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Abstract 

Down syndrome (DS) is a common genetic condition caused by the presence of three 

copies of chromosome 21 (trisomy 21). DS greatly increases the risk of Alzheimer’s disease 

(AD), and a large percentage of people with DS develop AD neuropathology by the age of 40. 

To investigate the genetic contribution of trisomy 21 to DS phenotypes, including those related 

to AD pathology, a range of DS mouse models have been generated consisting of mice that are 

trisomic for chromosome segments syntenic to human chromosome 21 (Hsa21). The objective of 

the current study was to determine whether the working and spatial memory impairments seen in 

AD and AD mouse models are also present in the Dp(16)1Yey/+ mouse model of DS. In this 

model, the entire Hsa21 orthologous region on mouse chromosome 16 (Mmu16) (∼119 genes), 

has been duplicated and added onto the distal portion of one of the endogenous Mmu16 

chromosomes. Recognition memory was assessed using the novel object recognition (NOR) task, 

spatial working memory by spontaneous alternations in the Y-Maze task, and spatial reference 

memory using the Morris Water Maze (MWM) task. The light/dark box was used to assess 

anxiety-like behavior. Behavioural testing was performed at 4, 6, and 9 months of age in 

Dp(16)1Yey/+ mice and age-matched wildtype littermates. The results of the light/dark box test 

indicated that Dp(16)1Yey/+ mice exhibited increased anxiety-like behaviour, an important non-

cognitive behavioral deficit associated with AD. In the NOR and Y-maze tasks, Dp(16)1Yey/+ 

mice demonstrated no difference in performance compared to wildtype mice. Similarly, in the 

MWM task, there were no statistically significant differences in performance between genotypes 

in both hidden and cued platform trials and in the probe trial. Although investigators reported 

results to the contrary, based on the results of the present study we would conclude that the 



 
 

iii 

Dp(16)1Yey/+ DS mouse model thus does not represent a useful comparator for assessing the 

memory deficits seen in AD and AD mouse models. 
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Introduction 

1.1 Down Syndrome Overview  

J. Langdon Down first described Down Syndrome (DS) in 1866 (Down, 1866). Lejeune 

and Turpin (1961) discovered that  DS is a disorder caused by the triplication of chromosome 21 

(Lejeune & Turpin, 1961). Trisomy of human chromosome 21 (Hsa21) leads to the 

overexpression of segments of encoded genes. DS is one of the most widely known genetic 

conditions, largely associated with characteristic craniofacial and physical features, delayed 

cognitive development, impaired language and deficits in the immune and endocrine system 

(Moore & Roper, 2007). Phenotypically, DS comprises varying levels of developmental deficits 

affecting most of the organs and organ systems in the body (Antonarakis, Lyle, Dermitzakis, 

Reymond, & Deutsch, 2004; Capone, 2001). According to recent national prevalence estimates, 

1 in every 691 Americans is born with DS, or approximately 6,000 DS births annually (Parker et 

al., 2010). In DS, alterations in gene dosage and changes in regulatory sequences on Hsa21 

contributes to characteristic phenotypes (Belichenko et al., 2015). Cognitive and behavioral 

impairments as well as biochemical and pathological changes that have frequently been observed 

in DS individuals, are discussed in the following sections. 

 Physical features of Down Syndrome  

Children with DS are consistently found to have reduced body weight and a slow growth 

rate (Zemel et al., 2015). Conversely, obesity, and overweight are highly prevalent in adult 

individuals with DS (de Asua, Parra, Costa, Moldenhauer, & Suarez, 2014). The most notable 
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craniofacial and physical features observed in DS individuals are the inward downward slant of 

the eye, decreased muscle tone, ear abnormalities, epicanthic folds and flat facial profile and 

nose (Kava, Tullu, Muranjan, & Girisha, 2004). 

 Cognitive and behavioral impairments in Down Syndrome 

 Cognitive impairments are common among people with DS; however, there are 

individual differences with respect to type and severity. Notably, stereotypic and repetitive motor 

movements are frequent behavioral changes present in DS individuals (Belichenko et al., 2015). 

Impairment in morphosyntax, verbal short-term memory (STM) and explicit long-term memory 

(LTM) are characteristic cognitive impairments in people with DS; however, the visuospatial 

STM, associative learning and implicit LTM are often intact in these cases (Gathercole & 

Alloway, 2006; Lott & Dierssen, 2010). DS infants and toddlers are commonly found to exhibit 

hindered development of inhibitory processes in learning and sensory-motor cognition (Chapman 

& Hesketh, 2001). Impairments in long-term hippocampal mediated memory are also common 

across DS cases (Belichenko et al., 2015). Significant reduction in perceptive-motor functions as 

well as a higher prevalence of hyperkinetic disorders are reported to be present in individuals 

with DS (Belichenko et al., 2015). People with DS frequently exhibit attention deficit 

hyperactivity disorder, which may play a key role in early development of behavioral phenotypes 

associated with dementia (Patterson & Costa, 2005). The cognitive and behavioral phenotypes 

observed in DS individuals are likely due to all or a subset of the following reasons: 

a) Dosage sensitivity of genes located on the chromosome 21 

b) Influence of associated gene-environment interactions  

c) Effect of the extra Hsa21 chromosome on chromatin regulation and methylation (Herault 

et al., 2017).  
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 Biochemical/Pathological changes in DS 

There are neuropathological changes associated with DS. The brain tissues of DS 

individuals commonly contain b-amyloid (Ab) plaques and neurofibrillary tangles (NFTs) (Lott 

& Head, 2005). The Ab plaques are products of the transmembrane amyloid precursor protein 

(APP). The pathology of Ab is a well-established characteristic of DS (Lott & Head, 2005). 

Intraneuronal accumulation of Ab leads to the activation of neurodegenerative pathways leading 

to neuronal and synaptic loss (Lott, 2012). In individuals with DS, over-expression of the APP 

protein is a life-long process because they carry an additional copy of chromosome 21. Even 

though the accumulation of Ab starts around eight years of age, the pathology of Ab appears to 

rise increasingly roughly at age 30 (Lott & Head, 2005).  

People with DS are predisposed to developing oxidative stress, which implicates DNA 

damage (Lott, 2012). Oxidative stress refers to the overproduction of oxygen radicals, without a 

proper response of antioxidative defenses and repair mechanisms, and leads to damage to 

protein, lipid, RNA or DNA (Teunissen, De Vente, Steinbusch, & De Bruijn, 2002). Regulation 

and metabolism of free radicals are impaired in DS and therefore, may play a key role in DS 

neuropathology (Lott, 2012). In childhood, individuals with DS are at higher risk of developing 

oxidative stress compared to non-DS controls (Lott, 2012). Biomarkers of oxidative stress 

include melatonin and kynurenine and are found in plasma and urine samples (Lott, 2012). In 

adolescence and adulthood, people with DS have elevated levels of these markers of oxidative 

stress in their urine sample (Lott, 2012). Evidence provides support for the presence of DNA 

damage in people with DS (Tiano et al., 2005). Research has provided ample evidence 

confirming the association of abnormal regulation of genes in DS with transcriptional anomalies, 

which then may lead to higher risks of developing oxidative stress in DS (Lott, 2012). Thus, 
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oxidative stress in DS individuals may play an essential role in developing DNA damage (Lott, 

2012). 

People with DS commonly develop abnormalities in their immune system (Lott, 2012). 

There are abnormal changes in immune cells such as peripheral T-cell subsets, natural killer 

cells, and serum cytokines in DS (Lott, 2012). Adults with DS have elevated levels of several 

inflammation markers compared to younger DS individuals that can be reflected in the 

overexpression of a gene or number of genes on the Hsa21(Lott, 2012). Also, the elevated levels 

of anti-inflammatory factors may be a contributing agent in a lower risk of developing 

atherosclerosis in people with DS compared to the general population (Lott, 2012; Lott & Head, 

2005).  

Research has revealed abnormalities in lipid metabolism in DS (Lott & Head, 2005). 

Individuals with DS have been shown to have higher levels of Myo-inositol in the cerebrospinal 

fluid (CSF), which plays a vital role in phospholipid biosynthesis and signaling (Lott & Head, 

2005). In addition, DS fetuses have significantly higher levels of cholesterol relative to their 

euploid controls; however, similar differences have not been observed in adulthood (Lott & 

Head, 2005). There is evidence to suggest that people with DS have considerably lower levels of 

HDL cholesterol and significantly higher levels of triglycerides compared to controls (Lott & 

Head, 2005). Thus, DS individuals are at higher risk of developing coronary artery disease (Lott 

& Head, 2005). These data suggest that individuals with DS appear to carry deficits in lipid 

metabolism (Lott & Head, 2005). 

People with DS share similar differences in brain morphology compared to people 

without DS. For instance, the cerebellum in individuals with DS is lower in volume relative to 

control individuals (Créau, 2012). Furthermore, in people with DS, there is a 20% decreased in 
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the size of the brain compared to non-DS brains (Lott, 2012). This 20% reduction in brain size 

remained unchanged when corrected for the smaller body size of individuals with DS. In 

addition, the lateral ventricle is enlarged in DS compared to non-DS controls. People with DS 

also have decreased brain weight and lower volume of the frontal lobe and temporal lobe, (Lott, 

2012). Magnetic resonance imaging (MRI) research on people with DS revealed a significant 

decrease of in hippocampal volume (Lott, 2012).   

Based on histological research, the quantity and density of neurons are decreased, and the 

distribution of neurons are abnormal in cortical layers II and IV of DS brains (Lott, 2012). 

Research has established abnormalities in synaptic densities, synaptic length and the contact 

zone between neurons among people with DS (Lott, 2012). Furthermore, one study reported an 

elevated frequency of apoptotic cell death in the  brain (Lott, 2012). These morphogenetic 

alterations observed in DS presumably lead to impaired neuronal connections and abnormal 

information processing. Research showed that in DS there is a 20 to 50% decline in the quantity 

of neurons, which implies that the reduced rate of neurogenesis in DS starts after 22 weeks of 

gestational age (Lott, 2012).   

1.2 Alzheimer's disease Overview 

AD is the most common form of dementia and is the sixth leading cause of death in the 

United States (Association, 2018). It is estimated that more than 5 million people in the United 

States are affected by this neurodegenerative disorder (Bateman et al., 2012). In developed 

countries, such as the United States and Canada, the proportion of people 65 and above is the 

most rapidly growing portion of the population which is a result of elevated life expectancy and 

decreased birth rates; this growth will extend throughout the 21st century in developed countries 

(Bennett et al., 2015). Since age is the greatest prognostic indicator, we would predict an 
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increased prevalence of AD. In 2010, the cost of care for AD patients was estimated to be more 

than $183 billion in the United States, and it is predicted that if disease-modifying interventions 

are not found in the near future, that annual cost will rise to a trillion dollars by 2050 (Stefanacci, 

2011). The next few sections are dedicated to providing information about characteristic 

impairments in cognitive and behavioral phenotypes in addition to biochemical and pathological 

alterations in AD.   

 

 Cognitive and behavioral impairments in Alzheimer’s disease 

In AD, there is a progressive decline in cognitive performance and can start several years 

prior to diagnosis (Webster, Bachstetter, Nelson, Schmitt, & Van Eldik, 2014). Cognitive deficits 

range from mild to severe, and the impairments of cognition intensify over-time. AD has an 

impact on nearly all domains of cognitive functioning; however, the rate of decline varies across 

the domains (Zhao et al., 2014). For instance, the rate of decay in memory and language is lower 

than the rate of decline in executive and visuospatial functions.  

Memory can be divided into subcategories. One way to subcategorize the memory is to 

separate the STM from LTM. STM refers to the ability to hold information without the capacity 

to manipulate that information and is limited to only a few seconds to minutes (Jahn, 2013). 

STM is associated with the frontal lobe and parietal lobe. Unlike STM, LTM appears to have 

unlimited capacity to store information with no limit in terms of duration. LTM involves de novo 

protein synthesis and changes in the molecular components of the neuronal networks involved in 

the specific cortical area that are associated with different classes of memory (Jahn, 2013). 

Memory also can be divided into declarative versus non-declarative memory. Declarative 

memory refers to the capacity of conscious recollection of facts, events, and items. In contrast, 
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non-declarative memory is defined as the implicit recollection of information without conscious 

awareness. Declarative memory is expressed through recalling and recognition of places, lists, 

faces, melodies, and other material. Declarative memory is associated with the hippocampus and 

adjacent medial temporal lobe connections (Klimkowicz-Mrowiec, Slowik, Krzywoszanski, 

Herzog-Krzywoszanska, & Szczudlik, 2008). Declarative Memory can also be subdivided into 

semantic memory versus episodic memory (Squire & Zola, 1996). Semantic memory refers to 

the capacity to store general information without relying on contextual aspects (Nestor, Fryer, & 

Hodges, 2006). On the other hand, episodic memory refers to context-dependent personal 

information.  

Research has indicated that episodic memory loss occurs before all other cognitive 

impairments and is the most severe cognitive deficit in AD (Nestor et al., 2006). Spatial memory 

is a part of episodic memory and involves the capacity to store information about the spatial 

orientations in the environment (Cherrier et al., 2005). The deficit of spatial memory implicates 

failure in learning and navigation in complex environments (Cherrier et al., 2005). Spatial 

memory impairment is one of the characteristics of AD and leads to environmental disorientation 

and losing track of time and place (Cherrier et al., 2005). Recognition memory is a form of 

declarative memory. In AD, impairments in recognition memory appear later in life, affecting the 

ability to recognize previously encountered events, objects, or people (Ferrucci et al., 2008). 

Recognition memory deficits are associated with damaged temporoparietal areas of the brain 

(Ferrucci et al., 2008). Individuals with AD show a progressive decline in working memory. 

