, it was found that estrogen deficiency 

had a larger detrimental effect on the APP rats than the APP+PS1 rats, as predicted; the 

effect is most clearly illustrated in Figures 32 and 33.  As previously discussed, this could 

be due to the fact that both APP+PS1 groups performed closer to floor level due to their 

more severe AD-like impairments.  In many cases, the APP sham animals performed 

comparably to the two Control groups, and therefore, the detrimental effect of estrogen 

deficiency could be seen most clearly in this genotype group.  This finding implies that 

the APP Tg model may be useful in testing the detrimental effects of certain treatments 

on AD onset and progression.  On the other hand, the APP+PS1 model may be better 

suited towards evaluating the effectiveness of therapies that might benefit AD symptoms 

and progression. 
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GENERAL DISCUSSION 

 

As human life expectancy increases, the prevalence of AD is expected to rise 

(Hebert et al, 2003); this makes AD a growing public-health concern, as there are no 

known cures to treat the disease (Reitz, 2012).  One reason for the lack of progress 

towards developing a cure is that there are currently no animal models that completely 

capture the full-spectrum of human AD pathology, which makes it difficult to evaluate 

the efficacy of new therapies.  This paper addressed the development of two new Tg rat 

models for the disease and evaluated whether they display the behavioral deficits of AD.   

The results of the present studies and other physiological studies with these Tg 

rats suggest that these models may be more accurate models of the disease than the Tg 

models that are currently widely-used in the literature.  The combined results of 

Experiment 1 and 2 found that these models showed significant memory deficits in 

performance in the Barnes maze.  Error performance tended to be a more consistent 

measure of spatial learning and memory rather than latency, possibly due to genotype 

motivational differences.  It was also found that the 12-14 month age range used in 

Experiment 2 was more sensitive to genotype differences than the 8-12 month age range 

used in Experiment 1.  More specifically, Experiment 1 found significant genotype 

differences only during the retention phase of the Barnes maze in the 8-12 month old rats, 

whereas the Experiment 2 found significant genotype differences in all three phases of 

the Barnes maze for 12-14 month old rats.  This finding highlights the importance of 

measuring memory ability across the entire lifespan of the animal and correlating 
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memory loss with molecular markers appearing at different stages of disease (Ashe, 

2001).   

As previously mentioned, histological examinations of these models have found 

that the APP rats display significant neurofibrillary tangles and that the APP+PS1 rats 

show chromatolysis and neuronal loss in the hippocampus (Agca et al., 2016) at 18-19 

months of age.  These physiological markers are consistent with human AD pathology 

(Ball, 1977; Gómez‐Isla et al., 1997; West, 1993; West, Coleman, Flood, & Troncoso, 

1994).  Another advantage of the present APP rat model is that it is able to mimic the 

gradual timing of disease onset more accurately than current mouse models, most of 

which develop aggressive early-onset AD-like pathology.  A previous study using the 

present APP rats suggested that this model does not exhibit Aβ plaque formation unless 

there is an additional environmental challenge (Rosen et al., 2012), similar to how human 

AD patients may not display clinical symptoms until there is an additional physiological 

disturbance, such as a stroke.  Additionally, the only AD mouse models that develop 

neurofibrillary tangles to date are those that express mutant forms of tau, even though no 

cases of human AD are linked to mutations in tau (as reviewed by Ashe, 2001).  Thus, the 

observance of neurofibrillary tangles in an APP-alone Tg rat is noteworthy and may be 

the largest indication that the present APP rat model may have distinct advantages over 

models currently used in the field. 

The present models, nevertheless, are not without fault.  As discussed earlier, Aβ 

burden is often present in human patients with AD for some time before the manifestation 

of clinical impairments (Bateman et al., 2012; Price & Morris, 1999).  Unfortunately, the 

present APP model does not naturally develop Aβ plaques, which does not correspond 
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with the time-dependent progression of pathology of human AD.  However, it is 

important to highlight that the relationship between Aβ burden and cognitive symptoms 

is by no means clear (Foley et al., 2015), and therapeutic approaches to reduce Aβ 

production or Aβ aggregation have thus far been disappointing (Doody et al., 2013; 

Holmes et al., 2008; Salloway et al., 2014).  Hence, this model may provide new insights 

into this puzzling issue.  There is another disadvantage to the present APP rat model.  As 

previously mentioned, cognitive impairment seems to be strongly related to excessive 

neuronal loss (Terry, 2006), an AD feature many current single transgenic mouse models 

(i.e., PDAPP, Tg2576) lack despite having extensive amyloid deposition (Irizary, 

McNamara, Fedorchak, Hsiao, & Hyman, 1997; Irizarry et al., 1997).  This disadvantage, 

unfortunately, is also true for the current APP model, as previous examinations of their 

brain tissue have not yet shown evidence of significant neuronal loss (Agca et al., 2016).  

Evidence of substantial neuronal loss has only been observed in the APP+PS1 rats (Agca 

et al., 2016).   

Despite these drawbacks, the present Tg rat models do provide a slightly different 

framework than existing models and have the potential to add new perspectives to the 

existing AD literature.  As such, these models were used to investigate the link between 

sex and AD.  Due to the abundance of studies that suggest a neuroprotective effect of 

estrogen, the influence of estrogen deficiency via ovariectomy on AD cognitive 

symptoms was evaluated.  It was found that estrogen deficiency exacerbated AD 

symptoms in the Tg rat models, as evidenced by longer latencies in the Barnes maze.  

More importantly, however, estrogen deficiency had a larger detrimental effect on the 

APP rats, as predicted.  This finding implicates differential utility of each of the Tg 
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models.  The single Tg APP model may be useful in testing the detrimental effects of 

certain treatments on AD onset and progression.  On the other hand, the double Tg 

APP+PS1 model may be better suited towards evaluating the effectiveness of therapies 

that might benefit AD symptoms and progression. 

Although there is mounting evidence from cellular and animal models, as well as 

human observational studies (e.g., Rocca, Grossardt, & Shuster, 2011), that speaks to the 

neuroprotective effects of estrogen in AD, including the present study, clinical human 

trial data remain controversial.  At first, studies showed a promising effect of the use of 

hormone replacement therapy (HRT; Fillit, 2002; Paganini-Hill & Henderson, 1996; 

Tang et al, 1996), which involves the administration of synthetic estrogen and 

progesterone to replace a woman’s depleting hormone level, in postmenopausal women 

to reduce the risk of AD or delay the onset of the disease.  However, the beneficial effects 

of HRT have been challenged by the results of the Women’s Health Initiative Memory 

Study (WHIMS), a study that was ended early due to reported detrimental effects of long-

term HRT use (Manson et al., 2013; Shumaker et al., 2003).  WHIMS participants were 

recruited from among participants in the Women’s Health Initiative trials, who were ages 

65 to 79 years and without dementia at baseline.  The results found that for women with a 

uterus that received combined estrogen-progesterone therapy, there was a two-fold 

increase in dementia after 4.2 years of HRT, as well as, increased risks for breast cancer, 

pulmonary embolism, and stroke (Taylor & Manson, 2011).  For women without a uterus 

that received estrogen-alone therapy, incidence of dementia did not differ significantly 

between the two treatment groups.  A more recent randomized, double-blind, placebo-

controlled trial using raloxifene, an oral selective estrogen receptor modulator (SERM), 
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found no cognitive benefit in postmenopausal women with mild to moderate AD after 12 

months of treatment (Henderson et al., 2015).  These findings further the debate 

regarding the risk-benefit ratio of hormone therapy. 

There have been several important criticisms of the of the WHIMS study.  The 

first is directed towards the synthetic nature of the hormones administered, as well as, the 

route of administration and dose.  Critics have argued that transdermal administration 

(e.g., Asthana et al., 1999) and the use of natural hormones are more effective than the 

conjugate equine estrogen (CEE) and medroxyprogesterone acetate (MPA) used in the 

study (e.g. Kaari et al., 2006).  However, the largest criticism focuses on the age of the 

participants of the WHIMS study.  Estrogen therapy may not have universal utility in 

treating or preventing dementia and a growing number of studies support the existence of 

the “critical window of opportunity” (Gibbs, 2000b; Resnick & Maki, 2000; Resnick & 

Henderson, 2002; see Maki, 2013 and Rocca et al., 2011 for an overview), which states 

that there is a limited period after menopause during which hormone therapy is effective.  

The primary criticism of the WHIMS study is that the intervention may have been 

initiated after the critical window of opportunity and at a point at which the brain was no 

longer responsive to sex hormones.  According to this argument, hormone therapy exerts 

its beneficial effects only if begun near the time of menopause.  Since most participants 

of the WHIMS study were many years beyond menopause, this hypothesis could explain 

the absence of a beneficial neural effect of hormone therapy.  Further, the WHIMS 

findings may be valid for women with similar characteristics to those of the trial 

participants but may not generalize to much younger women who initiate hormone 

therapy much closer to the time of menopause (Henderson, 2006). 
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The critical window notion of an age-related loss in brain responsiveness to 

estrogen is supported by several animal studies.  One study found that estradiol and 

estradiol plus progesterone replacement was associated with improved spatial memory in 

a delayed match task in OvX animals when administered within 3 months post-OvX, but 

not when treatment was delayed 10 months post-OvX (Gibbs, 2000a).  Additionally, 

estradiol given immediately after OvX improved spatial memory performance in the 

radial arm maze in rats, but had no significant effect when given 5 months after OvX 

(Daniel, Hulst, & Berbling, 2006).  These data suggest that the brain can show reduced 

hormone responsiveness after an extended period of hormone depletion, however, further 

work is required to elucidate the key factors and mechanisms underlying these effects 

(Pike et al., 2009). 

