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Abstract

Elucidating the age-dependent alterations in transgenic (Tg) mice overexpressing amyloid-β 

protein precursor (AβPP) is important for understanding the pathogenesis of Alzheimer’s disease 

(AD) and designing experimental therapies. Cross-studies have previously characterized some 

time-dependent behavioral and pathological alterations in AβPP Tg mice, however, a more 

comprehensive longitudinal study is needed to fully examine the progressive nature of behavioral 

deficits in these mice. In order to better understand the age- and gender-dependent progression of 

behavioral alterations, we performed a longitudinal study wherein Tg mice overexpressing human 

AβPP751 with the London (V717I) and Swedish (K670M/N671L) mutations under the regulatory 

control of the neuron specific murine (m)Thy-1 promoter (mThy1-hAβPP751) were behaviorally 

analyzed at 3 months and then re-tested at 6 and 9 months of age. The results show that there was 

an age-associated impairment in learning in the water maze task and habituation in the hole-board 

task. Motor coordination of the mThy1-hAβPP751 Tg mice was well-preserved throughout the 

investigated life span however, gender-specific deficits were observed in spontaneous activity and 

thigmotaxis. Neuropathologically, mThy1-hAβPP751 Tg mice displayed a progressive increase in 

the number of Aβ plaques and mean plaque size in the cortex and hippocampus from 3 to 6 and 

from 6 to 9 months of age. Taken together, these results indicate that the mThy1-hAβPP751 Tg 

mice model AD from the early onset of the disease through to later stages, allowing them to be 

utilized at numerous points during the timeline for drug test designs.
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 INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder of the aging 

population associated with the deposition of amyloid-β (Aβ) protein [1–3], the formation of 

plaques and tangles [4, 5], and loss of synaptic connectivity among selected neuronal 

circuits [6–12]. Based on the sequence and regional distribution of Aβ pathology, transgenic 

(Tg) animal models overexpressing wild type or mutant amyloid-β protein precursor (AβPP) 

have been developed that mimic some of the behavioral deficits, amyloid deposition 

patterns, and neurodegenerative aspects of AD [13–18]. These models support the notion 

that accumulation of oligomeric forms of Aβ at synaptic sites might play a role in the 

pathogenesis of the neurodegenerative process and memory loss in AD [19–22].

The development of effective therapies for AD is likely to require the use of compounds that 

are able to prevent the accumulation of Aβ at synaptic sites in the early stages of the disease. 

The discovery of such disease-modifying therapies has in part relied in preclinical testing in 

validated animal models [23]. For example, initial studies in AβPP Tg mice that 

demonstrated that immunotherapy promotes clearance of Aβ from the central nervous 

system have resulted in a number of such anti-Aβ antibodies going into human clinical trials 

[24–31]. Subsequent post-mortem examination in a small group of AD cases and more 

recently PET studies with Pittsburgh compound B showed that in vaccinated patients the 

levels of Aβ deposits were decreased [32] attesting to the value of some of the AβPP Tg 

models.

Given the importance of having a validated animal model to aid drug discovery and 

development, previous cross-sectional studies have characterized some time-dependent 

behavioral and pathological alterations in AβPP Tg mice [33]. However these studies do not 

address the progressive nature of these alterations. In this context, this study performed a 

comprehensive longitudinal analysis at 3, 6, and 9 months of age in mThy1-hAβPP751 Tg 

mice. The mThy1-hAβPP751 Tg mice, also known as TASD41 or Line 41 mice, are a well-

documented model of AD and have been extensively characterized at various ages [34], 

however, this study is the first to provide a comprehensive longitudinal analysis age- and 

gender-dependent progression of behavioral alterations in these mice. We report an age-

associated and gender dependent impairment in memory and learning in a water maze task 

and habituation in a hole-board task whilst motor coordination was well-preserved.

The progressive nature of the behavioral deficits in the mThy1-hAβPP751 Tg mice mimic 

AD from the early onset of the disease through to later stages, making them a suitable 

animal model in which to test drugs aimed at altering disease progression at a number of 

different stages of the disease.