Impairments in working memory, attention, and executive functions in AD are 

neuroanatomically correlated with the deficit in frontal subcortical circuits. Consequently, 



 
 

8 

deterioration in qualities such as planning, problem-solving skills, goal-directed behavior, and 

cognitive flexibility are manifested in AD patients (Jahn, 2013).  

Even though AD research is mostly concentrated on cognitive aspects of this devastating 

disorder, there are important non-cognitive behavioral deficits associated with AD. Some 

examples of these non-cognitive behavioral impairments observed in AD are aggression, 

stereotypic behavior, sleep disturbances, anxiety and mood disorder, and activity and affective 

disturbances (Webster et al., 2014).  

 Biochemical/Pathological changes in Alzheimer’s disease 

 Researchers have tied AD to the intraneuronal and extracellular accumulation of the Aβ 

peptide, intracellular neurofibrillary tangles (NFTs) and astrogliosis that are associated with 

neuronal loss (Bennett et al., 2015; Padurariu, Ciobica, Mavroudis, Fotiou, & Baloyannis, 2012; 

Teunissen et al., 2002). In addition, Hyperphosphorylated tau protein (p-tau), which is a 

cytoskeleton protein, is the main component of NFTs. This abnormal phosphorylation of tau 

protein, in addition to the accumulation of Aβ peptides, are implicated in the cognitive 

impairment, and dementia observed in AD (Bennett et al., 2015). Astrogliosis is referred to as an 

abnormal increase of astrocytes in response to brain damage (Teunissen et al., 2002). In addition, 

there are other neuropathological changes such as diffuse cerebral atrophy and enlargement of 

ventricles that are frequently associated with neuronal loss in AD (Padurariu et al., 2012). In AD, 

the formation of NFTs is closely associated with neuronal and synapse loss; however, further 

research is required to uncover the effects of tangle formation on neuronal and synaptic damages 

(Serrano-Pozo, Frosch, Masliah, & Hyman, 2011).  

 There is ample evidence showing an increase in the concentration of Ab(1–42) in CSF in 

people with AD compared to control counterparts. In these individuals, the concentration of the 
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total Ab protein or Ab(1–40) has repeatedly been reported to be unchanged (Teunissen et al., 

2002).  

The concentration of protein tau in CSF is commonly increased in AD patients compared 

to non-AD controls (Teunissen et al., 2002). Changes in protein tau concentrations have been 

repeatedly reported to be correlated with NFT load, though no correlation was observed with 

age, disease duration, and severity was observed (Teunissen et al., 2002). It has been suggested 

that the protein tau can be a more reliable marker for early AD diagnosis rather than for clinical 

follow-ups. Furthermore, there has been ample evidence confirming the importance of using the 

ratio of Ab(1–42) to Ab(1–40) in combination with the elevated levels of tau concentration in 

distinguishing people with AD from controls with high sensitivity and specificity (Teunissen et 

al., 2002).  

Glial fibrillary acidic protein (GFAP) is also a protein associated with plaques. This 

protein is a central intermediate filament cytoskeletal protein and is predominantly expressed by 

astrocytes and is a crucial feature of astrogliosis (Teunissen et al., 2002). In AD, the 

concentration of GFAP in tissue is elevated and is an essential component of amyloid plaques 

(Teunissen et al., 2002). 

ApoE is associated with the critical component of plaques, Ab (Teunissen et al., 2002). 

Astrocytes are the primary ApoE producers. This protein is located in astrocytes and plays an 

essential role in lipid transport and cholesterol homeostasis; however, its function is yet to be 

uncovered (Teunissen et al., 2002). Nevertheless, ApoE is also commonly found in neurites 

when neurodegenerative attacks take place. Findings repeatedly reported increased 

concentrations of ApoE mRNA and ApoE protein in astrocytes located in the frontal and 

temporal cortex of people with AD (Teunissen et al., 2002).   
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Numerous findings confirmed the crucial role of oxidative stress in AD pathology 

(Teunissen et al., 2002). As previously mentioned, the literature defines oxidative stress as an 

imbalance between the generation of oxygen radicals such as superoxide or nitric oxide and the 

repair mechanisms against oxygen radicals-induced disruption of protein, lipid, RNA or DNA 

structures (Teunissen et al., 2002).  The increased concentration of F2-isoprostanes, a free 

peroxidation product in brain tissues, is an important marker of oxidative stress (Teunissen et al., 

2002). In people with AD, the concentration of F2-isoprostanes has frequently observed to be 

elevated in the frontal and temporal cortical regions of the brain compared to controls. Also, 

there have been findings showing an increased concentration of F2-isoprostanes in ventricular 

and lumbar CSF in AD (Teunissen et al., 2002). Furthermore, the concentration level of this 

compound has been found to be significantly negatively correlated with brain weight in AD 

compared to non-AD controls (Teunissen et al., 2002).  

F4-isoprostanes is another isoprostane-like compound and is commonly increased in 

temporal and occipital lobes in people with AD compared to control counterparts (Teunissen et 

al., 2002). Similar to F2-isoprostanes,  a significant increase in F4-isoprostanes levels were 

found in CSF of individuals with AD compared to non-AD controls (Teunissen et al., 2002).   

There have been promising results confirming 3-Nitrotyrosine as a promising early marker for 

oxidative stress in many neurodegenerative disorders, including AD (Teunissen et al., 2002). 

Patients with AD commonly have 3-Nitrotyrosine in neurons with DNA damage located in their 

visual cortex before showing signs of NFT formation. In addition, one study reported a dramatic 

increase in 3-Nitrotyrosine levels in lumbar CSF in patients with AD relative to non-AD control.  

Numerous degenerative processes in AD lead to neuronal loss (Padurariu et al., 2012). Aβ 

plaques, inflammatory processes, and oxidative stress trigger neuronal loss in AD (Padurariu et 
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al., 2012). Research has demonstrated a significant neuronal loss in the hippocampus and cortex 

in people AD relative to age-matched non-AD controls (Padurariu et al., 2012).  

1.3 Amyloid Cascade Hypothesis  

Over the past few decades, the amyloid cascade hypothesis of AD has dominated AD 

research (Karran, Mercken, & Strooper, 2011). This hypothesis was initially proposed based on 

findings reporting that extracellular plaques in the brains of AD patients are composed of Aβ 

peptides in addition to the localization of the App gene on Hsa21, coupled with the well-

established predisposition of people with DS to develop AD neuropathology (Hardy & Selkoe, 

2002). This hypothesis proposes that the accumulation of the Aβ peptide in the brain is the 

pivotal event responsible for AD pathology (Hardy & Selkoe, 2002).   

The APP, a large transmembrane protein, is cleaved at multiple locations to produce Aβ 

(Figure 1). The APP can be processed through either of the following pathways: non-

amyloidogenic pathway, which prevents the production of Aβ plaques and amyloidogenic 

pathway, which leads to the production of Aβ plaques. In the non-amyloidogenic pathway, a 

family of enzymes called α-secretases act on a-site and ɣ-secretase cleave APP at the ɣ position. 

This reaction leads to the cleavage of APP into APP fragments that do not aggregate and 

therefore, prevent the production of Aβ plaques. However, through the amyloidogenic pathway, 

aspartyl proteinase (or beta-site APP-cleaving enzyme (BACE)) cleaves APP at the β-site (Tam 

& Pasternak, 2012). The utilization of the β-cleavage pathway appears to be preferred in neurons 

(Sinha & Lieberburg, 1999). ɣ-secretase then cleaves APP at the ɣ position to produce different 

forms of Aβs, ranging from 38-43 amino acids. All forms of Aβ, and in particular Aβ42 which is 

the more toxic form of Aβ, are highly prone to clustering together and producing large insoluble 

aggregates found in amyloid plaques (Tam & Pasternak, 2012). 
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The first genetic mutations associated with the generation of Aβ plaques and AD 

pathology were found in the App gene (Hardy & Selkoe, 2002). These mutations were mostly 

located at or near α-, β- or, ɣ-cleavage sites and, frequently led to the amyloidogenic pathway 

(Hardy & Selkoe, 2002). Also, research frequently reported Aβ aggregation as a result of 

mutations placed in the Aβ sequence (Hardy & Selkoe, 2002). Furthermore, mutations in 

presenilin proteins result in the development of AD pathology. Notably, many of these mutations 

trigger the amyloidogenic pathway resulting in increased Aβ aggregation and plaque formation 

(Hardy & Selkoe, 2002). These discoveries further supported the Amyloid cascade hypothesis of 

AD. 
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Figure 1. Aβ production  
BACE cleaves APP at the β position, ɣ secretase cleaves at several different γ positions and α 
secretase cleaves APP at the α position. locations of α-, β- and γ positions on APP are shown. 
Modified from (Awasthi, Singh, Pandey, & Dwivedi, 2016). 
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 Challenges of the amyloid hypothesis 

The amyloid hypothesis has led to significant discoveries, yet there is a gap in our 

understanding of the details of the underlying mechanisms leading to AD neuropathology using 

this hypothesis. For instance, there is no clear correlation between the number of amyloid 

deposits in the brain of patients with AD and the severity of cognitive deficits they experience 

(Hardy & Selkoe, 2002). Most importantly, many clinical trials used either active or passive Aβ 

immunization and were successfully able to reach Aβ plaque clearance in patients (Holmes et al., 

2008). However, results showing that this clearance has led to no change in progressive 

neurodegeneration and cognitive deficits and have emphasized the necessity for considering 

alternative ways to interpret pathological mechanisms involved in AD (Holmes et al., 2008; 

Sorrentino, Iuliano, Polverino, Jacini, & Sorrentino, 2014).    

1.4 Alzheimer's disease in Down Syndrome individuals  

 In recent years, there have been various elements that have prolonged and improved the 

lives of people with DS; this includes superior medical treatments, enriched education, and 

greater levels of support in diverse manners (Bittles, Bower, Hussain, & Glasson, 2007; Glasson 

et al., 2002). Just one generation ago, the mean lifespan of people with DS was half of what it is 

today (Head, T Lott, M Wilcock, & A Lemere, 2016). In modern times, average DS patients live 

to be approximately fifty-five or sixty years old. However, with these advances also come 

several negative attributes triggered by aging in people DS. People with DS are at significantly 

high risk of developing AD-like pathology and dementia, which, as previously mentioned, 

provided support for the amyloid hypothesis (Patterson & Costa, 2005). Prevalence of AD-linked 

dementia in DS individuals who are more than 65 years of age is nearly 80% (McCarron et al., 

2014). When dementia emerges after the age of 40, people with DS, similar to AD, show 
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impairment in recall and declarative memory, and in language, commonly before showing signs 

of dementia (Patterson & Costa, 2005).  

1.5 Biochemical/Pathological impairments shared between Down syndrome and 

Alzheimer’s disease 

As previously mentioned, a hallmark of AD pathology is accumulation of Aβ. Findings 

confirmed that people with DS commonly carry accumulations of Aβ (Patterson & Costa, 2005). 

Based on neuroimaging studies, the progression of brain changes in DS resemble the changes in 

AD. These brain changes involve the entorhinal cortex commonly preceding changes in the 

hippocampus and the parietal and prefrontal cortices (Patterson & Costa, 2005). Beside, similar 

to AD, there is evidence revealing the progressive hippocampal atrophy, increased volume of 

lateral ventricles and presence of neurodegeneration in the entorhinal cortex in people with DS 

(Patterson & Costa, 2005). In people with AD, there is generally approximately a 20-year gap 

between the Aβ deposition and rise of clinical symptom. Similarly, it takes about 20 years after 

amyloid deposition for clinical manifestations to appear in DS (Patterson & Costa, 2005).  

In both AD and DS, intracellular accumulation of Aβ occurs prior to the formation of 

extracellular plaques (Bayer et al., 2001). The mechanistic consequences of these results are not 

fully uncovered to this date; however, these findings may serve as valuable resources when 

considering key potential treatment targets.  

Hyperphosphorylation of the tau protein in NFTs is another primary marker of AD 

pathology (Ballard, Mobley, Hardy, Williams, & Corbett, 2016). Research has shown that in 

people with DS, the density of NFTs undergoes a 3-fold increase from age 40-50 years and is 

closely associated with the onset of dementia (Margallo‐Lana et al., 2007). The correlation 

between NFT density and diagnosis of dementia is more pronounced than the association of the 
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accumulation of Aβ with the onset of dementia (Margallo‐Lana et al., 2007). Similarly, the NFT 

formation in AD is more closely associated with appearance of signs of dementia than does Aβ 

deposition (Margallo‐Lana et al., 2007).  

In neuropathology of both AD and DS, the endocytic pathway is impaired (Ballard et al., 

2016). Immunostaining studies demonstrated that in this pathway, there is a significant increased 

volume of early endosomes preceding the formation of Aβ plaques and NFTs (Lott, 2012). As 

previously mentioned, impairments in APP processing triggers aggregation of Aβ (Ballard et al., 

2016). These APP processes take place in endosomes and, therefore, they contain Aβ42 and 

other APP fragments that are the result of these processes (Ballard et al., 2016). Therefore, 

further research may uncover important information about the mechanistic implications of these 

dysfunctions associated with AD-like neuropathology.   

 In regard to changes in neurotransmitters, post-mortem neurochemical research has 

indicated that both AD and DS are associated with a significant loss of choline acetyltransferase 

and noradrenaline. Choline acetyltransferase is an important enzyme in acetylcholine 

biosynthesis (Kusindarta, Wihadmadyatami, & Haryanto, 2016). Acetylcholine is a 

neurotransmitter that is well-established for its pivotal role in learning and memory processes 

(Kusindarta et al., 2016). Noradrenaline is a hormone that plays a crucial role emotional arousal, 

regulation blood pressure and mood disorders (Emran et al., 2018).  