More recent human studies have found similar beneficial effects of initiating 

estrogen-based hormone therapy close to the onset of menopause.  One longitudinal study 

by Bove and colleagues (2014) reported that earlier surgical menopause was associated 

with faster decline in global cognition and increased AD neuropathology.  More 

importantly, the use of HRT for at least 10 years in those with surgical menopause, when 

initiated within a 5-year postmenopausal window, was associated with decreased decline 

in cognition.  Another study reported by Wroolie, Kenna, Williams, and Rasgon (2015) 

used women aged between 49-69 who had initiated HRT close to menopause onset and 

had been taking HRT for at least one year.  All women underwent cognitive assessment 

before randomization to continue or discontinue HRT.  They found that women who 

continued HRT performed better on cognitive tests at the 2-year follow-up assessment 

than those that discontinued therapy.  Additionally, women that used 17β-E, whether 
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randomized to continue or discontinue treatment, showed better performance than women 

that used CEE.  These results suggest that continuation of HRT seems to protect 

cognition in women with a heighten risk for AD when initiated close to menopause onset, 

which lends further support to the window of opportunity hypothesis. 

Current ongoing prospective randomized placebo-controlled trials will formally 

test the critical window of opportunity hypothesis.  The Kronos Early Estrogen 

Prevention Study (KEEPS; ClinicalTrials.gov Identifier: NCT00154180) looks at the 

effect of five years of treatment with cyclic micronized progesterone in combination with 

transdermal estradiol or CEE on cognitive function and cardiovascular disease in women 

aged 42 to 58 years within 36 months of their final menstrual period.  The Early Versus 

Late Intervention Trial with Estradiol (ELITE; ClinicalTrials.gov Identifier: 

NCT00114517) tests the timing hypothesis by looking at the effects of oral estradiol plus 

a vaginal progesterone gel for on cognitive function in both younger (< 6 years since 

menopause) and older postmenopausal women (10 or more years since menopause).  

Lastly, the Women’s Health Initiative Memory Study of Younger Women (WHIMS-Y; 

ClinicalTrials.gov Identifier: NCT01124773) is an ancillary study to the Women’s Health 

Initiative hormone therapy trial and assesses the impact of CEE and CEE+MPA on 

cognitive function in women who were aged 50-54 at enrollment in WHI.  The results of 

these trials will provide evidence in support or against the optimal window of opportunity 

hypothesis. 

Overall, the present findings suggest that the novel Tg rats used in these studies 

may be better models of human AD than other models currently used in the literature and 

may provide new insights into the underlying mechanisms of the disease.  The 
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development of more accurate animals models is essential to the ability to test the 

efficacy of novel therapeutics before the evaluation of therapies in human clinical trials.  

The vast number of human clinical trial outcomes that do not align with animal findings 

underscore the importance of developing accurate animal models for AD.  Despite 

promising results in animal models, there has been a failure of phase III trials of anti-Aβ 

therapies (Drachman, 2014), such as Aβ immunization with AN1792 or bapineuzumab 

and treatment with gamma-secretase inhibitor, semagacestat.  The semagacestat trial was 

terminated because participants in the active treatment arm were found to have poorer 

cognitive outcomes (Doody et al., 2013) and the bapineuzumab trial found no 

improvement in clinical outcomes in patients with AD (Salloway et al., 2014).  

Additionally, the AN1792 trial was halted when some participants developed 

autoimmune encephalopathy and there was no treatment effect on disease progression 

(Gilman et al., 2005).  The failure of these therapies in human trials implies that a firmer 

understanding of basic mechanisms underlying the disease is needed before large scale 

clinical trials are devised.  A better understanding of the disease and its progression can 

be gained from the use of animal models that better mimic the human disease.  Moreover, 

testing new therapies in more accurate animal models prior to the initiation of human 

clinical trials can help save not only substantial amounts of time and resources, but also 

human lives. 

 

 

 
 



   
		

66 

REFERENCES 

 

Abbott, A. (2004). Laboratory animals:  The Renaissance rat. Nature, 428(6982), 464-

466. doi:10.1038/428464a 

Agca, C., Fritz, J. J., Walker, L. C., Levey, A. I., Chan, A. W., Lah, J. J., & Agca, Y. 

(2008). Development of transgenic rats producing human beta-amyloid precursor 

protein as a model for Alzheimer's disease:  Transgene and endogenous APP 

genes are regulated tissue-specifically. BMC Neuroscience, 9, 28. 

doi:10.1186/1471-2202-9-28 

Agca, C., Klakotskaia, D., Schachtman, T. R., Chan, A. W., Lah, J. J., Agca, Y. (2016). 

Presenilin 1 transgene addition to amyloid precursor protein overexpressing 

transgenic rats increases amyloid beta 42 levels and results in loss of memory 

retention. BMC Neuroscience, 17(1), 46. doi: 10.1186/s12868-016-0281-8 

Alkam, T., Nitta, A., Mizoguchi, H., Saito, K., Seshima, M., Itoh, A., . . . Nabeshima, T. 

(2008). Restraining tumor necrosis factor-alpha by thalidomide prevents the 

amyloid beta-induced impairment of recognition memory in mice. Behavioural 

Brain Research, 189(1), 100-106. doi:10.1016/j.bbr.2007.12.014 

Altmann, A., Tian, L., Henderson, V. W., Greicius, M. D., & Alzheimer's Disease 

Neuroimaging Initiative, I. (2014). Sex modifies the APOE-related risk of 

developing Alzheimer disease. Annals of Neurology, 75(4), 563-573. 

doi:10.1002/ana.24135 

Alzheimer, A. (1987). About a peculiar disease of the cerebral cortex. By Alois 

Alzheimer, 1907 (Translated by L. Jarvik and H. Greenson). Alzheimer Disease 

and Associated Disorders, 1(1).  

Anastasio, T. J. (2013). Exploring the contribution of estrogen to amyloid-Beta 

regulation:  A novel multifactorial computational modeling approach. Frontiers in 

Pharmacology, 4, 16. doi:10.3389/fphar.2013.00016 



   
		

67 

Andersen, K., Launer, L. J., Dewey, M. E., Letenneur, L., Ott, A., Copeland, J. R., . . . 

Hofman, A. (1999). Gender differences in the incidence of AD and vascular 

dementia:  The EURODEM Studies. EURODEM Incidence Research Group. 

Neurology, 53(9), 1992-1997. doi:10.1212/WNL.53.9.1992 

Antunes, M., & Biala, G. (2012). The novel object recognition memory:  Neurobiology, 

test procedure, and its modifications. Cognitive Processing, 13(2), 93-110. 

doi:10.1007/s10339-011-0430-z 

Anukulthanakorn, K., Malaivijitnond, S., Kitahashi, T., Jaroenporn, S., & Parhar, I. 

(2013). Molecular events during the induction of neurodegeneration and memory 

loss in estrogen-deficient rats. General and Comparative Endocrinology, 181, 

316-323. doi:10.1016/j.ygcen.2012.07.034 

Ardiles, Á. O., Tapia-Rojas, C. C., Mandal, M., Alexandre, F., Kirkwood, A., Inestrosa, 

N. C., & Palacios, A. G. (2012). Postsynaptic dysfunction is associated with 

spatial and object recognition memory loss in a natural model of Alzheimer’s 

disease. Proceedings of the National Academy of Sciences, 109(34), 13835-

13840. doi:10.1073/pnas.1201209109 

Arriagada, P. V., Growdon, J. H., Hedley-Whyte, E. T., & Hyman, B. T. (1992). 

Neurofibrillary tangles but not senile plaques parallel duration and severity of 

Alzheimer's disease. Neurology, 42(3), 631-631. doi:10.1212/WNL.42.3.631 

Ashe, K. H. (2001). Learning and memory in transgenic mice modeling Alzheimer's 

disease. Learning & Memory, 8(6), 301-308. doi:10.1101/lm.43701 

Asthana, S., Craft, S., Baker, L. D., Raskind, M. A., Birnbaum, R. S., Lofgreen, C. P., ... 

& Plymate, S. R. (1999). Cognitive and neuroendocrine response to transdermal 

estrogen in postmenopausal women with Alzheimer’s disease:  Results of a 

placebo-controlled, double-blind, pilot study. Psychoneuroendocrinology, 24(6), 

657-678. doi:10.1016/S0306-4530(99)00020-7 



   
		

68 

Attar, A., Liu, T., Chan, W.-T. C. T., Hayes, J., Nejad, M., Lei, K., & Bitan, G. (2013). A 

shortened Barnes maze protocol reveals memory deficits at 4-months of age in the 

triple-transgenic mouse model of Alzheimer's disease. PLoS One, 8(11). 

doi:10.1371/journal.pone.0080355 

Bachman, D. L., Wolf, P. A., Linn, R., Knoefel, J. E., Cobb, J., Belanger, A., . . . White, 

L. R. (1992). Prevalence of dementia and probable senile dementia of the 

Alzheimer type in the Framingham Study. Neurology, 42(1), 115-119.  

Baker, K. B., & Kim, J. J. (2002). Effects of stress and hippocampal NMDA receptor 

antagonism on recognition memory in rats. Learning & Memory, 9(2), 58-65. 

doi:10.1101/lm.46102 

Ball, M. J. (1977). Neuronal loss, neurofibrillary tangles and granulovacuolar 

degeneration in the hippocampus with ageing and dementia. Acta 

Neuropathologica, 37(2), 111-118. doi:10.1007/BF00692056 

Ball, L. J., & Birge, S. J. (2002). Prevention of brain aging and dementia. Clinics in 

Geriatric Medicine, 18(3), 485-503. doi:10.1016/S0749-0690(02)00027-7 

Ballard, C., & Walker, M. (1999). Neuropsychiatric aspects of Alzheimer's disease. 

Current Psychiatry Reports, 1(1), 49-60. doi:10.1007/s11920-999-0010-4 

Barnes, C. A. (1979). Memory deficits associated with senescence:  A neurophysiological 

and behavioral study in the rat. Journal of Comparative and Physiological 

Psychology, 93(1), 74-104. doi:10.1037/h0077579 

Barnes, L. L., Wilson, R. S., Bienias, J. L., Schneider, J. A., Evans, D. A., & Bennett, D. 

