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ABSTRACT 
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Dr. Boyer Winters 

 

Alzheimer’s Disease (AD) is associated with several cognitive deficits, in which cognitive 

reserve (CR) hypothesis posits that individuals who have an enriched lifestyle will be less 

susceptible to cognitive decline associated with aging and dementia. CR can be modeled with a 

standard Environmental enrichment (EE) protocol using rodents. Unfortunately, this EE 

procedure has a limit on quantifying the enrichment each mouse obtains from being in an 

enriched cage. Thus, we developed a novel EE procedure to overcome these limits. The current 

study used male wildtype and triple transgenic AD (3xTg-AD) mice to evaluate the potential for 

modeling CR using this novel procedure. After EE, we longitudinally evaluated mice on tasks 

assessing multisensory integration (MSI) abilities. Our early results suggest that enrichment track 

training early in life may confer cognitive benefits related to multisensory integration and that 

this effect can reverse deficits on the MSI tasks that relate to AD-like pathology. 
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1. Introduction 

1.1 Alzheimer’s Disease 

 Alzheimer’s disease (AD) is a progressive neurogenerative disorder that is mostly 

prevalent in the elderly population, affecting approximately 4.4 % of individuals over the age of 

65 and 9.7% of those who are over the age of 70 (Qui et al., 2009). Although it may be 

considered a common disease within the older population, there is also an early-onset form of the 

disease (familial AD) that begins before the age of 60, progresses more rapidly, and has a strong 

genetic component (Qui et al., 2009). Considering the growing and aging population across the 

globe, the prevalence of AD will continue to increase.  

There are several cognitive deficits associated with AD. The first of these to appear is 

typically forgetfulness, or a loss in declarative memory (the memory for facts and events), which 

leads ultimately to a total loss of memory function (Qui et al., 2009). Other cognitive deficits 

include atypical emotional behavior, personality, language, perception, thinking, and judgement 

(Qui et al., 2009). Later, non-declarative memory is affected in those with AD, where patients 

lose the ability to carry out normal tasks such as preparing food, choosing appropriate clothing, 

and driving (Qui et al., 2009). In the end, AD compromises the ability of an individual to live an 

independent life, resulting in them having to be taken care of by family or caregivers. 

Another cognitive deficit seen in AD patients, but which has not been extensively 

studied, is atypical multisensory integration (MSI). MSI is a cognitive function that requires 

coordinated communication between distributed brain regions, and, as such, the more commonly 

acknowledged cognitive deficits seen in AD are likely related to disrupted MSI abilities 
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(Creighton et al., 2018). Many of our everyday behavioural responses and actions, such as 

language, require the MSI of auditory stimuli (e.g. voice) and visual stimuli (e.g. cooccurring lip 

movements), as well as spatial stimuli such as the location of the person speaking (Creighton et 

al., 2018). The McGurk effect, which is an audio-visual speech illusion typically observed in 

control participants, is an example of MSI that has been shown to be abnormal in AD patients 

(Delbeuck et al., 2007). The McGurk effect requires the processing of coordinated sensory 

information and communication between neural systems to elicit this illusion (Delbeuck et al., 

2007). These communications may be disrupted in AD due to the loss of connectivity between 

brain regions such as the superior temporal sulcus, which has been found to be involved in the 

McGurk effect (Delbeuck et al., 2007). The disconnection hypothesis suggests that there is a 

disruption between the interactions of the brain regions from AD, contributing to the cognitive 

deficits (Delbeuck et al., 2007). Neuroimaging studies have found a significant decrease in white 

matter fibres in AD patients, as well as a reduced size of the corpus callosum, a decrease in 

electrophysiological synchrony in the superior longitudinal sulcus, as well has a disruption of the 

corticocorticoid tracts between brain regions (Delbeuck et al., 2007). AD patients have also been 

shown to have delayed audiovisual integration performance when compared to controls and 

individuals with mild cognitive impairment (Wu et al., 2012). Functional magnetic resonance 

imaging (fMRI) studies have demonstrated that there are several cortical and subcortical brain 

regions involved in MSI, such as visual and auditory subcortices in audiovisual integration, as 

well as the superior temporal sulcus and intraparietal areas (Wu et al., 2012). Cerebral atrophy 

has also been strongly correlated with multisensory integration impairments (Wu et al., 2012). 
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The many behavioural deficits seen in AD are correlated with brain pathology. The 

disease is characterized by the accumulation of aggregated beta-amyloid (Aβ) plaques and 

hyperphosphorylated tau protein, which leads to neurofibrillary tangles (Hall & Roberson, 2012; 

Meyer & Quenzer., 2018; Perl, 2010). The amyloid precursor protein (APP) produces the Aβ 

protein and is cleaved by β-secretase (BACE1) which then forms APP-CTFβ (Qui et al., 2009). 

This is then further cleaved by γ-secretase to produce either the 40 amino acid (Aβ40) or the 42 

amino acid (Aβ42) form of Aβ (Meyer & Quenzer., 2018). The plaque formation is caused by 

the accumulation of APP fragments, which in healthy brains are typically used for kinase 

activation, antimicrobial activities, cholesterol transport regulation, facilitation of gene 

transcription, and pro-inflammatory actions, during which the fragments are degraded (Meyer & 

Quenzer, 2018). However, in an AD brain, the Aβ42 protein fragment accumulates to form 

extracellular plaques (Meyer & Quenzer, 2018). The neurofibrillary tangles are formed 

intracellularly by the abnormally phosphorylated tau protein, which is a protein associated with 

microtubules, as well as the protein ubiquitin, which is also found in the neurofibrillary tangles 

(Meyer & Quenzer, 2018).  

There are six stages of AD based on the progression of localization of the amyloid 

plaques in the brain (Perl, 2010).  The beta-amyloid plaques develop first in the frontal, temporal 

and occipital lobes in the first stage of AD and then spread to the subcortical regions and the 

isocortex by the final stage of AD (Braak & Braak, 1991).  In contrary, the neurofibrillary 

tangles develop in the entorhinal cortex, the basal forebrain and the anterodorsal nucleus of the 

thalamus which then spreads to the isocortex in the final stage (Braak & Braak, 1991). Typically, 

the pathology of AD starts with the neurofibrillary tangles and beta-amyloid plaques developing 
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first in poorly myelinated areas of the brain and then spreads throughout the cortical regions 

(Braak & Braak, 1997). In support of the amyloid cascade hypothesis, several researchers have 

found that the Aβ plaques are formed first in the brain of AD patients which initiates a sequence 

of events leading to dementia (Hardy & Higgins, 1992; Karran, Mercken, & Strooper, 2011). 

However, other researchers are skeptical of this hypothesis as several therapeutics used to 

deplete the plaques within AD brains have failed, and there is a large spatiotemporal disparity 

between the β-amyloid plaques and the neurofibrillary tangles pathology, with the plaques 

preceding the tangles (Braak, Braak, Bohl & Reintjes, 1996; Crary, 2016; Schönheit, Zarski & 

Ohm, 2004). Mouse models of AD have been created to mimic the pathology typically seen in 

humans. These models typically use transgenes to cause the mice to develop either β-amyloid 

plaques or neurofibrillary tangles, or more recently, both the plaques and tangles. Either way, 

animal models provide useful tools to study the pathology and cognitive deficits seen in AD. 

1.2 The Triple Transgenic Alzheimer’s Disease (3xTg-AD) Mouse Model 

Researchers have used several transgenic mouse models that display the pathologies of 

AD. These models typically express one or more of the genes associated with familial AD, 

which include those responsible for APP/ß-amyloid, presenilin-1, tau, and apoE, among others 

(Hall & Roberson, 2012, Leggio et al., 2015). The current study will use the triple transgenic 

Alzheimer’s disease mouse model (3xTg-AD mice) to assess the efficacy of a novel enrichment 

procedure in remediating AD-like pathology and cognitive phenotypes.  The 3xTg-AD model 

harbours PS1(M146V), APP(Swe), and tau(P301L) transgenes, which are associated with the 

beta-amyloid plaques, hyperphosphorylation of tau protein, and neurofibrillary tangles in AD 
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patient brains (Oddo et al., 2003). The 3xTG-AD mice progressively develop amyloid plaques 

and hyperphosphorylated tau protein, mimicking the pathology seen in humans with AD. By the 

age of 3 months, these mice develop intracellular β-amyloid immunoreactivity in the neocortex, 

and the extracellular β-amyloid deposits develop around 6 months in the frontal cortex (Oddo et 

al., 2003). The 3xTg-AD mice do not develop the tau pathology until they reach approximately 

12 months of age, which then leads to the formation of neurofibrillary tangles between 12-15 

months and appears first in the hippocampus and progresses to the neocortex (Oddo et al., 2003). 

Thus, the 3xTg-AD mouse strain provides a valuable model for evaluating potential 

interventions for preventing the pathology and/or cognitive deficits associated with AD, as it is 

consistent with human AD pathology and the amyloid cascade hypothesis (Oddo et al., 2003).  

 According to Oddo et al. (2003), this is the first transgenic mouse model to develop both 

tangle and plaque pathology in brain regions associated with AD. This model develops the beta-

amyloid plaques prior to the tangles, consistent with human AD development. The model 

exhibits deficits in synaptic plasticity, which includes long-term potentiation (LTP) and was the 

first AD model to exhibit such deficits (Oddo et al., 2003). Therefore, this strain is useful for 

studying the impact of beta-amyloid plaques and tau on synaptic plasticity and for evaluating the 

efficacy of anti-AD therapies in mitigating the neurodegenerative effects of both AD 

pathological hallmarks.  

Previous studies using the 3xTg-AD mouse model have shown that the mice are impaired 

in an age-dependent manner on several cognitive tasks, which mimics the cognitive deficits seen 

in human patients with AD (Oddo et al., 2003). Both male and female mice were shown to be 

impaired on object recognition, inhibitory avoidance training, and the Morris water maze task at 
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6 months of age, but they did not display any impairments on these tasks when tested at 2 and 4 

months of age (Oddo et al., 2003). Working memory and reference memory in this model was 

explored by Stevens & Brown (2015) at various age points, where both male and female 3xTg-

AD mice were tested on the 8-radial arm maze between 2-15 months of age. Their research 

shows both sex and age differences where female mice start to display working memory deficits 

at 2 months of age, and male mice do not display deficits until 6 months of age when compared 

to wildtype male and female mice (Stevens & Brown, 2015). As for reference memory, both 

male and female 3xTg-AD mice were impaired starting at 2 months of age when compared to 

wild type mice (Stevens & Brown, 2015). Numerous studies with the 3xTg-AD mouse model 

have explored various behavioural abilities such as object recognition memory, spatial learning 

and memory, and anxiety (Oddo et al., 2003; Stevens & Brown, 2015; Pietropaolo et al., 2008; 

Stover et al., 2013). However, not many studies have looked at multisensory integration (MSI) in 

mice, even though it has been previously shown that AD patients display MSI deficits (Delbeuck 

et al.; Wu et al., 2012). Recently, Creighton and colleagues (2019) used a perceptual 

multisensory object oddity (MSO) task with 3xTg-AD mice at 12 months of age; in this study, 

both male and female 3xTg mice were found to have MSI impairments. Although these 

impairments were seen at 12 months of age, it is possible this phenotype emerges much sooner; 

however, this was the first study, to our knowledge, to have studied MSI impairments in 3xTg-

AD mice. The current thesis will therefore evaluate MSI abilities in these mice longitudinally to 

better characterize this aspect of their phenotype. 

1.3 Cognitive Reserve 
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 Considering the cognitive deficits associated with AD, as well as its personal and societal 

impact, there is much interest in developing interventions to alleviate the effects of the disease. 

The cognitive reserve hypothesis, or brain reserve capacity, posits that individuals with a higher 

education, higher IQ and occupational attainment will have lower risks of developing dementia, 

as seen in AD, as well as Parkinson’s disease, Huntington’s disease, and many vascular 

dementias (Roe, Xiong, Miller, & Morris, 2007; Meng & D’Arcy, 2012). Additionally, the 

hypothesis states that those individuals with a higher cognitive reserve will be able to tolerate 

disease-related brain pathology without developing significant clinical symptoms of the disease, 

resisting age-related changes to memory and other cognitive functions (Meng & D’Arcy, 2012). 

Cognitive reserve is hypothesised to work through neural reserve, in which the neural networks 

in the brain are more efficient and/or less susceptible to disruption (Meng & D’Arcy, 2012). 

Another proposed mechanism is through neural compensation, whereby alternate networks 

compensate for the previous networks that have been disrupted from the disease or an age-related 

neurodegeneration (Meng & D’Arcy, 2012).  

Support for the cognitive reserve hypothesis comes from a study conducted by Roe, 

Xiong, Miller & Morris (2007), who investigated whether higher education explains why 

individuals who display the neuropathologic criteria for AD often do not possess any signs of 

dementia. A total of 2372 individuals who displayed a neuropathological diagnosis or evaluation 

for pathological AD were asked to give the number of years of education they had received 

during their lifetime. The researchers found the relationship between education and dementia to 

be negatively correlated, such that the higher amount of education an individual had obtained, 

the less likely the individual was to develop dementia. Specifically, their results indicated that 
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individuals with dementia had on average less than two to three years of higher education 

compared to those who were neuropathologically diagnosed with AD but displayed no cognitive 

deficits (Roe, Xiong, Miller, & Morris, 2007).  

In a longitudinal study, Stern (2012), found individuals over the age of 60 with no 

clinical symptoms of AD at the start of the experiment, with less than 8 years of education were 

more susceptible to the clinical symptoms of AD than individuals who had more education. This 

was also the case with individuals with low occupational attainment (low referred to being 

involved in skilled trade, office or clerical work, and high occupational attainment referred to a 

job in government, a professional or technician), where individuals with a higher occupational 

attainment were at the least risk to developing dementia (Stern, 2012). Leisure activities were 

another factor in cognitive reserve where more than six leisure activities, which included 

socialising, volunteer work, playing games, contributed to a lower risk in dementia (Stern, 2012). 

These factors all contributed to a high cognitive reserve and protection against AD pathology 

(Stern, 2012). 

An additional study to support that healthy aging can provide resistance to 

neuropathology is from a study involving a total of 678 Nuns aged 75-107, which included post-

mortem evaluations done to study pathology related to AD and natural aging (Snowdon, 2003). 

Researchers found that higher levels of education was associated with no change cognition in the 

Nuns at an old age (Snowdon, 2003). For example, one Nun lived to be 104 years of age with no 

symptoms of the disease, even though post-mortem analysis revealed she had stage 4 of AD, 

which is a moderate spread of the disease (Snowdon, 2003). The Nun had earned a bachelor’s 

degree and taught elementary school for 62 years.  Another Nun abandoned school when she was 
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13 years of age and did not receive her high school diploma until she was 28 years of age 

(Snowdon, 2003). She had severe cognitive and physical deficits in old age, and with post-

mortem analysis, she had numerous Aβ plaques and neurofibrillary tangles (Snowdon, 2003). 

