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Early identification of Alzheimer’s disease (AD) is critical to designing treatments 

to prevent the progression of the disease and to ultimately yield improved quality of life 

and significant cost savings to families and society. While current cognitive 

assessments are highly accurate in predicting AD, these assays are only sensitive to 

late stages of the disease and most diagnostic assessments of cognition in humans are 

verbal and are, thus, not translatable across species. Such translation is important 

because animal models, particularly mouse models that are genetically modified to 

exhibit different features of the disease, are used in the vast majority of studies focusing 

on disease etiology and mechanisms as well as in preclinical assessments of potential 

therapies for AD. Whereas these tools have been invaluable for helping to uncover 

disease processes, recapitulating the cognitive/behavioral sequelae of AD remains a 

challenge. An ideal cognitive assessment would be 1) sensitive to early stages of the 

disease; 2) adaptable for cross-species comparisons and 3) suitable for repeated 

assessment and within-subjects experimental designs. Tasks which are based in 

associative learning paradigms can be easily performed by both humans and rodents. 

One type of learning, “transfer learning,” which refers to the ability to apply previously 
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learned information to novel contexts, appears to be impaired early in dementia and 

even predicts individuals who progress into AD1. These data suggest that transfer 

learning may be useful for early detection of impairment and for cross-species studies. 

The overarching theme of this dissertation was to develop a mouse transfer learning 

task that is sensitive to hippocampal function (Chapter 2) and, using well-established 

mouse models of AD,  to determine if transfer learning is sensitive to  neural alterations  

that represent the earliest pathological features of this disease (i.e., beta amyloid 

pathology and synaptic dysfunction; Chapters 3 and 4). Together, the data support that 

transfer learning can be used to assess hippocampal function in rodents, and in 

particular, transfer learning is sensitive to decline in mouse models that recapitulate 

some of the earliest pathological features of AD (i.e. amyloid β deposition and synaptic 

dysfunction). 
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CHAPTER 1 
INTRODUCTION 

Early Diagnosis of Alzheimer’s Disease: Cognitive Dysfunction and Pathology  

Alzheimer’s disease (AD) is a progressive degenerative condition of the central 

nervous system, characterized by loss of memory and higher cognitive functions. An 

estimated 24 million people have AD (dementia) today. This number is believed to 

double every 20 years, and could rise to 42 million by 2020, assuming no effective 

prevention strategies or curative treatments are discovered2. The increase in the 

prevalence of AD presents a harrowing social and economic challenge that will impact 

not only the affected individuals but also the burden on families and other caregivers. 

Tests developed by cognitive aging researchers have provided evidence that 

normal aging is accompanied by declines in speed of information processing, memory, 

executive function and reasoning3. The nature of cognitive deficits in dementia is not 

fundamentally different, with patients presenting abnormalities of memory, problem 

solving, language, calculation, visuo-spatial perception, and judgment4-6. As AD 

progresses, unlike normal aging, some patients may develop psychotic symptoms such 

as hallucinations and delusions. In the final stages of the disease, general bodily 

functions are impaired, and individuals are mute, incontinent, and bedridden2,7-8. 

Currently, there are no tests that can definitively establish a living diagnosis of AD-

type dementia. Thus, diagnosis is based on medical history, anecdotal information from 

patients and relatives9, laboratory assessments of biomarkers (discussed in more detail 

later in the Chapter), and physical and neurological examinations, along with 

neuropsychological testing. Cognitive testing is important to this diagnostic battery in 

that cognitive decline, particularly associated with hippocampal dysfunction, significantly 
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improves accuracy of an AD diagnosis1,10-15. As such, much effort has been directed 

toward the development of cognitive screens, and a plethora of cognitive testing 

paradigms are presently available to clinicians. The mini-mental state exam (MMSE) is 

one of the most widely used assessments16 for AD. This test assesses proficiency in a 

number of cognitive domains (e.g., spatial orientation, memory, language, and visual 

construction)16 and is designed to provide an overall measure of cognitive abilities. 

Assessments tailored to more specific aspects of cognitive decline that show some 

promise for detection of AD17 include the Tower of London (TOL), which is used for 

evaluating planning skills (executive function)18, and the Digit Span (DS) test, which 

measures auditory attention, immediate span of learning, and working memory19. 

However, memory is one of the earliest and most profoundly affected aspects of 

cognition that is affected in AD. Most memory assessments that have been used for 

assessment in AD have focused on declarative memory, which can be simply defined 

as conscious recollection of  previously learned information about people, places and 

events10. These include the Logical Memory (LM) and the California Verbal Learning 

(CVLT) tests20-22. Importantly, however, while declarative memory assessments are 

quite accurate in diagnosing AD, they are not useful as pre-clinical assessments, as 

they are not sensitive to incremental changes in disease-associated pathology23. 

It is well accepted that the cognitive symptoms of AD are the result of typical 

pathology observed in the brains of diseased individuals24-28. The main pathological 

hallmarks of AD are extracellular cytoplasmatic amyloid beta (Aβ) plaques, intracellular 

neurofibrillary tangles (NFTs; phosphorylated tau) and neuronal and synaptic loss 4,29-34. 

Although considerable research efforts have been focused on uncovering the molecular 
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pathways of AD, exactly how these pathologies interact to produce cognitive symptoms 

remains poorly understood. Nevertheless, levels of Aβ, NFT’s, and synaptic dysfunction 

have each been linked to cognitive impairment in AD, and more recently, due to 

advances in vivo detection, it has been determined that the development of these 

pathologies may precede the symptomatic phase of the disease 35. Despite these 

findings, current diagnostics (for time line, see yellow “clinical diagnosis” box in Figure 

1-1) are only sensitive to deficits well after significant pathological burden has 

accumulated and produced irreversible detriment to the brain (i.e., significant neuronal 

loss). As such, a major challenge in the field is to define diagnostic criteria that are 

sensitive to pre-symptomatic levels of pathology and that have strong predictive value 

for disease progression. The ability to identify individuals early would afford an optimal 

treatment window in which to administer disease modifying therapies that could offer 

benefit beyond current treatments that largely focus on symptom management (see pink 

“Ideal Diagnosis” box in Figure 1-1). 

Thus far, much of the research centered on early detection in AD has been 

focused on identifying molecular biomarkers of the disease. Biomarkers are parameters 

(physiological, biochemical, anatomical) that can be measured in vivo, and that reflect 

specific features of disease-related pathophysiological processes25. Biomarkers occupy 

an essential place in diagnostic criteria for AD, as they allow for identification of the 

pathophysiological processes (e.g., amyloid, NTF’s, synaptic and neuronal loss) 

underlying cognitive impairment. At present, the earliest detectable pathological change 

is Aβ accumulation, which appears to be necessary but not sufficient, to produce the 

clinical manifestations of AD36-37. Based on the data supporting this idea, Jack and 
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colleagues37 have developed a biomarker model which is illustrated in Figure 1-1. This 

model identifies Aβ accumulation before the appearance of clinical symptoms (red 

curve, during “Preclinical Stage”). The severity and change over time in synaptic 

markers (orange curve, evidenced by positron emission tomography) tend to correlate 

with clinical symptoms during symptomatic stages of AD32,34,38-43 whereas brain 

structure abnormalities (blue curve, evidenced by structural MRI studies) are not evident 

until later when marked neuronal loss is present. Brain structure retains a close 

relationship with cognitive performance (purple curve) through the clinical phases of 

AD44. Note in Figure 1-1 that none of the biomarkers are static; biomarkers change over 

time and follow a non-linear time course37. Furthermore, it is not known how early 

detrimental Aβ accumulation begins prior to onset of clinical symptoms, but current 

theories suggest that the lag between Aβ pathology and synaptic dysfunction may be 

more than a decade (see Chapter 5 for discussion)31,45-51. 

Although molecular biomarkers offer promising improvements to early diagnosis of 

AD, in many instances, the presence of a biomarker does not result in manifestation of 

Alzheimer’s-like dementia2,13,32,52-53. Furthermore, in general, the initial reason why a 

patient seeks professional medical help is because cognitive difficulty has began 

affecting day-to-day functions. Thus, testing for biomarkers is warranted only after the 

clinician has already established that cognitive function is impaired17,21,26. Thus, 

accurate and sensitive cognitive assessments are an essential complementary tool for 

early detection of AD2,13,32,52-53.One strategy for improving the sensitivity of cognitive 

assessments, including preclinical AD, is to identify aspects of cognitive function that 

are sensitive to the early pathologies associated with the disease (i.e., Aβ pathology 
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and synaptic dysfunction). Such assays could aid in improved, early diagnosis of AD 

during a window in which disease progression could be halted or even reversed (see 

ideal diagnosis window – pink box in Figure 1-1). 

The Hippocampus, Cognition and AD 

As mentioned above, loss of hippocampal-dependent memory is a common 

feature of AD and molecular and functional changes in the hippocampus are among the 

earliest to manifest in the disease54-55. Thus, a common feature across many cognitive 

assessments used diagnostically in AD is their dependence on the hippocampal 

formation. The hippocampus is a major component of the medial temporal lobe system 

(Figure 1-2A, modified from Bizon and Nicolle, 2006), a brain system that is highly 

conserved across species. One aspect of hippocampal function that is often assessed 

in AD is declarative/explicit memory10,13,56,57,58. The hippocampus undergoes significant 

alterations over the course of the disease and these changes can result both in 

hippocampal atrophy and in impairments on tasks that assess declarative memory, 

including delayed recall assessment of episodic long-term memory and verbal memory 

impairment10,56. Even though tasks like delayed paragraph recall are among the most 

reliable and accurate tools for a living diagnosis of AD, by the time individuals are 

diagnosed, the vast majority already have life-interfering mnemonic dysfunction and 

pronounced, multifaceted forms of hippocampal pathology56,59. 

In addition to declarative memory, however, the hippocampus is also involved with 

other aspects of cognitive functioning and, as such, there may be alternative forms of 

hippocampal-supported cognition that are sensitive to pathologies associated with early 

AD. Figure 1-2B shows a diagram of information flow involving the hippocampus and 

surrounding circuitry. Note that the hippocampal region is interconnected with all 
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primary neocortical association areas which process information about visual, auditory 

and other sensory information (represented by grey circles, “stimulus input”) via the 

parahippocampal, perirhinal and entorhinal cortices (ErC). Connections carrying 

information between hippocampus and associational cortices via entorhinal cortex are 

reciprocal58,60, and after being funneled back to the ErC, the information is thought to be 

redistributed to associational neocortical areas58,60-61. 

This pathway implicates the hippocampus as important for forming connections 

and relationships between information acquired by the association cortices, allowing 

associations between two or more stimuli to be formed. The ability to form associations 

between stimuli experienced together (or to integrate stimuli into an existing context) 

aids in subsequent recall (i.e., memory). In this view, the hippocampal system aids in 

the encoding of related information into long-term storage so that it can remembered as 

associated and recalled by more than one sensory cue later58,62. 

The Hippocampus and Transfer Learning 

Building on its role in associative learning, Drs. Mark Gluck and Catherine Myers 

have developed unique computational models of hippocampal function. These models 

predict that, given its role in encoding associations and relationships between stimuli, 

the hippocampus is particularly important in the ability to apply learned information in 

one context to a novel problem or situation (hereon referred to as transfer learning)12,62-

66. During transfer learning, it is hypothesized that the hippocampal region integrates/ 

manipulates information, and allows transfer of previously learned information to new 

contexts through what has been previously defined as generalization65-67. 

Evidence that the hippocampus is involved in transfer learning finds empirical 

support in animal studies showing that rats with hippocampal region damage may 
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“unitize” stimuli (or stimulus features) during learning, conferring impairments when 

aspects of the learned stimuli are altered68-69. Unitization refers to inflexible learning of 

compound stimuli as if they were one. For example, if “A” and “B” are different stimuli 

but are paired together, such that “AB →reward”, unitization of stimuli would result in 

learning that reward is given only when “A” and “B” are paired (even if that is not true). 

In a study by Eichenbaum and colleagues, rats were trained to associate an odor with a 

reward (e.g., A+), and trained further to distinguish between pairs of odors (e.g., A+B-, 

X+Y-, etc., with + signifying the correct choice for finding a reward). Rats were then able 

to respond appropriately when these learned associations about stimulus-reward 

relationships were re-configured into novel combinations of the familiar odors (e.g., 

A+Y-, X+B-)70. However, rats with hippocampal region dysfunction resulting from fornix 

lesions performed at chance on the problems involving novel combinations of previously 

learned odors71. This effect can be interpreted as indicating that hippocampal- lesioned 

animals unitized the odor stimuli, perceiving the “AB” compound as a unit rather than as 

its component odors “A” and “B”. Presentation of “AY” would then represent a novel 

compound, rather than a novel combination of familiar components “A” and “C” and 

would require new associations to learn the relationship of this stimulus compound to 

reward. Similarly, in other studies in which animals with hippocampal damage show 

impairments when novel configurations are presented72-73, hippocampal-lesioned 

animals can learn the original associations as well as controls under conditions that 

favor stimulus unitization74-76. 

These data would suggest that transfer learning, or generalization, requires that 

information is effectively encoded via the hippocampal region during initial learning. 
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Indeed, this region is crucial for efficient flexible manipulation of information about 

stimuli previously processed by the association cortices when that information is 

experienced in new contexts62-64,70,77. Figure 1-3A and B illustrate how associative 

learning of stimuli might be encoded both with and without hippocampal mediation. In A, 

stimulus input is represented by grey circles. This input is comprised of information such 

as colors, shapes, and odors. The information is learned (light blue circles) and 

encoded as separate but related features, and the hippocampus allows these stimuli to 

be used flexibly, so that information about stimuli paired together can be easily re-

combined or transferred in novel contexts (multiple dark circles represent potential new 

combinations of stimuli; each circle is a different context). In the absence of a functional 

hippocampal, as illustrated in Figure 1-3B, encoding of associations (learning) is still 

possible (light blue circles), but the flexibility is lost, and learning is restricted to simpler 

stimulus-response learning that does not support transfer to new contexts/combinations 

if necessary78 (unitization of stimuli, one dark blue circle). Thus, without the 

hippocampus, co-presented stimuli result in fused or unitized representations of these 

stimuli, which are combined into one new, non-flexible, representation79. Thus, when a 

new context or association between stimuli is needed, these associations must be re-

learned. It is important to note that under normal conditions, learning is believed to 

occur through both pathways (combined) acting simultaneously. 

Development of a Human Transfer Learning Task  

The use of transfer learning as a detection method for hippocampal dysfunction 

has been developing in the last ten years1,10,12,64,80-81. Based on animal studies 

described above 70,72-74,76,78-79,82, Drs. Gluck and Myers created a novel computer-based 

associative learning task to assess transfer learning in humans, which has been 
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empirically tested in aged individuals with mild hippocampal atrophy who are at risk for 

cognitive decline 1,81. As illustrated in Figure 1-4A and 1-4B, this task involves a series 

of two-item visual discrimination problems in which subjects learn, via trial-and-error, to 

choose the correct object from each pair presented (Figure 1-4A). Objects have two 

stimulus features (shape and color) but, within each pair, objects differ with respect to 

either color or shape, but not both. In other words, only one of the features (color in 

Figure 1-4A top) is relevant to the correct choice within a particular pair, whereas the 

other feature (shape in Figure 1-4A) is identical between the two items. Pairs of objects 

are presented one at a time, upon which the subject is required to select a right or left 

key (in a keyboard), representing each object on the screen respectively. Object pairs 

are randomly chosen by the computer program so that color and shape are relevant an 

equal number of times. Once all discrimination pairs (presented pseudo-randomly) are 

learned to criterion (learning phase; Figure 1-4A), an unsignaled transfer phase occurs 

in which the irrelevant feature of each object pair is changed but the relevant feature 

remains the same, and is still predictive of the correct choice (transfer phase; Figure 1-

4B). 

A study with medically healthy, non-demented individuals with mild atrophy in the 

hippocampus (assessed by structural MRI), has provided initial evidence that the 

hippocampal- region is necessary for transfer learning, and further, that the transfer 

learning task may be useful for detecting mild hippocampal dysfunction. In this study, 

hippocampal atrophied (HA) subjects performed almost identically to non-atrophied 

controls (no HA) in the learning phase of the human transfer task1, as evidenced by a 

comparable number of errors in the initial, associative learning phase of the task (Figure 
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1-4C). However, HA individuals were impaired in the transfer phase, as evidenced by 

significantly more errors relative to no HA controls. This deficit was evident despite the 

fact that the stimulus feature predictive of the reward (the relevant information) was not 

changed1 (Figure 1-4D). Notably, this deficit was observed in the absence of other 

cognitive deficits in the HA subjects (Figure 1-4E; delayed paragraph recall, no 

difference between groups). The fact that transfer learning deficits correlate with 

hippocampal atrophy in aged individuals and are detectable prior to deficits on other 

standard assessments (like delayed paragraph recall) suggests that transfer learning 

may be particularly sensitive to early dysfunction of the hippocampus1,81. 

The results from the study with non-demented hippocampal atrophied patients 

served as a foundation for extending the transfer learning task as a possible 

assessment of cognitive impairment resulting from Alzheimer’s disease. Dr. Meyers and 

colleagues found that including the transfer learning assessment into the standard 

cognitive assessment administered to non-symptomatic aged individuals significantly 

enhanced the predictive value of the cognitive battery to distinguish those elderly 

individuals who progressed into clinical AD during a 2-year window11. Indeed, the 

predictive accuracy of AD diagnosis was 91% with the transfer learning assessment 

versus 78% prediction using standard testing alone11. These findings, along with the 

results of the study with the HA subjects, are consistent with the idea that the 

hippocampus may have a unique role in transfer learning, which supports subsequent 

generalization or flexible use of learned information when that information is 

encountered in a new context1,10-12,62-65,70,72-73,78,83-84. Importantly, these studies further 

suggest that transfer learning may be particularly sensitive to modest hippocampal 



 

 
28 

 

dysfunction associated with pathological burden that manifests prior to the symptomatic, 

clinical AD stage (see Figure 1-1). 

Developing a Mouse Model of Transfer Learning: the Need for Cross-Species 
Assessments 

Although far from perfect, genetic mouse models have contributed significantly to 

the understanding of molecular pathogenesis of AD and are used in the vast majority of 

molecular neurobiological and preclinical studies85. The development of the first 

genetically-based mouse models of AD in 199186-89 introduced new opportunities for 

preclinical testing, and studies using such models have provided insight into biological 

mechanisms of AD. More specifically, the advantages of using mouse models include, 

but are not limited to, the ability to: 1) dissect specific pathways of AD pathogenesis, 2) 

examine the significance of individual pathologies associated with AD on brain function, 

3) examine the inter-relationship between differing pathways, pathologies and cognition, 

and 4) test specific agents and disease-modifying therapies. Since the origination of 

genetic models, over 300 interventions have been tested and reported in AD mouse 

models85,90-91. To date, however, there is still no cure for AD as promising therapies in 

preclinical models have failed to translate well to the clinic. One possible reason for this 

failure is the inability to robustly detect and therefore accurately evaluate the effects of 

disease-modifying therapies on cognition at preclinical stages.  

Current standard tasks used in the assessment of hippocampal function in mice 

consist mainly of spatial memory tasks, such as the Morris water maze. In this 

hippocampal-dependent test of spatial reference memory75,84,92-94, rodents must use 

extra-maze cues to find an escape platform submerged in a tank of water. Although this 

task has been used extensively, and has been successful for detecting age-related 
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hippocampal impairments in aged rats57,93-102, in mouse models, spatial learning 

behavior in the water maze is much less consistent103-106. In most cases, spatial deficits 

in transgenic mouse models of AD tend to be modest, observed late in the lifespan107-

110, and fail to consistently correlate with reliable biomarkers of AD111-113. Finally, spatial 

assessments are mostly used in between-subject experimental designs to assess 

efficacy of putative treatments. Although it is possible to introduce novelty to spatial 

tasks by changing platform locations and cues, rodents still tend to improve their 

performance with training114-117, and the observed savings of learning in the water maze 

can make it difficult to detect potential benefits of the therapy being evaluated. Thus, 

improved cognitive assessments for mice could offer substantial benefit to the field of 

AD and ultimately to the identification and accurate evaluation of potential therapies. 