A. (2005). Sex differences in the clinical manifestations of Alzheimer disease 

pathology. Archives of General Psychiatry, 62(6), 685-691. 

doi:10.1001/archpsyc.62.6.685 

Bateman, R. J., Xiong, C., Benzinger, T. L., Fagan, A. M., Goate, A., Fox, N. C., ... & 

Holtzman, D. M. (2012). Clinical and biomarker changes in dominantly inherited 



   
		

69 

Alzheimer's disease. New England Journal of Medicine, 367(9), 795-804. 

doi:10.1056/NEJMoa1202753 

Beauquis, J., Vinuesa, A., Pomilio, C., Pavía, P., & Saravia, F. (2014). Hippocampal and 

cognitive alterations precede amyloid deposition in a mouse model for 

Alzheimer's disease. Medicina, 74(4).  

Behl, C., Widmann, M., Trapp, T., & Holsboer, F. (1995). 17-β estradiol protects neurons 

from oxidative stress-induced cell death in vitro. Biochemical and Biophysical 

Research Communications, 216(2), 473-482. doi:10.1006/bbrc.1995.2647 

Berg, L., McKeel, D. W., Miller, J. P., Baty, J., & Morris, J. C. (1993). 

Neuropathological indexes of Alzheimer's disease in demented and nondemented 

persons aged 80 years and older. Archives of Neurology, 50(4), 349-358. 

doi:10.1001/archneur.1993.00540040011008 

Bhavnani, B. R. (2003). Estrogens and menopause:  Pharmacology of conjugated equine 

estrogens and their potential role in the prevention of neurodegenerative diseases 

such as Alzheimer’s. The Journal of Steroid Biochemistry and Molecular Biology, 

85(2–5), 473-482. doi:10.1016/S0960-0760(03)00220-6 

Billings, L. M., Green, K. N., McGaugh, J. L., & LaFerla, F. M. (2007). Learning 

decreases Aβ*56 and tau pathology and ameliorates behavioral decline in 3xTg-

AD mice. The Journal of Neuroscience, 27(4), 751-761. 

doi:10.1523/jneurosci.4800-06.2007 

Blázquez, G., Cañete, T., Tobeña, A., Giménez-Llort, L., & Fernández-Teruel, A. (2014). 

Cognitive and emotional profiles of aged Alzheimer's disease (3×TgAD) mice:  

Effects of environmental enrichment and sexual dimorphism. Behavioural Brain 

Research, 268, 185-201. doi:10.1016/j.bbr.2014.04.008 

Brann, D. W., Dhandapani, K., Wakade, C., & Mahesh, V. B. (2007). Neurotrophic and 

neuroprotective actions of estrogen:  Basic mechanisms and clinical implications. 

Steroids, 72(5), 381–405. doi:10.1016/j.steroids.2007.02.003 



   
		

70 

Brayne, C., Gill, C., Huppert, F. A., Barkley, C., Gehlhaar, E., Girling, D. M., . . . Paykel, 

E. S. (1995). Incidence of clinically diagnosed subtypes of dementia in an elderly 

population. Cambridge Project for Later Life. The British Journal of Psychiatry:  

The Journal of Mental Science, 167(2), 255-262. doi:10.1192/bjp.167.2.255 

Brookmeyer, R., Gray, S., & Kawas, C. (1998). Projections of Alzheimer's disease in the 

United States and the public health impact of delaying disease onset. American 

Journal of Public Health, 88(9), 1337-1342. doi:10.2105/AJPH.88.9.1337 

Bucci, D. J., Chiba, A. A., & Gallagher, M. (1995). Spatial learning in male and female 

Long-Evans rats. Behavioral Neuroscience, 109(1), 180-183. doi:10.1037/0735-

7044.109.1.180 

Buckwalter, J. G., Sobel, E., Dunn, M. E., Diz, M. M., & Henderson, V. W. (1993). 

Gender differences on a brief measure of cognitive functioning in Alzheimer's 

disease. Archives of Neurology, 50(7), 757-760. 

doi:10.1001/archneur.1993.00540070069018 

Callahan, M. J., Lipinski, W. J., Bian, F., Durham, R. A., Pack, A., & Walker, L. C. 

(2001). Augmented senile plaque load in aged female beta-amyloid precursor 

protein-transgenic mice. The American Journal of Pathology, 158(3), 1173-1177.  

doi:10.1016/S0002-9440(10)64064-3 

Cañete, T., Blázquez, G., Tobeña, A., Giménez-Llort, L., & Fernández-Teruel, A. (2015). 

Cognitive and emotional alterations in young Alzheimer's disease (3xTgAD) 

mice:  Effects of neonatal handling stimulation and sexual dimorphism. 

Behavioural Brain Research, 281, 156-171. doi:10.1016/j.bbr.2014.11.004 

Carroll, J. C., Rosario, E. R., Kreimer, S., Villamagna, A., Gentzschein, E., Stanczyk, F. 

Z., & Pike, C. J. (2010). Sex differences in β-amyloid accumulation in 3xTg-AD 

mice:  Role of neonatal sex steroid hormone exposure. Brain Research, 1366, 

233-245. doi:10.1016/j.brainres.2010.10.009 



   
		

71 

Casas, C., Sergeant, N., Itier, J. M., Blanchard, V., Wirths, O., van der Kolk, N., ... & 

Drobecq, H. (2004). Massive CA1/2 neuronal loss with intraneuronal and N-

terminal truncated Aβ 42 accumulation in a novel Alzheimer transgenic model. 

The American Journal of Pathology, 165(4), 1289-1300. doi:10.1016/S0002-

9440(10)63388-3 

Chishti, M. A., Yang, D. S., Janus, C., Phinney, A. L., Horne, P., Pearson, J., . . . 

Westaway, D. (2001). Early-onset amyloid deposition and cognitive deficits in 

transgenic mice expressing a double mutant form of amyloid precursor protein 

695. Journal of Biological Chemistry, 276, 21562-21570. 

doi:10.1074/jbc.M100710200 

Cheng, D., Low, J. K., Logge, W., Garner, B., & Karl, T. (2014). Novel behavioural 

characteristics of female APPSwe/PS1ΔE9 double transgenic mice. Behavioural 

Brain Research, 260, 111-118. doi:10.1016/j.bbr.2013.11.046 

Clark, R. E., Zola, S. M., & Squire, L. R. (2000). Impaired recognition memory in rats 

after damage to the hippocampus. Journal of Neuroscience, 20(23), 8853-8860. 

Clinton, L. K., Billings, L. M., Green, K. N., Caccamo, A., Ngo, J., Oddo, S., . . . 

LaFerla, F. M. (2007). Age-dependent sexual dimorphism in cognition and stress 

response in the 3xTg-AD mice. Neurobiology of Disease, 28(1), 76-82. 

doi:10.1016/j.nbd.2007.06.013 

Colton, C. A., Wilcock, D. M., Wink, D. A., Davis, J., Van Nostrand, W. E., & Vitek, M. 

P. (2008). The effects of NOS2 gene deletion on mice expressing mutated human 

AbetaPP. Journal of Alzheimer's Disease, 15(4), 571-587. doi:10.3233/JAD-

2008-15405 

Corder, E. H., Ghebremedhin, E., Taylor, M. G., Thal, D. R., Ohm, T. G., & Braak, H. 

(2004). The biphasic relationship between regional brain senile plaque and 

neurofibrillary tangle distributions:  Modification by age, sex, and APOE 

polymorphism. Annals of the New York Academy of Sciences, 1019, 24-28. 

doi:10.1196/annals.1297.005 



   
		

72 

Cost, K. T., Williams–Yee, Z. N., Fustok, J. N., & Dohanich, G. P. (2012). Sex 

differences in object-in-place memory of adult rats. Behavioral Neuroscience, 

126(3), 457-464. doi:10.1037/a0028363 

Damoiseaux, J. S., Prater, K. E., Miller, B. L., & Greicius, M. D. (2012). Functional 

connectivity tracks clinical deterioration in Alzheimer's disease. Neurobiology of 

Aging, 33(4), 828.e19-828.e30. doi:10.1016/j.neurobiolaging.2011.06.024 

Daniel, J. M., Hulst, J. L., & Berbling, J. L. (2006). Estradiol replacement enhances 

working memory in middle-aged rats when initiated immediately after 

ovariectomy but not after a long-term period of ovarian hormone deprivation. 

Endocrinology, 147(1), 607-614. doi:10.1210/en.2005-0998 

Davis, K. E., Easton, A., Eacott, M. J., & Gigg, J. (2013). Episodic-like memory for 

what-where-which occasion is selectively impaired in the 3xTgAD mouse model 

of Alzheimer's disease. Journal of Alzheimer's Disease, 33(3), 681-698. 

doi:10.3233/JAD-2012-121543 

Delacourte, A., David, J. P., Sergeant, N., Buee, L., & Wattez, A. (1999). The 

biochemical pathway of neurofibrillary degeneration in aging and Alzheimer's 

disease. Neurology, 52(6), 1158-1158. doi:10.1212/WNL.52.6.1158 

Dickson, T. C., & Vickers, J. C. (2001). The morphological phenotype of beta-amyloid 

plaques and associated neuritic changes in Alzheimer's disease. Neuroscience, 

105(1), 99-107. doi:10.1016/S0306-4522(01)00169-5 

Dineley, K. T., Xia, X., Bui, D., Sweatt, J. D., & Zheng, H. (2002). Accelerated plaque 

accumulation, associative learning deficits, and up-regulation of alpha 7 nicotinic 

receptor protein in transgenic mice co-expressing mutant human presenilin 1 and 

amyloid precursor proteins. The Journal of Biological Chemistry, 277(25), 22768-

22780. doi:10.1074/jbc.M200164200 

Do Carmo, S., & Cuello, A. C. (2013). Modeling Alzheimer's disease in transgenic rats. 

Molecular Neurodegeneration, 8, 37. doi:10.1186/1750-1326-8-37 



   
		

73 

Dodart, J. C., Mathis, C., Saura, J., Bales, K. R., Paul, S. M., Ungerer, A. (2000). 