People with DS develop similar pathologies with similar frequencies to what have been 

observed in patients with AD (Ballard et al., 2016). Hence, these pathologies do have diverse 

pathological implications in DS (Ballard et al., 2016). For instance, the appearance of Lewy 

bodies have been frequently observed in amygdala in both DS and AD (Ballard et al., 2016). In 

addition, pathologies in AD such as granulovacuolar degeneration, neuronal buildup of 
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ubiquitinated and truncated transactive response DNA-binding protein 43, and cerebral amyloid 

angiopathy have been confirmed to parallel the pathologies observed in people DS (Ballard et al., 

2016).  

1.6 Down Syndrome animal models 

  Multiple mouse models of both DS and AD have been developed that have been 

successful, to varying extents, in replicating phenotypic features that these two disorders share. 

These transgenic models have been used to understand the behavioral, cognitive and biochemical 

changes that DS and AD have in common (Choong, Tosh, Pulford, & Fisher, 2015) and have 

also allowed assessment of  the genetic contributions of Hsa21 in regard to the DS phenotypes. 

These models exhibit a wide range of DS features, including neurobiological, behavioral, and 

aging-related aspects related to AD pathobiology (Ruparelia, Pearn, & Mobley, 2013; Zhang et 

al., 2012). Thus, in the study of cognitive impairments in AD, mouse models of DS offer an 

increasingly important approach to understanding of pathogenic mechanisms that patients with 

AD share with DS individuals.  

Efforts have been made towards developing mouse models that would help establish 

which genes lead to the occurrence of the specific phenotypic traits of DS. Hsa21 bears many 

parallels with mouse chromosome 16 (Mmu16), and the two share eighteen homologous loci 

(Reeves & Miller, 1992). However, modeling triplication of Hsa21 has proven to be quite 

difficult in murine species in that the components in the mouse that have the genetic parallels 

with Hsa21 are not on the same chromosome; rather, they occur on three distinct chromosomes 

(Mmu10, Mmu16 and Mmu17) (Antonarakis et al., 2004). In addition, a handful of human genes 

are not conserved in the mouse, there are mouse genes that have no human homologues, and 

there are a number of pseudogenes on Hsa21 whose function remains to be defined (Gupta, 
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Dhanasekaran, & Gardiner, 2016). In the sections below are brief descriptions of the Ts65Dn, 

Tc1, Dp(10)1Yey/+ Dp(16)1Yey/+, Dp(17)1Yey/+, TTS and Ts1Cje mouse models of DS and 

discussion of preferred models for investigating pharmacological and therapeutic interventions 

that may be advantageous in improving cognitive and behavioral impairment that individuals 

with DS share with AD patients.  

 Ts65Dn  

The Ts65Dn mouse model was the gold standard model for DS research for many years 

before the development of new models derived using chromosome engineering (Choong et al., 

2015). As mentioned, three areas of the mouse genome – Mmu10, Mmu16, Mmu17 – have 

shared syntenies with Hsa21 Ts65Dn mice have triplication of two-thirds of the genes on 

chromosome 16 that are orthologous to Hsa21. Reeves et al. (1995) used cesium irradiation to 

develop the reciprocal translocation T(l6C3- 4;17A2)65Dn. Female mice carrying translocation 

heterozygous genotypes give birth to trisomic offspring for this small translocation product 

(Reeves et al., 1995). An extended body of research involving features associated with AD in DS 

has been conducted using Ts65Dn mice. Ts65Dn mice are superior to other trisomic models in 

that they continue to thrive into adulthood. In addition, Ts65Dn mice have various traits such as 

impaired performance in the MWM test, deficit in contextual fear conditioning, abnormality in 

NOR along with long-term potentiation (LTP) deficiencies that are affected by DS and AD 

(Belichenko et al., 2015). Furthermore, Ts65Dn mice, similar to DS individuals, appear to have 

reduced cerebellum volume (Créau, 2012). Another change in brain morphology shared between 

DS individuals and Ts65Dn mice is increased volume of the lateral ventricle (Créau, 2012). 

Also, similar to adults with DS and AD, Ts65Dn show degeneration of cholinergic neurons 

associated with impaired acetylcholine release from the hippocampus (Lott, 2012).  
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Notably, Mmu16 is homologous to a large portion of the DS region of Hsa21 (Davisson, 

Schmidt, & Akeson, 1990). The Ts65Dn mouse has approximately forty-two percent of the 

protein-coding genes from Mmu16. However, it differs in that it also contains an extra seventy-

nine genes from Mmu17, and none of these occurs on the Hsa21 synteny (Duchon et al., 2011; 

Reinholdt et al., 2011). In mice the App gene is located on Mmu16. The segmental triplication in 

Ts65Dn mice extends from App to Mx1 genes (Reeves et al., 1995). However, carrying trisomy 

for an extra seventy-nine genes from Mmu17 increases the complexity of analysing the 

genotype-phenotype association.  

Similar to AD neuropathology, cognitive deficits associated with aging, basal forebrain 

cholinergic neuron (BFCN) degenerations, and substantial hypertrophy in astrocytes has been 

observed in Ts65Dn mice (Salehi et al., 2006). Increased App gene expression has been 

confirmed in Ts65Dn mice, and has been shown to be associated with impaired BFCNs cell 

bodies. 

Unlike many other trisomic mouse models, the Ts65Dn mouse remains alive after the 

prenatal period to adulthood (Cataldo et al., 2003). This animal model can be used to research 

the effects associated with the genes involved in DS contributing to cognitive dysfunction 

relevant to AD pathology.  Memory deficit is one of the cognitive malfunctions attributed to 

Ts65Dn mice; thus, making this mouse a potential model for AD research in DS. Furthermore, 

Ts65Dn mice have intense learning and memory deficits proven by their poor performance in the 

MWM test—a spatial reference memory test (Siarey, Stoll, Rapoport, & Galdzicki, 1997). 

Moreover, the spatial memory of Ts65Dn mice was evaluated using a 12-arm maze, the results 

of which support impairment in both short and long-term spatial memory in this model (Demas, 

Nelson, Krueger, & Yarowsky, 1996).  Increased App gene expression has been confirmed and 



 
 

20 

reflected in elevated levels of the mRNA and protein in Ts65Dn mice. In addition, increased App 

gene expression was reported to be associated with impaired BFCNs cell bodies, degeneration of 

BFCNs, and reduced nerve growth factor (NGF) retrograde transport. NGF is a neurotrophic 

factor, and its downstream effects help peripheral and central nervous system specific neurons 

such as BFCNs to survive, differentiate, and be maintained (Sofroniew, Howe, & Mobley, 2001; 

Ye, Kuruvilla, Zweifel, & Ginty, 2003).  

 a major disadvantage of using Ts65Dn mice is that the breeding process of this model is 

slow (Miguel Cortez, Personal communication), as each breeding pair produces only a small 

number of offspring (Miguel Cortez, Personal communication). Maintaining a Ts65Dn colony 

requires special care and unique food (Miguel Cortez, Personal communication). The fourth 

disadvantage is that Ts65Dn carries triplication for 79 extra genes (including 43 protein-coding 

genes) on the centromeric section of Mmu17, which are not syntenic to Hsa21 and are not 

pertinent to DS (Duchon et al., 2011; Reinholdt et al., 2011). These additional triplications need 

to be taken into consideration when analysing phenotype-genotype associations, as this can 

increase complexity of phenotype analysis (Duchon et al., 2011). For instance, among these extra 

triplications are several genes encoding dynein light chains, which are associated with changes in 

endosomal trafficking, and therefore have potential impact on neuronal phenotypes (Hartley et 

al., 2015). Thus, the Ts65Dn mouse is not an ideal model for studies focused on the phenotypic 

features of DS, though the model does provide a great tool for exploring the effects of trisomy in 

genes associated with DS on cognition and behavior.  
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Figure 2. DS mouse models 
The diagram above demonstrates Hsa21 at the top and the mouse genome orthologous region are 
drawn on the bottom. Orange depicts the mouse genome orthologous site on Mmu16, light green 
refers to the similar region on Mmu17 and red refers to the same region on Mmu10. The syntenic 
region of the Tc1 mouse genome that is syntenic to Hsa21 is depicted in dark green and relative 
to Hsa21. Also, deletions and a duplication demonstrated by a double bar are illustrated for Tc1. 
Below Tc1, the region of the DS critical region carried by different DS mouse models is 
depicted. In addition, brown lines refer to the original Ts65Dn (Reeves et al., 1995) and Ts1Cje 
(H. Sago et al., 1998) mice. Modified from (Herault et al., 2017). Dp1Yey is equivalent to 
Dp(16)1Yey/+, the animal model used in the current study.   
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 Ts1Cje 

The Ts1Cje animal model is a mutant mouse carrying an extra copy of Mmu16 spanning 

from the disrupted Sod1 to Znf295 (Patterson & Costa, 2005). This region contains roughly 

about 97 genes in total and 69 of these genes are Hsa21 orthologs (Belichenko et al., 2015; 

Shukkur et al., 2006). This mouse carries trisomy for a smaller orthologous genetic segment to 

Hsa21 that does Ts65Dn (Shukkur et al., 2006). Therefore, Ts1Cje can provide insight into 

phenotypes associated with trisomy of the genes present in this smaller segment (Belichenko et 

al., 2015).    

 Like Ts65Dn mice, Ts1Cje mice exhibit learning and behavioral deficits that have been 

extensively used as a model of cognitive deficits observed in human DS (Gardiner, Fortna, 

Bechtel, & Davisson, 2003; Sago et al., 1998; Sago et al., 2000). Using the MWM test Sago et al. 

(1998) evaluated spatial reference memory in Ts1Cje mice. They found that Ts1Cje mutant mice 

display significant spatial reference memory impairments (Sago et al., 1998). Moreover, in the 

same experimental setting the reverse platform test was used to assess cognitive flexibility in this 

mutant mouse (Sago et al., 1998). In this test, animals are required to learn a new position for the 

hidden platform placed in the opposite quadrant relevant to its original place in the examination. 

This test is interpreted as a test of cognitive flexibility because the mice are required to inhibit a 

previously successful strategy and adapt a new strategy to solve the new task (Nasir et al., 1995). 

Sago et al. (1998) reported that Ts1Cje mice possessed impaired cognitive flexibility because 

they spent significantly longer time to find the hidden platform compared to controls (Sago et al., 

1998). Also, in the probe test, as opposed to the control group, Ts1Cje mice did not preferentially 

search in the trained quadrant. Based on this data, Sago et al. (1998) concluded that Ts1Cje mice 

display impaired cognitive flexibility. However, when comparing the learning deficits measured 
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by MWM in Ts1Cje and Ts65Dn mice, Sago et al. (1998) reported that impairment in both 

spatial and non-spatial learning is much less severe in Ts1Cje animals (H. Sago et al., 1998). 

Therefore, due to this milder deficit in cognition, Ts1Cje provides less significant information in 

terms of cognitive abnormalities associated with DS in humans.  

 Tc1 

The Tc1 mouse, a different type of DS mouse model was generated by O'Doherty et al., 

(2005). This “transchromosomic” mouse line was generated via manipulation of mouse 

embryonic stem cells, which led to a freely segregating copy of Hsa21 transmitted through the 

germline (O’Doherty et al., 2005). Tc1 mice carry most of (∼92% of) Hsa21, and develop 

phenotypic changes in behavior, learning, and memory similar to those in human DS (O’Doherty 

et al., 2005). 

 A study investigating cognitive function and synaptic plasticity of Tc1 mice reported that 

these mice exhibited impaired spatial working memory in the MWM test, but had intact long-

term spatial reference memory (Morice et al., 2008). In this experiment researchers defined 

spatial working memory as short-term retention of the hidden platform location. They assessed 

spatial working memory of Tc1 mice using a series of learning-reversal tests. These learning-

reversal tests were comprised of four trials in which the location of a hidden platform was 

changed each day. In the same study, Tc1 mice demonstrated deficits in STM, but retained LTM 

in the NOR task (Morice et al., 2008). Biochemical analysis of data from membrane-

impermeable cross-linking reagent BS3 (bis-[sulfosuccinimidyl] suberate), combined with 

quantitative Western blotting demonstrated a clear decrease in surface expression of AMPAR 

(a-amino-3-hydroxy-5-methyl-4- propionic acid receptor) subunit GluR1 in the hippocampus of 

Tc1 mice (Grosshans, Clayton, Coultrap, & Browning, 2002). This data suggests a potential 
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molecular mechanism for cognitive impairment in Tc1 mice, as recent studies reported that 

amyloid peptides drive loss of surface glutamate receptors (Almeida et al., 2005; Dewachter et 

al., 2009; Hsieh et al., 2006; Snyder et al., 2005). Therefore, since the App gene is located on 

Hsa21, overexpression of this gene in Tc1 mice could potentially reduce the surface expression 

of GluR1, and thus may lead to abnormal synaptic functioning (Morice et al., 2008). However to 

this date, no data have confirmed that the overexpression of the App gene results in an elevated 

levels of human APP protein (Morice et al., 2008). Therefore, further research is required to 

confirm this hypothesis.  