 MATERIALS AND METHODS

 Animals

For this study Tg mice overexpressing human AβPP751 with the London (V717I) and 

Swedish (K670M/N671L) mutations under the regulatory control of the neuron specific 

murine (m)Thy-1 promoter (hereafter, mThy1-hAβPP751) were used [34, 35]. The mThy1-
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hAβPP751 Tg mice originated from the TASD41 (Line 41 mice) mice developed in 2001 by 

Rockenstein et al. [34]. Age-matched non-transgenic littermates (non-Tg) were used for 

control studies. A total of 100 mice were used for this study mThy1-hAβPP751 Tg females 

(n=25), mThy1-hAβPP751 Tg males (n=25), non-Tg females (n=25), and non-Tg males 

(n=25). The genotype of each animal was confirmed by real time PCR of tail snips using 

specific primers as previously described [34].

Animals were housed according to standard care protocols, fed ad libitum with regular 

animal diet (Altromin® standard rodent chow), bedded on ABEDD® standard rodent litter 

and maintained in a pathogen-free environment in single ventilated cages at the GLP-

certified animal facility of JSW-Research. Mice lived at a constant 12 h light / dark cycle 

with light from 7.a.m to 7 p.m. with air humidity between 40 and 70%.

 Behavioral Testing

 General testing protocol—All groups of mice underwent a comparable battery of 

tests with Rotarod on the first day, Open Field (OF) on the second day and hole-board 

activity on the third day. Mice were allowed four days of rest before undergoing water-maze 

testing. This two-week procedure started with an age of 3 months and was repeated at 6 and 

9 months. All behavioral tests were performed between 1 p.m. and 4 p.m. All steps of this 

study were conducted according to the appropriate guidelines for animal welfare and testing 

of the Austrian Government.

 RotaRod—To evaluate general motor function mice were put on the treadmill rod (Five-

lane RotaRod, TSE-Systems, Germany) at an initial speed of 5 revolutions per min and 

within 2 min speed was accelerated to 60 revolutions per min. Trial time was elapsed after 5 

min.

 Open field—To test exploratory behavior, mice were placed into the OF box (ActiMot8, 

TSE-Systems, Germany) after one hour habituation in the testing room. Any movement was 

detected by interruptions of closely arranged infrared light beams (each 1.4 cm one beam) 

with a 10 ms sampling rate for 5 min. Testing was done under constant room light conditions 

deriving from standard cold light halogen bulbs (4×60 Watt).

 Hole-board task—Hole-board Activity (ActiMot8 OF equipped with 16-hole poke hole 

boards TSE-Systems, Germany) was measured like in the OF paradigm, but with a 10 min 

trial time. Each mouse was placed into the same test box as used in the day before during OF 

testing, which was equipped with an additional 16-hole board. Mice were tested 

approximately at the same time of day in the same testing room under the same light 

conditions. Number and locations of investigations of the holes were detected as well as the 

time spent on each investigation. The size of the holes allowed mice to explore them with 

the nose and the whiskers or paws providing olfactory and tactile cues, respectively.

 Water Maze Test—The water-maze system consisted of a 100 cm diameter black pool 

and a software controlled video tracking, outfitted with a 40 ms sampling rate, adapted to the 

agile swimming characteristics of mice (Kaminsky and Krekule, 1997, Kaminsky 

Biomedical Systems Inc., Czech Republic). Water temperature was kept at 22±1°C. Mice 

Havas et al. Page 3

J Alzheimers Dis. Author manuscript; available in PMC 2016 July 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



swam four trials a day lasting maximally 60 s on four consecutive days. On the last day one 

60 s probe trial, with platform removed, was performed with a delay of 30 min after the last 

acquisition trial. As an adaptation to the longitudinal test design the platform position 

learned three months ago was tested at the first day of the latter two sessions. For the three 

remaining days the platform was positioned to a new location and again, at the end of each 

test period, a probe trial was performed. The starting position was changed randomly from 

trial to trial (north, south, west, or east from the view of the experimenter) without repetition 

of a position. All experiments were conducted with an inter-trial time of 10 to 15 min. The 

time to find the hidden platform (i.e., the escape latency) and the length of the trajectory 

(i.e., the swimming path) were recorded. The average swimming speed, an indicator for 

swimming ability and/or strategy, was calculated (swimming path / escape latency). For 

evaluation of the probe trial the number of crossings of the target position was counted. 