Neuroanatomical abnormalities in behaviorally characterized APP(V717F) 

transgenic mice. Neurobiology of Disease, 7(2), 71-85. 

doi:10.1006/nbdi.1999.0278 

Dodart, J. C., Mathis, C., & Ungerer, A. (1997). Scopolamine‐induced deficits in a two‐

trial object recognition task in mice. Neuroreport, 8(5), 1173-1178. 

Doody, R. S., Raman, R., Farlow, M., Iwatsubo, T., Vellas, B., Joffe, S., ... & Aisen, P. S. 

(2013). A phase 3 trial of semagacestat for treatment of Alzheimer's disease. New 

England Journal of Medicine, 369(4), 341-350. doi:10.1056/NEJMoa1210951 

Drachman, D. A. (2014). The amyloid hypothesis, time to move on:  Amyloid is the 

downstream result, not cause, of Alzheimer's disease. Alzheimer's & Dementia, 

10(3), 372-380. doi:10.1016/j.jalz.2013.11.003 

Duff, K., Eckman, C., Zehr, C., Yu, X., Prada, C. M., Perez-tur, J., . . . Younkin, S. 

(1996). Increased amyloid-beta42(43) in brains of mice expressing mutant 

presenilin 1. Nature, 383(6602), 710-713. doi:10.1038/383710a0 

Ennaceur, A., & Aggleton, J. P. (1997). The effects of neurotoxic lesions of the perirhinal 

cortex combined to fornix transection on object recognition memory in the rat. 

Behavioural Brain Research, 88(2), 181-193. doi:10.1016/S0166-4328(97)02297-

3 

Ennaceur, A., & Delacour, J. (1988). A new one-trial test for neurobiological studies of 

memory in rats. 1:  Behavioral data. Behavioural Brain Research, 31(1), 47-59. 

doi:10.1016/0166-4328(88)90157-X 

Ennaceur, A., Neave, N., & Aggleton, J. P. (1996). Neurotoxic lesions of the perirhinal 

cortex do not mimic the behavioural effects of fornix transection in the rat. 

Behavioural Brain Research, 80(1), 9-25. doi:10.1016/0166-4328(96)00006-X 



   
		

74 

Ennaceur, A., Neave, N., & Aggleton, J. P. (1997). Spontaneous object recognition and 

object location memory in rats: the effects of lesions in the cingulate cortices, the 

medial prefrontal cortex, the cingulum bundle and the fornix. Experimental Brain 

Research, 113(3), 509-519. doi:10.1007/PL00005603 

Eriksen, J. L., & Janus, C. G. (2007). Plaques, tangles, and memory loss in mouse models 

of neurodegeneration. Behavior Genetics, 37(1), 79-100. doi:10.1007/s10519-

006-9118-z 

España, J., Giménez-Llort, L., Valero, J., Miñano, A., Rábano, A., Rodriguez-Alvarez, 

J., ... & Saura, C. A. (2010). Intraneuronal β-amyloid accumulation in the 

amygdala enhances fear and anxiety in Alzheimer's disease transgenic mice. 

Biological Psychiatry, 67(6), 513-521. doi:10.1016/j.biopsych.2009.06.015 

Farrer, L. A., Cupples, L. A., Haines, J. L., Hyman, B., Kukull, W. A., Mayeux, R., . . . 

van Duijn, C. M. (1997). Effects of age, sex, and ethnicity on the association 

between apolipoprotein E genotype and Alzheimer disease: A meta-analysis. 

APOE and Alzheimer Disease Meta Analysis Consortium. JAMA, 278(16), 1349-

1356.  

Fillit, H. M. (2002). The role of hormone replacement therapy in the prevention of 

Alzheimer disease. Archives of Internal Medicine, 162(17), 1934-1942. 

doi:10.1001/archinte.162.17.1934 

Fleisher, A., Grundman, M., Jack, C. R., Petersen, R. C., Taylor, C., Kim, H. T., . . . 

Study, A. s. D. C. (2005). Sex, apolipoprotein e ε4 status, and hippocampal 

volume in mild cognitive impairment. Archives of Neurology, 62(6), 953-957. 

doi:10.1001/archneur.62.6.953 

Foley, A. M., Ammar, Z. M., Lee, R. H., & Mitchell, C. S. (2015). Systematic review of 

the relationship between amyloid-β levels and measures of transgenic mouse 

cognitive deficit in Alzheimer's disease. Journal of Alzheimer's Disease, 44(3), 

787-795. doi:10.3233/JAD-142208 



   
		

75 

Foster, T. C., Sharrow, K. M., Kumar, A., & Masse, J. (2003). Interaction of age and 

chronic estradiol replacement on memory and markers of brain aging. 

Neurobiology Aging, 24(6), 839-852. doi:10.1016/S0197-4580(03)00014-9 

Frick, K. M., Fernandez, S. M., & Bulinski, S. C. (2002). Estrogen replacement improves 

spatial reference memory and increases hippocampal synaptophysin in aged 

female mice. Neuroscience, 115(2), 547-558. doi:10.1016/S0306-4522(02)00377-

9 

Fukuzaki, E., Takuma, K., Funatsu, Y., Himeno, Y., Kitahara, Y., Gu, B., . . . Yamada, 

K. (2008). Ovariectomy increases neuronal amyloid-beta binding alcohol 

dehydrogenase level in the mouse hippocampus. Neurochemistry International, 

52(7), 1358-1364. doi:10.1016/j.neuint.2008.02.004 

Galea, L. A. M., Wainwright, S. R., Roes, M. M., Duarte-Guterman, P., Chow, C., & 

Hamson, D. K. (2013). Sex, hormones and neurogenesis in the hippocampus:  

Hormonal modulation of neurogenesis and potential functional implications. 

Journal of Neuroendocrinology, 25(11), 1039-1061. doi:10.1111/jne.12070 

Games, D., Adams, D., Alessandrini, R., Barbour, R., Berthelette, P., Blackwell, C., . . . 

Gillespie, F. (1995). Alzheimer-type neuropathology in transgenic mice 

overexpressing V717F beta-amyloid precursor protein. Nature, 373(6514), 523-

527. doi:10.1038/373523a0 

Games, D., Buttini, M., Kobayashi, D., Schenk, D., & Seubert, P. (2006). Mice as 

models:  Transgenic approaches and Alzheimer's disease. Journal of Alzheimer's 

Disease, 9(3 Suppl), 133-149. doi:10.3233/JAD-2006-9S316 

Gao, S., Hendrie, H. C., Hall, K. S., & Hui, S. (1998). The relationships between age, 

sex, and the incidence of dementia and Alzheimer disease: A meta-analysis. 

Archives of General Psychiatry, 55(9), 809-815. doi:10.1001/archpsyc.55.9.809 



   
		

76 

Gibbs, R. B. (2000a). Effects of gonadal hormone replacement on measures of basal 

forebrain cholinergic function. Neuroscience, 101(4), 931-938. 

doi:10.1016/S0306-4522(00)00433-4 

Gibbs, R. B. (2000b). Long-term treatment with estrogen and progesterone enhances 

acquisition of a spatial memory task by ovariectomized aged rats. Neurobiology of 

Aging, 21(1), 107-116. doi:10.1016/S0197-4580(00)00103-2 

Gibbs, R. A., Weinstock, G. M., Metzker, M. L., Muzny, D. M., Sodergren, E. J., 

Scherer, S., . . . Eichler, E. E. (2004). Genome sequence of the Brown Norway rat 

yields insights into mammalian evolution. Nature, 428(6982), 493-521. 

doi:10.1038/nature02426 

Gilman, S., Koller, M., Black, R. S., Jenkins, L., Griffith, S. G., Fox, N. C., ... & 

Orgogozo, J. M. (2005). Clinical effects of Aβ immunization (AN1792) in 

patients with AD in an interrupted trial. Neurology, 64(9), 1553-1562. doi:10.

1212/01.WNL.0000159740.16984.3C 

Gómez‐Isla, T., Hollister, R., West, H., Mui, S., Growdon, J. H., Petersen, R. C., ... & 

Hyman, B. T. (1997). Neuronal loss correlates with but exceeds neurofibrillary 

tangles in Alzheimer's disease. Annals of Neurology, 41(1), 17-24. 

doi:10.1002/ana.410410106 

Grayson, B., Leger, M., Piercy, C., Adamson, L., Harte, M., & Neill, J. C. (2015). 

Assessment of disease-related cognitive impairments using the novel object 

recognition (NOR) task in rodents. Behavioural Brain Research, 285, 176-193. 

doi:10.1016/j.bbr.2014.10.025 

Greco, S. J., Bryan, K. J., Sarkar, S., Zhu, X., Smith, M. A., Ashford, J. W., . . . 

Casadesus, G. (2010). Leptin reduces pathology and improves memory in a 

transgenic mouse model of Alzheimer’s disease. Journal of Alzheimer's Disease, 

19(4), 1155-1167. doi:10.3233/JAD-2010-1308 



   
		

77 

Grimm, A., Mensah-Nyagan, A. G., & Eckert, A. (2016). Alzheimer, mitochondria and 

gender. Neuroscience & Biobehavioral Reviews, 67, 89-101. 

doi:10.1016/j.neubiorev.2016.04.012 

Hale, G., & Good, M. (2005). Impaired visuospatial recognition memory but normal 

object novelty detection and relative familiarity judgments in adult mice 

expressing the APPswe Alzheimer's disease mutation. Behavioral Neuroscience, 

119(4), 884-891. doi:10.1037/0735-7044.119.4.884 

Halford, R. W., & Russell, D. W. (2009). Reduction of cholesterol synthesis in the mouse 

brain does not affect amyloid formation in Alzheimer's disease, but does extend 

lifespan. Proceedings of the National Academy of Sciences of the United States of 

America, 106(9), 3502-3506. doi:10.1073/pnas.0813349106 

Handley, S. L., & Mithani, S. (1984). Effects of alpha-adrenoceptor agonists and 

antagonists in a maze-exploration model of 'fear'-motivated behaviour. Naunyn-

Schmiedeberg's Archives of Pharmacology, 327(1), 1-5. doi:10.1007/BF00504983 

Harman, S. M., Brinton, E. A., Cedars, M., Lobo, R., Manson, J. E., Merriam, G. R., ... & 

Santoro, N. (2005). KEEPS:  The Kronos early estrogen prevention study. 