 Results collected from cognitive and behavioral evaluations of Tc1 mice as a DS animal 

model, suggest that this animal can be used for AD research; however, there are a few drawbacks 

to using this DS model for cognitive phenotypes associated with AD. Maintaining the Tc1 

colony is only achievable by mating this mouse to hybrid C57BL/6Jx129S8 mice, which 

eventually leads to progressive development of a more homogenous background and loss of a 

stable transmission of the human chromosome, to the point that the maintenance of these 

colonies becomes impossible  (O’Doherty et al., 2005). Furthermore, Sheppard et al. (2012) 

claims that the App gene is not functionally trisomic in this animal (Sheppard et al., 2012a). The 

extra chromosome in the Tc1 mouse is rearranged and lost stochastically at different rates from 

cells. Therefore, the Tc1 mouse model is a mosaic for the human chromosome (Sheppard et al., 

2012b). This means that some cells contain the supernumerary Hsa21 while others do not. In 

addition, unlike in human DS and Ts65Dn models, observing the effects of APP overexpression 

on behavioral and AD-related biochemical changes in Tc1 may not be possible. Thus, despite the 

initial attraction to use Tc1 as a DS animal, these mice are not frequently used as a model for DS 
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because they are mosaic and not every cell in these mice carries Hsa21 triplication (O’Doherty et 

al., 2005).  
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As previously stated, the region of synteny to Hsa21 is unevenly distributed among three 

mouse chromosomes, Mmu10, Mmu16 and Mmu17. In effort to better understanding the role of 

individual duplication of the genomic regions in each of these three mouse chromosomes, Yu et 

al. (2010b) generated three strains of mutant mice (Dp(10)1Yey/+, Dp(16)1Yey/+, and 

Dp(17)1Yey/+) harboring duplication spanning the entire Hsa21 syntenic region on each of these 

three chromosomes (Yu et al., 2010b). The generation of each of these three strains was 

accomplished by Cre/LoxP-mediated chromosome engineering. The following three subsections 

are dedicated to providing an in-depth review of each of these models. 

 Dp(10)1Yey/+  

The Dp(10)1Yey/+  mice carry duplication for 39 Hsa21 genes that map to Mmu10 

(Block, Ahmed, Dhanasekaran, Tong, & Gardiner, 2015). Work on the role of triplication of 

these 39 genes in development of cognitive deficits in DS showed that there were significant 

perturbations in protein levels in both Dp(10)1Yey/+ male and female mice. Block et al. (2015) 

used reverse phase protein arrays to investigate changes in the levels of approximately 100 

proteins in the hippocampus, cerebellum, and cortex of Dp(10)1Yey/+ mice, focussing  on 

proteins known to be involved in learning, memory, and synaptic plasticity (Block et al., 2015). 

In male Dp(10)1Yey/+ mice, triplication of the Hsa21 syntenic region in Mmu10 resulted in a 

significant increase in levels of 68 out of 102 proteins associated with learning and memory, 

compared to wildtype controls. In addition, most of the proteins (69 out of 101) that were 

measured in Dp(10)1Yey/+ mice were significantly altered in female mutant mice compared to 

the wild type controls (Block et al., 2015) and the levels of 78 out of 101 proteins were different 

when comparing male and female Dp(10)1Yey/+ mice. 
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Interestingly, behavioral studies on Dp(10)1Yey/+ has revealed that triplication of Hsa21 

syntenic region on Mmu10 region is not associated with hippocampal-mediated cognitive 

behavioral deficits and alterations in hippocampal LTP in Dp(10)1Yey/+ mice (Yu et al., 2010b). 

Yu et al., (2010b) used the MWM test to evaluate the spatial reference memory and used the 

contextual fear-conditioning test to examine the context-associated learning. Results of the 

MWM test revealed similar performance of Dp(10)1Yey/+ to their wild type counterparts. 

Additionally, the performance of Dp(10)1Yey/+ and control mice in the contextual fear-

conditioning test were found to be similar. Together, these data indicate that Dp(10)1Yey/+ mice 

do not exhibit deficits in hippocampal-mediated learning and memory. Thus, one can infer that 

the cognitive behavioral phenotypes that  Tc1, Ts65Dn and other DS mouse models share are 

independent of the trisomy in Hsa21 syntenic genes on Mmu10, but in fact the essential genes 

linked to these impaired cognitive behavioral observations are possibly located within the 

Mrpl39-Zfp295 genomic region (Yu et al., 2010b). Together, it can be inferred that 

Dp(10)1Yey/+ mice though helpful in investigations of molecular changes associated with 

trisomy in the Mmu10, would not provide much insight about the influence of this trisomy to 

cognitive behavioral impairments associated with DS.   

 Dp(16)1Yey/+  

As previously mentioned, by employing recombinase-mediated chromosome engineering 

techniques, Yu et al. (2010b) generated Dp(16)1Yey/+ mice (Yu et al., 2010b). This model of 

DS presents several physical features such as smaller, slanted eyes, short digits, ear abnormalities 

and flattened face that resemble morphological characteristics of DS (Figure 3). This mutant 

mouse carries a duplication spanning the entire Hsa21 orthologous region on Mmu16. Increased 

levels of APP expression was confirmed in Dp(16)1Yey/+ mice (Yu et al., 2010b). Therefore, 
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using a Dp(16)1Yey/+ mouse, the association between App gene overexpression and cognitive 

and memory impairments that AD patients and DS individuals share can be further evaluated. 

Hippocampal LTP is an activity- dependent, sustained increase in the efficacy of synaptic 

transmission in the hippocampus, and so is considered to be a significant cellular indication of 

learning and memory (Bear & Abraham, 1996; Bliss & Collingridge, 1993; Malenka & Nicoll, 

1999). Yu et al. (2010b) carried out an in vitro electrophysiological analysis of the CA1 region of 

the hippocampus in brain slices from Dp(16)1Yey/+ mice and reported that hippocampal LTP in 

these mice was decreased (Yu et al., 2010b). Furthermore, to examine whether duplication in 

Dp(16)1Yey/+ mice induces change in the expression levels of the genes linked to normal 

synaptic plasticity in the hippocampus, Yu et al. (2010b) used real-time RT-PCR with RNA 

isolated from the hippocampus of the mice at 4 months of age as templates to analyse a number 

of LTP markers such as cyclic AMP responsive element binding protein (Creb)1, Discs large 

homologs (Dlg)1, Dlg4, Glutamate Ionotropic Receptor AMPA Type Subunit 1 (Gria1) and 

Glutamate Ionotropic Receptor NMDA Type Subunit 1 (Grin1). CREB protein is an important 

transcription factor that plays a pivotal role in transcription regulation (G. Li, Jiang, & Xu, 

2019). DLG proteins are frequently expressed in the nervous system and are implicated in 

regulation of GLURs at the post-synaptic density (Astorga et al., 2016). Results showed a 

significant decrease in the Dlg1 and Grin1 RNA levels in Dp(16)1Yey/+ mice, suggesting that 

changes in transcriptional levels of these genes contribute to deficit in hippocampal LTP in these 

mice. Therefore, since hippocampal LTP is an important cellular manifestation of learning and 

memory, this data suggests that duplication in Dp(16)1Yey/+ mice is linked to impaired learning 

and memory in Dp(16)1Yey/+ mice. When tested using the MWM test, Dp(16)1Yey/+ mice 

showed impaired hippocampal-mediated spatial reference memory (Yu et al., 2010b). 
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Additionally, Yu et al. (2010b) used contextual fear conditioning to evaluate hippocampal-

mediated learning and memory. Results demonstrated that context-associated learning in 

Dp(16)1Yey/+ mice is hindered. 

Recently another study performed by Zhang et al. (2013) supported that Dp(16)1Yey/+ 

mice exhibit impairment in the MWM test, which confirms that these mice have impaired spatial 

reference memory (Zhang et al., 2013). To gain further insight on neurological impairments in 

adult Dp(16)1Yey/+ mice, Goodliffe et al. (2016) evaluated the cognitive ability of this animal 

model (Goodliffe et al., 2016).  Two water maze apparati were used in this experiment to test 

learning and memory in Dp(16)1Yey/+ mice. The water T-maze test was used to assess learning 

and memory during acquisition, reversal, and double reversal periods. Additionally, they used 

the MWM to assess spatial learning and memory and found  that Dp(16)1Yey/+ mice displayed 

impairments in learning and memory specific to memory extinction and relearning (Goodliffe et 

al., 2016). Based on cognitive, behavioral, and molecular research done on Dp(16)1Yey/+ mice, 

this model may prove to be useful for investigating the underlying mechanisms involved in DS 

cognitive and behavioral impairments relevant to AD-linked phenotypes. 
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Figure 3. Dp(16)1Yey/+ physical characteristics  
Right: Dp(16)1Yey/+ mouse (smaller, slanted eyes, short digits, ear abnormalities and flattened 
face); Left: wildtype mouse. 
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 Dp(17)1Yey/+ 

To evaluate the effects of trisomy of the Hsa21 syntenic region on Mmu17 on 

hippocampal synaptic plasticity, hippocampal LTP in Dp(17)1Yey/+ was tested (Yu et al., 

2010b). Results of an in vitro electrophysiological analysis of the CA1 region in the 

hippocampus demonstrated that hippocampal LTP was significantly elevated in Dp(17)1Yey/+ 

mice, which is contrary to what was observed in the Dp(16)1Yey/+ mice. In addition, real-time 

RT-PCR analysis with RNA isolated from the hippocampi of 4 month-old Dp(17)1Yey/+ mice 

showed no difference in the expression levels of the App gene compared to the wildtype 

counterparts. This data suggested that duplication of genes of the Hsa21 syntenic region of 

Mmu17 does not result in changes in the App gene expression levels (Yu et al., 2010b).  In 

addition, when tested by contextual fear conditioning, the performance of Dp(17)1Yey/+ mice 

was similar to their age matched wildtype counterparts. Also, the results of the MWM test 

showed that the mutant mice have similar performance to their wild type counterparts and thus 

are not associated with spatial reference memory deficit. Based on these findings, hippocampal-

mediated learning and memory in Dp(17)1Yey/+ is not affected by trisomy in the Hsa21 syntenic 

region on Mmu17. Together, it can be concluded that Dp(17)1Yey/+ mice would not be a 

suitable animal model for research on cognitive behavioral impairments associated with DS.  

  TTS 

As mentioned, the genomic regions on Hs21 are syntenic to regions located on three 

different mouse chromosomes (Mmu10, Mmu16 and Mmu17). Yu et al. (2010a) generated the 

TTS mouse model that carries all three Hsa21 syntenic regions on Mmu16, Mmu10 and Mmu17 

to investigate the effect of concurrent appearance of the three segmental triplications on learning 

and memory in DS (Yu et al., 2010a). The triple trisomic (TTS) mouse is a mutant mouse that 
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carries duplications of all three mouse syntenic regions (Mmu10, Mmu16, Mmu17) homologous 

to Hsa21. As such, the TTS mouse is the most complete mouse model for DS (Belichenko et al., 

2015). The MWM test was used to evaluate the effect of this triple trisomy on learning and 

memory tasks mediated by the hippocampus in the mutant mice (Yu et al., 2010a). Results of 

this assessment provide evidence that spatial reference memory is impaired in TTS animals. 

Moreover, the contextual fear-conditioning test was used to assess hippocampal-mediated 

contextual memory in TTS mice (Yu et al., 2010a), and findings show that the mutant mice are 

impaired in context-associated learning and memory. Long-term object recognition memory was 

assessed in TTS animals using NOR test, and like in DS, these mice demonstrated impaired 

long-term object recognition memory (Belichenko et al., 2015). However, the spatial working 

memory of this animal was tested using Y-maze, with results demonstrating that TTS mice are 

not different from control mice in spatial working memory (Belichenko et al., 2015). To confirm 

the lack of impairment in working memory, Belichenko et al. (2015) used T-maze test, which is 

a more challenging test of working memory, to examine TTS mice (Belichenko et al., 2015). 

Results revealed a significant working memory deficit in TTS mice relative to wild type controls 

found by T-maze test. Even though TTS is fully trisomic for all Hsa21 orthologue genes and 

demonstrates several DS phenotypes observed in other DS mouse model, low viability and poor 

breeding has limited the use of this model in DS research (Contestabile, Magara, & Cancedda, 

2017). 

1.7 Rationale, Hypothesis and Objectives 

 Considering the pivotal role of animal models in understanding the underlying 

mechanisms associated with the development of AD and DS, there is a great need for an animal 

model for sporadic AD. Evidence has demonstrated that Dp(16)1Yey/+ is a suitable candidate 
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for research focused on AD-linked DS phenotypes such as cognitive impairments and molecular 

manifestations. Our aim was to test the following hypothesis: 

- Dp(16)1Yey/+ mice display significant cognitive deficits compared to their wildtype 

counterparts.  

The overall objectives of this thesis were: 

- To test recognition memory in male and female Dp(16)1Yey/+ and wildtype mice using 

the NOR test at different ages.  

- To examine spatial working memory in both sexes of Dp(16)1Yey/+ and wildtype mice 

at different time points using the Y-maze task 

- To assess spatial learning and memory using MWM test in male and female 

Dp(16)1Yey/+ and wildtype mice at different ages.  

- To determine if there are differences between Dp(16)1Yey/+ and wildtype mice in 

general locomotor activities using the open field test.  

- To examine the anxiety-like behavior in male and female Dp(16)1Yey/+ and wildtype 

mice using light/dark box test. 
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Materials and Methods 

All behavioral experiments were carried out according to the principles of the Canadian 

Council on Animal Care and were approved by the Queen’s University Animal Care Committee. 