Ideally, such an assessment would be 1) sensitive to early aspects of disease 

pathology, 2) adaptable for cross-species comparisons, and 3) suitable for repeated 

assessment and within-subjects experimental designs that are optimal for intervention 

studies. 

Outline and Experimental Goals 

A key value of the transfer learning task is that it is nonverbal and thus, unlike 

many tests of hippocampal-dependent declarative memory (e.g., delayed paragraph 

recall), should be adaptable across species. Rodents, like humans, can readily 

discriminate objects that contain more than one stimulus feature98,118-119. As such, it 

seems possible that a task analogous to the human transfer learning task could be 

developed for mice. Such a task would enable individual aspects of AD pathology and 

potential disease-modifying therapies to be effectively evaluated in relation to cognitive 

function, offering greater comparative power between species. Based on this idea, the 
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goals of this dissertation are: 1) to develop a mouse version of the human task and to 

determine if, as in the human task, the hippocampus is critical for transfer learning in the 

mouse version of the task, 2) to test the utility of the mouse transfer task as an 

assessment of hippocampal dysfunction in an Aβ mouse model of AD; and 3) to 

investigate the role of early AD-related pathology (Aβ and synaptic dysfunction) in 

mediating transfer learning deficits in two mouse models of AD. 

Data from Chapter 2 show that mice were able to learn a series of concurrent 

discriminations that contained two stimulus features (odor and digging media) and could 

readily transfer this learned information to new problems in which the irrelevant feature 

in each discrimination pair was altered. Additional experiments demonstrated that the 

hippocampus is essential for transfer learning as lesions of this structure did not affect 

learning about initial stimulus-reward associations but reliably impaired the transfer of 

this learned information when the mice were presented with novel configurations of the 

stimuli. Data from Chapter 3 showed robust transfer learning deficits in separate cohorts 

of 12 month APPswePS1 mice (a transgenic mouse model of Aβ) tested cross-

sectionally and longitudinally. Transfer learning deficits were observed earlier than 

impairments in another hippocampal-dependent task (spatial water maze), and suggest 

that amyloid deposition in the hippocampus could be mediating transfer learning 

performance. These data from Chapter 3 were further extended in experiments in 

Chapter 4, which were designed to determine the degree by which transfer learning 

deficits are mediated by early AD-like pathology (Aβ plaques and synaptic dysfunction). 

In two different models of Aβ pathology that have different time-courses of plaque 

deposition (APPswePS1 and Tg-SwDI), transfer learning deficits were evident at the 
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age at which plaque deposition begins to emerge in each model (6 months in 

APPswePS1 and 3 months in Tg-SwDI). Synaptic changes (amount of synaptic proteins 

and synaptic transmission) are observed concurrently to the appearance of transfer 

learning impairments in the APPswePS1 model. In the Tg-SwDI, no significant changes 

in synaptic protein levels were observed. 

Together, the data from these experiments indicate that hippocampal-dependent 

transfer learning abilities are strongly associated with Aβ deposition, although there are 

multiple secondary mechanisms by which Aβ pathology might mediate loss of transfer 

learning deficits (e.g., synaptic dysfunction). Furthermore, these findings support that 

the mouse transfer learning task should be an important tool for both mechanistic and 

preclinical studies related to AD. 
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Figure 1-1.  Hypothetical model of dynamic biomarkers during AD progression. Aβ (red 
curve), as identified by cerebrospinal fluid Aβ assay or PET amyloid imaging, 
begins accumulating earlier in the disease, prior to cognitive dysfunction 
(purple curve). Synaptic dysfunction (orange curve), evidenced by positron 
emission tomography (FDG-PET) or functional magnetic resonance imaging 
(fMRI), would occur next. Dashed line indicates that synaptic dysfunction 
occur before detectable Aβ deposition, for example in carriers of the APOEƐ4 
gene. Brain structure (blue curve), evidenced by structural magnetic 
resonance imaging, is detected last, and correlates very well with cognitive 
abnormalities (purple curve). Biomarkers change from normal to maximally 
abnormal (y-axis) as a function of disease stage (x-axis). The temporal 

trajectory of clinical disease from preclinical to dementia is also illustrated, as 
characterized by cognitive and behavioral measures. Pink box illustrates the 
ideal diagnostic window, while the yellow box represents the time-window in 
for current diagnosis (Modified from Jack et al. 2011).  
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Figure 1-2.  Schematic of the medial temporal lobe system and associated structures in 
human (A). Information pathway circuitry (B). In (A), mid-sagittal view of the 
human brain with medial temporal lobe is shaded in light blue and the 
hippocampal formation shaded in dark blue (adapted from Bizon and Nicolle, 
2006). In (B), the hippocampal formation is connected with all neocortical 
association areas, either directly or through the parahippocampal cortex, 
perirhinal cortex and entorhinal cortex (ErC). The pathway loops back to 
association cortex, through reciprocal connectivity. 
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Figure 1-3.  Hippocampal and non-hippocampal model of stimuli encoding. In A) the 
hippocampal region network forms new internal representations that 
compress and differentiate information so that multiple novel combinations of 
stimuli can be made. In B) the association cortex network receives the same 
stimulus input, but can only re-construct the representations in a compressed 
or unitized form.  
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Figure 1-4.  Human Transfer Learning paradigm and small scale study with non- 
demented human subjects with and without hippocampal atrophy (HA). (A) 
Learning Phase: In each trial, the subject is presented with a pair of objects 
on the computer screen and is asked to choose the left or right object, which 
has either the same shape or same color (irrelevant to choice). The chosen 
object is raised and, if the subject’s choice was correct by chance, a smiley 
face is revealed. Otherwise there is no smiley face. (B) Transfer Phase: The 
irrelevant feature (shape or color) in each object pair is altered, but the 
relevant feature remains identical (i.e., the relevant feature for the pair during 
the learning phase still predicts reward location). (C) In a study with patients 
with HA (purple bar) and without HA (noHA, green bar) hippocampal atrophy, 
performance in the concurrent discrimination learning phase of the task did 
not differ in the hippocampal atrophy HA and no HA groups- both groups 
learned the associations successfully. (D) The HA group averaged 
significantly more errors on the transfer phase of the task, when irrelevant 
features were changed. (E) HA group performed comparably to the no HA 
group in the delayed paragraph recall test, demonstrating that the transfer 
learning task may be more sensitive to hippocampal dysfunction than other 
tasks. Figure adapted with permission from Myers, Gluck and colleagues et 
al. (2002). 
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CHAPTER 2 
DEVELOPMENT OF A MOUSE TRANSFER TASK 

Despite considerable research efforts focused on uncovering the pathogenesis of 

Alzheimer’s disease (AD), effective treatments for this devastating condition remain 

elusive. One hindrance to development of interventions is the absence of standardized, 

reliable cognitive assays that both identify individuals at early preclinical stages and that 

translate well to rodent models, from which the vast majority of neurobiological data 

(e.g., amyloid plaques, neurofibrillary tangles, synapse and neuronal loss) on the 

mechanisms of AD are derived. As such, there is significant interest in cognitive 

assessments that are sensitive to mild decrements in vulnerable circuitry and that have 

potential for translational studies. 

The hippocampus has long been implicated in declarative learning (spatial 

learning and memory) and is affected early in AD13,58,62,120-121. Indeed, the majority of 

assessments used for diagnosis of AD are hippocampal dependent (e.g., delayed 

paragraph recall). However, as discussed in detail in Chapter 1, current hippocampal-

dependent diagnostic tests are accurate in determining individuals who already suffer 

from AD, but are not particularly helpful in detecting impairment at early, pre-

symptomatic stages11,56,59. Transfer learning, which is defined as the generalization of 

previously learned information from one context to another, appears to be dependent on 

the hippocampus, as individuals with mild hippocampal atrophy were impaired in the 

human transfer learning task (see Chapter 110,62,64-65,82). 

Aside from the benefit of the potential for early detection of hippocampal 

dysfunction, the human transfer learning paradigm has strong potential for cross-

species translation due to the fact that transfer learning can be assessed nonverbally, 
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and is based on a type of learning that rodents can perform readily1,11-12. Naturalistic 

digging tasks used in rodent associative learning tasks98,118,122 provide a base in which 

to develop a highly analogous transfer learning task for mice. Rodents are very adept at 

digging for food rewards, and there are a large number of unique digging media that can 

be paired with odors to serve as stimuli (to parallel colors and shapes in humans, see 

Figure 1-4). Hence, digging media and odors in the mouse task would parallel the colors 

and shapes used in the human task to achieve multiple contexts. 

The goal of Chapter 2 is to develop a task that is as analogous as possible to the 

human transfer learning assessment described in Chapter 1 (Figure 1-4). Ideally, the 

mouse transfer task should: 1) be confined to a single session; 2) demonstrate a 

dissociation between associative learning and transfer learning (just as in the human 

task); 3) depend selectively on relevant circuitry (hippocampal region); and ultimately 4) 

be sensitive to early features of disease pathology. 

Methods 

For Experiments 1 and 2, mice were individually-housed in the AAALAC-

accredited vivarium in the Psychology Building of Texas A&M University (College 

Station, TX). Mice were maintained on a 12-h light/dark cycle (lights on at 0800) and 

climate controlled at 25oC. All testing was conducted during the light cycle and mice in 

the study were screened daily for health problems. All animal procedures were 

conducted in accordance with approved institutional animal care procedures and NIH 

guidelines. All mice were given at least two weeks with ad lib access to food and water 

to habituate to the vivarium upon arrival. After the habituation period, mice were food-

restricted to 85% of their free-feeding weight and handled for one week prior to testing. 
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Experiment 1 

 Can Transfer Learning be Assessed in Mice? 

Subjects 

Female C57BL/6J (n=10) obtained from The Jackson Laboratory, Maine, USA 

were used to develop the transfer learning task in Experiment 1. 

Apparatus and task parameters 

The testing apparatus designed for the mouse transfer learning task is illustrated 

in Figure 2-1A. It consists of an open-topped black Plexiglas box (12 inches width; 18 

inches length; 8 inches deep) with two small terra cotta flower pots (1.7 inches 

diameter; 1.3 inches deep) securely attached to the floor. Each discrimination problem 

contained two stimulus features: an odor that was applied directly to the rim of the pots 

and the digging media that filled the pots and hid a food reward (one chocolate-flavored 

food pellet, 20 mg, AIN-76A from TestDiet), placed on the bottom of the pot. Table 2-1 

lists the complex discrimination pairs used in the study. 

To disguise the odor of the reward, crushed chocolate food pellets were sprinkled 

over the surface of each pot. The position (left or right) of the rewarded pot varied 

pseudo-randomly across trials. For the first four trials of each new discrimination 

problem, mice were allowed to dig in both pots until they obtained the reward (i.e. they 

were allowed to self-correct if they dug in the incorrect pot). On these trials, only their 

first choice was scored (as correct or incorrect). On trials thereafter, mice were removed 

from the test chamber after only one dig (either correct or incorrect). A dig in a pot was 

scored if a mouse displaced the digging media with either its paws or nose. 



 

 
39 

 

Shaping 

Shaping took place in the box described above. Initially mice were presented with 

two empty pots containing a chocolate pellet in the bottom of each. The re-baiting of the 

pots was contingent on the mouse consuming both pellets. After 12 trials of 

successively retrieving both pellets, mice were then presented with two pots containing 

chocolate pellets in the bottom but filled with progressively more mixed digging media 

(12 trials per 33, 50 and 100% full). The day after successfully retrieving both pellets 

with full pots, mice received a simple discrimination to habituate them to the learning 

aspect of the task. 

Testing 

In developing the mouse transfer learning task and confining it to a single 

behavioral session (to closely mimic the human version), satiation and motivation were 

initial concerns. A series of pilot experiments, in which food-restricted C57BL/6J mice 

were allowed free access to the chocolate food pellets used in this task, revealed that 

mice would consume many more pellets than were ever needed for a full testing 

session. Moreover, all mice shaped, learned all problems to criterion, and completed all 

30 trials in the transfer portion of the task irrespective of genotype or age, supporting 

that there were no motivational differences within sessions or between experimental 

groups. 

Just as in the human version of the transfer learning task 1,62, all testing was 

performed within a single session. Figure 2-1 illustrates an example of the order and 

sequence of presentation of the two-feature stimuli in the learning (Fig. 2-1B) and 

transfer phases (Figure 2-1C) of the task. Initially, mice were trained on a series of three 

concurrent discrimination problems. As in the human version of the task, new 
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discrimination pairs were progressively introduced and intermixed with already learned 

pairs as criterion performance was reached on each pair. For each problem, mice 

learned to discriminate between pots with two stimulus features (odor and digging 

media). One of the two pots was consistently paired with a food reward, with either the 

odor or the digging media as the relevant feature (Figure 2-1B, Table 2-2). For example, 

if odor was the relevant feature, the pots differed in odor (with one odor always 

predictive of the food reward; e.g. rose+ versus citrus- as shown in Figure 2-1B) but 

contained the same digging media (e.g., sequins) that was thus irrelevant to the correct 

choice. For other discrimination problems, the digging medium was the relevant feature 

that differed between pots and predicted the reward (e.g., yarn+ versus beads-; as 

shown in Figure 2-1B), and the pots were scented with the same odor (e.g., vanilla), the 

irrelevant feature. 

The positive and negative features in each discrimination pair and the sequence of 

discrimination problems were randomized across mice, although each mouse received 

discrimination problems in which the relevant feature was alternated between odor and 

digging media, as shown in Table 2-2. As in the human task, initially several problems 

(2 for the mice) were presented in pseudorandom order and after criterion was reached 

on these problems (6 consecutive correct choices including 3 from each problem), a 

third problem was introduced and the three pairs were presented in a pseudorandom 

fashion until mice reached criterion performance (6 consecutive choices, including 2 

from each problem). This design ensured that each discrimination pair was learned prior 

to the transfer. 
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After reaching criterion performance, mice were immediately assessed for transfer 

learning. The mice were presented with 30 trials in which only the stimulus feature in 

each discrimination pair that was irrelevant to the reward was changed, and the 3 new 

combinations were presented pseudo-randomly (including 10 each of the three 

discriminations; see Figure 2-1C). As in the human version of the task, this design 

affords an opportunity to assess the ability of the mice to transfer the predictive value of 

a previously learned relevant feature (e.g., a particular odor) to a food reward in a new 

context (e.g., pots containing a novel digging medium). 

Are Mice Sensitive to the Changes in Stimulus Features Associated with the 
Transfer Phase? 

To determine if mice were sensitive to the shift in context presented in the transfer 

phase (new stimulus features that are irrelevant to the correct choice), an experiment 

was designed to compare performance of mice that continued to perform identical 

problems in the transfer phase (no shift in context) with mice that received new 

problems with the irrelevant features shifted (transfer learning). C57BL6/J mice (n=10) 

were trained as described above on 3 concurrent discrimination problems. Immediately 

after reaching criterion performance, half of these mice (n=5) received 30 trials in which 

the irrelevant feature within each discrimination problem not predictive of food was 

altered (transfer phase, Figure 2-1C, “test group”) and half of the mice (n=5) received 30 

trials that were identical to those learned initially (continual with pairs from learning 

phase: “control group”). 

Statistical Analyses 

Total number of trials and errors to criterion (criterion: 6 correct trials on a row) on 

the last portion of the learning phase, in which all 3 concurrent pairs were presented, 
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were compared between experimental groups. Due to lack of difference between the 

two measures, only errors to criterion were reported and shown. For the transfer phase, 

in which a fixed number of trials were presented (30 total trials), percent error was 

compared between groups. Unpaired t-tests were used for analyzes of performance in 

both learning and transfer phases. Statistics were performed using StatView® software 

(version 5.01) and p<0.05 was considered significant. 

Experiment 2 

Is Transfer Learning Hippocampal Dependent?  

Subjects 

Female C57BL/6J (n= 14) obtained from The Jackson Laboratory, Maine, USA 

were used. Mice were housed as in Experiment 1. Surgeries were performed at 3 

months of age. After being allowed to recover for at least two weeks, mice were 

subsequently tested in the transfer learning task, also as described in Experiment 1, 

assessed for olfactory detection abilities and then tested on spatial and cued versions of 

water maze. 

Surgical procedures (bilateral hippocampal lesions) 

Approximately 2 weeks after arrival, mice were anesthetized in a chamber with 

isofluorine and placed in a stereotaxic apparatus with the skull fixed (Kopf Instruments, 

Tujunga, California, USA). A midline incision was made and holes were drilled in the 

skull over the lesion sites. A 30-gauge needle attached to a 10 µL micro syringe 

(Hamilton, Reno, Nevada, USA) mounted on a timer-controlled infusion pump (Sage 

Instruments, Boston, Massachusetts, USA) was used to inject ibotenic acid (Sigma, St 

Louis, MO, USA). Ibotenic acid was dissolved in phosphate-buffered saline (PBS; final 

pH 7.4) at a concentration of 10 mg/mL. A volume of 50 nL was injected at each of four 
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injection sites per hemisphere, according to the following posterior (P), lateral (L) and 

vertical (V) coordinates in relation to bregma and the skull surface 123-124: P1.7, L 1.3 

and V 1.9 mM; P 2.1, L 2.8 mM and V 3.0 mM; P 2.4, L 2.9 and V 4.0 mM; P 2.8, L 3.1 

and V 3.7 mM. Sham-operated mice underwent the same procedure except that PBS 

alone was injected. The incision was closed with wound clips and mice received an 

injection of 2% lidocaine and saline subcutaneously and monitored until recovery from 

anesthesia. Mice received at least a two week recovery period prior to onset of 

behavioral training. 

Transfer learning task 

Mice were assessed on the transfer learning task in a manner identical to that 

described above in Experiment 1 (but note that all mice received the change in the 

irrelevant features during the transfer phase). 

Odor Detection Threshold Testing 

Odor learning impairment has been associated with hippocampal dysfunction70,78. 

As olfactory abilities are integral to performance on the transfer learning task, odor 

detection abilities were assessed in order to determine whether the surgical procedure 

may have resulted in a decreased ability to detect odors in the ibotenic acid-lesioned 

mice. In a separate session following the completion of transfer learning testing, mice 

were trained to criterion on one additional olfactory discrimination problem using a full 

strength odorant (Sandalwood), which was always paired with a food reward, versus a 

pot with mineral oil (no odor) applied to the rim. Both pots were filled with mixed digging 

media. Once achieving criterion performance, the mice were tested in a series of 

discrimination problems during which the full strength odorant (e.g., Sandalwood) was 
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systematically diluted (1/10, 1/100, 1/1000, 1/10000). Mice were given 16 trials at each 

dilution and the percent error was used as the measure of performance. 

Water Maze Assessment 

The spatial reference memory version of the Morris water maze is a standard task 

used in rodents to assess hippocampal/medial temporal lobe function. To directly 

compare the sensitivity of the rodent assessment of transfer learning to spatial learning 

ability, the ibotenic acid- lesioned mice and sham-lesioned mice (at approximately 6 

months of age) were tested in hidden (hippocampal-dependent) and visible cued (non-

hippocampal-dependent) versions of the Morris water maze task after all other testing. 

Apparatus: The water maze consisted of a 4-foot diameter circular tank filled with 

water (24 to 27°C) made opaque by the addition of nontoxic white tempera paint. The 

tank was surrounded by black curtains, to which large (15 X 15 inches) white geometric 

cues (made with fabric) were affixed. The tank was divided into four imaginary 

quadrants, each with a platform position equidistant from the center to the wall. During 

cue training, the tank was filled to 1 cm below a black visible platform. Each mouse’s 

swim was tracked and analyzed using a computer-based video tracking system (Water 

2020, HVS Image, UK). On each trial, mice were carefully placed into the water facing 

the wall of the tank at one of four start points (N, S, E, or W). Throughout the 

experiment, mice that failed to reach the platform within 60 seconds were guided to it by 

hand. During the spatial reference memory assessment (hidden platform training), a 

retractable escape platform (12 cm diameter, HVS Image, UK) was located in the 

southwest quadrant of the maze and submerged 1.2 cm below the water’s surface. 