This was one of the first demonstrations of the capacity of the brain to resist neuropathological 

changes in the presence of disease (Snowdon, 2003). 

1.4 Environmental Enrichment 

The concept of cognitive reserve can be studied in non-human subjects using mice and/or 

rats. Environmental enrichment studies parallel cognitive enrichment in humans, as enriched 

environments in rodents – typically provided by a complex home cage environment in which 

objects are replaced and substituted with novel objects and opportunities for exercise and social 

interaction are made available - has been shown in previous studies to strengthen cognitive 

ability and improve brain functions (Petrosini et al., 2009). In humans, the development of 

cognitive reserve is influenced through factors associated with higher cognitive abilities such as 

educational level, occupational attainment, lifestyle choices and cognitive engagement requiring 

mental effort sustained throughout their life (Petrosini et al., 2009). These factors are modeled 

for animals in a typical enriched environment protocol by providing a complex environment 

(Petrosini et al., 2009). One previous study using environmental enrichment placed the animals 

in a larger cage compared to standard home cage size, with the animals never being placed in 

isolation and were housed with more than the standard number of cage mates, the objects were 

placed in the cage and substituted for novel objects every 24 hours or so, and a running wheel 

was placed in the cage throughout the procedure (Petrosini et al., 2009). Overall, enrichment 



10 

 

 

 

studies in mice or rats are valuable because they enable the study of the behavioural and neural 

bases of enrichment effects on cognition and other aspects of brain and behaviour. 

A review by Pang and Hannan (2013) investigated articles in which either physical 

activity, diet, and environmental enrichment were used as experimental conditions. These articles 

also used rodent models of brain diseases which included Parkinson’s disease, Huntington’s 

disease, and Alzheimer’s disease. They found evidence that running has beneficial effects on 

cognitive performance and prevents cognitive deficits in mouse models of neurodegenerative 

diseases. Specifically, in the 3xTg-AD mouse model, an environment with a running wheel 

appears to lower the risk of cognitive decline. Using environmental enrichment as an 

experimental group in mouse models with Alzheimer’s disease has been shown to increase 

cognitive performance on tests of learning and memory such as the Morris water maze, radial 

arm maze, circular platform, and platform recognition task (Pang & Hannan, 2013). 

Kempermann, Gast & Gage (2002) investigated the benefits of environmental enrichment 

in mice. Specifically, they were interested in whether environmental enrichment can help with 

hippocampal adult neurogenesis, the generation of new neurons in the hippocampus, considering 

this declines with age. They used 30 female C57 mice at 10 months of age at the beginning of the 

experiment and found the mice living in an enriched environment for two months had adult 

hippocampal neurogenesis five times higher than mice living in standard housing conditions. The 

researchers also tested them on spatial learning and memory using the Water Maze, reporting 

that mice in the enriched group were more adaptive in exploration, had greater locomotor skills 

and higher endurance, which may have reflected faster learning in the enriched group. The mice 

were, therefore, able to find the platform at a faster rate than the mice in the control group.  
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 Leggio et al. (2005) looked at rats placed in an enriched environment and tested them on 

their spatial abilities, memory, and dendritic cell growth. Dendritic cell growth is involved in the 

process of the underlying mechanisms of how cognitive reserve is proposed to work (Meng & 

D’Arcy, 2012). They had young rats (21 days old) living in an environment with toys and a 

running wheel, ten rats per cage, compared to rats that were two per cage with no toys and no 

running wheel. The researchers tested the rats at three months of age in which they used the 

radial arm maze and Morris water maze to assess the rats’ spatial ability and memory. In both 

tasks, the rats in the enriched environment exhibited higher performance levels than controls, 

specifically having higher working memory abilities. Furthermore, the rats in the enriched 

environment had increased density of dendritic spines in layer III parietal pyramidal neurons, 

which are involved in spatial learning (Meng & D’Arcy, 2012).    

 Using a mouse model of AD, Jankowsky et al. (2005) investigated the effect of 

environmental enrichment on female transgenic mice. The models used for the experiment were 

either models that overexpressed amyloid precursor protein and presenilin-1, overexpressed just 

the amyloid precursor protein, or only overexpressed presenilin-1. They were placed in an 

enriched environment at two months of age and tested for cognitive behaviour after 6 months. 

Results showed a substantial improvement for all genotypes in the radial water maze and the 

Morris water maze for the mice that were placed in an enriched environment. However, the mice 

over-expressing the amyloid precursor protein showed weaker memory for the platform location 

in the Morris water maze. The researchers concluded that benefit from enrichment may be more 

limited in mice that have already accumulated amyloid plaques (Jankowsky et al., 2005). These 
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findings therefore emphasize the need for early life environmental enrichment, as enrichment 

that begins too late in life may not be able to help older individuals.  

 There is also evidence that enrichment can affect the development of AD-like brain 

pathology. Lazarov et al. (2005) studied the effects of environmental enrichment in mice that co-

express familial AD-linked APP/β-amyloid and presenilin-1 variants. Their results provided 

evidence that environmental enrichment reduces beta-amyloid levels and amyloid deposition in 

transgenic mice. The mice in the study were newly weaned male mice and were placed in 

environmental enrichment for five months, after which their brains were examined using 

biochemical and histological approaches.  

 There is also contradicting studies using EE, as one study using the 5x familial AD 

(5xFAD) mouse model found enrichment does not help with working memory performance, 

does not rescue against Aβ pathology, or inflammation (Hüttenrauch, Walter, Kaufmann, 

Weggen & Wirths, 2016). There has even been a study that reported EE increases Aβ plaques in 

a mouse model expressing both APP and presenilin 1(Jankowsky, Xu, Fromholt, Gonzales & 

Borchelt, 2003). In this study, amyloid pathology was seen in the hippocampus and the cortex 

significantly more in animals who received enrichment, than animals that did not (Jankowsky, 

Xu, Fromholt, Gonzales & Borchelt, 2003). Therefore, these studies that contradict previous EE 

studies makes the literature very unclear, and may be due to the differences in EE protocols or 

could be due to the animal models used in the study. 

Although environmental enrichment has been used in many studies, and these have 

demonstrated cognitive benefits and effects in rodents that have been placed in an enriched 
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environment, specifically those placed at a young age, there are potential problems with 

established enrichment protocols. Previous literature has been vague regarding the methods and 

type of enrichment the mice or rats receive. Studies that have used environmental enrichment 

typically provide the animals with a large cage, more cage-mates, a running wheel, and several 

objects for them to interact with. However, differences in the type of objects given to animals 

was shown to provide differences in the interactions of the animals and objects such that rats will 

prefer chewable objects such as wood over objects that are for hiding such as tunnels (Hobbs, 

Kozubal and Nebiar, 1997). Furthermore, not all studies will quantify running time for each 

mouse, but some studies have at least controlled the amount of running each mouse, such as 

placing mice in an enriched cage-enrichment only with no running wheels, and another group in 

enriched environment with a running wheel (Kobilo et al., 2011). However , such studies rarely 

quantify systematically the enrichment received by individual animals in each cage. For 

example, we do not know how much each mouse interacts with the objects in the cage, how 

much time each mouse spends on the running wheel, and if social interaction influences the 

outcome of the experiment. We also cannot control for the quantity of each enrichment factor the 

mice are receiving, as each factor may play a different role in cognitive effects; such 

considerations could lead to unwanted variability in enrichment studies. The major aim of the 

current study was to evaluate the effects of early life enrichment as an animal model of cognitive 

reserve in wildtype and 3xTg-AD mice, comparing a novel enrichment procedure to a traditional 

protocol. Our novel enrichment procedure will provide an environment for mice to explore 

objects on a daily basis independently, to avoid aggressive behavior, as well as a measure for 

exercise and to ensure each mouse interacts with every obstacle given to them. The new protocol 
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measures enrichment by having mice navigate a complex “enrichment track” for one hour per 

day, six days a week, for eight weeks, while controlling for exercise in another group. This 

complex environment is presented in a way that requires mice to interact with the objects while 

forcing them to exercise, both components of a standard EE protocol, but the new protocol is 

better able to quantify and control individual animal enrichment. Effects of these interventions 

were assessed on tests of multisensory integration.  

1.5 Cognitive Tests  

Cross Modal Object Recognition 

The CMOR task requires rodents to integrate sensory information across sensory 

modalities and is based on the spontaneous object recognition task (SOR), which is used for 

assessing object recognition memory in rodents (Cloke et al., 2016). In the SOR task, rodents are 

placed in an open-field or a Y-shaped apparatus (Winters, Saksida & Bussey, 2010), which 

enables the researchers to limit spatial or contextual cues, and presented with novel or familiar 

objects to explore. In the standard SOR task, there is no explicit manipulation of access to tactile 

or visual cues. The CMOR task, which limits access to either visual or tactile features of objects 

in different stages, enables the study of how the brain encodes and stores multisensory 

representations about single three-dimensional objects (Cloke et al., 2016). The general 

procedure is as follows for mice: mice are placed in the Y-apparatus where they are exposed to 

two identical objects and are given a variable amount of time to explore the objects (typically, 10 

minutes), which is known as the sample phase. The sample phase is run in a room with red light 

only, to allow for the mice to explore the tactile properties of the objects. The mice are then 
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taken out of the Y-apparatus for a variable amount of time (retention delay) and then placed back 

into the Y-apparatus where they are presented with the object from the sample phase and a novel 

object (choice phase; typically 2 minutes). The choice phase is run under white light, but with 

transparent barriers placed in front of the objects to allow mice to explore only the visual 

properties from the objects. Like the SOR task, the CMOR task requires no extensive training 

and exploits rodents’ natural tendency to explore novel objects over familiar objects (Ennacuer 

& Delacour, 1988). 

Lesion studies in rats have shown that multisensory object representation relies on 

distributed brain regions within the cortex (Winters & Reid, 2010). In a study conducted by 

Winters & Reid (2010), rats were subjected to either a bilateral perirhinal cortex (PRH) lesion or 

to a bilateral parietal cortex (PPC) lesion, which significantly impaired their performance on the 

CMOR task. Further testing using unimodal tactile and visual tasks revealed the PPC is involved 

in tactile information processing and the perirhinal cortex is involved in visual information 

processing. Thus, these cortices are required for CMOR to gather the tactile and visual qualities 

of objects to create one object representation in rats (Winters & Reid, 2010). This task is used in 

our current study to test the effects of early life enrichment on object memory and multisensory 

integration in mice. 

Multisensory Oddity Task (MSO) 

The MSO task requires the integration of sensory information independent of memory, in 

contrast to the CMOR task, which requires memory storage over a retention delay (Cloke et al., 

2016; Creighton et al., 2018). In the MSO task, mice are placed in a trapezoid-like open field to 
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explore five objects for 10 minutes under white light. The five objects consist of two pairs of 

objects that share either identical tactile-visual, olfactory-visual, or olfactory-tactile features 

(AB/AB, CD/CD), as well as an ‘odd’ object with a unique combination of the features (AD or 

BC) (Creighton et al., 2018). This odd object is counterbalanced between trials and positions. 

One of the first studies with this task demonstrated MSI impairments in the 3xTg-AD mouse 

model at 12 months of age, which is consistent with human AD patients (Creighton et al., 2019). 

This task has not been used as extensively as CMOR, but studies with rats have provided insight 

into the brain regions involved in MSO performance, with orbitofrontal cortex (OFC) playing an 

important role (Cloke et al., 2016), consistent with its involvement in CMOR task performance. 

Previous studies with ketamine-treated rats, a model of schizophrenia, noted involvement of the 

OFC when the rats were tested on the tactile-visual MSO task and given OFC administration of 

nicotine (Cloke et a., 2016). This administration reversed the MSI impairments on the MSO task, 

providing evidence for the role of the OFC in multisensory perception (Cloke et al., 2016).  

1.6 Golgi-Cox Staining for Neurons 

 The Golgi-cox staining technique and Sholl analysis will be used to evaluate dendritic 

morphology and density in neurons. Assessment of dendritic branching can translate to the 

communication across neuronal networks, integration of synaptic inputs, and neuronal function, 

which are all thought to be important for multisensory integration and potential factors in 

cognitive reserve (Creighton et al., 2018; Langhammer et al., 2010; Meng & D’Arcy, 2012). The 

synaptic alteration seen in AD contributes to cognitive impairment, and is associated with 

dendritic pathology (Baloyannis, 2009). Environmental enrichment studies have reported 
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changes in dendritic morphology with long-term (6 hours/day for 10 days), but not with short-

term enrichment (Bindu et al., 2007). It has been found that dendritic spine growth is enhanced 

in rats living in enriched environments (Leggio et al., 2005). In the APPsw mouse model of AD, 

decreased dendritic length and dendritic projections in the hippocampus were ameliorated by 7 

weeks of EE (Valero et al., 2011). In another study, rats reared in an enriched environment and 

then transferred to standard cages were found to have increased dendritic length similar to rats 

who remained in the enriched environment (Camel, Withers & Greenough, 1986). Thus, we will 

employ the Golgi-Cox staining technique in the current study to explore morphological changes 

to the dendrites that may be correlated to performance on our behavioral tasks and enrichment 

protocols (Venable, Fernández, Díaz & Pinto-Hamuy, 1989). 

1.7 Current Study 

 In consideration of the evidence that early life environmental enrichment is beneficial to 

learning and memory and may be able to prevent the occurrence of dementia in 

neurodegenerative diseases and the dementia associated with old age, we will use enrichment 

procedures to study cognitive benefits relevant to AD in the current study. As mentioned 

previously, one aim of our current study was to develop a method to quantify the amount of daily 

enrichment that the mice in the experiment are acquiring. We used male wildtype and 3xTg-AD 

mice to assess whether the new enrichment method obtains the same (or better) results as in 

previous enrichment experiments using more traditional interventions. We predicted that the 

mice in the novel enrichment procedure would perform at least equally to the mice in the typical 

environmental enrichment cage when tested on cognitive tests of multisensory integration 
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(memory: CMOR; perception: MSO). As for the 3xTg-AD mouse model, when placed in the 

novel enrichment condition, they could perform with lower exploratory behaviour, as previous 

studies have found the 3xTg-AD mice exhibited higher levels of anxiety and a decrease in 

exploratory behaviour (Sterniczuk et al., 2010). Nevertheless, following previous enrichment 

studies, these mice should still benefit from the effect of enrichment, where they should perform 

well at cognitive tests when compared to controls, and have increased dendritic volume and 

branching of neurons, decreasing the cognitive deficits associated with AD (Kempermann, Gast 

& Gage 2002; Meng & D’Arcy, 2012; Pang & Hannan, 2013).  We therefore hypothesized that 

early life enrichment would enhance multisensory cognition in normal mice and this 

enhancement would extend to a mouse model of AD, providing protection against AD-like 

cognitive deficits in tests of multisensory integration.   