All behavioral experiments were performed during the light (rest) period of the light cycle, 

between 8 am-5 pm. Experiments were completed in a behavioral testing room in the animal care 

facility. The room temperature was maintained at 22-23°C. The animals were transported with 

minimal disturbance by movement and noise from the housing room to the testing room and 

were allowed to habituate to the room for a minimum of 1-hour preceding testing. Where 

applicable, the experiment arenas were sprayed with 70% ethanol prior to and after every trial 

and were wiped with paper towels provided by the animal care facility. The order of the 

experiments performed was organized from lower to higher levels of stress that they would be 

predicted to induce to test subjects: 1) NOR test, 2) Y-maze test, 3) open field test, 4) light/dark 

box, 5) MWM. The animals that were used in this project were divided into two cohorts. The 

first cohort were tested at four time points of 2-, 4-, 6-, and 9-months of age in the NOR test, Y-

maze test and MWM test. A separate cohort of animals were used for the open field test and light 

dark box and only once as naïve animals for the Y-maze test and MWM. Mice were housed in 

groups of 2-3 mice per cage; however, male mice were separated and housed singly if there was 

evidence that they had been fighting. Results were analysed both including and excluding the 

individually housed mice. The experimenter was blinded to the genotype of the test subjects in 

all behavioral experiments.  
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2.1 Generation of Dp(16)1Yey/+ Mice 

Female C57BL/6J were purchased from The Jackson Laboratory (Bar Harbor, Maine, 

United States), and male Dp(16)1Yey/+ mice (stock#013530) were provided free of charge by 

the Jackson Laboratory through the Cytogenetics and Down Syndrome Mouse Models Resource. 

As previously mentioned, these mice were originally generated by Eugene Yu (Roswell Park 

Institute, Buffalo, NY) via recombinase-mediated chromosome-engineering. These animals were 

paired when approximately 2-3 months old. The ratio of males: females in breeding cages varied 

between 1:2 and 1:1. After 10-14 days of being in the same cage, males were removed, and 

females were placed individually in separate cages. The pairing was repeated after all the pups 

were weaned at approximately 3 weeks of age. The original breeding mice were no longer used 

as parents when they were 6 months old. In addition, they were removed from the breeding 

protocol if they failed to produce litters or had litters in poor condition. The same procedure was 

repeated for producing the next generation using the male Dp(16)1Yey/+ and female wild type 

mice that were obtained from the previous breeders. The breeding pairs were typically chosen 

from different litters.  

2.2 Novel Object Recognition Task 

The NOR task is a method for assessing recognition memory and is designed based on 

the mouse’s innate propensity for novelty. The experiment took place on 3 consecutive days. On 

the first day, animals were individually placed in the test arena for a 10-minute session per 

animal and were allowed to roam freely (habituation phase). The arena consisted of a plastic, 

bedding-free mouse cage 18 cm (W) x 29 cm (L) x 12 cm (H). 24 hours later, two identical 

objects (designed with Lego® blocks and approximately 5-8 cm in height) were placed 10 cm 

apart in the arena. Mice were placed individually in the arena and were each allowed 10 minutes 
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to roam free and explore the objects. The purpose of this step was to let mice build familiarity 

with the objects. Data collection did not take place during this step. The assessment phase of the 

experiment took place 24 hours after the second day. Two objects, one familiar (one of the 

objects from the previous day) and one completely novel in terms of shape and color but similar 

in height (built with Lego® blocks), were placed in the arena 10 cm apart from each other. In 

this component of the experiment, the animals were allowed to explore the objects until an 

accumulation of 30 seconds of total exploration time. Exploration was defined as visiting and 

inspecting the object taking place in within approximately 1 cm of the object, excluding the time 

spent climbing the object.  

All the tests were performed in behavioral testing rooms within the animal care facility 

located on the 9th floor of Botterell Hall. The advantage of this method compared to using a set 

exposure time in the arena, is that when stopping the experiment after an accumulation of 30 

seconds, the group activity differences will be minimized (Fernandez & Frick, 2004). This is 

particularly important, because the novelty of the object fades gradually by time. Therefore, by 

stopping the after accumulation of 30 seconds of exploration time the animal is still new to the 

object and is motivated to explore the object. We randomly switched the location of the novel 

and familiar objects to minimize any side biases that may occur. As previously mentioned, the 

testing apparatus consisting of the plastic cage and the objects were regularly cleaned with 70% 

ethanol after each trial to eliminate odor cues. Male and female mice were tested in separate test 

arenas and in different days to eliminate any distraction caused by the presence of the opposite 

sex. The behavioral measures of this experiment were frequency of visits to either object, and the 

time spent exploring each object. Only when the animal’s head was oriented towards the object 

and was within 1 cm of the object, was it counted as exploration and a visit.   
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As previously mentioned, when exposed to a familiar and a novel object, mice with intact 

recognition memory are more motivated to approach the novel object more frequently and spend 

more time with the novel object than the familiar object. The quantitative measures determined 

in this experiment were the frequency of visits to each object, the discrimination index and the 

exploratory ratio. The discrimination index was calculated by subtracting the time spent 

exploring the novel object from the time spent exploring the familiar object and then dividing the 

result by the 30 seconds of total time object exploration. The exploratory ratio was defined as the 

time spent exploring the novel object divided by the 30 seconds of total object exploration time. 

All the recorded data were analyzed using Prism 8.2.0 software. 

2.3 Object Preference Test  

The object preference test examines the relative preference of rodents for exploring two 

objects. This test can help choose appropriate objects for the NOR experiment that are equally 

attractive for the rodents and to rule out confounding biases in the NOR experiment if this were 

not the case. This experiment consists of 2 steps taking place on two consecutive days: Step 1) 

Habituation to the environment, Step 2) Assessment, where animals were exposed to two 

different novel objects, placed at least 8 cm apart from each other in a plastic, bedding-free 

mouse cage 18 cm (W) x 29 cm (L) x 12 cm (H). In the second step, each animal was placed in 

the center of the arena and allowed to freely explore for 5 min. The experiment was recorded by 

a webcam (LifeCam HD-5000) attached to a computer and was later analysed based on the 

following behavioral measurements: total time spent exploring each object and frequency of 

visits to each object. Based on the results of this experiment, the ratio of time spent with each 

object in relation to the cumulative time spent exploring both objects were calculated.  
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2.4 Y-Maze Task 

The Y-Maze task is a simple experiment that is widely used to evaluate spatial working 

memory in rodents and is based upon their innate exploratory nature. In this test, animals are 

placed in the center of a Y-shaped maze and allowed to freely explore the three open arms for a 

total of 10 minutes. The Y-maze used in this experiment was built with black odorless wood and 

was originally constructed as a radial arm maze with 8 arms each approximately 10 cm (W) x 40 

cm (L) x 11 cm (H) with a center of 15-20 cm in diameter. The arms were designed to be 

detachable so that the arms can be removed to transform the radial arm maze into Y-Maze. 

Therefore, 5 arms were closed using the same material used for building the maze. During the 10 

minutes of exploration time, the sequence of all of the arm entries were recorded. An arm entry 

was only considered to have occurred when the hind limbs of the mouse had entirely entered the 

arm.  Mice were able to distinguish each arm based on a number of different spatial cues that 

were placed around the maze. The Y-maze assesses the spatial working memory of animals 

based on the spontaneous alternation rate. Spontaneous alternation was defined as when the 

mouse enters three different arms in succession, divided by the total number of arm entries, 

multiplied by 100(%). When a mouse makes more arm alternations, with fewer entries into an 

arm two times in a row, it can be implied that the mouse possesses better spatial working 

memory that helps it recognize the arm and prevents it from entering the same arm twice in a 

row. Therefore, the higher the spontaneous alternation rate the better is the performance of the 

mouse in the spatial working memory test. After each trial the maze is thoroughly wiped with 

70% ethanol to minimize the odour cues. Data were analyzed by the Prism 8.2.0 software. 
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2.5 Morris Water Maze Task 

The Morris Water Maze (MWM) test is designed to examine the spatial reference 

memory of animals. For this experiment, a circular pool 1.2m in diameter was divided into four 

quadrants using a grey duct tape (NE, SE, NW, and SW) and is filled with water 24 hours before 

the first day of testing to ensure the water reaches room temperature (22-23°C). The water was 

made opaque with non-toxic white paint and a circular platform 15cm in diameter is submerged 

at least 1cm below the surface of the water such that it is completely invisible. Spatial cues, 

including colored flags, a sink, a table, and other stationary objects were placed around the pool. 

The only light source in the room was a floor lamp with three adjustable 25-watt LED light 

branches with white shades instead of the ceiling lamp that was originally installed in the room. 

We used this floor lamp with adjustable gooseneck arms to direct light to the walls to prevent 

having a reflection of the ceiling lamp in the pool. The escape latency (time to reach the hidden 

platform in seconds), swim length (cm), and the average velocity were determined in a 3-day 

cued trial block (4 trials per day) followed by a 5-day hidden trial block (6 trials per day). For 

cued platform training, a grey pole (2.2 cm diameter and 15 cm height) was attached to the 

center of the platform. Each mouse was lifted by the base of the tail and was supported until 

reaching the pool. Then, the mouse was gently placed into the water facing the wall of the pool. 

The experimenter quickly returned to its position to start recording the software and remained as 

motionless as possible until the trial was over. Each mouse was allowed 60 seconds to locate the 

platform per trial. Mice that could not find the platform within 60 seconds were gently guided 

towards it. This was repeated for all the animals in the trail. During the 3-day cued trial block, 

the platform was placed in a different quadrant daily. To begin the hidden trial the cue (grey 

pole) was removed from the platform, and the platform was then moved into a novel quadrant 
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and remained in that quadrant until the end of the 5-day hidden trial block ended. Day 9 was a 60 

second probe trial, in which the platform was removed, and the time spent in each quadrant and 

number of crosses into each quadrant were recorded. All trials were recorded using the Viewer 

software (Biobserve, Bonn, Germany) and analyzed using Prism 8.2.0 software. 

2.6 Light/Dark Box Test  

The light/dark experiment was performed to assay the anxiety-like behavior in rodents 

based on the innate preference of rodents for darker environments over brightly illuminated and 

open spaces. An opaque plastic arena measuring 46cm x 24cm x 15cm (l x w x h) was used in 

this experiment. One third of the box was separated from the rest of the box with an opaque wall 

and was covered by black opaque plastic bags to block light. The dividing wall between the two 

adjoining light and dark compartments had an opening on the bottom, center (6cm x 6cm) to 

allow free movement across the light and dark areas of the arena. The bright compartment was 

illuminated by a 60W bulb that was suspended 20cm above the arena. A webcam (LifeCam HD-

5000) was used to record the experiment and was placed 36cm above the arena. The apparatus 

was in a corner of a room to minimize external cues. The experimenter was situated out of sight 

of the test subject. The subject was allowed to freely roam in the arena for 6 minutes. After each 

trial, the arena was wiped clean with 70% ethanol and paper towels to minimize odor cues. The 

parameters measured in this experiment were the latency to enter the light compartment and the 

total time spent in the light and dark sections over the 6-minute test period.  

2.7 Open Field Test 

The open field test (OFT) was used to evaluate the general locomotor activity in novel 

environments in mice. This experiment was recorded and analyzed by a video tracking system 
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(SMART PanLab software, Harvard Apparatus, USA). In each trial, a mouse was placed in the 

center of a square Plexiglass open field box with dimensions 45 cm (W) x 45 cm (D) x 40 cm 

(H). The arena was illuminated by a 60W bulb placed above the arena. The OFT apparatus was 

built with material that was non-absorbent to odours and easy to clean. The test subjects were 

allowed to freely roam in the arena for 5 minutes, and after each trial the apparatus was sprayed 

with 70% ethanol and wiped with paper towels to eliminate odor cues. The observer was hidden 

from the mouse that was being tested to minimize the cues outside the experiment arena. The 

mean speed between resting periods without resting and total distance travelled were used as 

measures of locomotor activity. 
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Results 

3.1 Novel Object Recognition Task 

The NOR task was used to assess the recognition memory of Dp(16)1Yey/+ mice in 

comparison with age-matched wildtype counterparts, and was performed on the same cohort of 

animals at 4, 6 and 9 months of age. The results of a two-way ANOVA test demonstrated that 

there was no statistically significant difference between male and female animals in frequency of 

visits to each object, discrimination index or the time spent with the novel object in relation to 

the familiar object at 4, 6 and 9 months of age. Therefore, data obtained from male and female 

mice was combined to increase the sample size and to reduce variability. Both Dp(16)1Yey/+  

and wildtype mice visited the novel object significantly more frequently than they visited the 

familiar object at all age groups, although the degree of significance was smaller in 

Dp(16)1Yey/+ mice (Student’s t-test for paired data, p<0.001 for 4-, 6-, and 9-month-old 

wildtype mice and p=0.002, p=0.018 and p=0.028 for 4-, 6-, and 9-month-old Dp(16)1Yey/+ 

mice, respectively) (Fig. 4). Both the percentage of time spent with the novel object in relation to 

the total of 30 seconds of exploration time and the discrimination index were consistent and 

similar across Dp(16)1Yey/+ mice and their wildtype counterparts at all age groups (Fig.5, top 

panel and bottom panel, respectively). Excluding the data from individually housed mice did not 

change the outcome of any of the behavioral measures obtained.  Together, these results suggest 

that the recognition memory in Dp(16)1Yey/+ mice is not impaired at 4, 6 or 9 months of age. 
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Figure 4. Frequency of Visits to Novel and Familiar Objects in the Novel Object 
Recognition Task in 4, 6, and 9 Month Old Mice   
Male and female mice at 4, 6, and 9 months of age were subjected to the NOR task and the 
number of visits to the novel object (black bars) and familiar object (green bars) over the 30 
seconds of total exploration time was recorded. Data are presented as mean ± S.D. with the 
number of animals indicated within each bar, and were analysed by a Student’s t-test for paired 
data. Significant differences reported as indicated (*p<0.05, ** p<0.01, *** p<0.001). 
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Figure 5. Percentage of Time Spent with the Novel Object and Discrimination Index in the 
Novel Object Recognition Task.  in 4, 6, and 9 Month Old Mice   
Male and female mice at 4, 6, and 9 months of age were subjected to the NOR task and the time 
spent exploring each object and the number of visits to each object were recorded. Then, the 
percentage of time that mice spent with the novel object in relation to the 30 seconds of total 
exploration time (upper panel) and the discrimination index (lower panel) were calculated for 
wildtype mice (black bars) and Dp(16)1Yey/+ mice (green bars). Data are presented as the mean 
± S.D. with the number of animals indicated within each bar, and were analysed by a Student’s t-
test for unpaired data. 
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3.2 Y-Maze task 