Initially, mice were trained in the non-hippocampal dependent cued version of the 

task in order to assess visual acuity and sensorimotor abilities as described 
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previously103,109,125-126. During cue training, the platform position and start positions were 

varied on each trial such that the platform position and extra-maze cues were made 

explicitly irrelevant to the mouse’s escape. Training consisted of 2 days (6 trials per 

day). On each trial mice were given 60 seconds to find the visible escape platform. After 

finding the platform or being guided there by an experimenter, mice remained on the 

platform for 30 seconds before being removed from the tank. At the conclusion of each 

trial, mice were returned to a heated holding cage (about 30°C) for a 10 minute inter-

trial interval. 

Beginning the day immediately following completion of cue training, mice received 

6 consecutive days of training to find a hidden, stationary platform, to assess 

hippocampal dependent spatial reference memory (4 trials per day). The start position 

(N, S, E or W) was pseudo-randomly varied across trials so that mice needed to rely on 

the position of the platform relative to the extra-maze cues to effectively escape across 

trials. During each trial, mice were given 60 seconds to search for the hidden platform, 

followed by a 30 second post-trial period in which they were allowed to remain on the 

platform. After each trial, mice were placed in the holding cage for a 10 minute inter-trial 

interval. 

The fourth swim on days 2 and 6 of hidden platform training were probe trials, 

during which the platform was retracted to the bottom of the tank for the first 30 seconds 

of the 60 second trial. Rodents with a good memory for the platform location 

concentrate their search in that area even when the platform is removed from the tank, 

and performance on probe trials is particularly sensitive to detecting hippocampal 

impairment in a variety of aging models 95,97-98,103,115. 
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Histology 

Following the completion of behavioral testing (transfer learning, odor threshold 

testing and water maze), mice were injected i.p. with 0.1 mL of pentobarbital and 

perfused intracardially with 0.9 % saline followed by 4% paraformaldehyde. The brains 

were extracted and stored in 4% paraformaldehyde for 24hours, after which they were 

place in a 30% sucrose-PBS solution for 24hours. Brains were then frozen and sliced 

on a freezing microtome at 30 µm sections through the hippocampus (every section was 

mounted). Sections were mounted on gelatin-coated glass slides, hydrated in ethanol, 

and stained with thionin (0.25%). Next, sections were dehydrated in ascending 

concentrations of ethanol, delipidated in xylene and coversliped with Permount 127. For 

lesion verification, sections were visualized in a Zeiss AxioImager.M2 epiflourfescent 

microscope and traced with the assistance of Stereo Investigator ® software 

(Microbrightfield, Williston, VT). Tracings were compared to plates from the Mouse 

Brain Atlas corresponding to the rostrocaudal extent of hippocampus 123. Percent loss of 

hippocampal volume and sparing were collected by using the ruler tool from 

ImageScope® software. Sparing was compared to the whole extension of the tracing 

per section. As all mice presented less than 5% sparing of the hippocampal region 

bilaterally, none were excluded. 

Statistical Analyses 

Analyzes of performance in the learning and transfer phase were performed 

identically to analyzes in Experiment 1. 

For the odor detection threshold testing, an unpaired t-test was used to compare 

total number of trials and errors during the simple discrimination of full strength odor 

versus no odor (mineral oil). Errors and total trials to criterion were analyzed, and due to 
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no difference in results, only errors were reported and shown. A two-factor repeated-

measures ANOVA (lesion condition x odor dilutions) was then used to compare lesion 

group performance (mean % correct at each dilution) on the progressive dilutions of the 

full-strength odorant. Statistics were performed with StatView® software (version 5.01), 

and in all cases p<0.05 was considered significant. 

The water maze data were analyzed using a computer-based video tracking 

system, Water 2020, developed by HVS Image (Hampton, UK). Primary performance 

measures analyzed were path length (the total distance from the start position to the 

platform in centimeters) on hidden and visible training trials and percent time in the 

target quadrant on probe trials. Separate two-factor repeated measures ANOVA (lesion 

condition x blocks/ day) were used to evaluate differences across visible platform 

training trials, hidden platform training trials, and probe trials. Finally, swim speed 

(centimeters per second) between groups was also analyzed using unpaired t-tests on 

hidden and visible trials respectively. Statistics were performed as described above for 

each task using StatView® software (version 5.01). 

Results 

Experiment 1 

Development of the Transfer Learning Task 

Mice learned the initial associations readily after shaping to dig, and were able to 

successfully perform on the task within an average of 2 hours. Food restriction to 85% 

of the original body weight did not appear to impair mouse behavior, as mice appeared 

no more active or anxious than they were during the non-food restricted acclimation 

period. This was evidenced by observation of active grooming during the testing, no 

hyper-active behaviors such as circling, and no increase in fecal boli during testing128. 
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Salience and difficulty of odor and digging medium problems appeared comparable as 

no significant differences in performance on odor and digging media discriminations 

were observed in any group (data not shown). Additionally, analyses of individual 

pairings did not result in any differences, indicating comparable salience within 

individual pairs. 

Are Mice Sensitive to the Change in Context in the Transfer Phase? 

Assignments to control and test groups were made such that group means on 

initial discrimination learning were equivalent (Figure 2-2A, t (8) = 0, ns). During the 

transfer phase, the test group performed significantly worse than the control group 

(Figure 2-2B, t(8) = -2.96, p < 0.05). These data demonstrate that, similar to subjects in 

the human version of the task, mice are sensitive to alterations of the irrelevant stimulus 

feature. 

Experiment 2 

Does Transfer Learning Depend on the Hippocampus? 

Hippocampal lesion verification 

In Figure 2-3A, histology of the hippocampus from a representative ibotenic acid-

lesioned and sham-lesioned mouse are shown. As indicated, ibotenic acid-lesioned 

mice showed complete removal of the pyramidal (CA1–CA3) cells with very little or no 

damage to the overlying cortex and the subiculum. A schematic reconstruction of the 

extent of hippocampal damage resulting from ibotenic acid lesions is shown in Figure 2-

3A. The largest lesion is represented in gray and sparing from the smaller lesions is 

represented in black. Numbers located next to the diagram in Figure 2-3B represent 

relative position of the section in mm from bregma. Histological evaluation of the 
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damage indicated that all 7 ibotenic acid-lesioned mice had neuronal loss which 

extended through the full extent of dorsal and ventral hippocampus. 

Transfer learning performance 

In order to evaluate the role of the hippocampus in transfer learning, ibotenic acid- 

and sham-lesioned mice were tested in the transfer learning task. The prediction was 

that ibotenic acid-lesioned mice would be able to learn the initial associations (learning 

phase) comparably to sham-lesioned mice, but would be impaired relative to shams on 

the transfer phase of the task, when the irrelevant dimension was changed. Consistent 

with these predictions, both ibotenic acid-lesioned and sham-lesioned mice performed 

comparably during the learning phase of the task (Figure 2-4A; t-test: (12) = 0.53, n.s.). 

In contrast, the ibotenic acid-lesioned mice performed significantly worse than the sham 

group in the transfer phase, making consistently more errors when the irrelevant 

dimension was changed (Figure 2-4B; t-test: (12) =2.22, p<0.05). 

Odor detection threshold 

In order to determine if the impairment observed in the ibotenic acid-lesioned mice 

was due to an inability to detect odors as well as sham-lesioned mice, both cohorts 

were tested in the odor detection threshold test. Both sham- and Ibotenic acid-lesioned 

mice learned the simple discrimination between full strength sandal wood and mineral 

oil comparably (t (12) = 0.43, n.s.; Figure 2-5A). Moreover, a two-factor repeated 

measures ANOVA (dilution X lesion condition), revealed that all mice decreased 

accuracy of choices as the odor was made more dilute (F(3,36)= 5.03, p< 0.05) but 

there was no difference between lesion conditions in their ability to perceive and 

respond to decreasing concentrations of the odorant (t (12) = 0.31, n.s.; Figure 2-5B). 
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Morris Water Maze Performance 

Following all other testing procedures, the sham- and ibotenic acid- lesioned mice 

were trained in visible (cued) and hidden platform versions of the water maze. 

Swim speed 

To assess sensorimotor differences between groups, swim speed was assessed 

on the first trials of visible cued and hidden platform training. These trials were chosen 

for swim speed analysis as they are only minimally confounded by learning. No main 

effect of lesion condition was found on swim speed during the first trial of cue training (t 

(12) = -1.87, n.s.) or on first hidden platform training trial (t(12) = 0.76, n.s., Figure 2-

6B). 

Cued (visible) platform training 

Both groups of lesioned mice showed comparable pathlengths to reach the visible 

platform (pathlength averaged across both trials of cue training: t(12)= 1.69,  n.s.). 

Together with the swim speed data, these data indicate that ibotenic acid lesions of 

hippocampus did not produce any gross sensorimotor or motivational effects that could 

confound interpretation of performance in the hidden platform version of the task. 

Spatial (hidden) platform training 

In contrast, as shown in Figure 2-6A, a two- factor repeated measure ANOVA 

(lesion group X trial block) revealed that, while all mice improved over the course of 

training (F (3, 36) = 3.41, p<0.05), ibotenic acid-lesioned mice performed significantly 

worse relative to sham-lesioned mice in the hidden (spatial) version of the task (F (1, 

12) = 9.0, p<0.05). No interaction was observed between lesion condition and trial block 

(F (3, 36) = 0.60, n.s.). Notably, there was no difference in probe trial performance 

between groups, although a repeated factors ANOVA (lesion condition X probe trial) did 
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indicate a trend such that ibotenic acid-lesioned mice tended to spend less time in the 

target region than did sham-lesioned mice (F(1,12)= 2.459, p=0.14). 

Discussion 

The overall goals of experiments in Chapter 2 were: 1) to develop a mouse version 

of the human transfer learning task; and 2) to confirm whether the hippocampus was 

necessary for transfer learning. Computational modeling in humans predicts that the 

hippocampus plays an important role in transfer learning, which is the ability to apply 

previously learned information to novel problems and situations62,65,70. This prediction 

was directly tested in Chapter 2. A mouse transfer task analogous to the human transfer 

learning assessment was developed. The mouse task allowed for transfer learning to be 

assessed in a single session, and all mice successfully completed both phases of the 

task. Throughout testing, mice were motivated to dig for the food reward (averaging 2 

hours to complete the task), and showed no signs of satiation. 

Data from Experiment 1 show that mice can readily learn multiple intermixed 

stimulus-reward associations (learning phase). Young C57BLJ/6 mice counterbalanced 

for comparable performance on the learning phase were further sensitive to the change 

in the irrelevant feature. This was evident by significantly decreased accuracy of 

performance in a test condition during which the irrelevant feature was altered 

compared to performance of mice that only had to recall unchanged associations from 

the initial learning problems. These data indicate that the transfer phase of the task 

engages cognitive processes (and likely neural substrates) beyond those required for 

recall of simple discrimination information. Also notable from this initial experiment is 

that although mice performed significantly worse when the irrelevant stimulus feature 

was altered, they still demonstrated relatively proficient performance on the transfer 
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phase, providing evidence that this task offers the parametric space necessary to detect 

a range of decrements -mild to severe- associated with disease. 

Data from the computer-based transfer task performed in humans (described in 

detail in Chapter 1) show that individuals with hippocampal damage are able to learn a 

series of complex discriminations with two stimulus features (shape and color), but are 

impaired in their ability to transfer this information to newly configured problems in which 

one of the features is altered10. This deficit occurred despite the fact that the feature 

predictive of the reward (the relevant information) was not changed10. These data 

suggest that the transfer learning task is dependent on the hippocampal region, and that 

subtle morphological changes (such as minor hippocampal atrophy) can result in 

impairment in transfer learning1,10. Experiment 2 demonstrated that the hippocampal 

region is indeed necessary for transfer learning. Ibotenic acid produced complete 

lesions that extended the full rostro-caudal extent of the hippocampus but that were 

largely confined to the hippocampal region. As predicted, and comparable to human 

studies, ibotenic acid-lesioned mice were able to learn the associations on par with the 

sham-lesioned mice during the learning phase of the task. However, when the irrelevant 

dimension was changed on the transfer phase of the task, ibotenic acid-lesioned mice 

performed significantly worse than sham-lesioned mice. This finding is consistent with 

the idea that the hippocampus is essential for flexibly utilizing acquired information 

about the associations between stimuli and rewards during the learning phase and 

applying (transferring) this information to the new problems presented in the transfer 

phase. 
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It is notable that removal of the hippocampus did not entirely impair performance 

during the transfer learning phase of the task. Instead, it resulted in approximately 30% 

percent reduction of performance. This finding is not surprising as, over the course of 

the 30 trials (10 of each problem), it would be expected that new associations would be 

acquired through new learning in a manner comparable to that used during the learning 

phase. However, this finding does highlight one feature of the transfer learning task, 

which is that this 30% decrement of performance likely indicates the “ceiling” for 

detecting hippocampal-related dysfunction. 

The hippocampus has also been implicated in spatial memory58,120, and removal of 

this brain region has been shown to impair water maze performance in rats94. Thus, 

spatial learning and memory were also assessed in ibotenic acid-lesioned and sham-

lesioned mice by using the hidden version of the water maze task. Ibotenic acid lesions 

impaired the mice’s ability to learn the platform location during the training trials, as 

evidenced by longer path lengths to reach the platform across days. This result was not 

due to sensorimotor deficiencies in ibotenic acid-lesioned mice, as swim speeds were 

not different during cue training. No differences were observed in percent time or 

pathlength in quadrant between groups during probe trials, which are known to be a 

more sensitive measure of memory in rats96-97. This lack of sensitivity in mice has been 

observed by other researchers, who have proposed that water maze measures are not 

sensitive in mice, likely due to an increased use of non-hippocampal strategies to find 

the platform during the hidden version of the water maze116,129-130. One example of such 

strategy is the non-spatial chaining strategy (described by Janus et al., 2004), which 

can be used as an alternative systematic search strategy. Adoption of any other 
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systematic search strategy (e.g., chaining, circling) can result in successful location of 

the hidden escape platform, as the mouse can rely on alternative strategies that are 

non-hippocampal dependent116. Thus, transfer learning may be a more specific and 

sensitive measure of hippocampal function, superior to water maze as an assessment 

of hippocampal function in mice. 

It is worth noting that some initial limitations were identified with respect to the 

mouse transfer learning task. The dependency on olfaction renders this task 

inappropriate for testing anosmic mice, as odor detection impairment could confound 

transfer learning. Thus, odor detection threshold testing is an important and essential 

control for interpretation of transfer learning results (see odor detection results for 

Experiment 2). Moreover, mice are required to be food restricted to 85% of their free 

feeding weight, and differences in motivation and metabolism could affect performance 

in some strains131-138. For example, in a study assessing the effects of caloric restriction 

in rats, Carter et al.( 2009) found that restriction resulted in an increase in physical 

activity, which could be a confounder when interpreting outcomes in behavioral tasks. 

Thus, it is important that weight restriction is closely monitored during the extent of the 

transfer task, so that differences in activity and motivation can be kept at a minimum138. 

Experiments in this chapter describe the development and validation of a mouse 

transfer learning assessment that is analogous to the human task, providing a 

behavioral paradigm for assessing early hippocampal dysfunction in mouse models 

which may in bridge the gap in translational research between rodents and humans. 

Thus, the utility of transfer learning as a detection tool for hippocampal dysfunction in a 

mouse model of AD was assessed in the following chapters (Chapter 3 and 4). 
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Figure 2-1.  Transfer learning task in mice. (A) Test apparatus for transfer learning in 

mice. Brown cylinders represent terracotta pots which were filled with a 
variety of digging media and scented with different odorants. In this 
schematic, the rose odor is positive (+) and is predictive of a food reward 
buried in the pot. In (B), examples of discrimination pairs used in the mouse 
transfer learning task. In each pair, either the odor or digging medium in the 
pot is relevant to the correct choice (+), but not both. (C) After reaching 
criterion performance on the learning phase (6 correct trials in a row), without 
signaling, mice are presented with the re-configured stimuli shown under the 
“Transfer Phase”. Note the positive stimulus predictive of correct choice (+) in 
the learning phase remains the same but the irrelevant feature is altered. 
During the learning and transfer phases of the task, each discrimination pair 
is presented sequentially and pseudo randomly and correct choices are 
rewarded with a food reward (chocolate pellet) buried in the pot (See Methods 
section for details).  
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Figure 2-2.  Validation of the transfer task for mice. Panel (A) show performance of 
young C57BL/6J mice (n=10) during learning of three concurrent 
discriminations with multiple stimulus features. The immediate recall of those 
problems both with (n=5; “test group”; red bar) and without (n=5; “control 
group”; yellow bar) reconfiguration of the irrelevant stimuli is shown in panel 
(B). In (A), although the two groups of C57BL/6J mice performed identically 
during the initial discrimination learning, the “test group” (red bar) that 
received a change in the irrelevant stimulus feature made significantly more 
errors than the “control group” that received problems identical to those in the 
initial discriminations (percent error). See text for statistical analysis. 
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Figure 2-3.  Hippocampal lesions in C57BL/6J. (A) Photomicrographs of Nissl-stained 
coronal sections of the hippocampus in sham control (top) and ibotenic acid 
lesioned mice (bottom), rostral through ventral hippocampus. (B) Histological 
reconstructions of the smallest sparing (black) and largest (grey) hippocampal 
lesion in serial coronal brain sections. Numbers indicate the relative position 
of the sections in mm from bregma. 
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Figure 2-4.  Bar graphs show performance of sham- lesioned (green bar) and ibotenic 
acid-lesioned (red bar) mice on the transfer learning task. Panel (A) shows 
errors to criterion (mean ± S.E.M.) in the learning phase of the task and panel 
(B) shows percent error (mean ± S.E.M.) in the transfer phase of the task. 
While there was no difference in number of errors on the initial 
discriminations, mice with ibotenic acid lesions were significantly impaired 
relative to sham-lesioned mice on the transfer phase of the task. See text for 
statistical analysis.  
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Figure 2-5.  Odor detection threshold testing in sham- (green bar) and lesioned- (red 
bar) mice. Errors to criterion (mean ± S.E.) to learn a novel odor 
discrimination pair are shown in (A) and percent error of responses to 
decreasing dilutions of the odorant in (B). As expected, all groups’ ability to 
detect the odors decreased with diminishing concentrations of the odorants, 
nearing chance performance at a 1:100,000 dilution of that used during 
training. No effect of condition was observed in the ability to detect odorants. 
See text for statistical analysis. 
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Figure 2-6.  Water maze performance in sham (green) and Ibotenic acid-lesioned (red) 
mice. Panel (A) shows that the path from the start position to the stationary 
hidden platform decreased across the 6 training days (one block consists of 
training trials for 2 days) for both groups, with a main effect of condition, such 
that Ibotenic acid-lesioned mice performed worse than sham-lesioned mice. 
There was no interaction of block with condition. Panel (B) shows that both 
groups were able to find a visible platform comparably, with similar average 
swim speeds on the first trial of cue training, demonstrating a lack of 
sensorimotor or motivational differences between groups. See text for 
statistical analysis 
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Table 2-1. Odor and digging media pairs as paired in the transfer learning task 

Discrimination Pairs Corresponding Irrelevant Dimension   

 

Learning phase   Transfer phase 

beads x rubber string jasmine   vanilla   

patchouli x mulberry pompoms   cork   

paper x cut balloon chocolate   Watermelon 

jasmine x vanilla beads   rubber string 

pompons x cork patchouli   Mulberry   

chocolate x watermelon paper   cut balloon   

cut straws x cheese cloth pumpkin   cucumber   

cucumber X pumpkin cut straws   cheese cloth   

cut paper x guinea pig bedding lemon   rosemary   

bergamot x sage sequins   Raffia   

cut bench pad x wood bedding lavender   cinnamon   

vetiver x geranium  yarn    alphadri bedding   

raffia x sponge bergamot   Sage   

cinnamon x lavender wood bedding   cut bench pad 

alphadri bedding x yarn vetiver   Geranium   
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Table 2-2. Representative example of the order and sequence of complex stimuli 
presented in the mouse transfer task. Abbreviations: O=odor; M= digging 
media. Stimulus features predictive of reward are marked with an asterisk (*). 
Each number indicates a novel stimulus. As in the human version of the task, 
new discrimination pairs were introduced progressively, intermixed with 
previously learned pairs as criterion performance was reached in each pair. 
After reaching criterion in pair 1, the pot with O1* remained baited and O2 
unbaited but the irrelevant dimension was changed from M1 to M5. Note that 
all odors and digging medium were used only once throughout training (O1-
O6; M1-M6) 

          Dimensions                   Combinations  

Discriminations:          Relevant  Irrelevant    Pot 1 (+)    Pot 2 (-) 

Learning phase (pair 1) Odor Media O1* 
 
with M1 O2 with M1 

Learning phase (pair 2) Media Odor M2* with O3 M3 with O3 

Learning phase (pair 3) 

Transfer phase (pair 1) 

Odor 

Odor 

Media 

Media 

O4* with M4 

O1* with M5 

O5 with M4 

O2 with M5 

Transfer phase (pair 2) Media Odor M2* with O6 M3 with O6 

Transfer phase (pair 3) Odor Media O4* with M6 O5 with M6 
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CHAPTER 3 
TRANSFER LEARNING IN A MOUSE MODEL OF ALZEIMER’S DISEASE 

The development of the mouse analog of the transfer learning task (Chapter 2) 

allows for exploration of whether transfer learning may be sensitive to early disease 

pathology using transgenic mouse models of Alzheimer’s disease (AD). In the current 

chapter, the APPswePS1 transgenic mouse model of early amyloid deposition139 

(developed by Jankowski et al., 2004) was used  to investigate transfer learning in 

relation to early AD-like pathology. More specifically, the questions investigated were: 1) 

can transfer learning deficits be detected in a mouse model of AD (APPswePS1) at an 

age in which plaque deposition is robust in the hippocampus (12 months); 2) can 

transfer learning impairments be detected prior to visible pathology (3 months); 3) how 

does learning performance compare to performance on another hippocampal 

dependent task (Morris water maze)? 