2. Methods 

2.1 Subjects 

 There was a total of 69 male wild type (B6129SF2/J) mice and 63 male 3xTg-AD 

(B6129APPswe, PS1M146V, TauP301L) that were distributed between four different 

experimental conditions. All mice were 28 days old at the beginning of the experiment and were 

bred at the University of Guelph. They were randomly distributed into four groups, 

approximately 10 mice per group (the number of wildtype and 3xTg-AD mice per group in each 

cohort varies and is described in more detail below). All mice were kept in the same room with a 

12-hour light/dark cycle and were food restricted to 2.5g of food per day (Teklad 18% protein 

diet) per mouse, for 10 weeks and then were given food ad libitum (Teklad 14% protein diet) 
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after the 10-week period (when the enrichment conditions were discontinued). Food restriction 

was determined through Jackson’s labs, based on a growth curve. If mice were below 85% of 

their original body weight, additional food was given. Water was given ad libitum throughout. 

All mice were weighed and fed every day around the same time (7:30 pm). All mice lived in 

transparent polyethylene cages (dimensions of cages explained below) with corncob bedding, 

crinkle nesting material and white cotton squares. After the 10-week period, when the mice were 

3-4 months of age, the mice were all living in standard home conditions, meaning the tracks were 

no longer run, and the enrichment cage mice were taken out of their cages and placed in a 

standard home cage. It was during this time, approximately 24 hours after enrichment stopped, 

that all the mice were tested on CMOR and MSO.  

2.2 Experimental Conditions 

Group 1: Environmental Enrichment Home Cage (EH). There was a total of 17 wild type 

mice and 15 3xTg-AD. There were seven large two-story cages (dimensions: 30cm x 30cm x 

53cm) in which there were 5 mice from the same genotype randomly allocated to each cage. 

From Monday through Saturday, the protocol was such that: two objects were given to the mice 

everyday having a total of 12 objects in the cage (see fig. 1), mice were given two novel objects 

placed in their cage which replaced two old ones, there was one running wheel placed in the cage 

at all times, and 25 drops of peanut butter (approximately each drop was 0.3g) were given to 

them throughout their cage, located on objects and surrounding walls per every experimental day 

(Monday through Saturday). The peanut butter was given to the mice to ensure mice interacted 

with the objects and to promote exercise. Objects were not provided on Sundays, as it was 

designated a rest day.  
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Group 2: Environmental Enrichment Track (ET). there was a total of 17 wildtype mice and 

15 3xTg-AD mice. The square track was built 85 cm x 85 cm, 18 cm high from the ground, 12 

cm wide in each arm, having the obstacles each 20cm x 11cm, fitting three in each arm (see 

fig.2).   

 

110 
mm 

Fig.1: Environmental enrichment cage condition, 

after the typical enrichment protocol. Mice are given 

12 rotating objects, a running wheel, and peanut 

butter. 

2
0

0
 In
s

Fig. 2: Dimensions of both the environmental 

enrichment track and the obstacles that are placed 

in the track.  
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The mice were habituated to the track for one week by placing them in the track without 

obstacles for 15 minutes the first day (Monday), increasing it by 15 minutes per day until it 

reached an hour (Thursday). Hurdles were also slowly added to the track depending on how 

many laps the mouse ran or how much time had passed (see appendices for full track 

protocol/schedule). The experimental procedure then began by giving them objects, specifically 

two objects each experimental day until all 12 spots in the track contained obstacles (see fig. 3). 

Mice ran the track an hour individually, every experimental day (Monday through Saturday). 

Once every spot had an obstacle, there was a change in the track every ten minutes such as 

swapping out obstacles and putting a new one in (the mice were exposed to two new objects per 

day), or an object would switch positions with another object, or an object would be taken out 

and replaced with an old object. This protocol would last for the next 8 weeks (see Appendices). 

When mice were not running the track, they were housed in standard laboratory home cages 

(16cm x 12cm x 26cm) with bedding and cage mates (3-4, belonging to the same experimental 

group and genotype). 
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Group 3: Exercise Control Track (CT). There was a total of 13 wildtype mice and 17 3xTg-

AD mice. The exercise track group was designed to control for the activity aspect of the ET 

condition. The track had the same dimensions as the enrichment track above. Habituation was 

the same as the enrichment track; however, the only “obstacles” that were inserted in the track 

were simple hurdles with no distinctive features. We slowly added hurdles until all 12 spots in 

the track had hurdles. This track did not change once all hurdles were placed on the track. The 

mice ran individually for one hour every experimental day (see fig. 4). When mice were not 

running the track, they were housed in standard laboratory home cages (16cm x 12cm x 26cm) 

with bedding and cage mates (3-4, belonging to the same experimental group and genotype). 

Fig. 3: The environmental enrichment track. Mice are 

placed here for an hour per mouse each experimental 

day. Obstacles may swap locations or be displaced by 

a novel obstacle. There is a change to the track every 

ten minutes when the mice are running. 
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Group 4: Standard Home Cage (SH). There was a total of 21 wildtype mice and 22 3xTg-AD 

mice. Mice were housed in a standard laboratory home cage (16cm x 12cm x 26cm) with 

corncob bedding, crinkle nesting material, white cotton nest squares, and cage mates (3-4 in each 

cage belonging to the same genotype), but no other explicit forms of enrichment (see fig. 5).  

Fig. 4: Exercise control track: mice run this track 1 

hour per mouse every experimental day. No 

changes to this track; hurdles are always placed in 

the track. 
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2.3 Apparatus & Procedure 

Cross Modal Object Recognition Apparatus (see figure 6). A Y-apparatus was used in this 

study as previously described by Winters et al (2008). The dimensions of the three arms were all 

identical and as follows: 30.5 cm tall, 15 cm long, and 7 cm wide. The Y-apparatus was made of 

solid white Plexiglas to prevent the mouse from using spatial cues by observing the room. One 

arm was the start arm and was separated by a guillotine door 11 cm from the bottom to confine 

the mice at the start of each trial. The objects that were used varied in shape, height, size, visual 

qualities, and tactile qualities. The transparent barriers were 30.5 cm tall and 7 cm wide and were 

placed at a distance 6.5 cm from the end wall of the arm (each arm had a transparent barrier 

Fig.5: Standard home cage: all mice, except for the EH 

group live in this cage (approximately 3-4 mice per cage). 

The EH group was also housed in this cage once the 10 

weeks of the experimental conditions were completed. 

The mice are provided with bedding. 
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during the choice phase).  We used reusable adhesive putty, to ensure the objects were fixed to 

the floor of the Y-apparatus. The objects were placed one in each arm, excluding the start arm 

and were wiped with 50% ethanol between trial phases to limit olfactory cues that may influence 

exploration of the objects.  

 

Fig. 6: CMOR task with a 10-minute sample phase, 2-minute choice phase, and a variable delay. 

The sample phase restricts the mice to sample only the tactile qualities of the object by having 

the room being illuminated by red light only, while the choice phase restricts the mice to only 

sample the visual qualities of the object by placing a transparent barrier between the objects. 

 

Cognitive testing Procedure (CMOR task). This study assesses multisensory integration 

memory in mice. In the CMOR task, normal mice preferentially explore the novel object if they 

recognize the sample object (Winters & Reid, 2010). A total of two CMOR trials were run for 

each mouse. The mice in our study were previously tested on a 30-minute delay and 5-minute 

delay when they were 3-4 months of age; however, the data showed that none of the mice could 

15-Minute, 

5-Minute 

10 Minutes 2 Minutes 
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perform with the 30-min delay. We therefore tested the mice on a 15-min delay and a 5-min 

delay when they were 6-7 months of age, 9-10 months of age, and 12-13 months of age.  

The mice were placed in the empty Y-apparatus on days 1 and 2 of the experiment for 10 

minutes of context habituation each day. On the first day of habituation, mice were placed in the 

Y-apparatus under red light. On the second day of habituation, mice were placed in the Y-

apparatus under white light with the transparent barriers placed in the apparatus. The third day, 

mice were exposed to two identical objects during the sample phase under red light to only 

access the tactile qualities of the objects as previous research suggests that mice cannot see under 

red light (Butler & Silver, 2010; Peirson, Brown, Pothecary, Benson & Fisk, 2018). Exploration 

of both objects was quantified in seconds out of a total of ten minutes. After a 5-minute, 15-

minute, or immediate retention delay (~60 seconds), each animal was placed in the Y-apparatus 

with the transparent barriers for the choice phase in which one of the objects was identical to the 

sample phase and the other was a novel object. Each mouse was tested on a 15-minute delay and 

a 5-minute delay which was counterbalanced across animals. The mice were tested on one delay 

per day (24 hours after the previous delay). In the choice phase, the mice were only able to 

explore the visual qualities of the objects. The exploration of each object was quantified for a 

maximum of two minutes. The sample phase consisted of two identical objects in each of the 

arms and lasted for ten minutes. The choice phase lasted for two minutes and one of the objects 

in the arm was swapped for an object the mice had not previously explored. The objects and 

transparent barriers were wiped down with 50% ethanol between the sample and choice phases 

and between each mouse. Each trial was recorded using a digital camera mounted on a tripod and 

placed above the Y-apparatus.  
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Multisensory Oddity Task Apparatus (see figure 7). A trapezoid-shaped open field was used 

in this study as previously described by Creighton et al. (2019). The apparatus was made from 

opaque white corrugated plastic and the dimensions of the apparatus starting from the front to 

back wall were as follows: 39 cm for the front wall, angled side walls were each 10 cm, side 

walls were each 14 cm, and the back wall was 28cm long. The walls of the apparatus were made 

from opaque white plastic. All objects were placed at the back wall of the apparatus and had a 

limited distance from each other, where mice could only explore the front face of each object. 

All objects were wiped (those with sandpaper were gently patted) with 50% ethanol between trial 

phases to limit olfactory cues that may influence exploration of the objects. 

 

Fig. 7: MSO task with a 10-minute exploration/sample phase. The sample phase has all five 

objects placed at the back wall of the apparatus for mice to only explore the front of all objects.  

Cognitive testing Procedure (MSO Task). This test assesses multisensory perception in mice. 

In this task, normal mice with intact perception will preferentially explore the odd object 

(Creighton et al, 2019). The mice were placed in the empty apparatus on days 1 and 2 of the 

experiment for 10 minutes of context habituation each day. On the third day, mice were exposed 

AB AB CD CDBC
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to the five objects for 10 minutes, which were identical capped (metal with holes drilled in the 

top) glass jars (height = 11 cm, diameter = 7 cm) which displayed tactile, visual, and/or olfactory 

features. The tactile features consisted of displaying different grits of sandpaper adhered to the 

walls of the glass jars and not visually distinct. For the tactile unimodal task, where only 

sandpaper was used in the task, jars AB had 100 (A) and 60 (B) graded sandpaper (refer to fig. 

7). For jars CD, they had 120 (C) and 80 (D) graded sandpaper. The odd object consisted of two 

sandpapers, one from the first set of jars (AB)  and one from the second set of jars (CD). Visual 

features were stickers that had several different colors and shapes and were fixed to the front 

bottom-center of each jar. The stickers were pictures of a cartoon star or trophy, or the word 

“super”, with colors such as blue, green, yellow and pink. This task followed the same pattern 

where jars AB had one set of stickers, and jars CD had another set of different stickers with the 

odd object consisting of a mixture of the two sets. Olfactory features were stock odors (apple, 

lemon, cinnamon, laundry, rose, and pear) purchased from Bath and Body works and diluted to 

ten percent of their initial concentration using distilled water. This Olfactory component was 

never introduced to mice as an enrichment object or obstacle. The diluted odors were placed in 

small glass receptacles and then placed inside the jar with holes drilled in the tops of the jars for 

mice to explore the olfactory features. Unimodal tasks, which were jars displaying only one 

sensory modality were run as a control and were counterbalanced across trials. Our tactile-visual 

multisensory task displayed sandpaper as well as one sticker, and our olfactory-tactile 

multisensory task displayed sandpaper and one odor placed inside the jar. The odd object was 

counterbalanced across the trials, along with the position of the odd object. 

2.4 Golgi Staining Procedure 
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 After cognitive testing, at approximately 13 months of age, the mice were anesthetized 

using 5% isoflurane, decapitated and then brains were immediately removed and placed in 17 ml 

of the Golgi-Cox solution (1% potassium dichromate, 8% potassium chromate, and 1% mercuric 

chloride) for a total of 25 days in the dark at room temperature. After the incubation period, the 

brains were then placed into 40 mL of sucrose cryoprotectant (30% sucrose in 0.1M phosphate 

buffer, pH 7.4), for 24 hours in the dark in 4°C. In order to store the brains for long-term storage, 

we froze the whole brains by placing them individually in isopentane, and then stored in the dark 

at -80 °C. 

 When the brains were ready to be sliced, they were placed in sucrose cryoprotectant for a 

total of 24 hours, removed from solution, and then a razor blade was used to cut off the 

cerebellum to leave a flat edge at the remaining part of the caudal brain. Agar solution (3% in 

distilled water) was heated until the solution was uniform and all crystals dissolved (about 60-80 

seconds), and was then poured on the brain in a weigh boat, with the caudal end facing flat down 

on the surface. Once a solid, the excess agar was cut off, leaving approximately 4 mm of agar 

surrounding the brain. The brain was then fixed to the stage of a vibratome using ethyl 

cyanoacrylate glue with the caudal end face-down. The brains were then sliced at 400 nm thick, 

and placed in a 6-well tissue culture plate with 10 ml of 6% sucrose in 0.1 M phosphate buffer, 

pH 7.4 and were incubated overnight at 4°C.  

 The next day, brain sections were developed by placing each individual well plate in a 

series of solutions on a rocker which were 2% paraformaldehyde, 2.7% ammonium hydroxide, 

and Kodak solution, all rinsed with water in between steps. The brain slices were then 

dehydrated, by being submerged into increasing concentrations of ethanol (50%, 75%, 95%, then 
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100% ethanol), after being mounted onto microscope slides. A coverslip was placed on top of the 

brain sections with an anhydrous mounting medium and were then left to dry horizontally for 5 

days before visualizing. 

 We visualized the neurons using a Olympus BX50WI microscope and Neurolucida 

microscope software. High-resolution image stacks of the individual neurons were obtained from 

layers I and II of the perirhinal cortex using a 30x 1.05 N.A. silicone oil-immersion objective. 

All neurons were traced using Neuromantic software (NeuromanticV1_7_5), and data were 

collected using Neurolucida explorer software. The researchers who traced the neurons were 

blind to the groups the neurons were from. Three to four neurons were traced per animal in the 

perirhinal cortex. In the interest of time, due to covid restrictions, perirhinal cortex was chosen 

for this initial analysis as it has been implicated widely in object memory and perception, as well 

as the CMOR task specifically (Winters & Reid, 2010). Future analyses will investigate the 

hippocampus and other cortical and subcortical sites.  