Climacteric, 8(1), 3-12. doi:10.1080/13697130500042417 

Hebert, L. E., Scherr, P. A., Bienias, J. L., Bennett, D. A., & Evans, D. A. (2003). 

Alzheimer disease in the US population:  Prevalence estimates using the 2000 

census. Archives of Neurology, 60(8), 1119-1122. doi:10.1001/archneur.60.8.1119 

Hebert, L. E., Weuve, J., Scherr, P. A., & Evans, D. A. (2013). Alzheimer disease in the 

United States (2010–2050) estimated using the 2010 census. Neurology, 80(19), 

1778-1783. doi:10.1212/WNL.0b013e31828726f5 

Heikkinen, T., Kalesnykas, G., Rissanen, A., Tapiola, T., Iivonen, S., Wang, J., . . . 

Puoliväli, J. (2004). Estrogen treatment improves spatial learning in APP + PS1 

mice but does not affect beta amyloid accumulation and plaque formation. 

Experimental Neurology, 187(1), 105-117. doi:10.1016/j.expneurol.2004.01.015 



   
		

78 

Henderson, V. W. (2006). Estrogen-containing hormone therapy and Alzheimer’s disease 

risk:  Understanding discrepant inferences from observational and experimental 

research. Neuroscience, 138(3), 1031-1039. 

doi:10.1016/j.neuroscience.2005.06.017 

Henderson, V. W., Ala, T., Sainani, K. L., Bernstein, A. L., Stephenson, B. S., Rosen, A. 

C., & Farlow, M. R. (2015). Raloxifene for women with Alzheimer disease:  A 

randomized controlled pilot trial. Neurology, 85(22), 1937-1944. doi:10.1212/

WNL.0000000000002171 

Henderson, V. W., & Buckwalter, J. G. (1994). Cognitive deficits of men and women 

with Alzheimer's disease. Neurology, 44(1), 90-96. doi:10.1212/WNL.44.1.90 

Heneka, M. T., Ramanathan, M., Jacobs, A. H., Dumitrescu-Ozimek, L., Bilkei-Gorzo, 

A., Debeir, T., . . . Staufenbiel, M. (2006). Locus ceruleus degeneration promotes 

Alzheimer pathogenesis in amyloid precursor protein 23 transgenic mice. Journal 

of Neuroscience, 26(5), 1343-1354. doi:10.1523/JNEUROSCI.4236-05.2006 

Hirata-Fukae, C., Li, H.-F. F., Hoe, H.-S. S., Gray, A. J., Minami, S. S., Hamada, K., . . . 

Matsuoka, Y. (2008). Females exhibit more extensive amyloid, but not tau, 

pathology in an Alzheimer transgenic model. Brain Research, 1216, 92-103. 

doi:10.1016/j.brainres.2008.03.079 

Holcomb, L., Gordon, M. N., McGowan, E., Yu, X., Benkovic, S., Jantzen, P., . . . Duff, 

K. (1998). Accelerated Alzheimer-type phenotype in transgenic mice carrying 

both mutant amyloid precursor protein and presenilin 1 transgenes. Nature 

Medicine, 4(1), 97-100. doi:10.1038/nm0198-097 

Holmes, C., Boche, D., Wilkinson, D., Yadegarfar, G., Hopkins, V., Bayer, A., ... & 

Zotova, E. (2008). Long-term effects of Aβ 42 immunisation in Alzheimer's 

disease:  Follow-up of a randomised, placebo-controlled phase I trial. The Lancet, 

372(9634), 216-223. doi:10.1016/S0140-6736(08)61075-2 



   
		

79 

Hsiao, K. K., Borchelt, D. R., Olson, K., Johannsdottir, R., Kitt, C., Yunis, W., ... & 

Iadecola, C. (1995). Age-related CNS disorder and early death in transgenic 

FVB/N mice overexpressing Alzheimer amyloid precursor proteins. Neuron, 

15(5), 1203-1218. doi:10.1016/0896-6273(95)90107-8 

Hsiao, K., Chapman, P., Nilsen, S., Eckman, C., Harigaya, Y., Younkin, S., . . . Cole, G. 

(1996). Correlative memory deficits, Abeta elevation, and amyloid plaques in 

transgenic mice. Science, 274(5284), 99-102.  

Huang, S.-M. M., Mouri, A., Kokubo, H., Nakajima, R., Suemoto, T., Higuchi, M., . . . 

Iwata, N. (2006). Neprilysin-sensitive synapse-associated amyloid-beta peptide 

oligomers impair neuronal plasticity and cognitive function. The Journal of 

Biological Chemistry, 281(26), 17941-17951. doi:10.1074/jbc.M601372200 

Iannaccone, P. M., & Jacob, H. J. (2009). Rats! Disease Models & Mechanisms, 2(5-6), 

206-210. doi:10.1242/dmm.002733 

Iivonen, S., Heikkinen, T., Puoliväli, J., Helisalmi, S., Hiltunen, M., Soininen, H., & 

Tanila, H. (2006). Effects of estradiol on spatial learning, hippocampal 

cytochrome P450 19, and estrogen alpha and beta mRNA levels in 

ovariectomized female mice. Neuroscience, 137(4), 1143-1152. 

doi:10.1016/j.neuroscience.2005.10.023 

Inden, M., Kitamura, Y., Takahashi, K., Takata, K., Ito, N., Niwa, R., . . . Ariga, H. 

(2011). Protection against dopaminergic neurodegeneration in Parkinson's 

disease-model animals by a modulator of the oxidized form of DJ-1, a wild-type 

of familial Parkinson's disease-linked PARK7. Journal of Pharmacological 

Sciences, 117(3), 189-203. doi:10.1254/jphs.11151FP 

Irizarry, M. C., McNamara, M., Fedorchak, K., Hsiao, K., & Hyman, B. T. (1997). 

APPSw transgenic mice develop age-related Aβ deposits and neuropil 

abnormalities, but no neuronal loss in CA1. Journal of Neuropathology & 

Experimental Neurology, 56(9), 965-973. doi:10.1097/00005072-199709000-

00002 



   
		

80 

Irizarry, M. C., Soriano, F., McNamara, M., Page, K. J., Schenk, D., Games, D., & 

Hyman, B. T. (1997). Aβ deposition is associated with neuropil changes, but not 

with overt neuronal loss in the human amyloid precursor protein V717F (PDAPP) 

transgenic mouse. Journal of Neuroscience, 17(18), 7053-7059. 

Jacob, H. J., & Kwitek, A. E. (2002). Rat genetics:  Attaching physiology and 

pharmacology to the genome. Nature Reviews: Genetics, 3(1), 33-42. 

doi:10.1038/nrg702 

Jardanhazi-Kurutz, D., Kummer, M. P., Terwel, D., Vogel, K., Dyrks, T., Thiele, A., & 

Heneka, M. T. (2010). Induced LC degeneration in APP/PS1 transgenic mice 

accelerates early cerebral amyloidosis and cognitive deficits. Neurochemistry 

International, 57(4), 375-382. doi:10.1016/j.neuint.2010.02.001 

Janus, C., Pearson, J., McLaurin, J., Mathews, P. M., Jiang, Y., Schmidt, S. D., . . . 

Westaway, D. (2000). Aβ peptide immunization reduces behavioural impairment 

and plaques in a model of Alzheimer's disease. Nature, 408(6815), 979-982. 

doi:10.1038/35050110 

Johnston, A. L., & File, S. E. (1991). Sex differences in animal tests of anxiety. 

Physiology & Behavior, 49(2), 245-250. doi: 10.1016/0031-9384(91)90039-Q 

Jorm, A. F., & Jolley, D. (1998). The incidence of dementia:  A meta-analysis. 

Neurology, 51(3), 728-733. doi:10.1212/WNL.51.3.728 

Kaari, C., Haidar, M. A., Júnior, J. M. S., Nunes, M. G., de Azevedo Quadros, L. G., 

Kemp, C., ... & Baracat, E. C. (2006). Randomized clinical trial comparing 

conjugated equine estrogens and isoflavones in postmenopausal women:  A pilot 

study. Maturitas, 53(1), 49-58. doi:10.1016/j.maturitas.2005.02.009 

King, D. L., Arendash, G. W., Crawford, F., Sterk, T., Menendez, J., & Mullan, M. J. 