Choosing a Mouse Model of AD 

The interaction between the hallmarks of AD (amyloid plaque and neurofibrillary 

tangles) is complex and not well understood. Transgenic mouse models are a useful 

tool, providing an opportunity to focus on a single aspect of neuropathology, which 

results in better understanding of mechanisms underlying symptoms of disease140. 

Furthermore, mouse models offer the advantage of observation of pathology within a 

short lifespan, along with the possibility of a controlled environment140. 

Data acquired with transgenic mouse models of AD demonstrate that some Aβ 

forms can be toxic to neurons and synapses31,43,47,141-142, that their accumulation 

precedes other pathological features of the disease (e.g., neurofibrillary tangles) and 

that they may initiate the progressive degeneration characteristic of AD 24,36,143-144. 
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Furthermore, animal model studies also indicate that amyloid plaque accumulation can 

produce cognitive impairment even in the absence of other pathologies or neuronal loss 

108,145-147. These findings support the amyloid beta cascade theory of AD. This theory 

posits that the deposition of the amyloid-β peptide in the brain parenchyma is a 

necessary event in Alzheimer's disease pathology and that Aβ toxicity originates the 

process that ultimately leads to the development of other AD pathology (e.g., 

neurofibrillary tangles), glial activation, synaptic dysfunction and ultimately, neuronal 

loss148-151. Substantial research efforts are aimed at determining how these pathologies 

interact, and the mechanisms of how amyloid may be initiating this cascade. The 

amyloid theory, together with evidence from biomarkers (discussed in Chapter 1) and 

transgenic studies, suggests that amyloid accumulation is an early event in AD, and that 

assays that are sensitive to Aβ pathology should detect early, perhaps even 

asymptomatic stages of the disease. 

The APPswePS1 mouse model: Aβ plaques are aggregations of Aβ 1–40 and 1–

42 peptides which are products of amyloid precursor protein (APP)152. APP has the 

characteristic of a cell surface receptor and is expressed in many tissues, in particular in 

synapses, as a part of normal metabolism. Although its primary function remains 

unclear, APP is believed to be implicated in synaptic formation and repair, cell signaling 

and adhesion151. Furthermore, mutations on the APP gene and other genes (e.g., PS1 

and PS2) that affect APP processing can result in overproduction of Aβ 42, which is a 

major component of neuritic plaques observed in AD153-155. As illustrated in Figure 3-1A, 

the APP is cleaved by α-secretase and β-secretase, both of which release a soluble 

extracellular fragment (α-sAPP and β-sAPP). Cleavage of the NH2 terminus of APP by 
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β-secretase (BACE1 or BACE2)156-158 leaves the Aβ region attached to the membrane-

bound C-terminus fragment (β-CTF), while α-secretase cleavage takes place within the 

Aβ region, thereby preventing release of the full-length Aβ polypeptide. The β-secretase 

cleaved fragment is then cleaved by the λ-secretase complex. If the cleavage is 

between amino acids 712 and 713, Aβ 40 is produced. However, if the cleavage is after 

amino acid 714, the larger Aβ42 is formed. The majority of the secreted Aβ peptides are 

the short soluble Aβ40 variety. However, approximately 10% of the secreted Aβ 

peptides are the more insoluble Aβ42, which readily aggregate to form Aβ oligomers 

and extracellular fibrils (fibrillar Aβ; Figure 3-2). 

The APPswePS1 double transgenic mouse is a widely used model that develops 

predictable and progressive age-related AD-like pathology, without frank neuronal loss. 

The APPswePS1 double transgenic mice express a chimeric mouse/human amyloid 

precursor protein (APP; Mo/HuAPP695swe) and the mutant human presenilin 1 (PS1-

dE9), both of which are implicated in early-onset autosomal dominant forms of AD. The 

Swedish mutation (Figure 3-1B; K595N/M596L), which is linked to familial AD, 

increases the number of Aβ deposits by stimulating the ϒ-secretase pathway 159. These 

mice develop insoluble Aβ deposits (plaques) throughout the brain, including 

hippocampus, beginning at approximately 6 months with numerous widespread 

deposits reported by 12 months of age 139,154,160-161 (see Table 4-1). This widespread 

amyloid pathology is highly reminiscent of the extensive amyloid plaque deposition that 

characterizes the AD brain52,162. 

Figure 3-3 shows plaque deposition in the hippocampus of APPswePS1 mice at 3, 

6 and 12 months of age (Thioflavin-S stained plaques, Methods described in Chapter 
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4). At 3 months, Aβ 42 is present in the brain139,144  but large neuritic plaques are mostly 

absent. However, by 12 months of age, amyloid deposition is robust. Based on the 

progressive pathology, experiments in Chapter 3 were designed to determine if transfer 

learning is sensitive to different aspects of hippocampal amyloid pathology. Specifically, 

mice were tested on the transfer task at both 3 (pre-plaque) and 12 (robust plaque 

deposition) months of age and further tested on another standard hippocampal-

dependent task, the Morris water maze, for comparison. 

Methods 

Subjects 

Experiment 1: Is Transfer Learning Sensitive to Robust Plaque Pathology in Aged 
(12 months old) APPswePS1 Mice? 

Subjects were a cohort of 12 month old, female Tg (APPswe, PSEN1dE9; 

APPswePS1; n=11) and age-matched non-transgenic littermates of B6C3F1/J 

background strain (NTg; n=7) obtained from The Jackson Laboratory, Maine, USA. 

Experiment 2: Is Transfer Learning Sensitive to Aβ Elevations Prior to the Onset 
of Plaque Deposition in APPswePS1 Mice? 

Subjects were a second cohort of female APPswePS1 (n= 8) and age-matched 

NTg littermates of B6C3F1/J background (n= 9). Mice were initially tested for transfer 

learning at 3 months of age and retested at 12 months of age. 

Transfer learning task: apparatus and task parameters 

The testing apparatus for the mouse transfer learning task is illustrated in Figure 2-

1, and is described in detail in Chapter 2. Rodent chocolate-flavored food pellets (20 

mg, AIN-76A from TestDiet) were used for the food reward. To disguise the odor of the 

reward, crushed chocolate food pellets were sprinkled over the surface of each pot. The 

position (left or right) of the rewarded pot varied pseudo-randomly across trials. For the 
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first four trials of every new discrimination problem, mice were allowed to dig in both 

pots until they obtained the reward (i.e. they were allowed to self-correct if they dug in 

the incorrect pot). On these trials, only their first choice was scored (as correct or 

incorrect). On trials thereafter, mice were removed from the test chamber after only one 

dig (either correct or incorrect). A dig in a pot was scored if a mouse displaced the 

digging medium with either its paws or nose. 

Shaping 

Shaping took place in the testing box and consisted of training the mice to dig in 

two pots, each filled with mixed digging media and with a chocolate pellet reward buried 

in the bottom. Mice were considered shaped to dig when, after being placed in the 

apparatus, they reliably retrieved the reward from both pots in less than 3 min for 12 

consecutive trials. The day after reaching criterion for shaping, mice were tested on the 

transfer learning task.  

Testing 

Testing was performed as described in Chapter 2. Briefly, mice were trained on a 

series of three concurrent discrimination problems (learning phase). In each problem 

learned to discriminate between pots with two stimulus features (odor and digging 

medium). One of the two pots was baited, with either the odor or the digging medium as 

the relevant feature. Mice were considered to have acquired the three discrimination 

problems when they achieved six consecutive choices of the correct (+ = baited) pot, 

including two correct of each of the three different discrimination pairs.  After reaching 

criterion performance, mice were immediately assessed for transfer learning. The mice 

were presented with 30 trials in which only the stimulus feature that was irrelevant to the 

reward was changed and the 3 new combinations were presented pseudo-randomly.  
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Odor detection threshold testing 

Anosmia has been shown to emerge as a consequence of chronological age and 

in Alzheimer’s disease163. Thus, after evaluating transfer learning, mice for transfer 

learning were assessed for their ability to detect and respond to decreasing 

concentrations of odorants (all APPswePS1 and NTg mice). Odor detection threshold 

testing was performed immediately following their initial testing in the transfer task 

(within a week of transfer testing). Cohorts were tested in the same apparatus used for 

the transfer learning. First, mice were presented with a novel odor discrimination 

problem (sandalwood vs. mineral oil) using full strength odorant applied directly to the 

rims of two pots filled with mixed digging media. Sandalwood was the positive odor that 

predicted the food reward and mice were trained until reaching criterion performance (6 

consecutive correct trials). Once achieving criterion performance, the mice were tested 

in a series of discrimination problems during which the sandalwood odor was 

systematically diluted (1/10, 1/100, 1/1000, 1/10000). Mice were given 16 trials at each 

dilution and the percent error was used as the measure of performance. 

Experiment 3: Is Water Maze Performance Impaired in 12 Month Old APPswePS1 
Mice? 

To directly compare the sensitivity of the rodent assessment of transfer learning to 

spatial learning ability, the APPswePS1 and NTg mice from both cohorts (at 

approximately 13 months of age) were tested in hidden (hippocampal-dependent) and 

visible cued (non-hippocampal-dependent) versions of the Morris water maze task. 

Apparatus 

The water maze is described in detail in Chapter 2. In short, during the spatial 

reference memory assessment (hidden platform training), a retractable escape platform 
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(12 cm diameter, HVS Image, UK) was located in the southwest quadrant of the maze 

and submerged 1.2 cm below the water’s surface. During cue training, the tank was 

filled to 1 cm below a black visible platform. Each mouse’s swim was tracked and 

analyzed using a computer-based video tracking system (Water 2020, HVS Image, UK). 

Initially, mice were trained in the non-hippocampal dependent cued version of the task 

in order to assess visual acuity and sensorimotor abilities. Beginning the day 

immediately following completion of cue training, mice received 6 consecutive days of 

training (4 trials per day) to find a hidden, stationary platform, to assess hippocampal 

dependent spatial reference memory. The fourth swim of days 2 and 6 of hidden 

platform training were probe trials, during which the platform was retracted to the bottom 

of the tank for the first 30 sec of the 60 sec trial. 

Water maze analysis 

The water maze data were analyzed using a computer-based video tracking 

system, Water 2020, developed by HVS Image (Hampton, UK). Primary performance 

measures analyzed were path length (the total distance from the start position to the 

platform in centimeters) on hidden and visible training trials and percent time in the 

target quadrant on probe trials. Separate two-factor repeated measures ANOVA 

(genotype x day) were used to evaluate differences across visible platform training 

trials, hidden platform training trials and probe trials. Finally, swim speed (centimeters 

per second) between groups was also analyzed using a one-factor ANOVA (genotype) 

on hidden and visible trials. 

Statistical analyses 

Total number of trials and errors to achieve criterion (6 correct trials on a row) on 

the last portion of the learning phase where all 3 concurrent pairs are presented was 
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compared between experimental groups. Due to similar results when total number of 

trials and errors were analyzed, only number of errors was reported and shown. During 

the transfer phase, in which a fixed number of trials were presented (30 total trials), 

percent error was the performance measure analyzed. Unpaired t-tests were used for 

analyzes of both phases. Y-axis for the learning phase bar graphs were made equal 

throughout the document so that performance differences could be easily visualized. 

For the odor detection threshold testing, an unpaired t-test was used to compare 

total number of trials and errors during the simple discrimination of full strength odor 

versus no odor (mineral oil). Again, errors and total trials to criterion were analyzed, and 

due to no difference in results, only errors were reported and shown. A repeated-

measures ANOVA (age x genotype) across odor dilutions was then used to compare 

lesion group performance (mean % correct at each dilution) on the progressive dilutions 

of the full strength odorant. Statistics were performed with StatView® software (version 

5.01), and in all cases p<0.05 was considered significant. 

The water maze data were analyzed using a computer-based video tracking 

system, Water 2020, developed by HVS Image® (Hampton, UK). Primary performance 

measures analyzed were path length (the total distance from the start position to the 

platform in centimeters) on hidden and visible training trials and percent time in the 

target quadrant on probe trials. Separate two-factor repeated measures ANOVA (lesion 

condition/ blocks x day) were used to evaluate differences across visible platform 

training trials, hidden platform training trials and probe trials. Finally, swim speed 

(centimeters per second) between groups was also analyzed using a one-factor ANOVA 
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(genotype) on hidden and visible trials respectively. Statistics were performed as 

described above for each task using StatView® software (version 5.01). 

Results 

Experiment 1 

Transfer learning performance: The goal of experiment 1 was to determine if 

aged APPswePS1 mice demonstrated transfer learning impairments relative to age-

matched NTg controls, as would be expected if the mouse task is sensitive to Aβ 

pathological changes associated with AD. 

A pairwise comparison revealed no difference due to genotype on the initial 

discrimination learning phase of the task (Figure 3-4A; t (17) = -0.36, n.s.). However, the 

APPswePS1 mice were significantly impaired relative to age-matched NTg mice in their 

ability to perform the discrimination problems when the irrelevant feature was changed 

during the transfer phase of the task (Figure 3-4B, main effect of genotype; t (17) =2.21, 

p <0.05). 

Experiment 2 

Transfer learning performance: A second cohort of APPswePS1 and NTg mice 

was assessed longitudinally for transfer learning beginning at 3 months, followed by 

reassessment at 12 months of age. There were no differences due to genotype on the 

initial discriminations (Figure 3-5A; t (15) = -0.02, n.s.), nor were they present on the 

transfer phase at 3 months of age (Figure 3-5B; t (15) = -0.03, n.s.). 

These mice were then retested for transfer learning at 12 months of age. As in 

Experiment 1, APPswePS1 mice learned the initial discriminations on par with NTg mice 

(Figure 3-6A; t(15) = -.24, n.s.) but they were significantly impaired on the transfer 

phase of the task (Figure 3-6B; t(15) = -2.95, p<0.05). 
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The similar magnitude in transfer learning deficits observed in 12 month old Tg 

mice across experiments 1 and 2 suggested that there may be minimal savings 

associated with the transfer learning task. Such a finding could have significant 

implications for the use of this task in within-subjects experimental designs that are ideal 

for therapeutic intervention studies.  In order to directly compare the magnitude of 

transfer learning performance of 12 month old APPswePS1 mice with (experiment 2) 

and without (experiment 1) prior experience in the task, the percentage of correct trials 

of each mouse from each cohort was divided by the mean of its respective age-matched 

NTg  group. A t-test indicated that there was no difference in performance between 

performance deficits in 12 month APPswePS1 mice assessed cross-sectionally and 

longitudinally (Figure 3-7; t (18) = -1.38, n.s.). 

Odor detection testing: In order to determine whether a decreased ability to 

detect odors with age and/or transgene was a factor in the transfer deficit observed in 

the APPswePS1 mice at 12 months of age, odor detection abilities were assessed at 

different ages in mice from Experiments 1 (12 months) and Experiment 2 (3 months) 

using identical procedures. In a separate session following transfer learning testing, 

mice were trained to criterion on one additional olfactory discrimination problem. Both 

young and aged APPswePS1 and NTg mice learned the simple discrimination problem 

comparably (Figure 3-8A). A repeated measures ANOVA (age x genotype x odor 

dilutions) revealed no significant differences due to age (F (1, 30) = 0.71, n.s.) or 

genotype (F (1, 30) = 0.20, n.s.); also, no interaction was observed between age and 

genotype (F (1, 30) = 0.77, n.s.). Moreover, Figure 3-8B shows that the odor detection 

threshold did not differ across groups, with all groups showing similar declines in 
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accuracy as concentrations of the odorant were decreased  (repeated-measures 

ANOVA; age: F (1,30) = 0.38, n.s.; genotype: F (1,30) = 0.22, n.s.; age X genotype 

interaction: F (1,30) = 0.057, n.s.). 

Experiment 3 

Following all other testing procedures threshold testing, the aged mice from 

Experiment 2 were trained in visible (cued) and hidden platform versions of the water 

maze. Repeated-measures ANOVAs were used for all analyses. As shown in Fig. 3-9A, 

aged (12 months) APPswePS1 and NTg mice showed comparable path length to reach 

the visible platform, across days (F (1, 18) = 0.08, n.s.) and there was no interaction 

between genotype and day (F (1, 18) = 0.16, n.s.). Figure 3-9B shows path length 

across training days 1 through 6. Both groups improved performance across training (F 

(5, 90) = 2.92, p<0.05) but there was no main effect of genotype (F (1, 18) = 0.169, n.s.) 

and no interaction between day and genotype (F (5, 90) = 0.56, n.s.). Probe trial 

performance is shown in Fig. 3-9C. Percent time in the target quadrant significantly 

increased for both groups from the early probe trial on day 2 and the last probe trial on 

day 6 (F (1, 18) = 12.16, p<0.05) but no main effect of genotype (F (1, 18) = 0.55, n.s.) 

nor interaction between genotype and probe trial (F (1, 18) = 0.26, n.s.) was observed. 

Finally, no main effect of genotype was found on swim speed during the first trial 

of cue training (F (1, 18) = 1.35, n.s.) nor on the first hidden platform training trial (F (1, 

18) = 2.02, n.s.), two measures not confounded by learning. 

Discussion 

The goal of the studies in Chapter 3 was to determine if transgenic mice that have 

pathology associated with AD show deficits in transfer learning. The APPswePS1 

mouse, a widely used model of progressive amyloid deposition, starts developing 
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plaques in the hippocampal region at around 6 months of age139,144,164. By 12 months of 

age, this deposition is robust, and APPswePS1 mice tested for transfer learning at this 

age were selectively impaired in transfer learning in comparison to age-matched NTg 

mice. Even at the most advanced ages tested here (12-13 months), APPswePS1 mice 

were able to learn three compound discriminations concurrently that included 

combinations across perceptual sets (i.e., on some problems odor was relevant to the 

correct choice and on others digging medium signaled the correct choice). These data 

show that APPswePS1 mice are able to form associations across at least two stimulus 

dimensions. In contrast, when the irrelevant stimulus dimension was altered, aged 

APPswePS1 mice performed significantly worse than did NTg age-matched controls. 