 The data of dendritic intersections, length, and volume were analyzed and quantified 

using Sholl analysis. The cell body of each neuron was used as a reference point, and concentric 

circles were drawn starting at 25 μm-distance apart (increasing by 25 μm-distance each time 

from the cell body) automatically with the Neurolucida software. The intersections, length, and 

volume of the basal and apical dendrites were studied up to a length of 200 μm distance from the 

center of the cell body, which was the maximum distance of most dendrites.  The intersections 

were measured by the number of times the dendrites intersected with the concentric circles that 

were formed around the cell body. The length correlated to the length of dendrites present 
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between each of the concentric circles. The volume referred to the diameter of the sum of all 

dendrites between each concentric circle of that neuron. 

2.5 Statistical Analyses 

Data from the total number of laps accomplished per day from each group on the tracks 

was analyzed using a 2 (group: enrichment track, exercise control track) x 2 (genotype: wildtype, 

3xTg-AD) mixed analysis of variance (ANOVA). Data from the CMOR and MSO experiments 

were analyzed using a 2 (genotype: 3xTg-AD, wild type) x 4 (group: Enrichment Housing (EH), 

Enrichment Track (ET), Control Track (CT), and Standard Housing (SH)) ANOVA. Significant 

main effects and/or interactions were further analyzed using t-tests with Bonferroni correction 

for post-hoc analysis. Memory in the CMOR task is indexed by a discrimination ratio (DR), 

which was calculated as follows: DR = (novel object exploration – familiar object 

exploration)/(total object exploration). For the MSO task, preferential exploration of the odd 

object was calculated as an oddity preference score, and calculated as follows: OP = (exploration 

of the odd object)/(total object exploration). The main measures analysed were: DR, OP, as well 

as the total exploration in the sample phase and total exploration in the choice phase; the latter 

two measures assess for any potential differences in general exploratory behaviour and were also 

each analysed using a 2x4 ANOVA. A DR score of zero indicates that the mouse does not 

preferentially explore one object over the other, and any positive score indicates the mouse 

preferentially explored the novel object, whereas a negative score indicates the mouse 

preferentially explored the familiar object from the sample phase. The sample phase should have 

a discrimination ratio of approximately zero, considering both objects are equally novel/identical 

at that stage, and so the mice should explore them equally; accordingly, choice DRs were also 
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compared to sample DRs using paired-samples t-tests as an index of memory performance above 

‘chance’. Any outliers were excluded from the analyses (anything greater than 2 Standard 

deviations ± mean). Across all behavioral tasks, a total of 55 mice were excluded from the 

analyses, but were only excluded on the tasks that they were an outlier on.   

For the Sholl analysis, all statistics were carried out by using the GraphPad Prism version 

9.1.2 for windows software. A two-way ANOVA between group (ET, EH, CT, and SH) and 

genotype (wildtype, 3xTg-AD) was run. All analyses were executed with α = 0.05. Significant 

main effects and/or interactions were further analyzed using t-tests with Bonferroni correction 

for post-hoc analysis, when appropriate.  

3. Results 

3.1 Average Number of Laps on the Tracks  

Wildtype and 3xTg-AD mice from the ET and CT groups ran the tracks for 48 days and 

their mean number of laps was compared between groups and genotype across the days (see 

fig.8). The mixed ANOVA revealed significant main effects of group F(1,56) = 82.992, p < 

0.001, and genotype F(1,56) = 6.844, p < 0.05,  a non-significant group x genotype interaction 

F(3,132) = 2.032, p = 0.16, and a significant group x genotype x session interaction F(1, 188) = 

8.13, p < 0.01. Specifically, the wildtype CT group ran significantly more laps than the wildtype 

ET group t(12) = -6.32, p<0.001, and the 3xTg-AD CT group ran significantly more laps than 

the 3xTg-AD ET group t(11) = -6.55, p<0.001 and the wildtype ET group t(15) = 7.44, p<0.001. 
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Experiment A: CMOR 

3.2 CMOR Task with 5-minute Retention Delay – Age 3-4 months 

Following the 8 weeks of enrichment, approximately 24 hours after stopping enrichment, 

mice were tested on the CMOR task while all mice were living in standard home cages. Mice 

from each of the conditions (ET, CT, SH and EH) were tested on the CMOR task with a 5-min 

delay between sample and choice phases. The ANOVA revealed a significant main effect of 

group F(3,132) =4.981, p <0.01. Planned-comparison t-tests revealed a non-significant 

difference in choice DR between wildtype ET and 3xTg-AD ET  t(11) = -0.532, p = 0.605 and a 

non-significant difference in choice DR between wildtype EH group and 3xTg-AD EH group 

t(14) = 1.194, p = 0.252. Significant differences were, however, found between the following 

conditions: wildtype ET and wildtype SH  t(15) = 3.348, p <0.01; wildtype ET and 3xTg-AD SH 

t(15) = 2.474, p<0.05; 3xTg-AD ET and wildtype SH t(4.254), p<0.001; 3xTg-AD ET and 3xTg-

AD SH t(11) = 3.368, p<0.01 (see fig. 9; see Appendix, Table 1).  

Fig. 8: Mean (SEM) number of laps completed per day over 48 days for the wildtype and 3xTg-AD 

mice CT group vs. the wildtype and the 3xTg-AD mice ET group 
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Fig. 9: CMOR task with 10-minute sample and 5-minute delay. All mice in the ET group 

preferentially explored the novel object over the familiar object at the 5-min delay. The wildtype 

EH mice also preferentially explored the novel object over the familiar object. All other mice did 

not perform significantly above their sample DR, indicating that they did not preferentially 

explore the novel object over the familiar object. The bars represent the discrimination ratio with 

standard error (SEM). Stars above bars indicate significant sample DR to choice DR. * p < .05, 

** p<0.01, *** p<0.001. 

 

Paired samples t-tests between sample and choice DRs indicated significant novelty 

preference in both the wildtype ET, t(15) = -2.463, p<0.05 and the 3xTg-AD ET group, t(11) =   

-4.865, p<0.001, as well as the wildtype EH, t(16) = -3.267, p <0.01, and the 3xTg-AD CT group 

t(16) = -2.673, p<0.05. However, the 3xTg-AD CT group had a mean DR of 0.11, which does 

not indicate significant novelty preference.  
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There were also significant differences for total exploratory behaviour in the sample 

phase only (See Appendix, Table 2). There was a significant group by genotype interaction F(3, 

132) = 5.052, p< 0.01, whereby the wildtype CT group and the wildtype SH group explored 

significantly more in the sample phase than the wildtype ET group, t(12) = -3.806, p<0.01; t(15) 

= -5.589, p<0.001, respectively. The 3xTg-AD CT group also explored significantly more than 

the 3xTG-AD ET group t(11) = 2.753, p<0.05, as well as the 3xTg-AD EH group t(14) = 4.441, 

p=0.001 (see fig. 10). There were no significant differences found in total choice phase 

exploration (see Appendix, Table 2 & Table 3). 
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CMOR Task with 5-minute Retention Delay – Age 6-7 Months 

  

Fig. 10: Average total sample exploration data compared among all eight groups. The wildtype SH 

and wildtype CT groups explored the objects more in the sample phase than the both the ET 

groups. The 3xTg-AD CT group also explored significantly more in the sample phase than the ET 

groups. This indicates that significant differences in choice DR were not a result of the sample 

phase exploration, as both the wildtype and 3xTg-AD ET groups significantly preferred the novel 

object in the choice phase in the CMOR 5-minute delay task. ** P<0.01, *** P<0.001. 
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The ANOVA revealed no significant main effects or interaction (fig. 11). Mice were also 

tested with a 15-min delay (data not shown here), but there were no significant statistical results, 

and data from the DR showed that all mice struggled to discriminate (see Appendices Table 4 for 

choice DR). This was also the pattern when the mice were tested at 9/10 months and 12/13 

months of age, as the mice could not successfully perform the CMOR task at either delay. These 

data are therefore not reported here. 
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3.3 Visual-Tactile MSO Task At 3 Months 

MSO Visual-Tactile Task at 3 months: Following the 8 weeks of enrichment, mice were also 

tested on the MSO task which was counterbalanced between testing on the CMOR task. The 

Fig. 11: CMOR task with 10-min sample and 5-min delay. There were no significant differences. 

The bars represent the discrimination ratio with standard error (SEM). 
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ANOVA revealed a significant interaction F(3,132) = 2.72, p = 0.048 (fig. 12). However, one-

sample t-tests revealed only the following groups preferred the odd objects: 3xTg-AD ET t(11) = 

2.22, p<0.05, 3xTg-AD EH t(14) = 3.08, p<0.01, 3xTg-AD CT t(16) = 2.21, p<0.05, and 

wildtype SH t(20) = 3.09, p<0.01 at a test value of 0.2. Also, independent samples t-tests 

revealed no significant differences between groups, adjusting the p-value after Bonferroni 

correction. Unimodal Tactile Oddity Task at 3 months: The ANOVA revealed a borderline 

significant main effect of group F(3,132) = .323, p = 0.05 (fig. 12). One-sample t-tests revealed 

wildtype CT group t(12) = 2.69, p<0.05, wildtype SH group t(20) = 2.82, p<0.05, as well as 

3xTg-AD CT t(16) = 2.92, p = 0.01 and SH group t(20) = 4.61, p<0.01 were the only groups that 

reliably preferred the odd object. Unimodal Visual Oddity Task at 3 months: The ANOVA 

revealed no significant main effects (fig. 12). One sample t-tests with a test value of 0.2 revealed 

SH mice in each genotype, t(20) = 3.29, p<0.01, t(20) = 4.11, p = 0.001 (Wildtype and 3xTg-AD 

respectively), the 3xTg-AD EH group t(14) = 3.08, p<0.01, and the 3xTg-AD CT group t(16) = 

3.24, p<0.05, could successfully perform this task. 
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Sample Exploration at 3 months 

MSO Visual-Tactile Task at 3 months Total Sample Exploration: The ANOVA revealed a 

significant main effect of group F(3, 132) = 9.58, p<0.0001, a main effect of genotype F(1, 131) 

= 8.23, p<0.01, and a significant group x genotype interaction F(3, 123) = 3.14, p<0.05. Paired 

sampled t-tests revealed significant exploration differences between the wildtype SH group and 

the 3xTg-AD SH group, t(19) = 4.12, p = 0.001. Unimodal Tactile Oddity Task at 3 months 

Total Sample Exploration: The ANOVA revealed a significant main effect of group, F(3, 128) 

= 15.49, p<0.0001, and a significant group x genotype F(3, 123) = 2.72, p = 0.48. Paired sampled 

t-tests revealed significant exploration differences between the wildtype CT group and the 

wildtype EH group t(12) = 7.44, p<0.001, as well as a significant difference between the 3xTg-

Fig. 12: From left to right: Visual Tactile MSO task at 3 months of age with 10-minute exploration 

period, followed by Unimodal tactile task at 3 months, and then the Unimodal visual task at 3 

months. In the MSO task, only the 3xTg-AD genotype reliably preferred the odd object. The bars 

represent the discrimination ratio with standard error (SEM).  Stars above indicate which groups 

could perform above chance (0.2). * P<0.05, ** P<0.01, ***P<0.001 
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AD EH group and 3xTg-AD CT group t(14) = -3.23, p<0.01. Unimodal Visual Oddity Task at 

3 months Total Sample Exploration: The ANOVA revealed a significant main effect of group 

F(3, 128) = 26.30, p<0.001, and a significant group x genotype interaction F(3, 123) = 6.39, 

p<0.001 (Fig. 17). Paired samples t-tests revealed significant exploration differences between the 

wildtype SH and 3xTg-AD SH groups, t(19) = -4.61, p<0.001, as well as a significant 

exploration difference between the wildtype ET and wildtype CT groups t(11) = -5.20, p<0.001. 

 

 

 

 

Visual-Tactile MSO Task At 6 Months 

MSO Visual-Tactile Task at 6 months: The ANOVA revealed no significant main effect or 

significant interaction (fig. 14). One sample t-tests with a test value of 0.2 showed Wildtype ET 

group t(15) = 2.21, p<0.05, wildtype SH t(20) = 3.69, p = 0.001, 3xTg-AD EH t(12) = 2.75, 

Fig. 13: From left to right: Visual Tactile MSO task at 3 months of age total sample exploration 

with 10-minute exploration period, followed by Unimodal tactile task sample exploration at 3 

months, and then the Unimodal visual task sample exploration at 3 months. In the Visual-Tactile 

MSO task, the wildtype SH group explored significantly more than the 3x mice. In the Visual 

unimodal task, the wildtype SH mice explored more than the 3xTg-AD SH group, and the wildtype 

CT mice explored significantly more than the wildtype ET mice. The bars represent the 

discrimination ratio with standard error (SEM).   **P< 0.01, *** P<0.001 
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p<0.05, 3xTg-AD CT t(16) = 4.69, p<0.001, and 3xTg-AD SH t(18) = 3.09, P<0.01, reliably 

preferred the odd object. Unimodal Tactile Oddity Task at 6 months: The ANOVA revealed 

no significant main effects or interaction (fig. 14). One sample t-tests with a test value of 0.2 

showed Wildtype CT t(12) = 4.77, p<0.001, wildtype SH t(20) = 4.45, p<0.001, 3xTg-AD EH 

t(12) = 3.61, p<0.01, 3xTg-AD CT t(16) = 4.18, p = 0.001, and 3xTg-AD SH t(18) = 4.83, 

p<0.001, could successfully perform this task. Unimodal Visual Oddity Task at 6 months: The 

ANOVA revealed a significant main effect of group F(3, 126) = 2.78, p<0.05, as well as a 

significant group x genotype interaction F(3,126) = 5.20, p<0.01 (fig. 14). Specifically, paired 

sampled t-test revealed a significant preference in exploring the odd object between the wildtype 

ET and 3xTg-AD ET group t(11) = -2.89, p<0.05. One sample t-tests with a test value of 0.2 

revealed wildtype EH t(16) = 3.09, p<0.01, CT t(12) = 5.16, p<0.001, and SH t(19) = 4.07, p = 

0.001, as well as 3xTg-AD ET t(11) = 3.48, p<0.01, CT t(16) = 6.37, p<0.001, and SH t(18) = 

3.55, p<0.01, could successfully perform this task.  