 Performance in the Y-Maze Task repeated in 2, 4, 6, and 9 Month Old Mice 

The Y-maze task was used to examine spatial working memory with respect to the 

spontaneous alternation rate. The Y-maze task was repeated at 4 time points of 2 months, 4 months, 

6 months and 9 months after birth. Based on the results of a two-way ANOVA and a Sidak multiple 

comparison analysis, the spontaneous alternation rate in Dp(16)1Yey/+ male mice was 

significantly lower than that of wildtype male mice at  2 months of age (p=0.008) (Fig. 6, top 

panel). However, the two-way ANOVA indicated that the spontaneous alternation rate was not 

significantly different across males and females in both mutant and wildtype mice at 4, 6, and 9 

months of age. When the data from both sexes were combined to increase the sample size and to 

reduce variability (Fig. 6, bottom panel) there was a significant decrease in the spontaneous 

alternation rate in 2-month old Dp(16)1Yey/+ mice (Student’s t-test for unpaired data, p< 0.01) 

and no difference between the spontaneous alternation rate of Dp(16)1Yey/+ and wildtype mice 

in 4-, 6-, and 9- month old animals. Excluding data from the individually housed mice did not 

change the outcome of the results obtained. Thus, findings of the Y-maze task suggest that the 

spatial working memory is not impaired in Dp(16)1Yey/+ mice with the exception of 2 month old 

animals. 
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Figure 6. Spontaneous Alternation Rate in the Y-maze Task in 2, 4, 6 and 9 Months Old 
Mice. 
Male and female mice at 2, 4, 6, and 9 months of age were subjected to the Y-maze ask and the 
spontaneous alternation rate calculated for wildtype mice (black bars) and Dp(16)1Yey/+ mice 
(green bars). Data are presented as mean ± S.D. with the number of animals indicated within 
each bar. Upper panel: The spontaneous alternation rate was analyzed using a 2-way ANOVA 
and Sidak Multiple Comparison test across males and females of Dp(16)1Yey/+ and wildtype 
mice.  There was a significant effect of genotype in the spontaneous alternation rate between the 
2-month-old males (F1,43=11.33, p=0.008). Lower panel:  Data from both sexes was combined 
and was analyzed by Student’s t-test for unpaired data. * was used to demonstrated significant 
differences (** p<0.01). 
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 Performance in the Y-Maze Task in naïve 7.5-9.5-Month Old Mice 

A total of 56 naïve mice were evaluated in the Y-maze task to remove any possible 

learning bias arising from being repeatedly exposed to the Y-maze apparatus (Fig. 7, left panel). 

The Dp(16)1Yey/+  and their age-matched wildtype littermates were between the ages of 7.5- 

and 9.5-months. Results of a two-way ANOVA indicated that the spontaneous alternation rate 

was not different across males and females. Therefore, data from of both sexes were combined to 

increase the sample size and to decrease variability (Fig. 7, right panel).  A Student’s t-test for 

unpaired data revealed that the spontaneous alternation rate in Dp(16)1Yey/+  mice  was not 

different from the spontaneous alternation rate of their wildtype counterparts (Fig. 7, right). 

Results of this experiment were similar in both cases of including and excluding data obtained 

from individually housed mice. Overall, based on the results found in this experiment the spatial 

working memory is not impaired in Dp(16)1Yey/+ mice  with the exception of 2 month old 

mice. 
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Figure 7. Spontaneous Alternation Rate in the Y-maze test in 7.5-9.5 Month-old Mice. 
Male and female mice at 7.5-9.5 months of were subjected to the Y-maze task and the and the 
spontaneous alternation rate calculated for wildtype mice (black bars) and Dp(16)1Yey/+ mice 
(green bars). Data are presented as mean ± S.D. with the number of animals indicated within 
each bar. Left panel: The spontaneous alternation rate was analyzed using a 2-way ANOVA and 
Sidak Multiple Comparison test across males and females of Dp(16)1Yey/+ and wildtype mice 
(F1,52=0.001190, p=0.9726). Right panel:  Data from both sexes was combined and was 
analyzed by Student’s t-test for unpaired data.  
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3.3 Morris Water Maze Task 

 Performance in the Morris Water Maze Task repeated in 4-, 6-, and 9-Month Old 

Mice 

The MWM task is one of the most established protocols for evaluating changes in spatial 

reference memory in rodents. To characterize the Dp(16)1Yey/+ mice as a model for DS, we 

examined spatial memory at 4-, 6-, and 9-months of age. First, a three-way ANOVA was 

performed to determine whether there was a statistically significant difference in performance 

between males and females in the MWM test. Results of the three-way ANOVA revealed no sex 

difference in performance across all behavioral measures in the MWM task. Therefore, the 

results of the male and female mice were combined to increase the sample size and reduce the 

variability. The results of a two-way ANOVA showed that Dp(16)1Yey/+ mice  had essentially 

the same escape latencies for finding the platform as the control group (Fig. 8, bottom panel). In 

addition, swim length paralleled the escape latency data and were similar across Dp(16)1Yey/+ 

and wildtype mice (Fig. 8, top panel). Furthermore, there were no significant differences 

observed across the mutant and wildtype mice in terms of their average velocity for almost all of 

the trial blocks (Fig. 8, middle panel). Data from the probe test were analyzed using a Student’s 

t-test and demonstrated that at 4 months of age, Dp(16)1Yey/+ mice had significantly lower 

percentage of the number of visits (p=0.036) to, and spent less time (p=0.014) in the target 

quadrant compared to wildtype controls; however, no difference between the two genotypes was 

observed in the percentage of the number of visits to the target quadrant and in the time spent in 

the target quadrant at 6 and 9 months of age (Fig. 9). In addition, at 6 months of age, 

Dp(16)1Yey/+ mice had significantly lower number of visits (p=0.023) to the target quadrant; 

however, no difference between the mutant and the wildtype mice was observed in the number of 
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visits to the target quadrant at 4 and 9 months of age. Excluding data from the individually 

housed mice did not change the outcome of the results obtained.  Together, the results of the 

MWM task suggest no deficit in spatial reference memory in Dp(16)1Yey/+ mice.  
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Figure 8. Swim Length, Average Velocity and Latency to Find the Hidden Platform in the 
MWM task in 4, 6, and 9 Month Old Mice. 
Male and female mice at 4, 6, and 9 months of age were subjected to the MWM task. The swim 
length, average velocity and latency to find the hidden platform were calculated in a 3-day cued 
trial block (4 trials per day) followed by a 5-day hidden trial block (6 trials per day) for wildtype 
mice (black circles) and Dp(16)1Yey/+ mice (green squares). Data are presented as the mean ± 
SEM of the average scores in each trial block. Data were analyzed by a 2-way ANOVA and a 
Sidak Multiple comparison test. (Wildtype mice at 4, 6, and 9 months of age: n4=23, n6=24, 
n9=24, respectively; Dp(16)1Yey/+ mice at 4, 6, and 9 months of age: n4=22, n6=22, n9=22, 
respectively). * were used to demonstrated significant difference from control mice (*p<0.05, ** 
p<0.01, *** p<0.001).  
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Figure 9. Probe trial of the MWM task in 4, 6, and 9 Month Old Mice. 
Male and female mice at 4, 6, and 9 months of age were subjected to the probe trial of the MWM 
task and the number of visits to the target quadrant (top panel), the percentage of the number of 
visits to the target quadrant (middle panel) and the percentage time spent in the target quadrant 
(bottom panel) were recorded 24 hours after the last day of the 5-day hidden trial block for 
wildtype mice (black bars) and Dp(16)1Yey/+ mice (green bars). Data are presented as mean ± 
S.D. with the number of animals indicated within each bar. Data from both sexes was combined 
and was analyzed by Student’s t-test for unpaired data. * were used to demonstrate significant 
difference from control mice (*p<0.05).   
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 Performance in Morris Water Maze Test in naïve 7.5-9.5MonthOld Mice 

To rule out the possible confounding influence of training repeatedly in the MWM 

apparatus, a separate cohort of naïve 7.5-9.5-month-old mice were subjected to the MWM task. 

A three-way ANOVA was performed to determine whether male and female mice differed in 

their performance in the MWM task. This analysis showed that there was no sex difference in 

performance across all behavioral measures in the MWM task for both Dp16 and wildtype mice. 

Results from the hidden platform phase of the protocol (Fig. 7) showed that there was no 

difference between Dp(16)1Yey/+ and wildtype animals in either the time to find the platform or 

the swim length  (two-way ANOVA , p>0.05).  In addition, there were no significant differences 

observed across the mutant and wildtype mice in terms of their average velocity for almost all of 

the trial blocks. However, in the probe trial, male Dp(16)1Yey/+ mice had significantly fewer 

visits to the target quadrant compared to their wildtype counterparts (Fig. 8). Female 

Dp(16)1Yey/+ mice had fewer, but not significantly different, number of visits to the target 

quadrant. Combining the results of both sexes showed that Dp(16)1Yey/+ mice had fewer target 

quadrant visits in comparison with their wildtype counterparts. However, no difference between 

the two genotypes was observed in terms of percent visits to the target quadrant and percent time 

spent in the target quadrant. Excluding data from the individually housed mice did not change 

the outcome of the results obtained. These results suggest that Dp(16)1Yey/+ mice do not have 

impaired spatial reference memory and being repeatedly exposed to the MWM test apparatus had 

no influence on the performance of mutant and wildtype mice.  
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Figure 10. Swim Length, Average Velocity and Latency to Find the Hidden Platform in the 
Morris Water Maze task in naïve 7.5-9.5Month Old Mice. 
Male and female mice at 7.5-9.5 months of age were subjected to the MWM task and the swim 
length, average velocity and latency to find the hidden platform calculated in a 3-day cued trial 
block (4 trials per day) followed by a 5-day hidden trial block (6 trials per day) for wildtype mice 
(black circles) and Dp(16)1Yey/+ mice (green squares). Data are presented as the mean ± SEM 
of the average scores in each trial block. Data were analyzed by a 2-way ANOVA and a Sidak 
Multiple comparison test. (Wildtype males: n=12; Wildtype females: n=12; Dp(16)1Yey/+ 
males: n=12, Dp(16)1Yey/+ females: n=12). * were used to demonstrated significant difference 
from control mice (*p<0.05, ** p<0.01 
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Figure 11. Probe trial of the MWM task in naïve 7.5-9.5Month Old Mice. 

Male and female mice at 7.5-9.5 months of age were subjected to the probe trial of the MWM 
task and the number of visits to the target quadrant (left panel), the percentage of the number of 
visits to the target quadrant (middle panel) and the percentage time spent in the target quadrant 
(right panel) were recorded 24 hours after the last day of the 5-day hidden trial block for 
wildtype mice (black bars) and Dp(16)1Yey/+ mice (green bars). Data are presented as mean ± 
S.D. with the number of animals indicated within each bar. Data were analyzed by a 2-way 
ANOVA and a Sidak Multiple comparison test. * were used to demonstrated significant 
difference from control mice (*p<0.05, ** p<0.01).   
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3.4 Light/Dark Box 

In this test, an increased tendency for rodents to remain in darker and enclosed spaces and 

to spend less time in bright and open environments is used as marker for anxiety-like behavior. 

At 7.5-9.5 months of age, both male and female Dp(16)1Yey/+ mice spent consistently less time 

in the illuminated chamber of the arena compared to the control group (Fig. 9). This difference in 

performance was significant in male Dp16 mice but not in females, (two-way ANOVA). 

Combining the data from both sexes indicated that Dp(16)1Yey/+ mice display significantly 

higher levels of anxiety-linked behavior. Based on the results of the light/dark box test it is 

concluded that Dp(16)1Yey/+ display significantly higher levels of anxiety-like behavior 

compared to their euploid littermates.   
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Figure 12. Time spent in the illuminated side of the light/dark box  
Male and female mice at 7.5-9.5 months of age were subjected to The light/dark box test and 
total time spent in the light side during the 6-minute testing period was measured for wildtype 
mice (black bars) and Dp(16)1Yey/+ mice (green bars). Data are expressed as the mean ± S.D. 
with the number of animals indicated within each bar, and were analysed by a Student’s t-test for 
unpaired data. Data were analyzed by a 2-way ANOVA and a Sidak Multiple comparison test. 
Analysis showed a significant difference across males, but females had no significant difference 
in terms of the time spent in the illuminated side (Males: F1,52=1.178, p>0.05; Females: 
F1,52=11.14, p=0.0016). *were used to demonstrated significant difference from control mice 
(*p<0.05,** p<0.001). 
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3.5 Open Field Test 

The open-field test was used to examine the ambulatory movement of Dp(16)1Yey/+ 

mice. This experiment was performed using two cohorts of mice; male and female mice at 4-5.5-

months of age and male and female mice at 6.5-7-months of age. Total distance covered (cm) 

and mean speed without resting were measured. No significant differences were observed in 

these parameters in both age cohorts. (Fig. 10). Overall, results of the open field test indicate that 

Dp(16)1Yey/+ mice have similar general mobility as wildtype animals.   
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Figure 13. Total Distance Covered and Mean Speed Without Resting in Zone in the Open 
Field test in naïve 4-5.5 and 6.5-7Month Old Mice. 
Male and female mice between the ages of 4-5.5- and 6.5-7-months old were subjected to the 
open-field test where total distance covered and mean speed without resting in zone were 
measured. Data are presented as the mean ± S.D. with the number of animals indicated within 
each bar, and were analyzed by a Student’s t-test for unpaired data. 
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Discussion 

Understanding the underlying mechanisms related to cognitive abnormalities in AD and 

DS has been facilitated by research using animal models, mice in particular (Yu et al., 2010b). 