(1999). Progressive and gender-dependent cognitive impairment in the APP(SW) 

transgenic mouse model for Alzheimer's disease. Behavioural Brain Research, 

103(2), 145-162. doi:10.1016/S0166-4328(99)00037-6 



   
		

81 

Kinney, J. W., Starosta, G., & Crawley, J. N. (2003). Central galanin administration 

blocks consolidation of spatial learning. Neurobiology of Learning and Memory, 

80(1), 42-54. doi:10.1016/S1074-7427(03)00023-6 

Kobayashi, D. T., & Chen, K. S. (2005). Behavioral phenotypes of amyloid-based 

genetically modified mouse models of Alzheimer's disease. Genes, Brain and 

Behavior, 4(3), 173-196. doi:10.1111/j.1601-183X.2005.00124.x 

Kokjohn, T. A., & Roher, A. E. (2009). Amyloid precursor protein transgenic mouse 

models and Alzheimer's disease:  Understanding the paradigms, limitations, and 

contributions. Alzheimer's & Dementia, 5(4), 340-347. 

doi:10.1016/j.jalz.2009.03.002 

Lee, J.-Y., Cole, T. B., Palmiter, R. D., Suh, S. W., & Koh, J.-Y. (2002). Contribution by 

synaptic zinc to the gender-disparate plaque formation in human Swedish mutant 

APP transgenic mice. Proceedings of the National Academy of Sciences, 99(11), 

7705-7710. doi:10.1073/pnas.092034699 

Lee, J. H., Jiang, Y., Han, D. H., Shin, S. K., & Choi, W. H. (2014). Targeting estrogen 

receptors for the treatment of Alzheimer's disease. Molecular Neurobiology, 

49(1), 39-49. doi:10.1007/s12035-013-8484-9 

Lewis, J., Dickson, D. W., Lin, W. L., Chisholm, L., Corral, A., Jones, G., . . . McGowan, 

E. (2001). Enhanced neurofibrillary degeneration in transgenic mice expressing 

mutant tau and APP. Science, 293(5534), 1487-1491. 

doi:10.1126/science.1058189 

Lewis, J., McGowan, E., Rockwood, J., Melrose, H., Nacharaju, P., Van Slegtenhorst, 

M., . . . Hutton, M. (2000). Neurofibrillary tangles, amyotrophy and progressive 

motor disturbance in mice expressing mutant (P301L) tau protein. Nature 

Genetics, 25(4), 402-405. doi:10.1038/78078 



   
		

82 

Li, R., & Singh, M. (2014). Sex differences in cognitive impairment and Alzheimer's 

disease. Frontiers in Neuroendocrinology, 35(3), 385-403. 

doi:10.1016/j.yfrne.2014.01.002 

Lin, J. H. (1995). Species similarities and differences in pharmacokinetics. Drug 

Metabolism and Disposition, 23(10), 1008-1021.  

Liu, Y., Paajanen, T., Westman, E., Wahlund, L.-O. O., Simmons, A., Tunnard, C., . . . 

Consortium, A. (2010). Effect of APOE ε4 allele on cortical thicknesses and 

volumes:  The AddNeuroMed study. Journal of Alzheimer's Disease, 21(3), 947-

966. doi:10.3233/JAD-2010-100201 

Lok, K., Zhao, H., Zhang, C., He, N., Shen, H., Wang, Z., . . . Yin, M. (2013). Effects of 

accelerated senescence on learning and memory, locomotion and anxiety-like 

behavior in APP/PS1 mouse model of Alzheimer's disease. Journal of the 

Neurological Sciences, 335(1-2), 145-154. doi:10.1016/j.jns.2013.09.018 

Long, J., He, P., Shen, Y., & Li, R. (2012). New evidence of mitochondria dysfunction in 

the female Alzheimer's disease brain:  Deficiency of estrogen receptor-β. Journal 

of Alzheimer's Disease, 30(3), 545-558. doi:10.3233/JAD-2012-120283 

Luine, V. N., Jacome, L. F., & Maclusky, N. J. (2003). Rapid enhancement of visual and 

place memory by estrogens in rats. Endocrinology, 144(7), 2836-2844. 

doi:10.1210/en.2003-0004 

Manson, J. E., Chlebowski, R. T., Stefanick, M. L., Aragaki, A. K., Rossouw, J. E., 

Prentice, R. L., ... & Wactawski-Wende, J. (2013). Menopausal hormone therapy 

and health outcomes during the intervention and extended poststopping phases of 

the Women’s Health Initiative randomized trials. JAMA, 310(13), 1353-1368. 

doi:10.1001/jama.2013.278040 

Marcondes, F. K., Miguel, K. J., Melo, L. L., & Spadari-Bratfisch, R. C. (2001). Estrous 

cycle influences the response of female rats in the elevated plus-maze test. 

Physiology & Behavior, 74(4), 435-440. doi: 10.1016/S0031-9384(01)00593-5 



   
		

83 

Markowska, A. L., & Savonenko, A. V. (2002). Effectiveness of estrogen replacement in 

restoration of cognitive function after long-term estrogen withdrawal in aging 

rats. The Journal of Neuroscience, 22(24), 10985-10995.  

Mastrangelo, M. A., & Bowers, W. J. (2008). Detailed immunohistochemical 

characterization of temporal and spatial progression of Alzheimer's disease-

related pathologies in male triple-transgenic mice. BMC Neuroscience, 9, 81. 

doi:10.1186/1471-2202-9-81 

Middei, S., Daniele, S., Caprioli, A., Ghirardi, O., & Ammassari-Teule, M. (2006). 

Progressive cognitive decline in a transgenic mouse model of Alzheimer's disease 

overexpressing mutant hAPPswe. Genes, Brain and Behavior, 5(3), 249-256. 

doi:10.1111/j.1601-183X.2005.00160.x 

Miech, R. A., Breitner, J. C., Zandi, P. P., Khachaturian, A. S., Anthony, J. C., & Mayer, 

L. (2002). Incidence of AD may decline in the early 90s for men, later for women:  

The Cache County study. Neurology, 58(2), 209-218. doi:10.1212/WNL.58.2.209 

Moechars, D., Dewachter, I., Lorent, K., Reversé, D., Baekelandt, V., Naidu, A., ... & 

Godaux, E. (1999). Early phenotypic changes in transgenic mice that overexpress 

different mutants of amyloid precursor protein in brain. Journal of Biological 

Chemistry, 274(10), 6483-6492. doi:10.1074/jbc.274.10.6483 

Mora, S., Dussaubat, N., & Díaz-Véliz, G. (1996). Effects of the estrous cycle and 

ovarian hormones on behavioral indices of anxiety in female rats. 

Psychoneuroendocrinology, 21(7), 609-620. doi: 10.1016/S0306-4530(96)00015-

7 

Morris, R. (1984). Developments of a water-maze procedure for studying spatial learning 

in the rat. Journal of Neuroscience Methods, 11(1), 47-60. doi:10.1016/0165-

0270(84)90007-4 

Mumby, D. G., Pinel, J. P. J., & Dastur, F. N. (1993). Mediodorsal thalamic lesions and 

object recognition in rats. Psychobiology, 21(1), 27-36. doi:10.3758/BF03327123 



   
		

84 

Nilsen, J. (2008). Estradiol and neurodegenerative oxidative stress. Frontiers in 

Neuroendocrinology, 29(4), 463-475. doi:10.1016/j.yfrne.2007.12.005 

Nuber, S., Harmuth, F., Kohl, Z., Adame, A., Trejo, M., Schönig, K., . . . Riess, O. 

(2013). A progressive dopaminergic phenotype associated with neurotoxic 

conversion of α-synuclein in BAC-transgenic rats. Brain, 136(Pt 2), 412-432. 

doi:10.1093/brain/aws358 

Oakley, H., Cole, S. L., Logan, S., Maus, E., Shao, P., Craft, J., ... & Berry, R. (2006). 

Intraneuronal β-amyloid aggregates, neurodegeneration, and neuron loss in 

transgenic mice with five familial Alzheimer's disease mutations:  Potential 

factors in amyloid plaque formation. Journal of Neuroscience, 26(40), 10129-

10140. doi:10.1523/JNEUROSCI.1202-06.2006 

O'Leary, T. P., & Brown, R. E. (2009). Visuo-spatial learning and memory deficits on the 

Barnes maze in the 16-month-old APPswe/PS1dE9 mouse model of Alzheimer's 

disease. Behavioural Brain Research, 201(1), 120-127. 

doi:10.1016/j.bbr.2009.01.039 

Oddo, S., Caccamo, A., Shepherd, J. D., Murphy, M. P., Golde, T. E., Kayed, R., . . . 

LaFerla, F. M. (2003). Triple-transgenic model of Alzheimer's disease with 

plaques and tangles:  Intracellular Abeta and synaptic dysfunction. Neuron, 39(3), 

409-421. doi:10.1016/S0896-6273(03)00434-3 

Padmanabhan, J., Levy, M., Dickson, D. W., & Potter, H. (2006). Alpha1-

antichymotrypsin, an inflammatory protein overexpressed in Alzheimer's disease 

brain, induces tau phosphorylation in neurons. Brain, 129(Pt 11), 3020-3034. 

doi:10.1093/brain/awl255 

Paganini-Hill, A., & Henderson, V. W. (1994). Estrogen deficiency and risk of 

Alzheimer's disease in women. American Journal of Epidemiology, 140(3), 256-

261. doi:10.1093/oxfordjournals.aje.a117244 



   
		

85 

Paganini-Hill, A., & Henderson, V. W. (1996). Estrogen replacement therapy and risk of 

Alzheimer disease. Archives of Internal Medicine, 156(19), 2213-2217. 

doi:10.1001/archinte.1996.00440180075009 

Payami, H., Montee, K. R., Kaye, J. A., Bird, T. D., Yu, C. E., Wijsman, E. M., & 

Schellenberg, G. D. (1994). Alzheimer's disease, apolipoprotein E4, and gender. 

JAMA, 271(17), 1316-1317. doi:10.1001/jama.1994.03510410028015 

Pellow, S., Chopin, P., File, S. E., & Briley, M. (1985). Validation of open:closed arm 

entries in an elevated plus-maze as a measure of anxiety in the rat. Journal of 

Neuroscience Methods, 14(3), 149-167. doi:10.1016/0165-0270(85)90031-7 

Pietropaolo, S., Feldon, J., & Yee, B. K. (2014). Environmental enrichment eliminates 

the anxiety phenotypes in a triple transgenic mouse model of Alzheimer's disease. 

Cognitive, Affective & Behavioral Neuroscience, 14(3), 996-1008. 

doi:10.3758/s13415-014-0253-3 

Pike, C. J., Carroll, J. C., Rosario, E. R., & Barron, A. M. (2009). Protective actions of 

sex steroid hormones in Alzheimer's disease. Frontiers in Neuroendocrinology, 

30(2), 239-258. doi:10.1016/j.yfrne.2009.04.015 

Pistell, P. J., Zhu, M., & Ingram, D. K. (2008). Acquisition of conditioned taste aversion 

is impaired in the amyloid precursor protein/presenilin 1 mouse model of 

Alzheimer's disease. Neuroscience, 152(3), 594-600. 

doi:10.1016/j.neuroscience.2008.01.025 

Price, J. L., & Morris, J. C. (1999). Tangles and plaques in nondemented aging and 

"preclinical" Alzheimer's disease. Annals of Neurology, 45(3), 358-368.  