 

 

Fig. 14: From left to right: Visual Tactile MSO task at 6 months of age with 10-minute exploration 

period, followed by Unimodal tactile task at 6 months, and then the Unimodal visual task at 6 

months. The bars represent the discrimination ratio with standard error (SEM).  Stars above 

indicate which groups could perform above chance (0.2). * P<0.05, ** P<0.01, *** P<0.001 
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Sample Exploration at 6 months 

MSO Visual-Tactile Task at 6 months Total Sample Exploration: The ANOVA revealed a 

significant main effect of group F(3, 125) = 4.68, p<0.01, a significant main effect of genotype 

F(1, 127) = 27.39, p<0.001, as well as a significant group x genotype interaction F(3, 120) = 

3.61, p<0.05. (Fig. 15). Paired sampled t-tests revealed significant exploration differences 

between the wildtype CT and 3xTg-AD CT groups t(12) = 4.13, p = 0.001 and the wildtype SH 

group between the 3xTg-AD SH group t(18) = 5.23, p<0.001, the 3xTg-AD CT group t(16) = 

7.43, p<0.001, the 3xTg-AD EH group t(12) = 5.10, p<0.001, and the 3xTg-AD ET group t(11) 

= 8.73, p<0.001. Unimodal Tactile Oddity Task at 6 months Total Sample Exploration: The 

ANOVA revealed a significant main effect of genotype F(1, 126) = 34.75, p<0.001 (Fig. 15). 

Paired samples t-tests revealed significant exploration differences between the wildtype CT and 

the 3xTg-AD CT group t(12) = 3.79, p<0.01, and a significant difference between the wildtype 

SH and 3xTg-AD SH groups t(18) = 4.97, p<0.001. Unimodal Visual Oddity Task at 6 months 

Total Sample Exploration: The ANOVA revealed a significant main effect of group F(3, 123) 

= 4.24, p<0.01, and a significant main effect of genotype F(1, 125) = 21.68, p<0.001 (Fig. 15). 

Paired sampled t-tests revealed significant exploration differences between the wildtype CT and 

the 3xTg-AD CT group t(12) = 3.07, p = 0.01. 
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Visual-Tactile MSO Task At 9 Months 

MSO Visual-Tactile Task at 9 months: The ANOVA revealed a significant main effect of 

genotype F(3, 121) = 4.43, p<0.05 (fig. 16). However, paired sampled t-tests revealed no 

significant difference between groups once the p-value was adjusted. The one sample test with a 

test value of 0.2 revealed all groups within the wildtype genotype could successfully perform this 

task, ET t(18) = 4.31, p = 0.001, EH t(16) = 4.21, p = 0.001, CT t(18) = 4.20, p<0.01, and SH 

t(19) = 4.23, p<0.001, as well as just the ET t(11) = 3.02, p<0.05, and SH t(18) = 6.62, p<0.001 

from the 3xTg-AD genotype could successfully perform this task. Unimodal Tactile Oddity 

Task at 9 months: The ANOVA revealed a significant main effect of group, F(3, 121) = 6. 37, p 

= 0.001, as well as a significant genotype x group interaction, F(3, 121) = 3.85, p<0.05 (fig. 16). 

Specifically, there was a significant difference in odd object preference between the wildtype Et 

and 3xTg-AD ET t(9) = 3.46, p<0.01, and a difference between the 3xTg-AD ET group and the 

3xTg-AD SH group t(9) = -5.18, p<0.001. One sample t-tests with a test value of 0.2 revealed all 

Fig. 15: From left to right: Visual Tactile MSO task at 6 months of age total sample exploration 

with 10-minute exploration period, followed by Unimodal tactile task sample exploration at 6 

months, and then the Unimodal visual task sample exploration at 6 months. In the Unimodal Tactile 

task, the wildtype CT mice explored more than the 3xTg-AD CT group, and the wildtype SH mice 

explored more than the 3xTg-AD SH mice. In the unimodal visual task, the wildtype CT mice 

explored more than the 3xTg-AD CT group. The bars represent the discrimination ratio with 

standard error (SEM).    ** P<0.01, *** P<0.001 
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groups belonging to the wildtype genotype, ET t(15) = 4.34, p = 0.001, EH t(16) = 4.43, 

p<0.001, CT t(10) = 4.14, p<0.01, SH t(19) = 4.90, p<0.001 could successfully perform this task 

as well as the EH t(11) = 2.92, p<0.05, CT t(16) = 4.10, p = 0.001, and SH t(17) = 8.25, p<0.001 

belonging to the 3xTg-AD genotype could successfully perform this task. Unimodal Visual 

Oddity Task at 9 months: The ANOVA revealed no significant main effects or significant 

interaction (fig. 16). One sample tests with a test value of 0.2 showed all wildtype groups, ET 

t(15) = 3.90, p = 0.001, EH t(15) = 3.75, p<0.01, CT t(11) = 5.03, p<0.001, and SH t(19) = 3.21, 

p<0.01 could successfully perform this task, as well as 3xTg-AD EH t(11) = 6.52, p<0.001, CT 

t(15) = 3.73, p<0.01, and SH t(17) = 4.16, p = 0.001 groups could successfully perform this task. 

 

 

 

 

MSO Visual-Tactile Task at 9 months Total Sample Exploration 

Fig. 16: From left to right: Visual Tactile MSO task at 9 months of age with 10-minute exploration 

period, followed by Unimodal tactile task at 9 months, and then the Unimodal visual task at 9 

months. The bars represent the discrimination ratio with standard error (SEM).  Stars above 

indicate which groups could perform above chance (0.2). * P<0.05, ** P<0.01, *** P<0.001 
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 The ANOVA revealed a significant of group F(3, 121) = 4.05, p<0.01 and a main effect 

of genotype F(1, 122) = 38.44, p<0.001 (Fig. 17). Paired sampled t-test revealed significant 

exploration differences between the wildtype CT and the 3xTg-AD CT groups t(10) = 3.32, 

p<0.01, and  significant exploration difference between the wildtype SH and 3xTg-AD SH 

groups t(18) = 4.12, p = 0.001. Unimodal Tactile Oddity Task at 9 months Total Sample 

Exploration: The ANOVA revealed a significant main effect of genotype F(1, 119) = 37.09, 

p<0.001(Fig. 17). Paired sampled t-tests revealed significant exploration differences between the 

wildtype ET and 3xTg-AD ET groups, t(9) = 3.51, p<0.01, wildtype CT and 3xTg-AD CT 

groups t(10) = 3.00, p<0.01, as well as between the wildtype SH and 3xTg-AD SH groups t(17) 

= 3.45, p<0.001. Unimodal Visual Oddity Task at 9 months Total Sample Exploration The 

ANOVA revealed a significant main effect of group F(3, 116) = 4.60, p<0.01, and a significant 

main effect of genotype F(1, 118) = 62.64, p<0.001 (Fig. 17). Paired sampled t-tests revealed 

significant exploration differences between the wildtype CT and the 3xTg-AD CT groups t(11) = 

5.76, p<0.001, and between the wildtype SH and the 3xTg-AD SH groups t(17) = 4.97, p<0.001. 
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Olfactory-Tactile MSO Pilot Data 

 The visual-tactile MSO data above were not demonstrating consistent results, with even 

the enrichment mice struggling with the task at stages. We therefore decided to try another MSO 

task using olfactory features, instead of visual features. We ran a pilot experiment with male (N 

= 4) and female (N = 4) wildtype mice  (aged 3 months in standard housing conditions) to 

determine whether to then test the experimental mice on an olfactory-tactile task, instead of 

continuing with the visual-tactile task. The one sample test, with a test value of 0.2, revealed that 

the mice could successfully perform all three tasks, Olfactory-Tactile MSO t(7) = 5.94, p = 0.00, 

unimodal Olfactory, t(7) = 6.57, p<0.001, unimodal tactile t(7) = 12.89, p<0.001 (fig. 18). From 

these data, we decided to test the experimental mice on the olfactory-tactile MSO task when they 

reached 12 months of age. 

Fig. 17: From left to right: Visual Tactile MSO task at 9 months of age total sample exploration 

with 10-minute exploration period, followed by Unimodal tactile task sample exploration at 9 

months, and then the Unimodal visual task sample exploration at 9 months. In the MSO task, the 

wildtype CT mice explored more than the 3xTg-AD CT group, and the wildtype SH mice explored 

more than the 3xTg-AD SH group. In the Unimodal Tactile group, The wildtype CT mice explored 

more than the 3xTg-AD CT group, and the wildtype SH mice explored more than the 3xTg-AD SH 

group, and the wildtype ET mice explored more than the 3xTg-AD ET group. ** P<0.01,  In the 

unimodal visual task, the wildtype CT mice explored more than the 3xTg-AD CT group, and the 

wildtype SH mice explored more than the 3xTg-AD SH group. The bars represent the 

discrimination ratio with standard error (SEM). **P<0.01,  *** P<0.001 
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Olfactory-Tactile MSO and Unimodal tasks at 12 Months 

MSO Olfactory Tactile Task at 12 months: The ANOVA revealed a significant main effect of 

genotype, F(3,69) = 10.28, p<0.01 (fig. 19). One sample t-tests with a test value of 0.2, revealed 

that both the wildtype ET t(9) = 3.68, p<0.01 and 3xTg-AD ET t(8) = 4.36, p<0.01 could 

successfully perform this task, as well as wildtype EH t(7) = 3.34, p<0.05, wildtype SH t(11) = 

4.82, p = 0.001, and 3xTg-AD SH t(7) = 7.80, p<0.001, could perform this task. Unimodal 

Tactile Oddity Task at 12 months: The ANOVA revealed no significant main effects or 

interaction (fig. 33). One sample tests with a test value of 0.2, revealed both Wildtype and 3xTg-

AD ET groups could perform this task, t(9) = 5.95, p<0.001, t(8) = 4.97, p = 0.001, respectively. 

Further, the wildtype CT t(8) = 5.74, p< 0.001, 3xTg-AD CT t(8) = 3.91, p<0.01, and wildtype 

Fig. 18:  Pilot Olfactory-Tactile MSO task at 3-4 months of age. All groups performed significantly 

above chance (0.2). The bars represent the discrimination ratio with standard error (SEM).  Stars 

above indicate which groups could perform above chance (0.2).  *** P<0.001 
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SH t(11) = 3.78, p<0.01 could successfully perform this task. Unimodal Olfactory Oddity Task 

at 12 months: The ANOVA revealed no significant main effects or interaction (fig. 19). Both 

the wildtype ET t(9) = 3.42, p<0.01, and 3xTg-AD ET t(8) = 2.48, p<0.05, could successfully 

perform this task, as well as the wildtype CT group t(8) = 3.93, p<0.01, and the 3xTg-AD CT 

group t(8) = 4.06, p<0.01, could successfully perform this task. 

 

 

 

 

Sample Exploration at 12 Months 

MSO Olfactory Tactile Task Sample Exploration at 12 months: The ANOVA revealed a 

significant main effect of genotype, F(1, 69) = 60.38, p<0.001 (fig. 20). There were significant 

exploration differences between Wildtype ET and 3xTg-AD ET, t(8) = 5.87, p<0.001, as well as 

between wildtype CT and 3xTg-AD CT t(8) = 4.22, p<0.01. Unimodal Tactile Oddity Task 

Sample Exploration at 12 months: The ANOVA revealed a significant main effect of 

Fig. 19: From left to right: Olfactory-Tactile MSO task at 12 months of age with 10-minute 

exploration period, unimodal tactile task at 12 months, and unimodal olfactory task at 12 months. 

The bars represent the discrimination ratio with standard error (SEM).  Stars above indicate which 

groups could perform above chance (0.2).  * P<0.05, ** P<0.01, *** P<0.001 
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genotype, F(1,69) = 52.81, p<0.001 (fig. 20). Paired sampled t-tests found significant differences 

between wildtype ET and 3xTg-AD ET groups t(8) = 3.81, p<0.01, wildtype EH and 3xTg-AD 

EH t(3) = 5.38, p<0.05, and between wildtype CT and 3xTg-AD CT t(8) = 5.28, p<0.001. 

Unimodal Olfactory Task Sample Exploration at 12 months: The ANOVA revealed a 

significant main effect of genotype, F(1, 68) = 46.35, p<0.001 (fig. 20). Paired samples t-tests 

revealed significant exploration differences between the wildtype ET and 3xTg-AD ET groups, 

t(8) = 5.21, p<0.001, as well as between the wildtype CT and 3xTg-AD CT groups t(8) = 4.47, 

p<0.01. 

 

 

 

 

 

 

Fig. 20: Olfactory-Tactile sample exploration task at 12 months of age with 10-minute exploration 

period. The bars represent the discrimination ratio with standard error (SEM).  P<0.001. Wildtype 

ET group explored significantly more than 3xTg-AD group, and the wildtype CT group explored 

significantly more than the 3xTG-AD CT group. In the Unimodal Tactile task, Wildtype ET group 

explored significantly more than 3xTg-AD ET group, and the wildtype EH group explored 

significantly more than the 3xTG-AD EH group, and the wildtype CT group explored significantly 

more than the 3xTG-AD CT group. In the unimodal olfactory task, Wildtype ET group explored 

significantly more than 3xTg-AD ET group, and the wildtype CT group explored significantly 

more than the 3xTG-AD CT group. The bars represent the discrimination ratio with standard error 

(SEM).  *P<0.05,**P<0.01, *** P<0.001 
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In the Olfactory-Tactile MSO task, the only mice that could successfully perform all 

three tasks (MSO and unimodal) were the enrichment track group, regardless of genotype. This 

was not seen in the Tactile-visual MSO task for any group or genotype. 

3.4 Golgi Analysis 

 Not all groups could be analyzed for this process, as some brains were extracted and 

placed in a -80 °C freezer (see Appendices Table 7 for summary of which groups were included 

in the analyses). Brains are not suitable for Golgi processing once frozen, so we only used brains 

that were extracted and immediately placed in the Golgi solution. Raters were blind to 

experimental condition when tracing the neurons. Analyses were performed on images from 

layers I and II in the perirhinal cortex. 

Dendritic Branching: Apical Intersections 

There was a significant main effect of distance from the soma F(8, 171) = 26.37, 

p<0.0001, as well as a significant main effect of Treatment F(4, 171) = 4.16, p<0.01 (fig. 21). 

Multiple comparisons  revealed a significant difference between the Wildtype EH group and 

3xTg-AD CT group t(63, 45) = 3.62, p<0.01, where wildtype EH had significantly more 

intersections. 
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Dendritic Branching: Basal Intersections 

 There was a main effect of distance from soma, F(8, 171) = 100.1, p<0.0001, as well as a 

significant main effect of treatment F(4, 171) = 2.92, p<0.05 (fig. 22). Multiple comparisons 

revealed a significant difference between the wildtype EH group and the 3xTg-AD ET group, 

t(63, 36) = 2.96, p<0.05, where the wildtype EH group had significantly more intersections. 

Fig. 21: Number of Apical intersections. The wildtype EH group had more dendritic intersections 

with the concentric circles that the 3xTg-AD CT group. 
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Length of Dendrites: Apical 

 There was a significant main effect of distance from the Soma F(8, 171) = 23.82, 

p<0.0001, as well as a significant main effect of treatment F(4, 171) = 4.44, p<0.01 (fig. 23). 