This deficit was observed both in the initial cross-sectional study conducted on 12 

month old mice (Experiment 1) and in the longitudinal study in which transfer learning 

was comparable to NTgs at young ages (3 months) but deficits of a similar magnitude 

as in Experiment 1 emerged in the APPswePS1 mice compared to NTgs when these 

groups were re-tested at 12 months of age (Experiment 2).  

Olfactory deficits are observed in people with mild cognitive impairment (MCI) and 

early Alzheimer’s disease163,165. As anosmia has been reported at advanced age and in 

AD, and odor was a key stimulus feature in this task, mice were assessed for odor 

detection threshold abilities. There were no age- or pathology- associated differences in 

olfactory detection abilities (Figure 3-6). Moreover, the salience and difficulty of odor 

and digging medium problems appeared comparable as no significant differences in 

errors or trials to criterion were observed in any group (data not shown). These data 
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confirm that procedural aspects of the transfer task did not account for the age-related 

deficits observed in the APPswePS1 mice. 

In Experiment 2, APPswePS1 mice at 12 months of age that were impaired in 

transfer learning were not impaired in the water maze. As both tasks have been shown 

to be dependent on the hippocampus109-110,166-167, it is perhaps surprising that no 

decrements in performance were observed on the spatial learning assessment.  One 

explanation for this lack of deficit, mentioned in chapter 2, is that mice use different 

strategies to search for the hidden platform in the water maze, and unlike rats, do not 

need to rely sole on the hippocampus to find it116. As such, spatial learning (at least as 

assessed in the water maze) may not be particularly sensitive to hippocampal 

pathologies in mice. Indeed, ibotenic acid-lesioned mice (in which there was virtually 

complete removal of the hippocampus) showed some decrement in the hidden version 

of the task (training trials) but had remarkably intact probe trial performance, which is 

generally considered the more sensitive measure of hippocampal function in this task. 

These data suggest that transfer learning is a more sensitive detector of hippocampal-

dysfunction, at least in the APPswePS1 transgenic mouse model of amyloid 

deposition139. 

One of the challenges of translational research has been an inability to extend 

cross-sectional experimental designs traditionally used in rodent experimentation to the 

interpretation of longitudinal experimental designs typically used in human clinical trials. 

Tasks such as the water maze are not easily adaptable for re-assessment due to 

significant savings across sessions, even in animals with significant memory 

impairments. In contrast, the longitudinal study presented here demonstrates that the 
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transfer learning task can be used in a within-subject, test-retest manner in mice. Direct 

comparison between 12 month old APPswePS1 mice tested cross-sectionally and 

longitudinally showed that mice tested at 3 months of age were impaired at 12 months, 

with no savings from prior exposure to the task. Thus, the transfer learning test is ideal 

for characterizing hippocampal function in mouse models as pathology progresses with 

age. 

The current series of experiments show that transfer learning is sensitive to 

presence of amyloid plaques in the hippocampus of a transgenic mouse model of AD, 

and suggest that this deficit could be age-dependent. This task revealed robust deficits 

in cognitive function in animals that did not show deficits on more standard 

assessments of hippocampal function (i.e., the spatial reference memory version of the 

Morris water maze task). These data and the highly similar parameters of the human 

and rodent tasks provide a behavioral paradigm that should be useful for translational 

research between rodents and humans, resolving a high-priority need for current AD 

research. 
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Figure 3-1.  Amyloid precursor protein (APP) processing. In (A) APP cleavage sites. 
Alpha-secretase cleavage is involved in the non-amyloidogenic pathway and 
results in the release of soluble APP fragments. Cleavage by β-secretase 
initiates the amyloidogenic pathway and further cleavage by ϒ-secretase 
results in the production of Aβ 42. In (B) APPswePS1 mouse model. Double 
transgenic mice present a mutant human presenilin mutation 1 (PS1d9) and 
the swedish mutation (K595N/M596L), which result in overproduction of Aβ42 
protein. 
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Figure 3-2.  Amyloid aggregation at the synapses. After the APP is cleaved through the 
amyloidogenic pathway, Aβ 42 can exist in multiple assembly states. The 
monomeric state does not appear to neurotoxic, while oligomers and fibrillary 
plaques have been implicated in synaptic dysfunction and impairment in 
plasticity168.  
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Figure 3-3.  Photomicrographs show Thioflavin-S stained coronal sections of the 
hippocampus in 3, 6 and 12 month old APPSwePS1 mice. Note that although 
non fibrillar Aβ 42 is known to be present in the brain at 3 months of 
age139,144, large neuritic plaques are mostly absent. At 6 months of age, 
plaque deposition begins to emerge, and is robust by 12 months in 
APPswePS1 mice. 
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Figure 3-4.  Performance of aged (12 months) APPswePS1 (blue bars) and age-
matched NTg mice (red bars) on the transfer learning task. Panel (A) shows 
errors to criterion (mean ± S.E.M) in the concurrent discrimination learning 
phase of the task and panel (B) shows percent error (mean ± S.E.M) in the 
transfer phase of the task. Note that while there is no difference in 
performance between NTg and APPswePS1 mice in number of errors on the 
initial discriminations, APPswePS1 were significantly impaired relative to NTg 
mice on the transfer phase of the task. See text for statistical analysis. 
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Figure 3-5.  Performance of young (3 months) APPswePS1 (blue bars) and age-
matched NTg mice (red bars) on the transfer learning task. Panel (A) shows 
errors to criterion (mean ± S.E.M) in the learning phase of the task and panel 
(B) shows percent error (mean ± S.E.M) in the transfer phase of the task. No 
difference in performance between NTg and APPswePS1 mice in number of 
errors on the initial discriminations or percent error in the transfer phase of the 
task. See text for statistical analysis. 
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Figure 3-6.  Performance of the same APPswePS1 (blue bars) and NTg mice (red bars) 
shown in Figure 3-5, re-tested for transfer learning at 12 mo. Panel (A) shows 
errors to criterion (mean ± S.E.M) in the learning phase and panel (B) shows 
percent error (mean ± S.E.M) in the transfer phase of the task. No significant 
differences were observed in errors to criterion (mean ± S.E.M) during initial 
discrimination learning (A); however, a significant and robust deficit in transfer 
learning was observed in APPswePS1 mice at this age. See text for statistical 
analyses. 
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Figure 3-7.  Previous exposure to the task did not alter the ability to detect a significant 
deficit in transfer learning. This was observed by comparison of performance 
of cross-section and longitudinal testing of 12 month old APPswePS1 cohorts 
on the transfer phase of the task. The magnitude of the deficit is virtually 
identical, providing strong evidence that this task is well-suited for within-
subjects studies.  
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Figure 3-8.  Odor detection threshold testing in young and aged APPswePS1 (blue 
bars) and NTg (red bars) mice. Errors to criterion (mean ± S.E.M) to learn a 
novel odor discrimination pair are shown in (A) and percent error (mean ± 
S.E.M) of responses to decreasing dilutions of the odorant (B). As expected, 
all groups’ ability to detect the odors decreased with diminishing 
concentrations of the odorant, nearing chance performance at a 1:10000 
dilution. No effects of age or genotype were observed in the ability to detect 
odorants. See text for statistical analysis. 
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Figure 3-9.  Water maze performance in aged APPswePS1 (blue bars) and NTg (red 
bars) mice. Panel (A) shows that both groups were able to find a visible 
platform comparably, demonstrating a lack of sensorimotor or motivational 
differences between groups. Panel (B) shows that the path from the start 
position to the stationary hidden platform decreased across the 6 training 
days for both groups, although there was no main effect of genotype nor any 
interaction of day with genotype. Panel (C) shows performance on probe trials 
early (probe 1) and late (probe 2) in the spatial memory version of the task. 
All mice spent significantly more time in the target quadrant (containing the 
platform) with increased training although in agreement with training trial data, 
no effect of genotype was observed. See text for statistical analysis. 
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CHAPTER 4 
EARLY DETECTION AND POSSIBLE MECHANISMS 

Data from human studies suggest that assessment of transfer learning could be a 

sensitive method for early detection of cognitive dysfunction in individuals at risk of 

developing Alzheimer’s disease1,11. Data from experiments in Chapter 3 support this 

assertion, as transfer learning deficits were evident in a mouse model that recapitulates 

early AD-like pathology (i.e., accumulation of amyloid beta plaques). Notably, while 

transfer learning deficits were robust in the APPswePS1 mice at an age in which plaque 

deposition is substantial (i.e., 12 months of age), deficits were not detected in this 

mouse model at an age that precedes the accumulation of neuritic Aβ plaque deposition 

(3 months of age). However, the previous study did not include intervening ages of 

mice, nor were Aβ or other pathological measures compared with behavioral 

performance. In addition, it is possible that transfer learning may be associated with 

secondary pathological mechanisms mediated by, or downstream, of amyloid. Indeed, 

Aβ can be toxic to both cellular function and signaling, and synaptic dysfunction is 

among the strongest neuropathological correlates of cognitive function in AD31,169-170. 

Experiments in Chapter 4 were designed to more directly examine the relationship 

between Aβ, synaptic function, and transfer learning using two transgenic mouse 

models of amyloid plaque deposition that have distinct time-courses associated with 

pathology and that have been used previously to investigate distinct mechanisms 

whereby Aβ could be detrimentally affecting hippocampal function153,171-176. 

Table 4-1 shows the main characteristics of the two mouse models used in 

Chapter 4.The APPswePS1 mouse model, which is discussed in detail in Chapter 3, is 

a double transgenic model that expresses a chimeric mouse/human amyloid precursor 
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protein (APP; Mo/HuAPP695swe) and the mutant human presenilin 1 (PS1-dE9), both 

of which are implicated in early-onset forms of AD. These mice develop insoluble Aβ 

deposits (plaques) throughout the brain by processing of APP (discussed in detail in 

Chapter 3). Furthermore the presenilin mutation increases the Aβ 42 to Aβ 40 ratio, 

facilitating amyloid deposition. Plaques accumulate in hippocampus, beginning at 

approximately 6 months of age, with numerous widespread deposits reported in this 

region by 12 months of age 139,154,160-161. This widespread amyloid pathology in 

hippocampus and throughout the neocortex is analogous to the extensive amyloid 

plaque deposition that characterizes the AD brain (SeeTable 4-1)52,162. Parenchymal 

and vascular amyloid pathology, plaque-associated dystrophic neurites and microglial 

activation are all observed in the APPswePS1 model139. Behavioral deficits in the 

APPswePS1 model are observed as early as 6 months in working memory and 

executive tasks, such as reversal learning177-178. However, deficits in declarative 

memory, or hippocampal-dependent tasks, have generally not been observed reliably 

until after significant plaque deposition is evident. These deficits generally emerge 

between 12-14 months of age103-106,111,179 or even later in the case of spatial 

learning103,105. Notably, performance in a modified Barnes Maze, which is also an 

assessment of spatial learning and memory140, is an exception, as deficits have been 

reported as early as 7 months of age in the APPswePS1 mice106. 

The second model used in Chapter 4 is the Tg-SwDI mouse model. This mouse is 

made with a construct containing the human amyloid beta-precursor protein, APP gene, 

with the Swedish K670N/M671L, Dutch E693Q and Iowa D694N mutations (triple 

mutation)171. These mutations result in an increase in the Aβ 42 to Aβ 40 ratio with 
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visible vascular plaque deposition starting at 3 months. Although not characterized 

extensively, in accord with the more aggressive pathology in this model, behavioral 

deficits have generally been observed earlier in Tg-SwDI model relative to APPswePS1. 

For example, Xu et al. (2007) reported that the Tg-SwDI mice can present deficits in the 

Barnes Maze as early as 3 months of age180, significantly before ages at which deficits 

have been observed in the APPswePS1 model108-109,181. Together, these data support 

that the differing magnitude or downstream targets of Aβ pathology in these models are 

reflected at the behavioral level. 

In addition to Aβ accumulation, changes in synaptic activity and reductions in 

synaptic markers have been well documented in early stages of AD, and are among the 

features of the disease that best predict cognitive dysfunction in dementia16-22.  Indeed, 

recent studies suggest that synaptic dysfunction is apparent well before prominent frank 

neuronal loss,  preceding significant cognitive deficits in humans (See Fig. 1-2)39,182. 

Synaptic dysfunction may reflect a number of alterations in cellular machinery and 

signaling. These include loss of synaptic contacts (due to loss of neurons or dendrites); 

decreases in number of transmitter vesicles released from pre-synaptic terminal (e.g., 

glutamate); reduction in expression of synapse-related proteins (reduced mRNA 

expression); and/or  loss of mechanisms responsible for restructuring dendritic spines 

(such as deficiencies in post-synaptic mechanisms or changes in dendritic 

morphology)120. In particular, alterations in synaptic protein levels in pre- and post-

synaptic terminals have been linked to synaptic dysfunction in AD3,38-39,183-186
. 

Synaptophysin is a synaptic vesicle protein of approximately 38kDa and because it is 

present in virtually all cells that participate in synaptic transmission (discussed in more 
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detailed below), it is often used as a marker of pre-synaptic integrity58. Indeed, loss of 

the pre-synaptic protein synaptophysin in the hippocampus has been shown to be an 

early event in AD and this change correlates well with cognitive impairment in humans 

3,38,186-187 and rodents183 (See Figure 1-1 and Table 4-1). PSD-95 (105 kDa) is a major 

postsynaptic scaffold protein at hippocampal excitatory synapses and it is often used as 

a marker of synaptic strength188. PSD-95 levels also decline in AD, but generally much 

later in the time course of the disease compared to synaptophysin189, suggesting that 

the pre-synaptic circuitry may be affected early in the disease. 

The extent to which synaptic alterations may be affecting cognition at very early 

stages of amyloid beta deposition in AD is unknown. The lack of early and reliable 

assessments of hippocampal function is a major limitation to understanding the effects 

of progressive pathological changes, synaptic alterations and hippocampal dysfunction. 

The recently developed rodent transfer learning task may be a useful tool for behavioral 

characterization and further exploring such relationships. The goal of experiments in 

Chapter 4 was to examine the relationship between early AD pathology (Aβ, synaptic 

function) and transfer learning using APPswePS1 and Tg-SwDI mice. 

Methods 

Subjects 

Breeder pairs were acquired from the Jackson Laboratory, Maine, USA and bred 

at the University of Florida’s Department of Animal Care Services (ACS), an AAALAC 

approved barrier facility. For APPswePS1, a cohort was formed by hemizygous crossing 

between B6C3F1/J and B6C3-Tg(APPswe,PSEN1dE9)85Dbo/J). For Tg-SwDI, a cohort 

was formed by homozygous crossing of C57BL/6-Tg(Thy1-APPswDuIowa) BWevn/J. F-

1 pups from hemyzogous APPswePS1 breeders were genotyped at the Genetic 
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Analysis Lab, ICBR, at 2 months of age and controls for Tg-SwDI were female age-

matched C57BL/6J female mice acquired from Jackson Laboratory. For behavioral 

testing, mice were transferred to the McKnight Brain Institute (University of Florida 

College of Medicine) at least one month prior to the onset of behavioral assays where 

they received ad lib access to food and water. 

Mice were maintained on a 12-h light/dark cycle (lights on at 0800) and climate 

controlled at 25oC. All testing was conducted during the light cycle and mice in the study 

were screened daily for health problems, as were sentinel mice that were housed in the 

same room as experimental mice. Mice were individually housed throughout testing, 

and one week prior to behavioral testing, mice were food-restricted to 85% of their free-

feeding weight and handled for 3-5 minutes daily to habituate to the experimenter. All 

animal procedures were conducted in accordance with approved institutional animal 

care procedures and NIH guidelines. The number of mice in each cohort is specified 

under each experiment. 

Experiment 1: To What Extent are Transfer Learning Deficits Associated with Aβ 
Pathology in APPswePS1 and Tg-SwDI Mice?  

Amyloid beta and transfer learning were assessed in cohorts of 3 and 6 month old 

APPswePS1 and Tg-SwDI mice which reportedly have distinct time-courses of 

Aassociated pathology139,144,171,190 . 

Transfer learning task 

Subjects used to assess transfer learning performance were APPswePS1 [3 

month old (n= 7) and 6 month old (n= 8)], age-matched non-transgenic littermates of 

B6C3F1/J background strain [3 month old (n= 7) and 6 month old (n= 6)], Tg-SwDI [3 

month old (n=8) and 6 month old (n=6)], and age-matched non transgenic background 
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strain C57BL/6J [3 month old (n= 6) and 6 month old (n= 6)] mice. The testing 

procedures used for assessing transfer learning are identical to that shown in Figure 2-

1, and described in detail in Chapter 2. 

Tissue harvest and preparation for Aβ analysis 

After behavioral training, Aβ pathology was assessed in APPswePS1 [3 month old 

(n=5), 6 month old (n=7)] and Tg-SwDI [3 month old (n= 3) and 6 month old (n=6)] mice. 

Mice were perfused with PBS and brains were dissected from the cranium and 

hemisected along the midline. The hippocampus was dissected from one hemisphere 

and frozen in nitrogen and stored at -80°C until Aβ analysis with Enzyme-Linked 

Immunosorbent Assay (ELISA). The remaining intact hemisphere was prepared for 

histological analysis of plaque deposition by Thioflavin-S staining. Hemibrains were 

immersion-fixed for 48 h at 4°C in 4% paraformaldehyde (PFA) in 0.1-M phosphate 

buffer, pH 7.4,cryoprotected in 20% sucrose dissolved in PBS for 48 hours, rapidly 

frozen on powdered dry ice, and stored at -80°C until further processing. 

Homogenates were prepared from the dissected hippocampi in order to quantify 

A 40 and 42 levels using ELISA. Tissue was first homogenized using a tissue 

homogenizer in radioimmunoprecipitation assay (RIPA) buffer (50mM Tris-HCl pH 7.4, 

150 mM NaCl, 1% NP-40, 1% sodium deocycholate, 0.5% SDS) in the presence of 

protease inhibitor (10 μl/mL) and EDTA (0.5 M). Samples were then sonicated and 

centrifuged at 13,000g for 20 minutes at 4oC. Protein concentration was determined 

using the Pierce BCA Kit according to the manufacturer's protocol (Rockford, IL, USA), 

and an iMARK Microplate Absorbance Reader® (BioRad) was used to detect protein 

concentrations at λ550 nm. A portion of the resultant supernatant was collected and 
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stored in the -80°C freezer for use in immunoblotting assays described below in 

Experiment 2. Another portion of the supernatant was further vacuum-centrifuged at 

100,000 g for one hour at 4°C, and the supernatant from this centrifugation was 

collected, representing the RIPA-soluble fraction for the Aβ analyses with ELISA. 

Enzyme-linked immunosorbent assay (ELISA) 

Immunolon HBX4 plates were coated with the specific antibodies for Aβ 40 and 

Aβ42 detection at 25 μg/mL in PBS. To detect Aβ 40 sandwich capture ELISA, mAb40.1 

capture and AB5-HRP detection was used. To detect Aβ42, mAb42.2 capture and AB5-

HRP detection were used (generously provided by Drs. Yona Levites and Todd Golde). 

Plates were coated with 100 μL per well and stored at 4°C overnight. Antibodies were 

then removed from plates and blocked with ACE blocking solution (1% Block Ace, 

0.05%NaN3, 10X PBS at pH 7.4) at 4°C overnight. RIPA Homogenates aliquots were 

further diluted 1:5 for Aβ 1-42 and 1:10 for Aβ 1-40. After ACE blocking was removed, 

wells were washed with 300 μL of PBS, and 50 EC buffer (antigen capture buffer; 

NaH2PO4, NaN3, EDTA, NaCl, BSA, CHAPS lysis buffer at pH 7.0) was immediately 

added to the plate to prevent drying during loading, and 100 μL of sample were added 

to duplicate wells. The plate was then incubated overnight at 4°C. Fluid was discarded 

from the plate and wells were washed with 300 μL of PBS. Antibodies were then added 

at 1:1000 concentration (diluted in detection buffer; NaH2PO4, Na3PO4, thimerosal, 

EDTA, NaCl, BSA at pH 7.0) and incubated overnight at 4°C. Plates were washed with 

PBST, PBS, and TMB (developing solution; 1 M tris Base, 0.5 M Na2HPO4, peroxide) 

was added to each well. Stopping buffer (85% phosphoric acid) was added when 

optimal development was achieved (color in at least 3 standards). Plate was read at 
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λ450nm and stored at 4°C. All values were calculated as picomoles per gram (pm/g) 

based on the initial weight of brain tissue. 