Mice have been widely used in DS research because syntenic conservation between human and 

mice genomes is present (Yu et al., 2010b). A DS mouse model is required to carry Hsa21 or at 

least segmental trisomies containing DS critical regions; this is because DS is developed from 

Hsa21 trisomy, and Hsa21 equivalent genetic content is distributed among three syntenic sites on 

mouse chromosomes 10, 16 and 17 (Yu et al., 2010a). To develop novel therapeutics for AD-

linked phenotypes, such as memory and learning impairments in DS, finding an ideal mouse 

model is key. This is not an easy task as choosing a suitable model requires in-depth 

investigation of its features and detailed analysis of the advantages and disadvantages associated 

with each model.  

 The most widely researched DS mouse model is Ts65Dn; however, using this model in a 

behavioral experiment focused on AD-linked cognitive phenotypes in DS encompasses 

drawbacks such as: a time-consuming breeding process, few numbers of produced offspring, the 

need for additional care, and unique dietary requirements. Moreover, there have been studies 

reporting that there are additional triplicated genes on Mmu17 of the Ts65Dn model that do not 

have synteny to genes of Hsa21 and have not been associated with DS (Davisson et al., 1990). 

The presence of this additional triplicated region might indeed be associated with behavioral 

phenotypes observed in this model and will, in fact, increase the complexity of analysing the 
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genotype-phenotype association in this model; therefore, the impact of these genes on the 

phenotypes of Ts65Dn mice cannot be ignored (Yu et al., 2010b).  

 Ts65Dn and Ts1Cje models share some genetic similarities; however, in terms of 

phenotypic features, they represent different properties (H. Sago et al., 1998). In Ts1Cje, the 

Mmu12 is elongated and carries 71 Hsa21 orthologs, because in the generation of this mouse 

model a reciprocal translocation of the distal portion of the Mmu16 onto the telomeric region of 

Mmu12 takes place (H. Sago et al., 1998). However, this reciprocal translocation leads to the 

monosomy of seven telomeric genes on the telomeric region of Mmu12 (Duchon et al., 2011). 

Also, a segment extending from App to Sod1 is not triplicated in Ts1Cje mice (H. Sago et al., 

1998). Therefore, this mouse carries a smaller number of triplicated genes compared to Ts65Dn 

and Dp(16)1Yey/+ mice. Based on the findings of Sago et al. (1998), the Ts1Cje mouse provides 

support for the association between segmental Hsa21 trisomy and cognitive and behavioral 

impairment in human DS. However, research on the Ts1Cje mouse as a valid DS model cannot 

support the hypothesis associating abnormalities in the App gene expression and changes in APP 

metabolism to AD pathologies and AD-linked phenotypes, such as cognitive impairments, and 

memory and learning deficits. Not only do Ts1Cj mice do not have APP triplication, but AD 

neuropathology such as BFCN atrophy and BFCN degeneration have also not been reported in 

this model (H. Sago et al., 1998). Thus, even though the Ts1Cje mouse may be helpful in 

understanding the underlying mechanisms leading to mental impairment, memory deficits, and 

cognitive malfunction in human DS, it may not be as obliging in cognitive research in AD. 

The Tc1 mouse is reported to be the most desirable strain of trans-species group because 

it carries most of Hsa21 and develops cognitive impairments relative to AD; however, the App 

gene, which is an important gene for the production of Ab, is not functionally triplicated 
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(O’Doherty et al., 2005). In addition, the Tc1 mouse loses the extra chromosome randomly 

during development which leads to varying degrees of mosaicism of Hsa21 in variable tissues of 

the animal (O’Doherty et al., 2005). Furthermore, despite the fact that Ab plaques and NFTs are 

commonly observed in AD patients, the Ts65Dn and Tc1 mice do not develop b-amyloid 

plaques or NFTs (Yu et al., 2010b). In addition, maintaining the Tc1 colony is only possible by 

mating this mouse to hybrid C57BL/6Jx129S8 mice. By maintaining the Tc1 colony on a 

C57BL/6Jx129S8 background, it became possible to maintain this transgenic strain with a stable 

transmission frequency of >40% of progeny inheriting Hsa21 from their mothers; however, 

sometimes this transmission takes place through the male germline. Backcrossing Tc1 to inbred 

strains led to the loss of a stable transmission of the human chromosome (O’Doherty et al., 

2005). Thus, despite numerous advantages of this model, Tc1 mice are not frequently used as a 

model for DS because they are mosaic and not every cell in these mice carries Hsa21 triplication 

(O’Doherty et al., 2005).  

 As mentioned, the genomic regions on Hs21 are syntenic to regions located on three 

different mouse chromosomes (Mm10, Mm16, and Mmu17). Yu et al. (2010a) generated the 

TTS mouse model that carries all three Hsa21 syntenic regions on Mmu16, Mmu10, and Mmu17 

to investigate the effect of the concurrent appearance of the three segmental triplications on 

learning and memory in DS (Yu et al., 2010a). TTS mice display deficits in spatial reference 

memory, context-associated learning, and long-term object recognition memory; however, they 

do not demonstrate deficits in spatial working memory when tested by Y-maze (Belichenko et 

al., 2015). Lack of impairment in spatial working memory tests in TTS mice is not supportive of 

its use as a DS animal model given that impaired working memory is a significant phenotype 

resulting from genetic defects associated with cognitive deficits in DS (Belichenko et al., 2015). 
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In addition, Yu et al. (2010a) reported that analysis of TTS mice at different ages showed an 

absence of amyloid plaques and NFTs in this model. Also, even though TTS is fully trisomic for 

all Hsa21 orthologues genes, low viability and poor breeding in addition to lack of spatial 

working memory impairment has limited the use of this model in DS research (Belichenko et al., 

2015; (Yu et al., 2010a)).   

Dp(16)1Yey/+ is a newly developed DS animal model that is reported to exhibit DS-

linked cognitive deficits, including impaired learning and memory (Yu et al., 2010b). The 

Dp(16)1Yey/+ model carries triplication spanning the entire Hsa21 homologous region on 

Mm16. Previous work on characterizing phenotypic features of mice that carry duplications 

spanning the Hsa21 syntenic region on Mmu10, Mmu16 and Mmu17 has separately revealed 

important information about the downstream effects of trisomy in each of these three regions on 

cellular and behavioral phenotypes.  

Research on Dp(10)1Yey/+ mice has revealed that triplication of Hsa21 syntenic region 

on Mmu10 region is not associated with cognitive-behavioral deficits or alterations in 

hippocampal LTP (Yu et al., 2010b). Together, these data suggest that the cognitive-behavioral 

phenotypes that  TTS, Dp(16)1Yey/+ and Ts65Dn mice share are independent of the trisomy in 

Hsa21 syntenic genes on Mmu10 region of synteny to Hsa21, but in fact the essential genes 

linked to these impaired cognitive-behavioral observations are possibly located within the 

Mrpl39-Zfp295 genomic region (Yu et al., 2010b).  

Previous work on Dp(17)1Yey/+ mice demonstrated that triplication of Hsa21 syntenic 

region conserved on Mmu17 does not lead to hippocampal-mediated cognitive-behavioral 

deficits (Yu et al., 2010b). Additionally, the hippocampal LTP in Dp(17)1Yey/+ mice is not 

different from wildtype littermates, and gene triplications in this model are not linked to changes 
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in App expression levels. Therefore, it can be concluded that the trisomy of Hsa21 orthologous 

genes on Mmu17 do not play a role in DS related phenotypes in these trisomic mice. 

The Dp(16)1Yey/+ strain is maintained by backcrossing to C57BL/6J. The previously 

mentioned issues associated with Tc1 mice, TTS mice, and Ts65Dn mice such as loss of 

duplication transmission through the germline and infertility are eliminated (Yu et al., 2010b). 

This animal model carries trisomy in regions covering Hsa21 homologous to Mmu16 entirely, 

which includes the App gene (Z. Li et al., 2007), suggesting that this animal can provide insight 

into AD-linked memory and learning impairment in DS. Assessments of prenatal behavior and 

embryonic development have revealed that this model is not associated with impaired prenatal 

phenotypes, but there are specific cellular and behavioral deficits after the first two postnatal 

weeks (Goodliffe et al., 2016). In theory, the Dp(16)1Yey/+ mouse better represents the  human 

DS phenotype compared to Ts1Cje and Ts65Dn mice because it carries a larger number of 

triplications in the Hsa21 syntenic region,  and is not associated with the perturbation of genes 

unrelated to DS that are observed in the other two models (Aziz et al., 2018). Contrary to what 

was expected based on the genetic makeup of this model, previous work measuring neurogenesis 

via 5-bromo-2′-deoxyuridine (BrdU) pulse labeling in Dp(16)1Yey/+ at embryonic day 14.5 has 

demonstrated that these mice show no deficit in forebrain morphogenesis (Goodliffe et al., 

2016). Additionally, the 5-ethynyl-2′-deoxyuridine (EdU) in vivo neurogenesis assay, which has 

higher sensitivity compared to BrdU labeling, was employed to further investigate the 

neurogenesis features of Dp(16)1Yey/+ mice at embryonic day 15.5 (Qu et al., 2011). Similar to 

what Goodliffe et al. (2016) formerly reported, no impairment in prenatal neurogenesis was 

observed in Dp(16)1Yey/+ embryos compared to their euploid littermates. Furthermore, as 

opposed to what was observed in Ts65Dn and Tc1Cje trisomic mouse models at various neonatal 
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stages, Dp(16)1Yey/+ mice show no deficits in the development of early-acquired milestones 

(Aziz et al., 2018). However, the examination of cortical and hippocampal neuronal populations 

has indicated impairment in developing late-acquired milestones (at postnatal days 15-21). 

Cognitive-behavioral work on Dp(16)1Yey/+ adult mice has shown similarities to what has been 

reported about Ts65Dn mice, such as deficits in spatial reference memory and hippocampal-

mediated cognition (Yu et al., 2010b). Based on these data, it can be concluded that whereas 

Dp(16)1Yey/+ mice show no embryonic or early neonatal phenotypes, they do display 

behavioral and histological phenotypes starting from postnatal day 15 and exhibit behavioral 

phenotypes in adulthood.  

In the present study, to further characterize the Dp(16)1Yey/+ mouse as a model for the 

cognitive deficits of DS, various cognitive-behavioral experiments were performed to determine 

whether the previously reported histological phenotypes are associated with characteristic 

cognitive-behavioral features in Dp(16)1Yey/+ mice, and to confirm the previous cognitive-

behavioral results obtained using the Dp(16)1Yey/+ model. In this study, we used spontaneous 

alternation in the Y-maze task to assess spatial working memory, the NOR task to evaluate 

recognition memory, the MWM task to assess spatial reference memory, and the Light/dark box 

to examine anxiety-like behavior in Dp(16)1Ye/+y mice. In addition, the open field test was 

performed to examine the general locomotor activity of Dp(16)1Yey mice/+. Surprisingly, the 

present study revealed that Dp(16)1Yey/+ mice displayed no significant cognitive behavioral 

deficits. Contrary to what was expected based on previous work with Dp(16)1Yey mice/+  (Yu et 

al., 2010b), the performance of Dp(16)1Yey/+ mice in the Y-maze task demonstrated that these 

mice exhibited no significant spatial working memory deficits (as determined from the 

spontaneous alternation rate) when tested at 2, 4, 6, and 9 months of age (Fig. 6). In addition, to 
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remove any learning bias that may have occurred due to repeated training, we tested a cohort of 

mice between 7.5 and 9.5 months of age that have never been through the Y-maze apparatus ( 

Fig. 7). The result of this experiment was similar to the previous Y-maze tests and did not reveal 

any significant sex or genotype differences between our Dp(16)1Yey/+ mice and wildtype mice. 

Furthermore, the performance of Dp(16)1Yey/+ mice in the NOR task was not significantly 

different from wildtype littermates (Fig. 5). To measure recognition memory in the NOR task, 

the percentage of time spent with the novel object and the discrimination index were calculated. 

The findings of this experiment suggest that recognition memory of Dp(16)1Yey/+ mice is not 

impaired. It was also revealed that Dp(16)1Yey/+ mice do no exhibit any age-related decline in 

recognition memory when tested at 4, 6 and 9 months of age. In contrast to the findings reported 

by Yu et al. (2010b) and Goodliffe et al. (2016), in the present study, MWM experiments 

consistently demonstrated that performance of Dp(16)1Yey/+ mice was similar to their euploid 

littermates (Fig. 8). No significant difference in Dp(16)1Yey/+ mice from the control group was 

observed in terms of latency to reach the platform, average velocity, and swim length when the 

experiment was performed on 4, 6 and 9 month old mice. Furthermore, when the hidden platform 

was removed from the pool, Dp(16)1Yey/+ mice, similar to their wildtype counterparts, visited 

the target quadrant more often than they visited the other three quadrants (Fig. 9, top panel). In 

addition, no significant difference was found between Dp(16)1Yey/+ and wildtype mice in the 

amount of time spent in the target quadrant (Fig. 9, bottom panel) and the percentage of visits to 

the target quadrant (Fig. 9, middle panel), suggesting that spatial reference memory in 

Dp(16)1Yey/+ mice is intact. Based on the MWM results, it can be concluded that spatial 

reference memory in Dp(16)1Yey/+ mice is not impaired. The similar results in performance in 

the MWM across different time points may have been because the test subjects learned and 
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acquired familiarity to the test apparatus. Therefore, to eliminate the potential confounding bias 

of learning due to repeated exposure to the MWM apparatus, we used a cohort of 7.5-9.5 month-

old naïve mice that had never been tested in the MWM. The results obtained from the naïve 

cohort of Dp(16)1Yey/+ mice in the MWM task showed that spatial reference memory of 7.5-9.5 

month old Dp(16)1Yey/+ mice was not significantly different from wildtype controls (Fig. 10). 