Multiple comparison t-tests revealed a significant difference between the wildtype EH group to 

the 3xTg-AD ET group t(63, 36) = 3.01, p<0.05, as well as to the 3xTg-AD CT group t(63, 45) = 

3.80, p<0.01, where the wildtype EH group had longer length than either group. 

Fig. 22: Number of Basal intersections. The wildtype EH group had more dendritic intersections 

with the concentric circles that the 3xTg-AD ET group. 
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Length of Dendrites: Basal 

 There was a significant main effect of distance from the soma, F(8, 171) = 85.57, 

p<0.0001 (fig. 24). Multiple comparison t-tests indicated no significant differences between 

groups when Bonferroni correction was applied. 

Fig. 23: Apical length between each concentric circle at a maximum distance of 200 μm from the 

cell body. The wildtype EH group had longer dendrites than the 3xTg-AD ET and CT groups. 
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Dendritic Volume: Apical 

 There was a significant main effect of distance from soma, F(8, 171) = 21.44, p<0.0001, 

as well as a significant main effect of treatment, F(4, 171) = 9.46, p<0.0001 (fig. 25). Multiple 

comparison t-tests revealed a significant difference between the wildtype SH group and the 

3xTg-AD ET group, t(54, 36) = 3.22, p<0.05, such that the SH group had more volume. There 

were also significant differences between the wildtype EH group compared to the 3xTg-AD ET 

group, t(63, 36) = 5.3, p<0.0001, as well as compared to the 3xTg-AD CT group, t(63, 45) = 4.7, 

p<0.0001, such that the wildtype EH group had more apical volume that the two groups. 

Fig. 24: Basal length between each concentric circle at a maximum distance of 200 μm from the 

cell body. There were no significant differences here. 
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Dendritic Volume: Basal 

 There was a significant main effect of distance from the soma F(8, 171) = 54.67, 

p<0.0001, as well as a significant main effect of treatment, F(4, 171) = 3.49, p<0.01 (fig. 26). 

Multiple comparison t-tests revealed significant differences between the wildtype SH group and 

the 3xTg-AD ET group, t(54, 36) = 3.03, p<0.05, such that the wildtype group had more volume 

than the ET group. There was also a significant difference found between the wildtype EH group 

and the 3xTg-AD ET group, t(63, 36) = 3.52, p<0.01, such that the wildtype group had 

significantly more volume. 

Fig. 25: Apical dendritic volume between each concentric circle at a maximum distance of 200 μm 

from the cell body. The wildtype EH group had increased dendritic volume than the 3xTg-AD ET 

and CT groups. The Wildtype SH group had an increased volume compared to the 3xTg-AD ET 

group. 
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Fig. 26: Apical dendritic volume between each concentric circle at a maximum distance of 200 μm 

from the cell body. The wildtype EH group had increased dendritic volume than the 3xTg-AD ET 

and CT groups. The Wildtype SH group had an increased volume compared to the 3xTg-AD ET 

group. 
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4. Discussion 

 In our study, we used a novel enrichment procedure, in comparison with established 

home cage enrichment protocols, to evaluate cognitive reserve theory. Present results suggest the 

potential for cognitive benefit of enrichment in MSI tasks, possibly more so with the enrichment 

track than traditional home cage enrichment.  The CMOR task provides evidence of facilitation 

of MSI at the early stage of AD pathology, as the 3xTg-AD ET mice had intact tactile-visual 

MSI at 3-4 months of age. While the olfactory-tactile MSO results suggest evidence for a 

broader perceptual enhancement in older animals, with our enrichment track animals being the 

only group with intact olfactory and tactile unimodal and multisensory perception. However, 

results were not uniformly in favour of this interpretation, and future studies will be required to 

clarify the specific nature of possible enhancements. 

 At 3-4 months of age, our CMOR results supported the hypothesis that early life 

enrichment enhances multisensory cognition in normal mice and in a mouse model of AD. The 

novel enrichment track protocol enhanced cognition in both the wildtype and 3xTg-AD mouse 

model, and the standard enriched housing environment provided an enhancement for the 

wildtype mice. We expected to see an age-related effect of enrichment, but unfortunately the 

mice could not perform this task past 4 months of age, as it may have been too difficult. We also 

ran a tactile-visual MSO task and unimodal oddity tasks to evaluate any perceptual deficits the 

mice may have that lead to MSI impairments and may explain results in CMOR (Creighton et al., 

2018). We had mixed results in our tactile-visual task, which did not support our hypothesis, nor 

did it explain performance on the CMOR task. At 3-4 months of age, the wildtype mice did not 
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preferentially explore the odd object in the MSO task. Sample exploration did not explain the 

wildtype behavior in the MSO task. In the unimodal tasks, the enrichment track mice did not 

preferentially explore the odd object which would suggest impaired visual and tactile perception, 

contradicting their performance on the MSO task (3xTg-AD ET) and CMOR task.  

When the mice were tested at 6 months of age, the results from MSO and the unimodal 

tasks could not explain the results seen in CMOR. The 6-month MSO and unimodal data were in 

contrast to the 3-month data, as some mice preferentially explored the odd object at 6 months of 

age, and not 3 months of age, so there were no age related effects of enrichment. In one 

experiment, researchers found rats had a decreased incentive for visual novelty when raised in an 

enriched environment (Cain, Green & Bardo, 2006). They also found that enriched rats 

experience novelty items as less valuable to explore than rats in standard conditions (Cain, Green 

& Bardo, 2006). In some tasks, our standard housing mice outperformed our enriched mice by 

preferentially exploring the odd object, which resembles this previous literature.  

Finally, when tested at 9 months, all wildtype groups had intact visual and tactile 

perception, as well as intact MSI, which is the opposite to what we saw when tested at 3 and 6 

months of age. With the transgenic mice, some mice could perform the MSO task, but struggled 

with the simple unimodal tasks. When we switched the oddity task to include an olfactory 

modality, we found supporting evidence for our hypothesis, as the only groups that preferentially 

explored the odd object in the MSO and unimodal tasks were the enrichment track mice, 

suggestive of intact visual and olfactory perceptual abilities in these groups at this advanced age. 

Olfaction was never introduced as a novelty item during the pre-testing enrichment phase, so the 

mice may have had extra incentive to explore the objects compared with the visual-tactile oddity 
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tasks. Olfactory senses have been studied in the 3xTg-AD mouse model, and decreased olfactory 

ability has been documented as an early symptom of AD (Coronas-Sámano et al., 2014). There is 

a possibility that enrichment may have aided with the olfactory processes we saw in these aged 

mice.  

 There are several processes that enrichment may have aided in the MSI performance we 

saw in these mice. Enrichment has been shown to aid in attention performances in aged rats 

(Harati et al., 2011). Attentional processes are known to decline with age, and this deficit can be 

rescued through environmental enrichment (Harati et al., 2011). Attention abnormality has also 

been seen in the 3xTg-AD mouse model, including higher levels of anxiety, and decreased 

exploratory behavior (Sterniczuk, Antle, LaFerla & Dyck, 2010). Higher levels of defecation are 

also seen in the later ages of the 3xTg-AD mice, which may relate to either higher levels of 

anxiety (Sterniczuk, Antle, LaFerla & Dyck, 2010), or digestive-tract functions (Lindzey, 

Winston and Whitney, 1964). Based on anecdotal researcher observation, there was an increase 

in defecation in the 3xTg-AD mice when placed in the apparatus around 9 months of age.  

Exploratory behavior can be altered through enrichment (Kazlauckas et al., 2011), which may 

have helped the mice to perform on the behavioral tasks. In the CMOR task, the ET group 

explored significantly less than the other groups, but had a novelty object preference, while most 

groups did not. Some of the present behavioural differences could also be explained by the 

difference in lap data we saw between groups, as exercise has been known to aid in cognition 

(Nichol, Deeny, Seif, Camaclang & Cotman, 2009; Meng, Lin & Tzeng, 2020).  However, our 

CT group generally did not perform as well as our ET and EH groups, at most, the exercise 

seemed to aid in their performance on the unimodal tasks. The ET groups may have been 
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attending to the obstacles on the track which possibly was the main contributor as to why they 

ran significantly less laps than the CT group. Exercise may have helped both groups in the 

behavioral tasks, but the main driver of the enhanced performance in the ET seems to be the 

control of enrichment that the mice were exposed to in the ET condition.  

It is possible that the behavioral variability we saw in the cognitive tasks may be 

attributed to the barbering of whiskers that were seen in mainly the wildtype genotype group. In 

a previous study, trimming of large whiskers did not affect performance; however, mice needed 

more time to inspect the object to perform as well as mice who did not have barbered whiskers 

(Hu, Urhie, Chang, Hostetler & Agmon, 2018). The barbered whiskers may have affected the 

performance of wildtype mice in the multisensory tasks as all mice had the same duration to 

explore the objects.   

Results from the Sholl analysis of the PRh supports the process of how cognitive reserve 

is theorized to work, through enhanced dendritic branching and cell growth (Meng & D’Arcy). 

When measuring the dendritic volume, dendritic intersections, and dendritic length using Sholl 

analysis, the WT EH group displayed more dendritic branching and cell growth, when compared 

to other groups. Unfortunately, we were unable to perform Golgi staining on tissue from the 

3xTg-AD SH or EH groups; thus, it is difficult to draw firm conclusions regarding relative 

dendritic effects in the ET condition. However, the 3xTg-AD ET mice did not show enhanced 

dendritic morphology in the PRh compared with the CT group or WT animals, despite 

outperforming other groups on the MSO and CMOR tasks. MSI requires coordinated 

communication from several brain regions (Creighton et al., 2018), so these results could 
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indicate that the dendritic effects in PRh of the WT EH group were not causal in their occasional 

improved task performance. 

Other brain analyses need to be performed to provide further insight into the neural bases 

of behavioral effects seen here. Dendritic spine analysis would present additional data to speak to 

possible neurobiological changes in task-relevant brain regions, as dendritic spines change 

through differences in physiological and environmental stimuli (Radley et al., 2008). Dendritic 

spines are also correlated to synaptic plasticity, and EE has been shown to improve on this 

process (Radley et al., 2008; Harati et al., 2011). Western blots could be used to study 

neuropathological changes associated with AD, such as amyloid deposition, tau phosphorylation, 

cholinergic transmission, and other hallmarks of AD. A previous study in our lab has linked the 

multisensory perception impairments in 12-month-old 3xTg-AD male and female mice  to 

abnormal protein expression of phospho-tau, glial fibrillary acidic protein, neuronal nuclei, 

choline acetyltransferase, and post-synaptic density protein (Creighton et al., 2019). These 

proteins are all associated with AD and should be investigated as a follow-up to the current 

study, as enrichment may influence molecular changes within the brain. Brain regions relevant to 

our multisensory integration tasks will be our first priority. Some research has found that 

enrichment, in fact, increases amyloid pathology through constant neuronal stimulation 

(Jankowsky et al., 2003). Neuronal stimulation can lead to the accumulation of APP and then 

enhance the Aβ production (Jankowsky et al., 2003), which is why there is a need to perform 

additional brain analyses that should provide a deeper understanding of enrichment on 

multisensory integration. These analyses also need to be performed in multiple brain regions as 

well, considering our MSI tasks do not simply rely on the perirhinal cortex. 
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The CMOR task involves the perirhinal cortex for visual information processing and the 

parietal cortex for tactile information processing (Winters & Reid, 2010). However, there has 

been evidence that suggests the PRh may not have a definitive role in information processing in 

the CMOR task (Creighton et al., 2018). Procedural differences have been found to implicate 

different roles for the PRh, specifically whether the animals were pre-exposed to the objects in 

the task instead of being presented entirely novel objects in the sample phase (Creighton et al., 

2018). When rats were pre-exposed to objects before the sample phase in the CMOR task, there 

was an increase in PRh neuron activity 1 hour later after pre-exposure, as well in the tactile 

sample phase in CMOR, but there was inactivity of the PRh neurons in the sample phase when 

the rats did not receive any pre-exposure to the objects (Creighton et al., 2018; Jacklin et al., 

2016). The PRh is more involved in tasks where pre-exposure was used, and our absence of pre-

exposure in our study may have shifted the role of the PRh onto other brain regions (Creighton et 

al., 2018). Other brain regions involved in CMOR includes the parietal cortex, the retrosplenial 

cortex, and, with delay-dependent effects, the prefrontal cortex (Creighton et al., 2018). 

Considering that multisensory processing requires the connectivity of information processing 

from multiple brain regions (Creighton et al., 2018), we cannot conclude performance on CMOR 

task only can be represented by dendritic morphology seen in the PRh, considering that the WT 

EH mice could perform this task at 3-4 months of age, but could not perform this task as they got 

older.  

The MSO task requires several brain regions depending on whether it is the tactile-visual 

MSO task or the olfactory-tactile MSO task. Specifically, the hippocampus has been found to be 

required for the olfactory-tactile MSO task, but lesion studies of HPC in rats demonstrated no 



62 

 

 

 

impairment in the CMOR task which indicated it is not required for tactile-visual MSO task 

(Reid et al., 2012; Creighton et al., 2018). The PFC and orbitofrontal cortex have also been 

implicated in multisensory tasks (Creighton et al., 2018). Thus, further visualization of neurons 

in other brain regions may provide a more detailed explanation to the behavioral performance 

seen in the mice. 

Decreased olfactory ability has been shown to be an early symptom of AD, and has been 

documented in the 3xTg-AD mouse model (Coronas-Sámano et al., 2014). The 3xTg-AD mouse 

model also displays this olfactory deficit in both males and females, even at ~10 months of age, 

when tested on the distinction of food odors (Coronas-Sámano et al., 2014). However, a reduced 

sexual-incentive response in these mice can be seen at 4-5 months of age, which requires the 

process of olfaction (Coronas-Sámano et al., 2014). The Olfactory processing deficit seen in this 

mouse model has been thought to arise from the impairment in other brain regions such as the 

hippocampus, as the olfactory processes are dependent on downstream neurons here (Cassano et 

al., 2011). The Aβ plaques and tangles are both deposited in the HPC of the 3xTg-AD mouse 

model, and odor memory deficits have been demonstrated in this mouse model without any Aβ 

or tau seen in the olfactory bulbs (Oddo et al., 2003; Cassanos et al., 2011; Coronas-Sámano et 

al., 2014). Our enrichment protocol demonstrated a protection effect against these olfactory 

deficits when tested at 12 months of age. It is important to note, that in our unimodal olfactory 

oddity task, the SH and EH groups could not perform this task at 12 months of age, providing an 

overall benefit to our novel procedure and showing that exercise may have protective effects 

against olfactory deficits. Indeed, it has been found that exercise may alleviate the cognitive 

impairment seen in the 3xTg-AD mouse model, as exercise promotes an increase to hippocampal 
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volume and increased hippocampal neurogenesis (Meng, Lin & Tzeng, 2020). This effect of the 

3xTg-AD mice cannot be explained by the amount of time the mice spent exploring, as there was 

a trend with the wildtype genotype exploring more in the sample phase.  