Read, S., Pedersen, N. L., Gatz, M., Berg, S., Vuoksimaa, E., Malmberg, B., . . . 

McClearn, G. E. (2006). Sex differences after all those years? Heritability of 

cognitive abilities in old age. The Journals of Gerontology. Series B, 

Psychological Sciences and Social Sciences, 61(3), 137-143. 

doi:10.1093/geronb/61.3.P137 



   
		

86 

Reiserer, R. S., Harrison, F. E., Syverud, D. C., & McDonald, M. P. (2007). Impaired 

spatial learning in the APPSwe + PSEN1DeltaE9 bigenic mouse model of 

Alzheimer's disease. Genes, Brain and Behavior, 6(1), 54-65. doi:10.1111/j.1601-

183X.2006.00221.x 

Reitz, C. (2012). Alzheimer's disease and the amyloid cascade hypothesis:  A critical 

review. International Journal of Alzheimer's Disease, 2012, 369808. 

doi:10.1155/2012/369808 

Resnick, S. M., & Henderson, V. W. (2002). Hormone therapy and risk of Alzheimer 

disease:  A critical time. JAMA, 288(17), 2170-2172. 

doi:10.1001/jama.288.17.2170 

Resnick, S. M., & Maki, P. M. (2001). Effects of hormone replacement therapy on 

cognitive and brain aging. Annals of the New York Academy of Sciences, 949(1), 

203-214. doi:10.1111/j.1749-6632.2001.tb04023.x 

Rhodes, M. E., & Frye, C. A. (2004). Estrogen has mnemonic-enhancing effects in the 

inhibitory avoidance task. Pharmacology, Biochemistry, and Behavior, 78(3), 

551-558. doi:10.1016/j.pbb.2004.03.025 

Ripich, D. N., Petrill, S. A., Whitehouse, P. J., & Ziol, E. W. (1995). Gender differences 

in language of AD patients:  A longitudinal study. Neurology, 45(2), 299-302. 

doi:10.1212/WNL.45.2.299 

Rocca, W. A., Grossardt, B. R., & Shuster, L. T. (2011). Oophorectomy, menopause, 

estrogen treatment, and cognitive aging:  Clinical evidence for a window of 

opportunity. Brain Research, 1379, 188-198. doi:10.1016/j.brainres.2010.10.031 

Rosen, R. F., Fritz, J. J., Dooyema, J., Cintron, A. F., Hamaguchi, T., Lah, J. 

J., . . .Walker, L. C. (2012). Exogenous seeding of cerebral β-amyloid deposition 

in βAPP-transgenic rats. Journal of Neurochemistry, 120(5), 660-666. doi: 

10.1111/j.1471-4159.2011.07551.x 



   
		

87 

Rosenfeld, C. S., & Ferguson, S. A. (2014). Barnes maze testing strategies with small and 

large rodent models. Journal of Visualized Experiments(84). doi:10.3791/51194 

Ruitenberg, A., Ott, A., van Swieten, J. C., Hofman, A., & Breteler, M. M. (2001). 

Incidence of dementia:  Does gender make a difference? Neurobiology of Aging, 

22(4), 575-580. doi:10.1016/S0197-4580(01)00231-7 

Sabbagh, J. J., Kinney, J. W., & Cummings, J. L. (2013). Animal systems in the 

development of treatments for Alzheimer's disease:  Challenges, methods, and 

implications. Neurobiology of Aging, 34(1), 169-183. 

doi:10.1016/j.neurobiolaging.2012.02.027 

Salloway, S., Sperling, R., Fox, N. C., Blennow, K., Klunk, W., Raskind, M., ... & 

Reichert, M. (2014). Two phase 3 trials of bapineuzumab in mild-to-moderate 

Alzheimer's disease. New England Journal of Medicine, 370(4), 322-333. 

doi:10.1056/NEJMoa1304839 

Sato, T., Teramoto, T., Tanaka, K.-i., Ohnishi, Y., Irifune, M., & Nishikawa, T. (2003). 

Effects of ovariectomy and calcium deficiency on learning and memory of eight-

arm radial maze in middle-aged female rats. Behavioural Brain Research, 142(1-

2), 207-216. doi:10.1016/S0166-4328(03)00010-X 

Schmitz, C., Rutten, B. P., Pielen, A., Schäfer, S., Wirths, O., Tremp, G., ... & Korr, H. 

(2004). Hippocampal neuron loss exceeds amyloid plaque load in a transgenic 

mouse model of Alzheimer's disease. The American Journal of Pathology, 164(4), 

1495-1502. doi:10.1016/S0002-9440(10)63235-X 

Schneider, J. A., Arvanitakis, Z., Bang, W., & Bennett, D. A. (2007). Mixed brain 

pathologies account for most dementia cases in community-dwelling older 

persons. Neurology, 69(24), 2197-2204. doi:10.1212/01.wnl.0000271090.28148.

24 

Scullion, G. A., Kendall, D. A., Marsden, C. A., Sunter, D., & Pardon, M. C. (2011). 

Chronic treatment with the α2-adrenoceptor antagonist fluparoxan prevents age-



   
		

88 

related deficits in spatial working memory in APP × PS1 transgenic mice without 

altering β-amyloid plaque load or astrocytosis. Neuropharmacology, 60(2–3), 

223-234. doi:10.1016/j.neuropharm.2010.09.002 

Selkoe, D. J. (2001). Alzheimer's disease:  Genes, proteins, and therapy. Physiological 

Reviews, 81(2), 741-766.  

Shughrue, P., Scrimo, P., Lane, M., Askew, R., & Merchenthaler, I. (1997). The 

distribution of estrogen receptor-beta mRNA in forebrain regions of the estrogen 

receptor-alpha knockout mouse. Endocrinology, 138(12), 5649-5652. 

doi:10.1210/endo.138.12.5712 

Shumaker, S. A., Legault, C., Rapp, S. R., Thal, L., Wallace, R. B., Ockene, J. K., ... & 

Kotchen, J. M. (2003). Estrogen plus progestin and the incidence of dementia and 

mild cognitive impairment in postmenopausal women:  The Women's Health 

Initiative Memory Study:  A randomized controlled trial. JAMA, 289(20), 2651-

2662. doi:10.1001/jama.289.20.2651 

Sinforiani, E., Citterio, A., Zucchella, C., Bono, G., Corbetta, S., Merlo, P., & Mauri, M. 

(2010). Impact of gender differences on the outcome of Alzheimer's disease. 

Dementia and Geriatric Cognitive Disorders, 30(2), 147-154. 

doi:10.1159/000318842 

Singh, M., Meyer, E. M., Millard, W. J., & Simpkins, J. W. (1994). Ovarian steroid 

deprivation results in a reversible learning impairment and compromised 

cholinergic function in female Sprague-Dawley rats. Brain Research, 644(2), 305-

312. doi:10.1016/0006-8993(94)91694-2 

Squire, L. R. (1992). Memory and the hippocampus: a synthesis from findings with rats, 

monkeys, and humans. Psychological Review, 99(2), 195-231. doi:10.1037/0033-

295X.99.2.195 



   
		

89 

St George-Hyslop, P. H. (2000). Genetic factors in the genesis of Alzheimer's disease. 

Annals of the New York Academy of Sciences, 924, 1-7. doi:10.1111/j.1749-

6632.2000.tb05552.x 

Stepanichev, M. Y., Zdobnova, I. M., Zarubenko, I. I., Moiseeva, Y. V., Lazareva, N. A., 

Onufriev, M. V., & Gulyaeva, N. V. (2004). Amyloid-beta(25-35)-induced 

memory impairments correlate with cell loss in rat hippocampus. Physiology & 

Behavior, 80(5), 647-655. doi:10.1016/j.physbeh.2003.11.003 

Sterniczuk, R., Antle, M. C., Laferla, F. M., & Dyck, R. H. (2010). Characterization of 

the 3xTg-AD mouse model of Alzheimer's disease:  Part 2. Behavioral and 

cognitive changes. Brain Research, 1348, 149-155. 

doi:10.1016/j.brainres.2010.06.011 

Stewart, S., Cacucci, F., & Lever, C. (2011). Which memory task for my mouse? A 

systematic review of spatial memory performance in the Tg2576 Alzheimer's 

mouse model. Journal of Alzheimer's Disease, 26(1), 105-126. doi:10.3233/JAD-

2011-101827 

Stover, K. R., Campbell, M. A., Van Winssen, C. M., & Brown, R. E. (2015). Early 

detection of cognitive deficits in the 3xTg-AD mouse model of Alzheimer's 

disease. Behavioural Brain Research, 289, 29-38. doi:10.1016/j.bbr.2015.04.012 

Sturchler-Pierrat, C., & Staufenbiel, M. (2000). Pathogenic mechanisms of Alzheimer's 

disease analyzed in the APP23 transgenic mouse model. Annals of the New York 

Academy of Sciences, 920, 134-139. doi:10.1111/j.1749-6632.2000.tb06915.x 

Swaab, D. F., Chung, W. C., Kruijver, F. P., Hofman, M. A., & Ishunina, T. A. (2001). 