Thioflavin(S) staining 

Numbers of Aβ plaques were evaluated in the opposite hemisphere of brains used 

for ELISA analysis of Aβ 40 and 42. Cryo-protected hemi brains were sectioned at 40 

μm in the coronal plane through the hippocampus using a calibrated freezing 

microtome. Sections (1-6 series) were matched across mice and were collected into 0.1 

M TBS, and mounted on glass slides. After 24h, slides were processed for Thioflavin-S 

(Sigma) staining. Slides were rehydrated in running water, incubated for 5 min in 

KMnO4 (0.25%), for 5 min in K2S2O5 /Oxalic Acid (1%), and for 8 min in Thioflavine-S 

(0.02%). Next, slides were differentiated twice in ethanol (80% for 1 minute each time) 

followed by water (5 minutes). Prolong Gold® with DAPI was used during cover 

slipping. Images of staining in 6 sections from each animal were captured using the 

Scanscope XT® image scanner (Aperio Technologies©, Vista, CA). ImageScope® was 

used to assist in quantification of total plaque number (sum) in these 6 sections of the 

hippocampus191-193. The final images and layouts were created using Photoshop CS2® 

(Adobe, San Jose, CA). 

Statistical Analyses 

Transfer learning assessment 

For the learning phase, the number of errors to reach criterion on the last block of 

trials (that included all three intermixed problems) was the primary measure of interest. 

For the transfer phase, in which a fixed number of trials were presented, percent error 

was the performance measure analyzed. Total- and percent- error on learning and 

transfer phases, respectively, were compared for each mouse strain using separate two 
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factor ANOVAs [age (3 vs 6 months) X genotype (APPswePS1vs B6C3F1/J control or 

Tg-SwDI vs C57BL/6J control)]. To directly compare performance between APPswePS1 

and Tg-SwDI, performance on transfer learning was expressed as a percent increase in 

errors relative to the mean performance of the appropriate age-matched non transgenic 

control mice (NTg) and was compared with two factor ANOVA [age (3 vs 6 months) X 

genotype (APPswePS1 vs Tg-SwDI)]. 

Aβ pathology 

Levels of Aβ 40 and 42 determined by ELISA were directly compared between 

transgenic models using two-factor ANOVAS [age (3 vs 6 months) X genotype 

(APPswePS1 vs Tg-SwDI)]. Separate one-factor ANOVAs were used to compare the 

sum of plaques in the hippocampus from 6 sections matched across subjects, so that 

regions counted were equivalent, between 3 and 6 month old APPswePS1 mice (note 

that this analysis was not done in Tg-SwDI mice). For plaque counts, one-way ANOVA 

(age X total plaque number) was used to compare number of plaques in hippocampus 

of APPswePS1. Linear regression analyses were used to compare individual Aβ levels 

or sum of hippocampal plaque number with transfer learning performance. For all 

experiments, statistics were performed using StatView® software (version 5.01) and 

p<0.05 was considered significant. 

Experiment 2: Do Alterations in Markers of Synaptic Integrity Accompany 
Transfer Learning Deficits APPswePS1 and Tg-SwDI Mice? 

Substantial evidence links A pathology and cognitive decline in early AD to 

synaptic loss and dysfunction29,31,34,49,153. In Experiment 2, expression of pre- and post-

synaptic proteins was evaluated in APPswe and Tg-SwDI mice to determine the extent 
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to which impairments in synaptic integrity accompany transfer learning deficits in these 

two models. 

Western blotting 

Hippocampal expression of synaptophysin and PSD-95, was evaluated by 

Western blotting using APPswePS1 [3 month old (n=5), 6 month old (n=7), 12 month 

old (n=3)], B6C3F1/J [3 month old (n=5), 6 month old (n=5), 12 month old (n=3)]; and 

Tg-SwDI [3 month old (n=3) and 6 month old (n=5)] and C57BL/6J [3 month old (n=5) 

and 6 month old (n=5)] mice. Each experiment was designed to address specific 

questions, defined a priori, to ensure that all samples used for comparisons were 

processed together on a single gel. This approach served to minimize the effect of inter-

assay variability. Experiments were performed at room temperature. Proteins were 

denatured and reduced in Laemmli® sample buffer with 5% β-mercaptoethanol (Fisher, 

Pittsburgh, PA, USA) and heated at 100°C for 10 minutes. Twenty μg of protein per lane 

were electrophoretically separated on a Tris-glycine gel (4-15%) at 200 V for 35 

minutes, and transferred to Millipore Immobilon®-FL PVDF membrane pre-incubated in 

blotting buffer containing trizma base and glycine using a semidry Minnie Gennie® 

electrophoretic transfer apparatus (Idea Scientific, MN, USA) for 1 hour at 350 mA. 

Blots were washed 3 times with tris-buffered saline (TBS; pH 7.4) then blocked for 1 

hour in blocking with 5% milk in TSBT (Tris-buffered saline/ with 0.01%). The following 

antibodies were used: mouse monoclonal [SY38] to synaptophysin (ABCAM, 1:5,000 

overnight incubation), rabbit polyclonal to PSD-95 (ABCAM, 1:5,000), chicken 

polyclonal antibody to glial fibrillary acid protein (GFAP; EnCor, 1:2,000), and a mouse 

monoclonal antibody to glyceraldehyde 3-phosphate dehydrogenase (GAPDH; EnCor, 

1:10,000). All primary antibodies were incubated overnight at 4°C with rotation. Binding 



 

 
96 

 

was detected using appropriate LI-COR IRDye® secondary antibodies conjugated to 

800CW (1:10,000). All secondary incubations were done at room temperature for 1 hour 

with rotation. Infrared signal was detected with the Odyssey Imager system® (LI-COR) 

and measured with Image Studio software (LI-COR). Synaptophysin, PSD-95, and 

GFAP values were expressed as a ratio of GAPDH measured in the same lanes in 

order to control for loading variation. 

Statistical analyses 

Levels of synaptophysin, PSD-95 and GFAP were compared for each mouse 

strain transgenic strain using one-factor ANOVAS [age (3, 6 and 12 months; 

APPswePS1) or age (3 vs 6 months); for Tg-SwDI)]. Age-matched controls were 

analyzed the same way [age (3,6 and 12 months; B6C3F1/J) or age (3 vs 6 months; 

C57BL/6J). Pairwise comparisons were used to compare total protein levels in the 

hippocampal homogenates. GAPDH was used as a loading control as there was no 

age-related change in expression of this protein (pair wise comparisons (age expression 

levels). Values on x-axis were arbitrary and do not infer comparison between graphs. 

For all experiments, statistics were performed using StatView® software (version 5.01) 

and p<0.05 was considered significant.  

Experiment 3: Is There Other Evidence for Synaptic Dysfunction in 6 Month Old 
APPswePS1 Mice? 

Data from Experiment 2 (described below) revealed a small but significant 

reduction in synaptophysin expression in the hippocampus of 6 month old APPswePS1 

mice. To determine if this reduction had functional implications, synaptic physiology was 

evaluated in hippocampal slices from APPswePS1 and age-matched NTg mice. 
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Subjects were non-behaviorally characterized APPswePS1 (n=3) and age-

matched NTg (n=3) mice at 6 months of age. Mice were rapidly decapitated without 

anesthesia, hippocampi were dissected, and slices (∼400 μm) were cut parallel to the 

alvear fibers using a vibratome (Technical Products International, St. Louis, MO). Slices 

were transferred to a standard interface-recording chamber that was continuously 

perfused (1 ml/min) with oxygenated artificial cerebrospinal fluid (ACSF) containing (in 

mM) 124 NaCl, 2 KCl, 1.25 KH2PO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3, and 10 glucose. 

Slices were maintained at 30 ± 0.5° C, and humidified air (95% O2-5% CO2) was blown 

over the slices. 

Electrophysiological recordings: Figure 4-1A shows schematic of extracellular 

synaptic field potentials recording from CA3-CA1 synaptic contacts. Recording was 

done with glass micropipettes (4-6 MΏ) filled with recording medium (ACSF). Two 

concentric bipolar stimulating electrodes (outer pole: stainless steel, 200 µm diameter; 

inner pole: platinum/iridium, 25 µm diameter, FHC, Bowdoinham, ME) were positioned 

approximately 1 mm from either side of the recording electrode localized in the middle 

of the stratum radiatum. A single diphasic stimulus pulse of 100 µsec was delivered 

from a stimulator (SD 9 Stimulator, Grass Instrument Co, West Warwick, RI) to the 

Schaffer collateral commissural pathway, in order to evoke field potentials at 0.033 Hz. 

The signals were amplified, filtered between 1 Hz and 1 kHz, and stored for off-line 

analysis. For analyses, two cursors were placed around the initial descending phase of 

the excitatory post synaptic potential (EPSP, Figure 4-1B) waveform, and the maximum 

slope (mV/ms) of the EPSP was determined by a computer algorithm that found the 

maximum change across all sets of 20 consecutively recorded points (20 kHz sampling 



 

 
98 

 

rate) between the two cursors. For examination of synaptic plasticity, responses were 

collected for at least ten minutes prior to patterned stimulation to ensure a stable 

baseline before induction of synaptic plasticity. Long term potentiation (LTP) was 

induced by employing four 1 second trains of 100 Hz with each train 10 seconds apart. 

Changes in transmission properties induced by patterned stimulation were calculated as 

the percent change from the averaged response collected during baseline. 

For synaptic plasticity studies, the mean percent changes in the slope of the 

extracellular synaptic response were measured 55–60 min after 5-Hz stimulation for 

both control and tetanized pathways. 

Statistical Analyses 

A two factor repeated- measures ANOVA was used to compare the effects of 

genotype on synaptic plasticity. Post hoc analyses were conducted using Scheffe tests, 

with significance set at p < 0.05. 

Results 

Experiment 1: To What Extent are Transfer Learning Deficits Associated with Aβ 
Pathology in APPswePS1 and Tg-SwDI Mice?  

Initial behavioral analyses compared transfer learning (learning and transfer 

phases) within each mouse model. 

Transfer learning performance in APPswePS1 mice 

Transfer learning performance is shown in Figure 4-2. On the learning phase, no 

main effects of age (F (1, 24) = 2.28, n.s.) or genotype (F(1,24)= 2.996, n.s) were 

observed, nor was there an interaction (age X genotype; F(1,24)= 1.94, n.s). In contrast, 

comparisons of performance on the transfer phase (Figure 4-2A), revealed significant 

main effects of age (F (1, 24) = 13.88, p<0.05) and genotype (F (1, 24) = 9.36, p<0.05) 



 

 
99 

 

as well as a significant interaction between age and genotype (F (1,24) = , p<0.05). To 

further explore the nature of this interaction, pair-wise comparisons were conducted. 

These analyses revealed that 6 month old APPswePS1 were significantly impaired 

relative to both age-matched NTg controls (t-test: t (12) = -3.850, p<0.05) and 3 month 

old APPswePS1 mice (t (13) = -3.882, p<0.05). Notably, accuracy of transfer learning 

performance did not differ between 3 month APPswePS1 and 3 month NTg (t (12) = 

0.47, n.s.). 

Transfer learning performance in Tg-SwDI mice 

In agreement with data from the APPswePS1 model, a two-factor ANOVA 

revealed no main effects of age (F (1, 22)= 0.73, n.s.) or genotype (F (1, 22) = 4.0, n.s.) 

on the learning phase of the task. In contrast, comparisons of performance on the 

transfer phase revealed main effects of age (F (1, 22) = 6.81, p<0.05) and genotype (F 

(1, 22) = 22.55, p<0.05). Unlike in the APPswePS1 model, however, there was no 

interaction (age X genotype; F (1, 22) = 1.48, n.s. Fig. 4-2B]. Post hoc comparisons 

indicated that the lack of interaction was due to the fact that performance of Tg-SwDI 

mice on the transfer phase was significantly impaired compared to NTg mice at both 3 

and 6 months of age (3 months: t (12) =-2.7, p<0.05; and 6 months (t (10) = -3.886, 

p<0.05).Notably, pair-wise comparison also revealed that 6 month old Tg-SwDI were 

significantly impaired compared to 3 month old Tg-SwDI (t (12)=-2.26, p<0.05). 

Comparison of transfer learning across APPswePS1 and Tg-SwDI models 

Transfer learning performance was directly compared across models and results 

are shown in Figure 4-2C. For these comparisons, learning (total errors to criterion) and 

transfer (% error) performance for each transgenic subject was calculated as a 

percentage increase in error from the mean performance of the appropriate age-
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matched non transgenic control NTg (i.e., percent increase in error relative to age-

matched NTg). Performance on the learning phase was first compared using a two 

factor ANOVA [age (3 vs 6 months) X genotype (APPswePS1 vs Tg-swDI)]. There were 

no main effects of age (F (1, 25) = 0.2, n.s.), genotype (F (1, 25) = 0.86, n.s.) nor was 

there an interaction between age and genotype. In contrast, comparisons of 

performance on the transfer phase revealed differences between transgenic models. A 

two-factor ANOVA [age (3 vs 6 months) X genotype (APPswePS1 vs Tg-swDI)] 

indicated that there was no main effect of age (F (1, 25) = 0.959, n.s.) nor was there an 

interaction between age and genotype (F (1, 25) = 1.012, n.s.). However, there was 

main effect of genotype (F (1, 25) = 11.546, p<0.05), which indicated that Tg-SwDI 

performance on the transfer phase of the task was significantly worse 

APPswePS1mice. Post hoc comparison between strains at each age revealed that 3 

month old Tg-SwDI had a lower accuracy in performance compared to 3 month old 

APPswePS1 (unpaired t-test: t (13) = -2.66, p<0.05). The same result was found with 6 

month old cohorts, with 6 month od Tg-SwDI presenting low accuracy in the transfer 

phase compare to APPswePS1 (unpaired t-test: t (12) = -2.27, p<0.05). 

Aβ 42 levels (ELISA) 

Figure 4-3A shows Aβ 42 levels in APPswePS1 and Tg-SwDI mice. A two-factor 

ANOVA (age x genotype) performed on Aβ 42 levels measured from APPswePS1 and 

Tg-SwDI mice revealed a significant main effect of age (F (1,16)= 50.89, p<0.05) and 

genotype (F(1,16)= 46.33, p<0.05) as well as a significant interaction (F (1,16)= 37.82, 

p< 0.05). Further analysis showed that levels of Aβ 42 were higher within strain, with 6 

month old APPswePS1 showing higher levels (t (10)= -2.62, p<0.05) and 6 month old 

Tg-SwDI (t(7)= -5.55, p<0.05) than 3month old cohorts of each strain. Post hoc 
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comparisons indicated that Aβ 42 levels in Tg-SwDI mice were higher relative to 

APPswePS1 (trend at 3 months: t (6) = 2.13, p=0.07; 6 months: t (10) = 8.25, p<0.05). 

In comparison to APPswePS1 mice, Aβ 42 levels in Tg-SwDI mice were two-fold 

greater at 3 months and seven-fold greater at 6 months. 

Aβ 40 levels (ELISA) 

Similar results were observed for Aβ 40. A two-factor ANOVA (age X genotype) 

performed on Aβ 40 levels measured from APPswePS1 and Tg-SwDI mice revealed a 

significant main effect of age (F (1,16)= 60.184, p<0.05), genotype (F (1,16)= 58.02, 

p<0.05) and an interaction of age and genotype (F(1, 16)= 42.48, p<0.05). Further 

analysis showed that levels of Aβ 42 were higher within strain, with 6 month old 

APPswePS1 showing higher levels (t (10)= -2.65, p<0.05) and 6 month old Tg-SwDI (t 

(7)= -2.78, p<0.05) than 3 month old cohorts of each particular strain. Post hoc 

comparisons between strains indicated, however, that higher Aβ 40 in Tg-SwDI relative 

to APPswePS1 was only evident at 6 months of age (3 months: (t(6)= 1.62, n.s.; 6 

months: t (10)= 9.27, p<0.05). 

Figure 4-3B and C show representative Thioflavin-S staining in the hippocampus 

of 6 month old and APPswePS1 (Figure 4-3B) and Tg-SwDI (Figure 4-3C). Note, that in 

agreement with relatively higher Aβ 42 levels in Tg-SwDI mice, a larger number of 

plaques were also observed in Tg-SwDI relative to APPswePS1 mice. This pattern of 

increased plaque deposition in Tg-SwDI relative to APPswePS1was qualitatively 

evident across animals at both 3 month and 6 month ages. 



 

 
102 

 

Relationship between Aβ pathology and transfer learning performance in 
APPswePS1 mice. 

The relationship between Aβ and transfer learning performance was further 

explored by comparing RIPA soluble levels of Aβ in hippocampal homogenates, 

quantified by ELISA (RIPA soluble Aβ 40 and 42, pmoles/g) and counts of Thioflavin-S 

stained fibrillary plaques, in 3 month old (n=4) and 6 month old (n=6) APPswePS1 

cohort. Levels of Aβ 40 (r=0.78, p<0.05) and Aβ 42 (r=0.72, p<0.05, Figure 4-4A) were 

highly correlated with the sum number of plaques quantified in 6 sections of the 

hippocampus (matched across mice). Moreover, correlation analyses indicated that, 

among APPswePS1 mice, both of these measures of Aβ pathology was strongly related 

to performance on the transfer phase (Aβ 42 and transfer learning: r=.79, p<0.05 

(Figure 4-4B); plaque number and transfer learning: r=0.80, p<0.05 (Figure 4-4C). A 

trend toward a correlation with Aβ 40 was also observed (r= .74, p=0.052, not shown). 

Experiment 2: Do Alterations in Markers of Synaptic Integrity Accompany 
Transfer Learning Deficits APPswePS1 and Tg-SwDI Mice? 

To investigate synaptic integrity, hippocampal expression of synaptophysin and 

PSD-95, was evaluated by western blotting. GFAP (glial fibrillary acidic protein) 

expression was also investigated in these same mice, as this increase in astroglial 

markers has been observed in pathological and normal aging175,194-196. GAPDH was 

used as a loading control for the APPswePS1 and Tg-SwDI cohort comparisons, as 

there was no effect of age (APPwePS1: F (1, 11) = 0.17, p>0.05; Tg-SwDI: F (1, 8)= 

0.04, p>0.05). 

Effects of chronological age on synaptophysin and PSD95 expression 

The effects of chronological age on synaptophysin and PSD-95 were compared in 

B6C3/J mice (the age-matched NTg mice for APPswePS1 cohort) and C57BL/6 mice 
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(the age-matched NTg for the Tg-SwDI cohort) separately. One-factor ANOVAs 

revealed no main effect of age in synaptophysin (B6C3/J: F(1,10)= 0.13, n.s.; C57BL/6: 

F(1,8)= 0.72, n.s.) or PSD95 (B6C3/J: F(1,10)= 1.84, n.s.; C57BL/6: F(1,8) = 0.08, n.s.) 

expression in either strain. 

Notably, GFAP expression evaluated in these same samples also did not differ 

with age in the non-transgenic mouse strains (one factor ANOVA; B6C3/J: (F (1, 10) = 

1.21, n.s.; C57BL/6: F (1, 8) = 0.70, n.s.).  

Synaptic protein expression in APPswePS1 mice and Tg-SwDI 

The effects of progressive Aβ pathology on hippocampal synaptophysin and PSD-

95 expression were compared separately in APPswePS1 and Tg-SwDI mice using one-

factor ANOVAs (age). 