 Future studies plan to include female wildtype and 3xTg-AD mice, as women are more 

susceptible to AD, specifically the sporadic form of AD, which is more common than the rare 

familial form of AD taking up approximately 4-5% of all total AD cases (Cholerton, Gleason, 

Baker & Asthana, 2002; Medeiros and Silva, 2019). Female wildtype mice also perform 

differently on MSI tasks compared to male mice, such that in one study, female mice did not 

have a deficit in a tactile-visual MSO task at 13 months of age, but the male wildtype mice 

showed an impairment in this task (Creighton et al., 2019). There has been some research on 

how estrogen hormone therapy improves on cognition in women with AD and may delay the 

symptoms of the disease (Cholerton, Gleason, Baker & Asthana, 2002). Our protocol would 

provide an approach to the possibility of alleviating the cognitive symptoms of AD without the 

need for hormone therapy or other medical treatments. 

 The 3xTg-AD mouse model used in our study is the only model that develops both 

amyloid-β plaques and neurofibrillary tangles (Oddo et al., 2003). It also mirrors the 

development of AD seen in humans where the plaques are developed first, followed by the 

neurofibrillary tangles (Oddo et al., 2003). However, this model harbours transgenes that are 

associated with the rare familial form of AD, and not the sporadic form. Although this provides a 

limitation to our study, no model perfectly models AD seen in humans. Our model gradually 

develops AD in a time-dependent manner compared to some mouse models that may develop 
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AD at a faster rate or only develop amyloid-β plaques, or only the neurofibrillary tangles (Hall & 

Robertson, 2012). 

 Our novel enrichment procedure provides an improvement to previous research using 

standard enrichment cages. Our enrichment protocol provides control over the quantity of 

enrichment, type of enrichment, and amount of exercise each mouse obtains daily, which is 

typically lacking in standard enrichment cage procedures. It also provides an opportunity for all 

mice to explore all obstacles, which may not happen in standard cages through the possible 

aggressive behaviour seen in mice. It also forces each mouse to interact with the obstacles in a 

way that is not possible in a cage, where each obstacle presents itself as a puzzle for the mouse to 

navigate to obtain their reward. Our novel enrichment procedure also enhanced cognition in mice 

as our finding demonstrated in our CMOR task at 3 months of age and enhanced multimodal 

perception in our mice at 12 months of age, demonstrated in our olfactory-tactile MSO task. 

Thus, the ET provides some support for cognitive reserve and aids in understanding the 

importance of an enriched lifestyle and the protective effects it may serve against 

neurodegenerative diseases as well as the natural cognitive decline of old age.  
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Appendix 

Table 1. Discrimination ratio for all four conditions on the CMOR task at 3 months Cohort A. 

Values are reported as the mean ± SEM.  

Experimental Group Genotype Discrimination ratio for 

choice phase 

Enrichment Track Wildtype 0.30 (0.07) 

Enrichment Track 3xTg-AD 0.30 (0.03) 

Enrichment Housing Wildtype 0.28 (0.07) 

Enrichment Housing 3xTg-AD 0.13 (0.07) 

Control Track Wildtype  0.18 (0.09) 

Control Track 3xTg-AD 0.11 (0.04) 

Standard Housing Wildtype  0.05 (0.05) 

Standard Housing 3xTg-AD 0.10 (0.05) 

Table 2. Total object exploration of the wildtype mice for each condition in the sample and 

choice phases in CMOR 5-minute delay at 3 months. Values are reported as the mean ± SEM  

Experimental Group Total Sample Exploration 

Average (seconds) 

Total Choice Exploration 

Average (seconds) 

Enriched Housing 23.27 (2.43) 5.86 (0.54) 

Enriched Track 18.08 (2.97) 4.29 (0.35) 
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Control Track 46.88 (5.46) 5.28 (0.40) 

Standard Housing 46.01 (4.61) 6.21 (0.58) 

Table 3. Total object exploration of the 3xTg-AD mice for each condition in the sample and 

choice phases in CMOR 5-minute delay at 3 months. Values are reported as the mean ± SEM. 

Experimental Group Total Sample Exploration 

Average (seconds) 

Total Choice Exploration 

Average (seconds) 

Enriched Housing 22.60 (2.60) 4.83 (0.49) 

Enriched Track 24.44 (2.71) 4.55 (0.77) 

Control Track 33.20 (1.88) 6.47 (0.61) 

Standard Housing 27.75 (3.57) 5.50 (0.60) 

Table 4. Discrimination ratio for all four conditions on the CMOR task 5-minute delay at 6 

months Cohort A. Values are reported as the mean ± SEM.  

Experimental Group Genotype Discrimination ratio for 

choice phase 

Enrichment Track Wildtype 0.21 (0.07) 

Enrichment Track 3xTg-AD 0.07 (0.09) 

Enrichment Housing Wildtype 0.07 (0.05) 

Enrichment Housing 3xTg-AD 0.05 (0.07) 
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Control Track Wildtype  0.01 (0.08) 

Control Track 3xTg-AD 0.08 (0.08) 

Standard Housing Wildtype  0.13 (0.05) 

Standard Housing 3xTg-AD 0.10 (0.06) 

Table 5. Discrimination ratio for all four conditions on the CMOR task 5-minute delay at 9 

months. Values are reported as the mean ± SEM.  

Experimental Group Genotype Discrimination ratio for 

choice phase 

Enrichment Track Wildtype 0.05 (0.06) 

Enrichment Track 3xTg-AD 0.03 (0.06) 

Enrichment Housing Wildtype 0.08 (0.06) 

Enrichment Housing 3xTg-AD -0.04 (0.05) 

Control Track Wildtype  0.09 (0.09) 

Control Track 3xTg-AD 0.08 (0.06) 

Standard Housing Wildtype  0.09 (0.04) 

Standard Housing 3xTg-AD -0.08 (0.07) 

Table 6. Discrimination ratio for all four conditions on the CMOR task 5-minute delay at 12 

months Cohort A. Values are reported as the mean ± SEM.  
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Experimental Group Genotype Discrimination ratio for 

choice phase 

Enrichment Track Wildtype 0.02 (0.06) 

Enrichment Track 3xTg-AD -0.03 (0.09) 

Enrichment Housing Wildtype 0.05 (0.04) 

Enrichment Housing 3xTg-AD 0.03 (0.10) 

Control Track Wildtype  0.02 (0.05) 

Control Track 3xTg-AD -0.07 (0.07) 

Standard Housing Wildtype  0.04 (0.04) 

Standard Housing 3xTg-AD -0.08 (0.12) 

Table 7. Summary of the groups available for Golgi analyses 

Experimental Group Genotype Yes/No 

Enrichment Track Wildtype No 

Enrichment Track 3xTg-AD Yes 

Enrichment Housing Wildtype Yes 

Enrichment Housing 3xTg-AD No 

Control Track Wildtype  Yes 
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Control Track 3xTg-AD Yes 

Standard Housing Wildtype  Yes 

Standard Housing 3xTg-AD No 

 

Enrichment Track Protocol:  

• Week 0: (9/20-9/26) – Water restriction, 4 days of handling, and milkshake in cage 

• Day 1: start water restriction 

• Day 3: 10 min handling + add milkshake overnight 

• Day 4: 20 min handling+ add milkshake overnight 

• Day 5: 30 min handling+ add milkshake overnight 

• Day 6: 40 min handling+ add milkshake overnight 

• Please: don’t interrupt light dark cycle, label cages/animals, mark tails 

regularly, don’t leave milkshake overnight.  

 

Making changes to track – follow instructions below. Remember to always have a pre and post 

baseline (no track change) for each change.  

Making new obstacles—test obstacles on pilot animal first before introducing them to 

experimental animals. Triplicates of each obstacle. 

 

• Week 1: tracks and hurdle habituation  

• Day 1: 15 minutes on track, no reward, no barrier 

• Day 2: 30 minutes on track, reward and wall, without removing animal by hand 

(lift barrier) 

• Day 3: 45 minutes on track, reward and wall, lift animal after each lap 

• Day 4: 1 hour, reward and wall, lift animal after each lap 
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• Day 5: add a total of 6 hurdles, one at a time. 

• Keep barrier in, lift animal up after each lap 

• Lap 1: blank track (baseline) 

• Lap 2: add first hurdle 

• Time how many X number of laps the first animal completes in 10 

minutes.  

• After 10 mins: add second hurdle 

• After X number of laps or 10 mins (whichever comes first), add third 

hurdle 

• ….so on till you add 6th hurdle 

• Document the lab number at which you add a new hurdle 

• Day 6: 

• Lap 1: same tack as previous day 

• Lap 2: add 7th hurdle, count X number of laps completed in 10 minutes by 

your first animal 

• After 10 mins: add 8th hurdle 

• After X number of laps or 10 mins (whichever comes first), add third 

hurdle 

• ….so on till entire track is filled with all 12 hurdles 

 

• Week 2: control track: have the animals run with 12 obstacles 1hr every day 

• Week 2: Experimental track: ‘first day of enrichment’ introduce 3 obstacles  

 

• Day 1: 
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• First 15 minutes: all hurdles 

• @ 15:00mins: introduce least complex obstacle in first position (number 

will be indicated). 

• Count X number of laps completed in 15 minutes by your first 

animal 

• After 15 mins @ 30:00min: add second obstacle 

• After X number of laps or 15 (@ 45:00min) mins (whichever comes first), 

add third obstacles 

• Keep running animals on 3 obstacles 

• Day 2-4: 

• First 15 minutes: same as previous track 

• @ 15:00mins: introduce a new obstacle 

• Count X number of laps completed in 15 minutes by your first 

animal 

• After 15 mins @ 30:00min: add a second new obstacle 

• After X number of laps or 15 (@ 45:00min) mins (whichever comes first), 

add a third new obstacles 

• Keep running animals on obstacles 

• By day 4: should have filled tack with 12 obstacles 

 

For the subsequent weeks, pull from the changes listed below in the following order. Each stage 

represents a set of changes to pull from when the animal’s performance meets the 2 criteria.  

• Two criteria for introducing a change: 

• 3 laps completed within 30-40s seconds 

• Each change is to be preceded and followed by laps of no change (pre and post 

baseline): no change  → 1 change → no change 

• Week 3:  
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• Day 1-6: General set up: Refer to image above for visualization. add 2 new 

obstacles per day and make 3 changes to track per day. Do so in the following 

order: change → new obstacle → change → new obstacle → change. Add new 

obstacles in sequential positions on the track: 1st→ then 2nd→ then 3rd→ ……-> 

then 12th  

• First 10 minutes: track is identical to previous session (baseline) 

• @ 10:00min: introduce 1st track change  

• @ 20:00min: introduce 1st  new obstacle in the first position  

• @  30:00min: introduce 2nd track change  

• @ 40:00min: introduce 2nd  new obstacle in the second position  

• @  50:00min: introduce 3rd track change  

• Day 1 changes: (fig 1) 

• First 10 minutes: track is identical to previous session (baseline) 

• @ 10:00min: introduce 1st track change  

• swap first obstacles in arm 2 with that of arm 3 (fig 1, blue arrow) 

• @ 20:00min: introduce 1st  new obstacle in the 1st position of arm 1 

• @  30:00min: introduce 2nd track change  

• swap second obstacle in arm 2 with that of arm 3 (green arrow) 

• @ 40:00min: introduce 2nd  new obstacle in the second position  

• @  50:00min: introduce 3rd track change  

• swap third obstacle in arm 2 with that of arm 3 (red arrow) 

• Day 2 changes: (fig 2) 

• First 10 minutes: track is identical to previous session (baseline) 

• @ 10:00min: introduce 1st track change  
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• swap first obstacles in arm 3 with that of arm 4 (fig 2, blue arrow) 

• @ 20:00min: introduce  new obstacle in the 3rd position  

• @  30:00min: introduce 2nd track change  

• swap second obstacle in arm 3 with that of arm 4 (green arrow) 

• @ 40:00min: introduce 2nd  new obstacle in the 4th position  

• @  50:00min: introduce 3rd track change  

• swap third obstacle in arm 3 with that of arm 4 (red arrow) 

• Day 3 changes: (fig 3) 

• First 10 minutes: track is identical to previous session (baseline) 

• @ 10:00min: introduce 1st track change  

• Within arm 3: swap first with third obstacles (fig 3, blue arrow) 

• @ 20:00min: introduce  new obstacle in the 5th position  

• @  30:00min: introduce 2nd track change  

• Within arm 3: swap first with second obstacles (green arrow) 

• @ 40:00min: introduce 2nd  new obstacle in the 6th position  

• @  50:00min: introduce 3rd track change  

• Within arm 3: swap second with third obstacles (red arrow) 

• Day 4 changes: (fig 4) 

• First 10 minutes: track is identical to previous session (baseline) 

• @ 10:00min: introduce 1st track change  

• Within arm 4: swap first with third obstacles (fig 4, blue arrow) 

• @ 20:00min: introduce  new obstacle in the 7th position  

• @  30:00min: introduce 2nd track change  

• Within arm 4: swap first with second obstacles (green arrow) 

• @ 40:00min: introduce 2nd  new obstacle in the 8th position  

• @  50:00min: introduce 3rd track change  

• Within arm 4: swap second with third obstacles (red arrow) 
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• Day 5 changes: (fig 5) 

• First 10 minutes: track is identical to previous session (baseline) 

• @ 10:00min: introduce 1st track change  

• within arm 1: flip the first obstacles 180 degrees (fig 5, blue arrow) 

• @ 20:00min: introduce  new obstacle in the 9th position  

• @  30:00min: introduce 2nd track change  

• within arm 1: flip the second obstacles 180 degrees (green arrow) 

• @ 40:00min: introduce 2nd  new obstacle in the 10th position  

• @  50:00min: introduce 3rd track change  

• within arm 1: flip the third obstacles 180 degrees (red arrow) 

• Day 6 changes: (fig 6) 

• First 10 minutes: track is identical to previous session (baseline) 

• @ 10:00min: introduce 1st track change  

• within arm 2: flip the first obstacles 180 degrees (fig 66, blue 

arrow) 

• @ 20:00min: introduce  new obstacle in the 11th position  

• @  30:00min: introduce 2nd track change  

• within arm 2: flip the second obstacles 180 degrees (green arrow) 

• @ 40:00min: introduce 2nd  new obstacle in the 12th position  

• @  50:00min: introduce 3rd track change  

• within arm 2: flip the third obstacles 180 degrees (red arrow) 

 

Week 4: same general set up as previous week 
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Day 1 changes: (fig 1) 

• First 10 minutes: track is identical to previous session (baseline) 

• @ 10:00min: introduce 1st track change  

• swap first obstacles in arm 2 with that of arm 3 (fig 1, blue arrow) 