Structural and functional sex differences in the human hypothalamus. Hormones 

and Behavior, 40(2), 93-98. doi:10.1006/hbeh.2001.1682 

Taglialatela, G., Hogan, D., Zhang, W.-R. R., & Dineley, K. T. (2009). Intermediate- and 

long-term recognition memory deficits in Tg2576 mice are reversed with acute 



   
		

90 

calcineurin inhibition. Behavioural Brain Research, 200(1), 95-99. 

doi:10.1016/j.bbr.2008.12.034 

Tang, M. X., Jacobs, D., Stern, Y., Marder, K., Schofield, P., Gurland, B., ... & Mayeux, 

R. (1996). Effect of oestrogen during menopause on risk and age at onset of 

Alzheimer's disease. The Lancet, 348(9025), 429-432. doi:10.1016/S0140-

6736(96)03356-9 

Taravini, I. R., Chertoff, M., Cafferata, E. G., Courty, J., Murer, M. G., Pitossi, F. J., & 

Gershanik, O. S. (2011). Pleiotrophin over-expression provides trophic support to 

dopaminergic neurons in parkinsonian rats. Molecular Neurodegeneration, 6, 40. 

doi:10.1186/1750-1326-6-40 

Taylor, H. S., & Manson, J. E. (2011). Update in hormone therapy use in menopause. The 

Journal of Clinical Endocrinology & Metabolism, 96(2), 255-264. 

doi:10.1210/jc.2010-0536 

Terry, R. D. (2006). Alzheimer’s disease and the aging brain. Journal of Geriatric 

Psychiatry and Neurology, 19(3), 125-128. doi:10.1177/0891988706291079 

Tesson, L., Cozzi, J., Ménoret, S., Rémy, S., Usal, C., Fraichard, A., & Anegon, I. 

(2005). Transgenic modifications of the rat genome. Transgenic Research, 14(5), 

531-546. doi:10.1007/s11248-005-5077-z 

Vest, R. S., & Pike, C. J. (2013). Gender, sex steroid hormones, and Alzheimer's disease. 

Hormones and Behavior, 63(2), 301-307. doi:10.1016/j.yhbeh.2012.04.006 

Viña, J., & Lloret, A. (2010). Why women have more Alzheimer's disease than men:  

Gender and mitochondrial toxicity of amyloid-β peptide. Journal of Alzheimer's 

Disease, 20(S2), 527-533. doi:10.3233/JAD-2010-100501 

von Hörsten, S., Schmitt, I., Nguyen, H. P., Holzmann, C., Schmidt, T., Walther, T., . . . 

Riess, O. (2003). Transgenic rat model of Huntington's disease. Human 

Molecular Genetics, 12(6), 617-624. doi:10.1093/hmg/ddg075 



   
		

91 

Walf, A. A., & Frye, C. A. (2007). The use of the elevated plus maze as an assay of 

anxiety-related behavior in rodents. Nature Protocols, 2, 322-328. doi: 

10.1038/nprot.2007.44 

Walker, J. M., Fowler, S. W., Miller, D. K., Sun, A. Y., Weisman, G. A., Wood, W. 

G., . . . Schachtman, T. R. (2011). Spatial learning and memory impairment and 

increased locomotion in a transgenic amyloid precursor protein mouse model of 

Alzheimer's disease. Behavioural Brain Research, 222(1), 169-175. 

doi:10.1016/j.bbr.2011.03.049 

Walker, J. M., Klakotskaia, D., Ajit, D., Weisman, G. A., Wood, W. G., Sun, G. Y., . . . 

Schachtman, T. R. (2015). Beneficial effects of dietary EGCG and voluntary 

exercise on behavior in an Alzheimer's disease mouse model. Journal of 

Alzheimer's Disease, 44(2), 561-572. doi:10.3233/JAD-140981 

Wallace, M., Luine, V., Arellanos, A., & Frankfurt, M. (2006). Ovariectomized rats show 

decreased recognition memory and spine density in the hippocampus and 

prefrontal cortex. Brain Research, 1126(1), 176-182. 

doi:10.1016/j.brainres.2006.07.064 

Warren, S. G., & Juraska, J. M. (1997). Spatial and nonspatial learning across the rat 

estrous cycle. Behavioral Neuroscience, 111(2), 259-266. doi:10.1037/0735-

7044.111.2.259 

Webster, S. J., Bachstetter, A. D., Nelson, P. T., Schmitt, F. A., & Van Eldik, L. J. 

(2014). Using mice to model Alzheimer's dementia:  An overview of the clinical 

disease and the preclinical behavioral changes in 10 mouse models. Frontiers in 

Genetics, 5, 88. doi:10.3389/fgene.2014.00088 

West, M. J., Coleman, P. D., Flood, D. G., & Troncoso, J. C. (1994). Differences in the 

pattern of hippocampal neuronal loss in normal ageing and Alzheimer's disease. 

The Lancet, 344(8925), 769-772. doi:10.1016/S0140-6736(94)92338-8 



   
		

92 

Whitwell, J. L., Przybelski, S. A., Weigand, S. D., & Knopman, D. S. (2007). 3D maps 

from multiple MRI illustrate changing atrophy patterns as subjects progress from 

mild cognitive impairment to Alzheimer's disease. Brain, 130(7), 1777-1786. 

doi:10.1093/brain/awm112 

Wilcock, D. M. (2010). The usefulness and challenges of transgenic mouse models in the 

study of Alzheimer's disease. CNS & Neurological Disorders: Drug Targets, 9(4), 

386-394. doi:10.2174/187152710791556168 

Wilcock, D. M., Lewis, M. R., Van Nostrand, W. E., Davis, J., Previti, M. L., 

Gharkholonarehe, N., . . . Colton, C. A. (2008). Progression of amyloid pathology 

to Alzheimer's disease pathology in an amyloid precursor protein transgenic 

mouse model by removal of nitric oxide synthase 2. The Journal of Neuroscience, 

28(7), 1537-1545. doi:10.1523/JNEUROSCI.5066-07.2008 

Wimo, A., Jonsson, L., Bond, J., Prince, M., Winblad, B., & Alzheimer Disease, I. 

(2013). The worldwide economic impact of dementia 2010. Alzheimers Dement, 

9(1), 1-11 e13. doi:10.1016/j.jalz.2012.11.006 

Wright, A. L., Zinn, R., Hohensinn, B., Konen, L. M., Beynon, S. B., Tan, R. P., . . . 

Vissel, B. (2013). Neuroinflammation and neuronal loss precede Aβ plaque 

deposition in the hAPP-J20 mouse model of Alzheimer's disease. PLoS One, 8(4), 

e59586. doi:10.1371/journal.pone.0059586 

Xu, H., Gouras, G. K., Greenfield, J. P., Vincent, B., Naslund, J., Mazzarelli, L., ... & 

Liao, F. (1998). Estrogen reduces neuronal generation of Alzheimer ß-amyloid 

peptides. Nature Medicine, 4(4), 447-51.  

Yang, S., Smit, A. F., Schwartz, S., Chiaromonte, F., Roskin, K. M., Haussler, D., . . . 

Hardison, R. C. (2004). Patterns of insertions and their covariation with 

substitutions in the rat, mouse, and human genomes. Genome Research, 14(4), 

517-527. doi:10.1101/gr.1984404 



   
		

93 

Yuede, C. M., Zimmerman, S. D., Dong, H., Kling, M. J., Bero, A. W., Holtzman, D. 

M., . . . Csernansky, J. G. (2009). Effects of voluntary and forced exercise on 

plaque deposition, hippocampal volume, and behavior in the Tg2576 mouse 

model of Alzheimer's disease. Neurobiology of Disease, 35(3), 426-432. 

doi:10.1016/j.nbd.2009.06.002 

Zhang, R., Xue, G., Wang, S., Zhang, L., Shi, C., & Xie, X. (2012). Novel object 

recognition as a facile behavior test for evaluating drug effects in AβPP/PS1 

Alzheimer's disease mouse model. The Jouranl of Alzheimers Disease, 31(4), 

801-812. doi:10.3233/JAD-2012-120151 

 

  



   
		

94 

VITA 

 

 Diana Klakotskaia is a neuroscientist that studies the behavioral and neural 

mechanisms of learning and memory.  More specifically, she is interested in what leads 

to cognitive decline in normal aging and conditions like Alzheimer’s, type 2 diabetes, 

heart failure, and traumatic brain injury.  Her research focuses on the cognitive benefit of 

lifestyle changes, specifically, modifications in diet, nutritional supplement intake, and 

exercise regimens and their ability to ameliorate age-related decline.  She has extensive 

experience with rodent behavioral assessment including but not limited to the use of the 

Barnes maze, T-maze, Y-maze, elevated plus maze, novel object recognition, conditioned 

taste aversion, open-field, beam walking test, and a variety of operant conditioning 

paradigms. 

 Diana Klakotskaia received the St. Dominic Scholarship, a full-tuition merit-

based award, to attend Providence College in Providence, RI at the undergraduate level.  

She graduated magna cum laude from the Liberal Arts Honors Program with B.A. in 

Psychology in May 2011.  While at Providence College, she worked in the Affective 

Neuroscience Lab under the supervision of Dr. Christopher M. Bloom.  While working 

with Dr. Bloom, she received a summer undergraduate research fellowship from the 

Rhode Island Institutional Development Award Network for Excellence in Biomedical 

Research (RI-INBRE) to evaluate the effects of systematically manipulated stress levels 

on observed behavior in a rat model of non-suicidal self-injurious behavior. 

 Diana’s experience with animal research motivated her to pursue a graduate 

degree at the University of Missouri in Columbia, MO.  During her studies, she worked 



   
		

95 

in the Conditioning and Neuroscience Lab under the direction of Dr. Todd R. 

Schachtman to investigate information processing in animals using a variety of 

behavioral techniques.  During her time at Mizzou, Diana served as President of the MU 

Graduate Peer Mentoring Program, Vice President of the Graduate Association for 

Students in Psychology, and as a member of MU’s Department of Psychological 

Sciences’ Web and Scholarly Communications Committee.  Diana was awarded the 

Department of Psychological Sciences’ Graduate Student Excellence Award in 2017 and 

has been granted multiple recognitions for her oral presentation skills and public outreach 

service, as well as funding to present her research findings at scientific conferences 

around the nation.  She received her M.A. in Psychology with a focus on Cognition and 

Neuroscience in August 2013 and her Ph.D. in Psychology and a graduate certificate in 

Neuroscience in May 2017. 