APPswePS1 model 

Representative immunoreactive bands of synaptophysin, PSD-95, GFAP and 

GAPDH observed for 3, 6 and 12 month old APPswePS1 hippocampal samples are 

shown in Figure 4-5A. A one-factor ANOVA revealed a significant main effect of age in 

APPswePS1 mice (F (1, 11) = 4.49, p<0.05) such that synaptophysin expression was 

significantly decreased (-25 %, Fig. 4-5B) in 6 and 12 month old APPswePS1 relative to 

3 month old mice (Fisher’s PLSD, p<0.05). Notably, no differences were evident 

between 6 and 12 month old APPswePS1 mice (n.s.). 

In addition to decreased synaptophysin expression, there was also a trend toward 

reduced PSD-95 expression in APPswePS1 mice with increasing age (Figure 4-5C), 

although this did not quite reach statistical significance (F (1,11)= 3.42, p=0.07). 

Subsequent planned comparisons performed on PS1swePS1 mice of different ages 

revealed that, although 3 and 6 month old levels of PSD-95 did not differ statistically (3 
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months: t (8)=-.833, ns), PSD-95 expression was significantly reduced (-35%) in 12 

month old relative to 3 month old APPswePS1 (t(6)= -1.99, p<0.05). Notably, PSD-95 

expression did not differ 3 and 6 month old groups (t (10) =-0.85, n.s.). 

As expected, given that higher levels of pathology in APPswePS1 mice were 

observed with increased age, a one factor ANOVA (age) revealed a main effect of age 

on GFAP expression (F (1, 11) = 3.921, p=0.05; Fig. 4-5D). Post hoc comparisons 

indicated that while GFAP expression did not significantly differ between 3 or 6 month 

old APPswePS1 mice (n.s.), significantly greater expression (+40%) was observed in 12 

month old relative to 3 month old (t(6)= 2.58, p<0.05) and 6 month old (t(8)= 1.58, 

p<0.05) APP swePS1 mice (Figure 4-5D). 

Tg-SwDI model 

Representative immunoreactive bands of GFAP and GAPDH observed for 3 and 6 

month old Tg-SwDI hippocampal homogenates are shown in Figure 4-6A. Separate t-

tests revealed no main effect of age on synaptophysin (t (6) =-0.3, n.s.) or PSD-95 (t (6) 

= 0.25, n.s.) expression in Tg-SwDI mice. Notably, as shown in Figure 4-6B, GFAP was 

markedly elevated (+40%) in 6 month relative to 3 month old Tg-SwDI mice (t (6) = 

2.18, p<0.05). These effects of transgene on GFAP expression were subsequently 

confirmed in a separate gel comparing the Tg and NTg mice from this model. An 

unpaired t-test revealed a main effect of genotype (t (8) = -2.47, p<0.05), indicating that 

elevated GFAP was evident by 3 months of age in Tg-SwDI mice. 

Experiment 3: Is There Other Evidence for Synaptic Dysfunction in 6 Month Old 
APPswePS1 Mice? 

To measure the influence of over expression of amyloid beta on synaptic 

transmission, extracellular synaptic field potential recordings were performed at CA3-
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CA1 hippocampal synapses in slices obtained from 6 month old APPswePS1 and age-

matched NTgs (n indicates the number of slices). Input-output (IV) curves, paired-pulse 

facilitation (PPF), and long-term potentiation (LTP) were recorded. As shown in Figure 

4-7 A (IV-Curve), a sample t-test showed that the magnitude of EPSPs (excitatory post 

synaptic potentials) is significantly decreased (t (16) = 5.56, p<0.05) in 

APPswePS1mice (1.350 ±0.058, n=11) compared to controls (1.897 ± 0.092, n=11), 

indicating a significant decrease in baseline synaptic transmission in the APPswePS1 

mice. A repeated measures ANOVA showed, in Figure 4-7B, that fiber potential was not 

different between APPswePS1 (0.520± 0.133, n=11) and control mice (0.696, ± 0.219, 

n=1; F (1, 20) = 1.88, n.s.). Figure 4-7C shows that paired-pulse stimulation resulted in 

a similar level of PPF for APPswePS1 (121.52± 2.41, n= 11) than age-matched control 

mice (126.85±2.16, n=11; F (1, 18) = 0.18, n.s.). 

Figure 4-8A shows LTP in APPswePS1 and control mice. High frequency 

stimulation induced LTP in slices obtained from both APPswePS1 (t (8)= 3.16, p<0.05) 

and controls (t(7)= 5.33; p<0.05). However, as shown in Figure 4-8B, a one-way 

ANOVA revealed that there was a tendency for a decrease in the amplitude of LTP in 

APPswePS1 mice (123.97±5.36, n=9) compared to age-matched controls (131.90±5.55, 

n=8; F (1,15)= 3.76, p=0.07). Further analysis demonstrated that the last five minutes of 

LTP induction APPswePS1 showed decreased EPSP (117.38, ± 5.58, n= 11) than 

controls (133.36, ± 6.42; F (1, 20) = 5.82, p<0.05, not shown). 

Discussion 

The overall goals of experiments in Chapter 4 were to extend results from Chapter 

3, and further examine the relationship between AD-related A pathology and 
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hippocampal-dependent transfer learning. Two different transgenic models which 

overproduce A, but with differing time-courses, were used to compare the emergence 

and severity of transfer learning deficits. Synaptic integrity was also evaluated to begin 

to examine the mechanism through which A might mediate transfer learning deficits.  

Transfer Learning Deficits in APPswePS1 

In agreement with the findings from Chapter 3, no deficits were observed in the 

APPswePS1 mice relative to age-matched NTg at 3 months of age. Notably, the 

findings in Chapter 4 significantly extended those of Chapter 3 by showing that robust 

transfer learning deficits emerge in the APPswePS1 mice by 6 months of age, age at 

which plaques begin to develop. These transfer learning impairments represent some of 

the earliest cognitive deficits that have been detected in this widely used Aβ over-

expressing mouse model of AD. While APPswePS1 mice have been shown to exhibit 

modest deficits on a version of the Barnes maze at 7 months of age197, the vast majority 

of hippocampal-dependent performance deficits do not emerge until much later ages. 

Indeed, the earliest spatial learning impairments reported in this model are at 14 months 

of age, and even at later ages, the presence and magnitude of spatial deficits varies 

substantially across studies109,166. These discrepancies in the emergence of 

impairments in different hippocampal-dependent tasks may reflect the extent to which 

either Aβ directly or indirectly (through task-specific mechanisms downstream of Aβ) 

mediate different aspects of hippocampal function. For example, transfer learning 

performance may be more sensitive to cellular alterations produced by soluble Aβ 

oligomers, whereas spatial learning performance may depend more heavily on 

downstream mechanisms that are resultant from Aβ plaque deposition198. Alternatively, 
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and perhaps more likely, the robustness in transfer learning impairments at an early age 

in the APPswePS1 model may reflect the fact that this task is less subject to alternative 

performance strategies than are spatial learning tasks116,125,129. Indeed, as discussed in 

Chapter 3, although the water maze is an accurate measure of hippocampal function in 

rats, it is likely that other non-hippocampal strategies can be effectively recruited to 

improve performance on the water maze task. This has been an issue particularly when 

assessing spatial learning and memory in mice, as they have a higher tendency to float 

and use the other strategies for locating the platform116,129. These include, for example, 

swimming at a fixed distance from the side of the tank (i.e, thigmotaxis) by varying the 

distance from the wall systematically, mice can effectively reduce their search time for 

the platform without ever truly learning the spatial location116. This possibility, then, 

suggests that the early hippocampal dysfunction associated with the APPswePS1 

model can be overcome or masked during performance in spatial tasks by non-

hippocampal-supported strategies, and it is only when brain regions supporting these 

alternative strategies are also compromised (>12 months of age) that deficits 

emerge109,199. In either case, evidence from experiments in this dissertation support that 

transfer learning may be a particularly useful task for detecting early hippocampal-

dependent deficits in the APPswePS1 mouse model of AD and, more broadly, may be 

sensitive to accumulating hippocampal Aβ, which has been identified as the earliest 

event in the AD pathological cascade25,36,200. 

Comparison of Transfer Learning Deficits in APPswePSI and Tg-SwDI Mice 

To further assess the role of Apathology on transfer learning, performance in the 

APPswePSI mouse model was compared to performance in a second A over-
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expressing model, the Tg-SwDI mouse. While both of these strains exhibit progressive 

A pathology, previous work has shown, and the current experiments support, that the 

amyloid deposition observed is accelerated and more robust in the Tg-SwDI model171. 

The prediction for Experiment 1 in Chapter 4 was that if transfer learning deficits were 

particularly sensitive to overall levels of A pathology, either soluble or insoluble fibrillar 

Aβ, deficits should be evident at earlier ages in Tg-SwDI mice and should be more 

pronounced overall relative to APPswe-PSI mice. Unlike the APPswePS1 mice, robust 

deficits in transfer learning were evident in Tg-swDI mice at the earliest age examined 

(3 months). Analysis of hippocampal A 40 and 42 further indicated that Alevels (RIPA 

soluble) were significantly (two-fold) greater in 3 month Tg- SwDI mice relative to 3 

month APPswePS1 mice, supporting that the earlier performance deficits in Tg-SwDi 

mice may be consequent to more robust A pathology. Indeed, across ages, both A42 

levels and transfer learning deficits were of a greater magnitude in Tg- SwDI relative to 

APPswePS1 mice. Together, these findings demonstrate that performance on the 

hippocampal-dependent mouse transfer learning task developed in Chapter 2 is 

sensitive to early stage of A pathology in which soluble Alevels are prominent but 

fibrillary Aβ plaques are just beginning to accumulate in two separate mouse models of 

A over expression.  

At ages examined in Chapter 4, both A42 and the numbers of Thioflavin-S 

stained plaques (fibrillar Aβ) in the hippocampus strongly correlated with the magnitude 

of transfer learning performance deficits among APPswePS1 mice. It is notable that 

such strong relationships may not be evident at more advanced stages of A pathology 

in mice or humans. As discussed in Chapters 1 and 2, in addition to utilizing the 
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“transfer” of information from the learning phase of the task, performance on the transfer 

phase (particularly across many trials) may also reflect non-hippocampal dependent 

new learning of the re-configured problems (i.e., even complete hippocampal lesions do 

not completely abolish performance on this phase of task- see Chapter 2). It would be 

expected that while transfer learning impairment should be readily detectable at any 

point after reaching a critical threshold of Apathology, the magnitude of such 

performance deficits would eventually plateau (or reach a performance “ceiling”), 

rendering the task insensitive to further estimation of degree of pathological burden. 

Synaptic Integrity and Transfer Learning Performance 

The mechanism whereby either soluble A or fibrillar Aβ plaques is detrimentally 

influencing transfer learning performance is not known. Previous studies have shown a 

decline in synaptic integrity, as reflected by a reduction in the expression of the 

presynaptic protein synaptophysin, is a strong correlate of early cognitive deficits in 

AD3,24-25,201. Furthermore, synaptic deficits have been extensively reported in several 

APP transgenic mouse models29-30,153,202-209. Hippocampal expression of  synaptophysin 

is present in all neuronal synapses186 and, as such, it is often used as a reliable general 

synaptic marker. PSD-95 is a major post-synaptic scaffolding protein found  in excitatory 

synapses188, and changes in expression of this protein have also been observed in 

AD29,49. In Experiment 2, synaptophysin and PSD-95 expression were examined in 3, 6 

and 12 month old APPswP1 and 3 and 6 month old Tg-swDI mice. Notably, the results 

from the current experiments indicate that a reduction in synaptophysin accompanied 

the earliest age at which transfer learning deficits were observed in the APPswePS1 

model (6 months). This time point is also the age in which deposition of fibrillar Aβ 
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plaques is observed. The decrease in expression of synaptophysin suggests that 

changes in the pre-synaptic circuitry are occurring early in the APPswePS1 model and 

could be mediated by Aβ pathology205. Although it is important to note that changes in 

protein levels do not equate directly to changes in function, or synaptic plasticity, this 

decrease does suggest impaired integrity of the synaptic circuitry. 

As mentioned above, data from mouse models support the findings in 

APPswePS1. For example, Rutten et al. (2005) have demonstrated age-related 

synaptophysin loss in a model of APP that expresses the Swedish and London familial 

mutations (KM670/ 671NL), and the human mutant presenilin-1 (PS1 M146L; 

APP751SL/PS1M146L mice)210. Although these mutations are different than the ones in 

APPswePS1 mouse model, they result in similar early overproduction of Aβ and an 

increase in GFAP levels. Rutten and colleagues found that synaptic deficits, observed 

as a significant decrease in synaptophysin immunoreactive pre-synaptic buttons, occur 

as early as 4.5 months, the age at which insoluble Aβ deposits begin to develop in the 

APP751SL/PS1M146L mice210. The early transfer learning deficits observed in Experiment 

1 are likely due action of both earlier and intermediary soluble forms of Aβ, as well as 

late fibrillar plaques (see Figure 3-2)31,198,211-212. A recent study in cerebellar Purkinje 

cells from another APP/PS1 mouse model (KM670/671NL and PS1L166P mutations) 

demonstrated that electrophysiological measures of synaptic plasticity were affected by 

the presence of soluble Aβ, before the occurrence of fibrillar plaques198. Together, these 

results are in accordance to the data acquired in APPswePS1 that show decrease in 

synaptophysin expression at the time of amyloid deposition, at a point in which fibrillar 

Aβ is beginning to deposit, and levels of soluble Aβ are high. 
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In addition, results from studies from Chapter 4 suggest that changes in 

expression of PSD-95 are related to late stages in the progression of Aβ pathology (at 

12 months of age in APPswePS1). Previous studies have also reported a decrease in 

PSD-95 later in the disease progression in both humans and in mouse models of 

AD29,49,189. Curiously, some studies report an increase in PSD-95 expression levels 

through the course of amyloid pathology deposition213-214. In those studies, the increase 

is suggested as a natural compensatory response mechanism to neurotoxicity caused 

by Aβ, and it may be that this type of plasticity influences  “cognitive reserve,” a term 

used to describe the mechanism explaining the reason why presence of pathology in 

some individuals is not reflected on their measure of cognitive dysfunction215-216 . 

However, the majority of studies with mouse models of amyloid deposition report 

deficits in post-synaptic circuitry and reduction in post-synaptic protein expression217-219. 

The temporal differences observed in the changes in pre- and post-synaptic protein 

levels in the APPswePS1 mice suggest that amyloid pathology may be affecting the 

pre- and post- synaptic circuitry differently. However, this is not likely, and the difference 

in detection is probably due to differences in overall amounts of these proteins in the 

hippocampus: synaptophysin is in every synapse, while PSD-95 is found in excitatory 

synapses only29. 

Another possibility is that projecting neurons, to which these pre-synaptic 

circuitries belong to, are being affected by Aβ prior to detriment to the post-synaptic 

hippocampal neurons. Data from human studies have shown that plaque deposition in 

the entorhinal cortex is an early event in AD220-221, occurring prior to hippocampal 

pathology187,222. The layers II and III of the enthorhinal cortex project directly to the 
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hippocampal pyramidal cells in the stratum moleculare and stratum lacunosum, 

providing the pre-synaptic input to this circuitry183,192. Indeed, loss of synaptophysin 

immunoreactivity in these layers correlates with spatial learning deficits in aged rats102. 

Further detailed analysis of plaque deposition in the enthorhinal cortex of APPswePS1 

is needed to determine whether this region is indeed affected early in these mice. 

Furthermore, regional analyses of synaptophysin expression in the molecular and 

lacunosum layers of the hippocampus would allow for determination of whether 

impairment in the enthorhinal cortex, mediated by Aβ toxicity31,46-47,49,223, could be 

resulting in the observed pre-synaptic changes. 

There was no evidence for changes in synaptophysin or PSD-95 expression in Tg-

SwDI mice, despite early and robust amyloid deposition and transfer learning deficits. 

These data suggest that the mechanism by which amyloid is detrimentally influencing 

hippocampal function may be independent of synaptic integrity (at least as assessed by 

synaptophysin and PSD-95 expression). However, functional measures of synaptic 

integrity in the Tg-SwDI model were not evaluated in the current study. It is notable that 

GFAP levels were significantly elevated at the earliest ages in which transfer learning 

performance deficits were observed in Tg-SwDI (3 months), whereas GFAP expression 

was not significantly elevated until 12 months of age in APPswePS1mice. GFAP is 

expressed by astrocytes224 and increased GFAP expression occurs in a wide-variety of 

conditions including, inflammation, brain injury, normal and pathological aging175,194-

196,225. The Tg-swDI model is mostly used as a model of cerebral microvascular Aβ 

deposition, which is largely composed of fibrillar Aβ180. This type of vascular pathology 

has been associated with localized neuro-inflammatory responses which has been 



 

 
113 

 

previously linked to cognitive impairment226. For example, Xu et al. (2007) suggest that 

the early cognitive deficits observed in the Tg-SwDI mice (Barnes maze, 3 months) are 

mediate by detrimental inflammatory mechanisms resultant from vascular pathology, 

which are evidenced by presence of activated astrocytes and microglia at the time 

deficits are observed 180. As such, it may be that alternative factors associated with 

these inflammatory responses (e.g., oxidative stress) are mediating synaptic cognitive 

impairment in Tg-SwDI. 

Synaptic Function in APPswePS1 Mice 

The reduction in synaptophysin in the APPswePS1 mice at 6 months of age was 

explored further with hippocampal slice electrophysiology in Experiment 3. Results from 

recording studies showed that baseline synaptic transmission was decreased in the 

APPswePS1 mice compared to age-matched NTgs. The difference in baseline 

transmission was not due to loss of fibers in APPswePS1 (no differences in fiber volley 

comparisons between groups). This result supports that the integrity of synaptic circuitry 

may be compromised, a finding that is consistent with results from Experiment 2 

showing the loss of synaptophysin expression at 6 months227-228. Paired pulse 

facilitation (PPF), is a type of short-term plasticity believed to result from residual 

calcium increase, which in turn increases the probability of neurotransmitter release 

after pre-synaptic action potential. Notably, PPF was not altered in 6 month 

APPswePS1 mice, indicating that this short term plasticity mechanism is intact at this 

age. In contrast, there was a strong trend toward a deficit in a measure long-term 

plasticity, long-term potentiation (LTP), in APPswePS1 mice. Hippocampal LTP has 

been implicated as the molecular mechanism sub-serving hippocampal information 

processing and memory formation120. Previous studies have reported a significant 
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decrease in LTP in APPswePS1 mice at 12 months of age229-230. A tendency towards a 

decrease in the amplitude of LTP in 6 month old APPswePS1 mice was observed, and 

the prediction (based on previous studies and the reduction of PSD-95 protein levels at 

12 months) would be for LTP to be significant impaired in APPswePS1 at 12 months of 

age. 

The experiments in Chapter 4 show that transfer learning is sensitive to the early 

Aβ accumulation in the hippocampus of two transgenic mouse models that present 

different time-courses of pathological progression. Furthermore, these deficits were 

correlated with both measures of soluble and fibrillar (plaques) Aβ at early ages 

suggesting mediation by Aβ pathology. Together, protein expression (in Tg-SwDI and 

APPswePD1) and electrophysiological data (APPswePS1 only) demonstrated that 

transfer learning may be a marker for early hippocampal dysfunction independent of the 

mechanisms mediating the deficits. 
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Figure 4-1.  Recording of field excitatory postsynaptic potentials (fEPSP) at 
hippocampal CA3-CA1 synapses in brain slices. (A) Electrical stimuli are 
delivered via a bipolar stimulation electrode from the pre-synaptic fibers of 
CA3 to the stratum radiatum of the CA1. EPSP’s are monitored by an 
extracellular recording electrode. (B) EPSP waveforms before and after LTP. 
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Figure 4-2.  Transfer learning performance in 3 and 6 month old APPswePS1 and Tg-
SwDI mice. (A) Performance on the transfer phase (percent error) in 
APPswePS1 (blue) and B6C3/J mice (red). (B) Performance on the transfer 
phase (percent error) in Tg-SwDI (green) and C57BL/6J (pink) mice. Note 
that deficits were evident in Tg SwDI mice by 3 months of age but not in 
APPswePS1 mice until 6 months of age. In (C), percent increase in transfer 
learning performance compared directly across models indicates performance 
in the Tg-SwDI mice is significantly worse than in APPswePS1 mice. See text 
for statistical analysis. 
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Figure 4-3.  Aβ levels are higher in Tg-SwDI than in APPswePS1 hippocampus. (A) 
Soluble Aβ levels, shown as pmol/g (mean ± SE). A strong trend towards 
higher Aβ42 levels in Tg-SwDI relative to APPswePS1 mice was evident at 3 
month of age. This difference was magnified by 6 months of age, at which 
time Aβ levels in Tg-SwDI mice (green bar) were more than 7 fold that of 
APPswePS1 mice (blue bar). Right panels show visible amyloid deposits, 
stained with Thioflavin-S, in coronal hippocampal slices taken from 
representative (B) APPswePS1 and (C) Tg-SwDI mice at 6 months of age. In 
agreement with higher Aβ42 levels in Tg-SwDI, more robust plaque 
deposition was evident in Tg-SwDI compared to APPswePS1 mice. 