• @ 20:00min: introduce 1st  new obstacle in the 1st position of arm 1 

• @  30:00min: introduce 2nd track change  

• swap second obstacle in arm 2 with that of arm 3 (green arrow) 

• @ 40:00min: introduce 2nd  new obstacle in the second position  

• @  50:00min: introduce 3rd track change  

• swap third obstacle in arm 2 with that of arm 3 (red arrow) 

• Day 2 changes: (fig 2) 

• First 10 minutes: track is identical to previous session (baseline) 

• @ 10:00min: introduce 1st track change  

• swap first obstacles in arm 3 with that of arm 4 (fig 2, blue arrow) 

• @ 20:00min: introduce  new obstacle in the 3rd position  

• @  30:00min: introduce 2nd track change  

• swap second obstacle in arm 3 with that of arm 4 (green arrow) 

• @ 40:00min: introduce 2nd  new obstacle in the 4th position  

• @  50:00min: introduce 3rd track change  

• swap third obstacle in arm 3 with that of arm 4 (red arrow) 

• Day 3 changes: (fig 3) 

• First 10 minutes: track is identical to previous session (baseline) 

• @ 10:00min: introduce 1st track change  

• Within arm 3: swap first with third obstacles (fig 3, blue arrow) 

• @ 20:00min: introduce  new obstacle in the 5th position  

• @  30:00min: introduce 2nd track change  

• Within arm 3: swap first with second obstacles (green arrow) 
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• @ 40:00min: introduce 2nd  new obstacle in the 6th position  

• @  50:00min: introduce 3rd track change  

• Within arm 3: swap second with third obstacles (red arrow) 

• Day 4 changes: (fig 4) 

• First 10 minutes: track is identical to previous session (baseline) 

• @ 10:00min: introduce 1st track change  

• Within arm 4: swap first with third obstacles (fig 4, blue arrow) 

• @ 20:00min: introduce  new obstacle in the 7th position  

• @  30:00min: introduce 2nd track change  

• Within arm 4: swap first with second obstacles (green arrow) 

• @ 40:00min: introduce 2nd  new obstacle in the 8th position  

• @  50:00min: introduce 3rd track change  

• Within arm 4: swap second with third obstacles (red arrow) 

• Day 5 changes: (fig 5) 

• First 10 minutes: track is identical to previous session (baseline) 

• @ 10:00min: introduce 1st track change  

• replace object 24 with 20 

• @ 20:00min: introduce  new obstacle in the 9th position  

• @  30:00min: introduce 2nd track change  

• replace object 22 with 17 

• @ 40:00min: introduce 2nd  new obstacle in the 10th position  

• @  50:00min: introduce 3rd track change  

• Flip object 16 

• Day 6 changes: (fig 6) 

• First 10 minutes: track is identical to previous session (baseline) 

• @ 10:00min: introduce 1st track change  

• replace object 23 with 16 
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• @ 20:00min: introduce  new obstacle in the 11th position  

• @  30:00min: introduce 2nd track change  

• replace object 21 with 18 

• @ 40:00min: introduce 2nd  new obstacle in the 12th position  

• @  50:00min: introduce 3rd track change  

• Flip object 35 

Week 5: same general set up as previous week 

 

 

 

 

• Week 5: same general set up as previous week 
o Day 1 changes: (fig 1) 

▪ First 10 minutes: track is identical to previous session (baseline) 
▪ @ 10:00min: introduce 1st track change 

▪ swap first obstacles in arm 2 with that of arm 3 (fig 1, blue arrow) 

• @ 20:00min: introduce 1st  new obstacle in the 1st position of arm 1 
• @  30:00min: introduce 2nd track change 

▪ swap second obstacle in arm 2 with that of arm 3 (green arrow) 
• @ 40:00min: introduce 2nd  new obstacle in the second position 

• @  50:00min: introduce 3rd track change 
Red arrow 

• Day 2 changes: (fig 2) 
• First 10 minutes: track is identical to previous session (baseline) 
• @ 10:00min: introduce 1st track change 

▪ swap first obstacles in arm 3 with that of arm 4 (fig 2, blue arrow) 

• @ 20:00min: introduce  new obstacle in the 3rd position 
• @  30:00min: introduce 2nd track change 

▪ swap second obstacle in arm 3 with that of arm 4 (green arrow) 

• @ 40:00min: introduce 2nd  new obstacle in the 4th position 
• @  50:00min: introduce 3rd track change 

▪ swap third obstacle in arm 3 with that of arm 4 (red arrow) 
o Day 3 changes: (fig 3) 

▪ First 10 minutes: track is identical to previous session (baseline) 
▪ @ 10:00min: introduce 1st track change  
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▪ Within arm 3: swap first with third obstacles (fig 3, blue arrow) 
• @ 20:00min: introduce  new obstacle in the 5th position  
• @  30:00min: introduce 2nd track change  

▪ Within arm 3: swap first with second obstacles (green arrow) 
• @ 40:00min: introduce 2nd  new obstacle in the 6th position  
• @  50:00min: introduce 3rd track change  

▪ Within arm 3: swap second with third obstacles (red arrow) 
• Day 4 changes: (fig 4) 

• First 10 minutes: track is identical to previous session (baseline) 
• @ 10:00min: introduce 1st track change  

▪ Within arm 4: swap first with third obstacles (fig 4, blue arrow) 

• @ 20:00min: introduce  new obstacle in the 7th position  
• @  30:00min: introduce 2nd track change  

▪ Within arm 4: swap first with second obstacles (green arrow) 
• @ 40:00min: introduce 2nd  new obstacle in the 8th position  
• @  50:00min: introduce 3rd track change  

▪ Within arm 4: swap second with third obstacles (red arrow) 
• Day 5 
 
• Change 1 @ 10min : replace item 36 with item 1 
• Change 2 @ 20 minutes: introduce new obstacle in position 9 
• Change 3 @ 30 minutes replace item 29 with 15 
• Change 4 @ 40 minutes: introduce new obstacle in position 10 
• change 5 @ 50 minutes: flip item 42 

 
Day 6 

• Change 1: replace item 28 with item 8 
• Change 2 @ 20 minutes: introduce new obstacle in position 11 
• Change 3: replace item 30 with 19 
• Change 2 @ 40 minutes: introduce new obstacle in position 12 
• change 5: flip item 49 

 
Week 6: 
 
 
 
 
 
 
 

• Week 6: same general set up as previous week 

o Day 1 changes: (fig 1) 
▪ First 10 minutes: track is identical to previous session (baseline) 
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▪ @ 10:00min: introduce 1st track change 
▪ swap first obstacles in arm 2 with that of arm 3 (fig 1, blue arrow) 

• @ 20:00min: introduce 1st  new obstacle in the 1st position of arm 1 

• @  30:00min: introduce 2nd track change 
▪ swap second obstacle in arm 2 with that of arm 3 (green arrow) 

• @ 40:00min: introduce 2nd  new obstacle in the second position 
• @  50:00min: introduce 3rd track change 

 (red arrow) 
• Day 2 changes: (fig 2) 

• First 10 minutes: track is identical to previous session (baseline) 
• @ 10:00min: introduce 1st track change 

▪ swap first obstacles in arm 3 with that of arm 4 (fig 2, blue arrow) 
• @ 20:00min: introduce  new obstacle in the 3rd position 
• @  30:00min: introduce 2nd track change 

▪ swap second obstacle in arm 3 with that of arm 4 (green arrow) 
• @ 40:00min: introduce 2nd  new obstacle in the 4th position 
• @  50:00min: introduce 3rd track change 

▪ swap third obstacle in arm 3 with that of arm 4 (red arrow) 
• Day 3 changes: (fig 3) 

• First 10 minutes: track is identical to previous session (baseline) 
▪ @ 10:00min: introduce 1st track change  

▪ Within arm 3: swap first with third obstacles (fig 3, blue arrow) 
• @ 20:00min: introduce new obstacle in the 5th position  
• @  30:00min: introduce 2nd track change  

▪ Within arm 3: swap first with second obstacles (green arrow) 
• @ 40:00min: introduce 2nd  new obstacle in the 6th position  
• @  50:00min: introduce 3rd track change  

▪ Within arm 3: swap second with third obstacles (red arrow) 
• Day 4 changes: (fig 4) 

• First 10 minutes: track is identical to previous session (baseline) 
• @ 10:00min: introduce 1st track change  

▪ Within arm 4: swap first with third obstacles (fig 4, blue arrow) 
• @ 20:00min: introduce  new obstacle in the 7th position  
• @  30:00min: introduce 2nd track change  

▪ Within arm 4: swap first with second obstacles (green arrow) 
• @ 40:00min: introduce 2nd  new obstacle in the 8th position  
• @  50:00min: introduce 3rd track change  

▪ Within arm 4: swap second with third obstacles (red arrow) 
Day 5 

• Change 1 @ 10min : replace item 60 with item 35 
• Change 2 @ 20 minutes: introduce new obstacle in position 9 
• Change 3 @ 30 minutes replace item 53 with 37 
• Change 4 @ 40 minutes: introduce new obstacle in position 10 
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• change 5 @ 50 minutes: flip item 52 
Day 6 

• Change 1: replace item 52 with item 7 
• Change 2 @ 20 minutes: introduce new obstacle in position 11 
• Change 3: replace item 54 with 19 
• Change 4 @ 40 minutes: introduce new obstacle in position 12 
• change 5: flip item 61 

 

Week 7: 

 

 

 

•  

 

 

 

Week 7: same general set up as previous week 

o Day 1 changes: (fig 1) 
▪ First 10 minutes: track is identical to previous session (baseline) 
▪ @ 10:00min: introduce 1st track change 

▪ swap first obstacles in arm 2 with that of arm 3 (fig 1, blue arrow) 
• @ 20:00min: introduce 1st  new obstacle in the 1st position of arm 1 

• @  30:00min: introduce 2nd track change 
▪ swap second obstacle in arm 2 with that of arm 3 (green arrow) 

• @ 40:00min: introduce 2nd  new obstacle in the second position 
• @  50:00min: introduce 3rd track change 

 (red arrow) 
• Day 2 changes: (fig 2) 

• First 10 minutes: track is identical to previous session (baseline) 
• @ 10:00min: introduce 1st track change 

▪ swap first obstacles in arm 3 with that of arm 4 (fig 2, blue arrow) 
• @ 20:00min: introduce  new obstacle in the 3rd position 
• @  30:00min: introduce 2nd track change 

▪ swap second obstacle in arm 3 with that of arm 4 (green arrow) 
• @ 40:00min: introduce 2nd  new obstacle in the 4th position 
• @  50:00min: introduce 3rd track change 

▪ swap third obstacle in arm 3 with that of arm 4 (red arrow) 
o Day 3 changes: (fig 3) 

▪ First 10 minutes: track is identical to previous session (baseline) 
▪ @ 10:00min: introduce 1st track change  
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▪ Within arm 3: swap first with third obstacles (fig 3, blue arrow) 
• @ 20:00min: introduce new obstacle in the 5th position  
• @  30:00min: introduce 2nd track change  

▪ Within arm 3: swap first with second obstacles (green arrow) 
• @ 40:00min: introduce 2nd  new obstacle in the 6th position  
• @  50:00min: introduce 3rd track change  

▪ Within arm 3: swap second with third obstacles (red arrow) 
• Day 4 changes: (fig 4) 

• First 10 minutes: track is identical to previous session (baseline) 
• @ 10:00min: introduce 1st track change  

▪ Within arm 4: swap first with third obstacles (fig 4, blue arrow) 
• @ 20:00min: introduce  new obstacle in the 7th position  
• @  30:00min: introduce 2nd track change  

▪ Within arm 4: swap first with second obstacles (green arrow) 
• @ 40:00min: introduce 2nd  new obstacle in the 8th position  
• @  50:00min: introduce 3rd track change  

▪ Within arm 4: swap second with third obstacles (red arrow) 
Day 5 

• Change 1 @ 10min : replace item 72 with item 13 
• Change 2 @ 20 minutes: introduce new obstacle in position 9 
• Change 3 @ 30 minutes replace item 65 with 20 
• Change 4 @ 40 minutes: introduce new obstacle in position 10 
• change 5 @ 50 minutes: flip item 64 

Day 6 
• Change 1: replace item 64 with item 41 
• Change 2 @ 20 minutes: introduce new obstacle in position 11 
• Change 3: replace item 66 with 14 
• Change 4 @ 40 minutes: introduce new obstacle in position 12 
• Change 5: flip item 73 

Week 8: 

 

 

 

 

 

 

Day 1: add 3 new obstacles in arm 1, changes in arm 2-3 

• change 1: swap first obstacles in arm 2 with that of arm 3 (blue arrow) 
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• Change 2: Add obstacle 85 
• change 3: swap second obstacles in arm 2 with that of arm 3 (green arrow) 
• Change 4: Add obstacle 86 
• change 5: swap third obstacles in arm 2 with that of arm 3 (red arrow) 
• Change 6: Add obstacle 87 

Day 2: add 3 new obstacles in arm 2, changes in arm 3-4 

• change 1: swap first obstacles in arm 3 with that of arm 4 (blue arrow) 
• Change 2: Add obstacle 88 
• change 3: swap second obstacles in arm 3 with that of arm 4 (green arrow) 
• Change 4: Add obstacle 89 
• change 5: swap third obstacles in arm 3 with that of arm 4 (red arrow) 
• Change 6: Add obstacle 90 

Day 3: add 3 new obstacles in arm 3, changes in arm 4 

• change 1: Within arm 4: swap first with third obstacles (blue arrow) 
• Change 2: Add obstacle 91 
• change 3: Within arm 4: swap first with second obstacles (green arrow) 
• Change 4: Add obstacle 892 
• change 5: Within arm 4: swap second with third obstacles  (red arrow) 
• Change 6: Add obstacle 93 

Day 4: add 3 new obstacles in arm 4, changes in arm 1 

• change 1: Within arm 1: swap first with third obstacles (blue arrow) 
• Change 2: Add obstacle 94 
• change 3: Within arm 1: swap first with second obstacles (green arrow) 
• Change 4: Add obstacle 95 
• change 5: Within arm 1: swap second with third obstacles  (red arrow) 
• Change 6: Add obstacle 96 

 

Day 5: add 3 new obstacles in arm 1, changes in arm 1 

• change 1: replace item 86 with item 3 
• Change 2: Add obstacle 97 
• change 3: replace item 85 with item 5 
• Change 4: add obstacle 98 
• change 5: replace item 87 with item 9 
• Change 6: Add obstacle 99 

Day 6: add 3 new obstacles in arm 2, changes in arm 2 

• change 1: replace item 88 with item 55 
• Change 2: Add obstacle 100 
• change 3: replace item 89 with item 57 
• Change 4: add obstacle 101 
• change 5: replace item 90 with item 59 
• Change 6: Add obstacle 102 

 