Together, these data suggest that Dp(16)1Yey/+ mice do not exhibit significant memory or 

behavioral impairments at 4, 6, and 9 months of age.  

Recent work by our laboratory has reported that in both male and female Aldh2-/- mice, a 

model of age-related cognitive impairment and AD, recognition memory is significantly 

impaired when tested using the NOR task (D’Souza et al.,  2015). In addition, results of the Y-

maze task revealed that starting at 3.5-4 months of age, these mice show spatial working memory 

deficits compared to wildtype counterparts (D’Souza et al., 2015). Furthermore, these mice have 

shown significant deficits in spatial reference memory evaluated by the MWM task. Moreover, 

other important components of AD pathogenesis such as significant increases in 4-hydroxy-2-

nonenal adducted proteins, significant brain atrophy, increased levels of amyloid β, 

phosphorylated tau protein, and activated caspases 3 and 6, reduced synaptic proteins (such as 

post-synaptic density-95), and phosphorylated cAMP response element-binding protein, which 

has been found to play a central role in spatial memory and LTP, have been observed in this 

model ( D’Souza, 2015). When these mice were tested using the light/dark box at 7 and 11 

months of age, Aldh2-/- mice spent significantly less time in the illuminated side of the apparatus, 

and exhibited a decreased tendency for exploration (fewer entries into the illuminated side) than 

the wildtype group, suggesting that Aldh2-/- mice display anxiety-like behaviors. In the present 

study, Dp(16)1Yey/+ and wildtype mice were examined in the light/dark box to assess their 
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anxiety-like behavior. Although mice of both genotypes spent less time in the illuminated side, 

Dp(16)1Yey/+ mice spent significantly less time in the light side of the arena compared to 

wildtype mice. Together, these data suggest that Dp(16)1Yey/+ mice display anxiety-like 

behavior compared to their euploid counterparts.  

 The differences found in the present study in comparison with the work of Yu et al. 

(2010b) and Goodliffe et al. (2016) may be due to differences in methodology and protocols used 

for MWM testing. In the MWM protocol that Yu et al. (2010b) employed, animals were tested 

for 4 trials per day for a total of 8 days (Yu et al., 2010b). The first day was training with a cued 

platform. Then they removed the cue from the platform, so the mice were not able to see the 

platform and tested the animals at days 2-7. They measured latency to find the platform(s), the 

distance traveled (m) and swim speed (m/s) using HVS Water 2020, an imaging-tracking and 

analysis system (HVS Image Ltd.) at days 2-7. On day 8 of the experiment, they removed the 

platform from the pool to perform a probe trial where each animal was allowed to swim for 60 

seconds. However, these authors did not report the cutoff time for the 7 days of cued and hidden 

trial blocks, nor did they report the water temperature of the pool. Based on the results depicted 

in the graphs, it is likely that each mouse was allowed somewhere between 100 to 120 seconds to 

find the platform. Also, they used a slightly larger pool that was 1.52 m in diameter compared to 

1.2 m in the current study, which may partly explain the higher cutoff time per trial.  

 The results of the current study may be different from what the work of Yu et al. (2010b) 

and Goodliffe et al. (2016) showed because of the age differences between the mice used in each 

of these studies. The current study examined Dp(16)1Yey/+ at the ages of 4, 6, and 9 months. Yu 

et al. (2010b) tested Dp(16)1Yey/+ mice ranging from 2 to 4 months of age (Yu et al., 2010b). 

Goodliffe et al. (2016) used 2- to 3-month-old male Dp(16)1Yey/+ mice (Goodliffe et al., 2016). 
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Based on the results obtained from these studies, Dp(16)1Yey/+ mice are likely to show more 

significant impairments before four months of age.  

 Goodliffe et al. (2016) used a slightly different MWM protocol (Goodliffe et al., 2016). 

They used a 1.25 m in diameter pool filled with 24⁰C tap water. Each animal was tested in 4 

trials per day in the cued, acquisition and reversal training that lasted 22 days overall. Cued 

training lasted 4 days, and acquisition and reversal training each lasted 9 days. In addition, mice 

were tested in two probe trials; one taking place 24 hours after the last day of acquisition training 

and the next, 24 hours after the last day of reversal training. The cued and acquisition training 

procedures in Goodliffe et al. (2016) were similar to cued and hidden platform training done by 

Yu et al. (2010b). However, in both the present study and the work done by Yu et al. (2010b), 

the reversal trial block was not performed. The reversal trial block consisted of removing the 

hidden platform from the original quadrant and placing it in the opposite quadrant of the pool. 

Furthermore, the pool was separated from the rest of the room with white curtains so that the 

mice were not able to see the spatial cues placed around the pool. This was done to prevent the 

animals from relying on the surrounding cues instead of the cue placed on the platform, to find 

the platform. In the Goodliffe et al. (2016) study each mouse was allowed 60 seconds to find the 

platform in each trial and the latency to find the platform (s), distance traveled (cm) and 

swimming speed (cm/s) were recorded and analyzed using Ethovision video-tracking software 

(Noldus).  

In each of these studies performed using Dp(16)1Yey/+, mice including the present 

study, different video-tracking software programs were utilized, which may have been partially 

responsible for the uniqueness of the results of each study using this animal model. Another 

difference between the current and previous studies is that in the other studies, trial blocks 
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consisted of four trials/per block per day during the hidden platform (or acquisition), as opposed 

to two blocks of three trials each per day in the current study.  

Yu et al. (2010b) did not indicate the temperature of the water, but in comparison with 

the Goodliffe et al. (2016) protocol, the water used in the present study was slightly colder 

(22⁰C), which might have led to increased anxiety and movement of mice that in turn resulted in 

overall decrease in latency to reach to platform and lower distance traveled.  

It is important to note that in both of the previous studies performed using this model, 

Dp(16)1Yey/+ mice exhibited significantly slower swimming speeds compared to the control 

mice, which would contribute to a longer latency to find the platform. In addition, the pool in the 

Yu et al. (2010b) study was 32 cm larger in diameter, which would contribute to the longer 

distance traveled and the longer latencies to reach the platform, compared to our results and the 

results of Goodliffe et al. (2016). Thus, it can be concluded that in both of the MWM studies 

performed by other laboratories prior to the present study, the significant increases in latency to 

find the platform in Dp(16)1Yey/+ mice may be explained, at least in part, by a significant 

decrease in swimming speed. Moreover, post hoc Tukey test comparisons in the work presented 

by Goodliffe et al. (2016) revealed that out of 9 days of acquisition trials, Dp(16)1Yey/+ spent  

more time to reach the platform and traveled a longer distance to reach the platform on only two 

days, days 1 and 5, compared to euploid littermates (Goodliffe et al., 2016). A stronger 

significant difference across genotypes was observed when learning a second hidden platform 

location in the reversal trial block, in which Dp(16)1Yey/+ consistently performed worse than 

the control mice. Other than on days 1 and 5, there was no statistically significant difference 

between mutant and wild type mice during the 9 days of acquisition training in terms of latency 

to reach the platform and distance traveled. This is supported by the findings of the present study 
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showing that during the hidden trial block, the performance of Dp(16)1Yey/+ is not significantly 

different from the performance of the control mice in terms of distance traveled and latency to 

find the platform. Together, these data suggest that the differences observed in the results of the 

MWM task in the present study compared to work done by Yu et al. (2010b) and Goodliffe et al. 

(2016) may be partially explained by the use of different protocols. In addition, it is possible that 

these difference have arisen because of phenotypic drift known to sometimes appear in fully 

inbred colonies (Casellas, 2011).   

4.1 Limitations of this Study: 

Despite a long history of using animals for modeling cognitive-behavioral phenotypes of 

humans, it is very well understood that modeling specific aspects of human memory and learning 

in mice is not simple. It is also challenging to translate the results found by behavioral testing 

done on animals into clinical practice. Nevertheless, cognitive-behavioral experiments can 

further increase clinical knowledge beyond morphological and physiological changes.  

Modeling triplication of Hsa21 in mice is a complex task because the Hsa21 syntenic 

region is unevenly distributed between three different mouse chromosomes (Mmu10, Mmu16, 

and Mmu17). Furthermore, some of the genes on Hsa21 do not share any synteny with mouse 

genes, and some mouse genes do not have human equivalents. Additionally, the downstream 

effects of some pseudogenes are still unknown. In the current study, for each experiment, all 

animals that were being tested were transported to the testing room, allowed to habituate to the 

testing area for approximately one hour, and then testing one at a time. However, test subjects 

might have been distracted while completing the assigned tasks by the presence of their peers 

and by the noise and visual distractions associated with being surrounded by other animals. In 

addition, despite the extensive use of the MWM task for evaluating learning and memory in 
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rodents, this test places a great amount of stress on the mice (Sharma, 2009). Furthermore, many 

factors can lead to inconsistencies in the results achieved from the MWM task. For example, as 

previously mentioned, using pools for the MWM experiment with different dimensions may 

inevitably require modifications of the cut-off periods per trial (Van Dam, Lenders, & De Deyn, 

2006) and will also have an impact on travel distances. In addition, the water temperature can be 

an influential variable in this experiment (Sharma, 2009). Also, as mentioned previously, 

different training schedules may affect the performance of mice in the MWM test. These 

limitations can be minimized in future studies by employing standardization of the MWM 

protocol for mice.  

 Although the NOR task has been extensively used for testing the neurobiology of object 

recognition memory in rodents, the underlying neural circuitry and mechanisms supporting the 

NOR test have not yet been fully uncovered (Cohen & Stackman Jr, 2015). Similar to what was 

previously discussed about the MWM test, there is significant variability in the NOR protocols 

used across studies, which increases the complexity of interpreting the results of this testing 

paradigm. For example, the objects used in this experiment can have significantly different 

features in terms of material, shape, color, and size. Also, depending on the type of arena used in 

the experiment, different results could be expected. Additionally, the duration of the delay 

between habituation, training and testing blocks can vary considerably across studies. A key 

disadvantage of this test in the present study is that the scoring was done by hand. Consequently, 

the issue of subjective observer-based biases cannot be ruled out (Rutten et al., 2008). These 

unwanted biases could be minimized using automated NOR scoring software, but this too has its 

limitations with respect to the difficulty in defining the criteria for the measured parameters. 
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Therefore, it is considerably challenging to draw meaningful conclusions from the NOR test as 

there is substantial variability in the NOR protocols used across studies. 

4.2 Future directions: 

Characterizing the baseline cognitive-behavioral performance of Dp(16)1Yey/+ mice 

could provide an invaluable platform for future research focused on finding therapeutic 

interventions for DS-related conditions. Despite the extensive use of the MWM test, one of its 

main limitations is that it places an excessive amount of stress on mice. It would be beneficial for 

future experiments to reduce the stress level by properly drying the animals with minimally 

stressful tools such as using heating pads after each trial to offer a better, more calming 

environment after performing the stressful task. In addition, by shortening the cued trial block of 

the MWM, one can make the experiment more challenging for Dp(16)1Yey mice and, therefore, 

can assess the spatial reference memory with a slightly different protocol. In addition, it would 

be beneficial to surround the pool with white curtains during the cued trial block for future work 

to prevent the mice from relying on spatial cues placed around the pool until the hidden platform 

trials are initiated. In addition, reducing the number of trials from 6 to 4 per session would allow 

better comparison with previous studies using Dp(16)1Yey/+ mice. Furthermore, based on 

previous work,  adding a reversal trial block to the MWM protocol would provide more 

information about the cognitive-behavioral deficits in Dp(16)1Yey/+ mice (Vorhees & Williams, 

2014).  

4.3 Conclusion 

To develop novel therapeutics for AD-linked phenotypes such as memory and learning 

impairments in DS, finding an ideal mouse model is key. Dp(16)1Yey/+ mice are a newly 
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developed animal model that was reported to display DS-linked cognitive deficits, including 

impaired learning and memory. However, our experiments consistently demonstrated that 

Dp(16)1Yey/+ mice are not cognitively impaired. Even though results of the light/dark box test 

demonstrated a significant increase in anxiety-like behavior in Dp(16)1Yey/+ mice compared to 

their wildtype counterparts, the rest of our assessment of cognitive performance in these animals 

revealed no differences between  Dp(16)1Yey/+ and wild type controls. Performance of male 

and female Dp(16)1Yey/+ mice in the NOR task, spontaneous alternation in the Y-maze task and 

MWM task were consistent across time beginning at 4 months of age. In addition, the 

performance of naïve Dp(16)1Yey/+ mice in the Y-maze and MWM task was not different from 

animals that were repeatedly tested in these two tasks. Although previous work on 

Dp(16)1Yey/+ DS mouse model demonstrated significant cognitive behavioral impairments in 

this model, based on our extensive investigations on cognitive performance of Dp(16)1Yey/+ 

mice we conclude that this mouse would not be a suitable model for DS-linked cognitive 

behavioral experiments that mirror those found in AD. Nevertheless, more extensive research to 

analyze the behavioral and biochemical properties of this model, such as the existence of late-

onset AD (LOAD)-like pathological changes, may yet provide a rationale for the use of 

Dp(16)1Yey/+ mice to gain insight into the pathophysiology of LOAD, and as a model for 

assessing the efficacy of pharmacological interventions for improving memory and for slowing, 

preventing, or even reversing AD progression. 
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