500 mm 
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Figure 4-4.  Linear regression plots showing relationship between Aβ 42 levels and 
transfer learning performance in APPswePS1. (A) Linear regression plot 
showed a positive correlation between Aβ42 levels and plaque (Thioflavin-S-
positive) counts in the hippocampus of APPswePS1 mice. (B) Transfer 
learning performance expressed as a percentage decline from the mean 
performance of age-matched NTgs) is significantly correlated to Aβ 42 levels 
in the hippocampus and in (C) transfer learning is significantly correlated to 
plaque numbers in the hippocampus. See text for statistics. 
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Figure 4-5.  Synaptic protein expression in APPswePS1 mice. (A) Representative 
immunoreactive bands of synaptophysin, PSD-95, GFAP and GAPDH 
observed in the hippocampus of 3, 6 and 12 month old  APPswePS1 mice. 
(B) Synaptophysin immunoreactivity (mean ± S.E.) was significantly reduced 
in both 6 and 12 month old mice compared to 3 month old mice. (C) PSD95 
immunoreactivity (mean ± S.E.) was decreased in 12 month old mice relative 
to 3 month old mice. (D) GFAP immunoreactivity (mean ± S.E.) was 
significantly increased in 12 months mice relative to 3 and 6 month old mice. 
See text for statistics. 
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Figure 4-6.  GFAP expression in Tg-SwDI mice. (A) Representative immunoreactive 
bands of GFAP for 3 and 6 month old Tg-SwDI mice. (B) GFAP expression 
(mean ± S.E.) was significantly elevated in 6 month compared to 3 month old 
Tg-SwDI mice. See text for statistics. 
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Figure 4-7.  Baseline transmission and paired pulse facilitation. (A) Input-output curves 
for APPswePS1 (blue circles) and age-matched NTgs (red circles). Each 

point represents the mean ± the SEM. IV-curve is significantly decreased in 

APPswePS1 mice, demonstrating a impairment in synaptic transmission. (B) 
There was no difference in mean fiber potential by voltage for APPswePS1 
(blue bar) and NTg (red bars), demonstrating no difference in number of 
stimulated axonal fibers. (C) There was no difference in mean pair pulse 
facilitation (PPF) ratio between APPswePS1 and controls, suggesting that 
short-term plasticity was not affected in APPswePS1 mice. See text for 
statics. 
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Figure 4-8.  Long term potentiation in APPswePS1 (blue circles) and age-matched 
NTgs (red circles). Each point represents the mean ± the SEM. (A) Time 
course changes in the slope of EPSPs for the NTgs and APPswePS1 mice 
pathways before and after delivery of high frequency stimulation (100 Hz, 100 
pulses, for 1 sec, repeated 4 times with 10 sec apart.) (B) A strong tendency 
for decrease in LTP (LTP path) in APPswePS1 mice (blue bar) compared to 
NTg (red bar) was observed. (C) Bar diagram showing the average 
magnitude of LTP during the last 5 min of recording for NTg and APPswePS1 
mice demonstrated a significant effect showing reduction in LTP induction. 
See text for statistics. 

  



 

 
123 

 

Table 4-1. Table summarizes APPswePS1 and Tg-SwDI mouse models 

Transgenic 
Line 

Mutation Aβ 
deposits 

Hippocampal 
Deficits 

Synaptic 
Deficits 

Inflammation 
markers 

Olfactory 
changes 

APPswePS1 Swedish/ 
Human 

PS1 

6 mon 7 mon 
(modified 

Barnes maze) 

12 mon 
(LTP, spine 
alterations) 

14 mon 
microgliosis

231
; 

16 mon 
increase in 
GFAP

232
 

Not 
reported 

Tg-SwDI Swedish/ 
Dutch/ 
Iowa 

3 mon 3 mon 
(Barnes 
maze) 

Not 
reported 

3 mon
233

 Not 
reported 

 



 

 
124 

 

CHAPTER 5 
CONCLUSION 

The main objective of this dissertation was to develop a mouse assessment of 

transfer learning which has been shown to be predictive of cognitive decline in non-

demented elderly humans1. Such a rodent task, if truly analogous to the human task, 

would bridge the gap between rodent and human studies, facilitating comparisons of 

results acquired from mechanistic preclinical studies to clinical diagnosis and evaluation 

of potential therapies. Furthermore, assessment of transfer learning in transgenic 

mouse models would enable evaluation of individual aspects of Alzheimer’s disease 

pathology in relation to early changes in cognitive function. Specifically, the goals were 

to 1) to develop a mouse analog of the human task and to determine if the hippocampus 

is critical for transfer learning in the mouse version of the task, 2) to test the utility of the 

mouse transfer task as an assessment of hippocampal dysfunction in an Aβ mouse 

model of AD; and 3) to investigate the role of early AD-related pathology (Aβ and 

synaptic dysfunction) in mediating transfer learning deficits in two mouse models of AD. 

Implications of Chapter 2 and Future Studies 

In Chapter 2, a mouse transfer task, highly analogous to a human assessment of 

transfer learning, was developed for mice. Findings from experiments in this chapter 

validated the design of the mouse transfer task by showing that mice can readily learn a 

series of compound discrimination problems within a single session and then transfer 

this information when irrelevant stimuli were altered. Furthermore, bilateral hippocampal 

lesions in mice significantly impaired transfer learning while performance in the initial 

associative learning phase was unaffected. These findings support the utility of the 

transfer task as an assessment of hippocampal function in mice as it allows for 
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dissociative characterizing of hippocampal-dependent behavior (transfer learning) from 

simple stimuli association (learning phase). One important advantage the mouse 

transfer task offers over other hippocampal dependent tasks is that, while mild to 

moderate motor impairment affects performance and behavioral measures in the water 

maze, moderate motor impairments should not prevent an animal from performing the 

transfer task, as time to complete the task is not integral to performance measures (% 

accuracy is used). 

Future studies should evaluate other neuro-anatomical substrates required for 

successful performance on the transfer learning task. Certainly, brain regions beyond 

hippocampus (e.g., prefrontal cortex) may also be important for accurate transfer 

learning. With respect to prefrontal cortex, for example, it would be expected that 

age/pathology associated changes in this region might largely influence the initial 

learning phase of the task. Notably, deficits related to prefrontal cortical pathology have 

also been detected in 6 month old APPswePS167,177,234, and prefrontal cortical lesions 

have been shown to affect perceptual attention in rats, which may be important for the 

encoding of initial stimuli during acquisition of associations 235-237. Analysis of 

performance of pre-frontal cortex-lesioned mice in the transfer task would allow 

determination of whether this region is critical to the learning phase as predicted 83,80. 

This data would also confirm the dissociation of cognitive constructs involved in the 

flexible processing of information necessary for transfer learning. 

Implications of Chapter 3 and Future Studies 

In Chapter 3, transfer learning was assessed in a transgenic mouse model of 

amyloid pathology (APPswePS1, mouse model of AD). Deficits in transfer learning were 

unaffected by prior experience on the task and were observed in concurrence with the 



 

 
126 

 

presence of fibrillar Aβ pathology (plaques), which is robust by 12 months. However, the 

deficits were not observed prior to this plaque deposition (3 months). Furthermore, 

transfer learning was more sensitive than a standard hippocampal dependent test 

(water maze), as the 12 month old APPswePS1 mice were not impaired. Findings from 

Chapter 3 demonstrate that transfer learning may be a useful detection method of 

assessment of hippocampal dysfunction in mouse models of AD, perhaps more so than 

other standard hippocampal tests for mice (e.g., water maze). Future studies should 

also include the transfer learning assessment of additional AD transgenic models (e.g., 

tau mouse model) and mouse models of other neurodegenerative diseases that may 

benefit from hippocampal assessment. The ability to use the transfer learning task in 

within-subject studies suggests that this assessment is ideal for the evaluation 

pharmacological treatments. 

Implications of Chapter 4 and Future Studies 

Studies from Chapter 4 began to delve into the mechanisms that may underlie the 

hippocampal deficits observed in the Aβ model of AD used in Chapter 3. In order to 

further investigate the potential of Aβ mediation in transfer learning, a second model of 

amyloid pathology (Tg-SwDI) was assessed and compared to performance of 

APPswePS1 mice. Both models presented early elevation in Aβ levels and fibrillar 

plaque deposition (6 months in APPswePS1 and 3 months in Tg-SwDI). Findings from 

Chapter 4 provide additional support for the idea that transfer learning is sensitive to 

early Aβ pathology and that the transfer task can be used as an assessment of 

hippocampal function independent of the mechanisms underlying deficits. Transfer 

learning impairment was observed in 6 month old APPswePS1 and 3 month old Tg-

SwDI, ages at which plaque begins to develop in each model. Furthermore, the transfer 
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learning deficits observed in APPswePS1 appeared to be progressive, as no deficits 

were present at 3 months but were observed at 6 months of age. However, a ceiling 

effect on how much impairment can be detected was noted. For example, both 6 and 12 

month old APPSwePS1 mice had the same magnitude of percent error in the transfer 

phase of the task (see Chapter 3 Figure 3-4B and 4-1C). Comparison of performance 

between 3 and 6 month old Tg-SwDI demonstrated the same ceiling effect; as again, 

the magnitude of error was not different between ages (when comparing % increase in 

error relative to age-matched NTg). This ceiling effect may be addressed by changing 

the measure of transfer learning performance during the transfer phase. For example, 

errors and trials to criterion or a smaller number of total trials, which may be more 

sensitive to the earlier portion of transfer task when mice are adapting to the transfer 

phase from the learning phase, could be used. 

Further discussion of results and implications of APPswePS1 and Tg-SwDI 

transfer learning assessment and pathology will be discussed separately below. 

APPswePS1: Implications and Future Studies 

Transfer learning was correlated to soluble and fibrillar Aβ, and deficits were 

observed prior to the development of the pathology. Moreover, the APPswePS1 model 

does not show overt neuronal loss, thus, synaptic dysfunction was a likely candidate as 

the mediator of transfer learning deficits. The lack of neuronal loss is often criticized as 

a weakness of this model. However, although it is still unknown if the neuronal loss in 

AD is directly caused by Aβ accumulation, if this is the case, the hypothesized time-

frame in which this process would take place is 2 to 3 years – the typical lifetime of a 

mouse238. Thus, the synaptic perturbations that may be mediated by Aβ would be 

characteristic of early stages of pathological progression, and the APPswePS1 synaptic 
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deficits would be reflecting primary synaptotoxicity (early) rather than secondary 

consequences of neuronal degeneration (late). Analysis of synaptic function and 

synaptic integrity suggested that pre-synaptic mechanisms may be affected prior to the 

observance of changes related to post-synaptic mechanisms. This early synaptic 

dysfunction is most likely mediated by toxicity resulting from the accumulation of 

multiple Aβ forms in the hippocampus. The mechanism by which Aβ may be affecting 

the synapses is a research topic of extreme importance as the understanding of this 

mechanism may aid in the discovery of Alzheimer’s pathology triggers. In mice, 

correlations of cognition, synaptic function and smaller forms of amyloid (such as 

oligomers and soluble Aβ) have been described46-47,111,211,239-240. While Aβ plaques are 

not a good correlate of cognitive dysfunction, accumulation of soluble Aβ oligomers 

precedes synaptic changes and has been shown to predict cognitive impairment142,207. 

Aβ oligomers, sometimes called ADDLS- amyloid beta derived diffusable ligands, are a 

toxic form of Aβ containing between 3 and 24 Aβ monomers142. Previous studies 

suggest that the hippocampal region is particularly vulnerable to the detrimental 

influence of Aβ oligomers169,212,241-242. For example, there is evidence that Aβ can bind 

to pre- and postsynaptic elements, interacting functionally and structurally with several 

membrane-bound receptors such as α7 nicotinic acetylcholine, NMDA, AMPA, insulin, 

RAGE within many other receptors43,49,243. Furthermore, in humans and APP transgenic 

mouse models, Aβ oligomers have been shown to disrupt long term potentiation30-

31,49,211,238,244-245 and to produce long- lasting decrease of baseline synaptic strength120. 

Oligomers have also been shown to reduce synaptic activation246-248 and to promote 

long term depression (LTD). Shankar et al. (2007) suggests that Aβ oligomers may 
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indirectly result in the partial block of NMDAR’s and shift the activation of NMDAR-

dependent signaling cascades toward pathways involved in the induction of LTD169. 

Another way in which Aβ could enhance LTD is by blocking glutamate uptake at the 

synapses, resulting in desensitization of the receptors, and ultimately synaptic 

depression241. LTD, in turn, could mediate reduction of post synaptic densities late in 

the progression of Aβ in AD241 (e.g., reduce PSD-95 expression), as previous studies 

have shown that LTD results in progressive loss of dendritic spines. 

Thus, in accordance with literature and previous studies, the results from 

Experiment 2 in APPswePS1 mice support that pre-synaptic dysfunction occurs early, 

ultimately resulting in synaptic failure which could contribute to the loss of hippocampal 

function and transfer learning impairment, in the absence of frank neuronal loss139. It is 

also important to note that in this model, only pre-synaptic alterations are required for 

observance of transfer learning impairment, which suggests that transfer learning is 

indeed an early predictor of further pathological-related dysfunction. Future studies 

would include the analyses of synaptic density by stricter methods such as counting of 

synaptic puncta and analysis of integrity of post-synaptic structure. Also, further 

analyzes of Aβ is needed, particularly, more detailed qualification and quantification of 

Aβ oligomers present in the hippocampus at the time of transfer learning impairment. 

 Tg-SwDI: Implications and Future Studies 

Additional findings from Chapter 4 with Tg-SwDI mice confirm that transfer 

learning impairment can be used as an assessment of early amyloid pathology 

deposition in the hippocampus independent of the mechanism underlying the deficits. 

Surprisingly, in lieu of findings in APPswePS1, the loss of synaptic proteins was not 

observed in the Tg-SwDI mice at either 3 or 6 months of age. Overt neuronal loss has 
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not been shown in this model, and further, because synaptic function was not evaluated 

in Chapter 4, it is not possible to conclude that synaptic impairment is not occurring at 

the age transfer learning deficits were observed. Also, the Tg-SwDI mice have not been 

as extensively characterized as the APPswePS1 mice, so limited amount of data is 

available for comparisons. However, these findings, indicate that the difference in 

genetic mutations between APPswePS1 and Tg-SwDI possibly even due to the 

influence of the background strain in which the mice were developed, can result in a 

difference in the mechanisms by which amyloid deposition affects the neural circuitry in 

the hippocampus. 

The Tg-SwDI mice are mostly used as a model of vascular Aβ. Vascular pathology  

is present not only in AD (about 80% cases), but other diseases, and it can be defined 

as a condition on its own: cerebral amyloid angiopathy171. It is hypothesized that 

inflammatory responses and mechanisms are at the center of vascular amyloidosis171-

172,249. However, it is still not known if inflammation is a cause, contributor, or secondary 

phenomenon to Aβ accumulation. It is not surprising that GFAP levels were elevated as 

early as 3 months of age in this model (compared to 12 months in APPswePS1 mice), 

as early increase has also been observed in previous studies, with increases of GFAP 

at 3 months of age250. GFAP, glial fibrillary acid protein, is a marker of astrocyte 

reactivity and is expressed by numerous cell types but is particularly used as a marker 

for astrocytes, possibly mediating neuron-.astrocyte interactions224. Within its many 

suggested functions, astrocytes are believed to play a role in the repair and scarring 

process of the brain following traumatic injuries, secretion and recycling of 

neurotransmitters, synaptic remodeling, and modulation of oxidative stress251. As such, 
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changes in astrocytes (e.g., quantity, activation states) can result in extremely 

deleterious consequences for the nervous system252-253. High levels of GFAP have been 

reported in AD194-196,254.Reactive astrocytes are usually observed around plaques, 

encircling Aβ deposits in a manner similar to glial scarring253,255. Astrocytes express 

receptors that bind Aβ, such as RAGE, membrane-associated proteoglycans, within 

many others, which may account for the accumulation of asctrocytes near Aβ 

aggregation256. Furthermore, there is evidence that Aβ can directly affect astrocyte 

activity. Chow et al. (2010) showed that Aβ exposure disrupts astrocyte calcium 

homeostasis, resulting in increases in GFAP in astrocyte-neuron cocultures257. Also, 

exposure of astrocyte cultures to Aβ result in increases in IL-1β, TNF-α, iNOS and NO 

production258. 

Microglia activation and changes could be a secondary mechanism by which 

increased astrocyte reactivity may be mediate or appear concurrently to. Previous 

studies have shown that Aβ plaque-associated astrocytes upregulate the expression of 

pro-inflammatory cytokines acting as chemoattractants for microglia172,259-260.  Currently, 

significant research is focused on the role of inflammatory mechanisms in AD, and Aβ 

plaques are believed to be the site of local inflammatory responses226,260. Accumulating 

evidence indicates that neurotoxic glial activation may be involved in the early 

neurodegenerative process. Post-mortem analysis of AD brains reveal microglia 

clustered around plaques combined with high levels of oxidative stress and 

neuroinflammation260. Microglial NADPH oxidase, for example, has been implicated in 

the progressive nature of AD through the production of reactive oxygen species (ROS) 

in response to Aβ230. Together, mechanisms of oxidative stress and inflammation could 
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influence LTP and plasticity by affecting the calcium equilibrium at the synapse261, 

resulting in synaptic dysfunction172 and ultimately loss of hippocampal function102. As 

such, at the time transfer learning deficits are observed, the presence of various forms 

of Aβ could be resulting in the increase in levels of GFAP observed, indicating the 

presence of inflammatory responses that could involve microglial activation and 

oxidative stress. 

It is important to note, that these initial assessments of synaptic integrity from 

experiments in Chapter 4 must be interpreted lightly, as the number of mice in each 

cohort was very small. Further studies are needed to determine the exact mechanisms 

that are mediating transfer learning impairment in the Tg-SwDI mouse model. Additional 

studies of synaptic function, inflammatory responses and markers of oxidative stress in 

both models would allow for better comparison between the two hypothesized distinct 

Aβ neurotoxicity actions on hippocampal circuitry. Together, findings from APPswePS1 

and Tg-SwDI studies suggest that transfer learning is sensitive to early effects of Aβ 

accumulation, and it is an excellent tool for analyses of progressive hippocampal 

dysfunction in mice. Furthermore, results from Tg-SwDI indicate that early amyloid 

deposition appears to mediate transfer learning deficits in the absence of changes in 

synaptic protein levels. 

Final Words 

The studies in this dissertation demonstrate that transfer learning should be an 

ideal assessment of hippocampal function in mouse models of neurodegenerative 

disease. The high level of analogy between the mouse and human test paradigms 

provides a higher comparative power between results from mechanistic studies of 

neurobiology in mouse models to humans who suffer from the disease. Finally, the 
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ability for within- subject testing suggests that this task may be an excellent tool for 

conducting longitudinal preclinical studies.  
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