Short-term memory was assessed by the difference of escape latencies between the first and 

second trial (separated by 10-min period) in all three test sessions when the platform 

location was new (relocated in the second (six month) and third (nine month) test session).

 Tissue preparation—Following behavioral testing mice from each group, gender and 

age category were deeply anesthetized by Isoflurane “Baxter” (BAXTER®, Austria). The 

thorax of the mice was opened to excavate the heart. Animals were flush-perfused 

transcardially with 0.9% saline through the left ventricle. The brain hemispheres were 

divided sagittally, one hemibrain was immersionfixed in 4% Paraformaldehyde in 0.1 M 

Phosphate buffer and subsequently embedded into Histosec® (Merck & Co., Germany) for 

histology, the other hemibrain was shock-frozen in liquid nitrogen and then stored at −80°C 

for Aβ determination. Tissue was taken from 8 mThy1-hAβPP Tg mice and 8 non-Tg mice 

per age-group (4 males and 4 females).

 Determination of plaque load—Plaque load was evaluated in 10 µm thick sagittal 

paraffin embedded slices of five different layers in the whole hippocampus and the whole 

cortex, relying on the principal of uniform, systematic, random sampling. The 6E10 

(Signet®) antibody to amino acids (AA) 1–17 of the hAβPP protein was used in a 1:1000 

dilution labeled with a fluorescent Cy3 (Jackson®) secondary in a 1:500 dilution. Unspecific 

binding was reduced with Vector® M.O.M. blocking kit. Tiled images of the complete 

sagittal slice were recorded with a PixelFly PCO camera mounted on a NikonE800 

microscope using StagePro at 100-fold magnification. Brain region area, plaque area and 

number as well as mean plaque size were determined with ImageProPlus Software (Version 

4.5.1.29), for all measurements using the same recording time, contrasting and threshold. 

Immunoreactive spots above a minimal size of 8 µm2 were defined as plaques, smaller spots 

were filtered as probable unspecific secondary binding.

 Aβ1–40 and Aβ1–42 determination by ELISA—Samples out of the TRIS buffered 

saline (TBS), the Triton X-100, the sodium dodecyl sulphate (SDS) as well as of the formic 

acid (FA) brain fraction were analyzed in both, an Aβ1–40 as well as an Aβ1–42 ELISA (The 

Genetics Company®, Switzerland). Measurements were performed in duplicate. The 

fractionation method to extract unbound and bound Aβ is described elsewhere [36]. In brief, 

frozen hemispheres were homogenized in TBS-buffer (5 ml) containing protease inhibitor 
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cocktail. After centrifugation the supernatants were aliquoted and kept at −20°C. The pellets 

were homogenized in Triton X-100 (5 ml), centrifuged and the supernatants were aliquoted 

and kept at −20°C. These steps were repeated with SDS (5 ml). The pellets out of the SDS 

fraction were homogenized in 70% formic acid (1 ml) prior to the following centrifugation. 

The obtained supernatants were neutralized with 1M TRIS (19 ml) and were aliquoted and 

kept at −20°C. Samples out of all four extractions were used for ELISA-determination. 

Undiluted blood plasma was analyzed for Aβ1–40 and Aβ1–42 with the same ELISA kits. 

Detection limit of the two kits at the time point of testing was at 40 pg/ml for Aβ1–40 and 

around 60 pg/ml for Aβ1–42 determinations accordingly to the values found in the 

littermates, intra-assay variability is below 6% according to the manufactures specifications.

 Statistics

Statistical evaluations were done using STATISTICA (Version 5.5.99 edition, StatSoft, Inc., 

Tucsa, USA). If normally distributed (Shapiro-Wilks W-test), an ANOVA post hoc test was 

used to separate the groups (Tukey’s Honest Significant Difference Test). The α-error level 

was set to 0.05. If data were not normally distributed, groups were compared with a non-

parametric Kruskal-Wallis ANOVA. All behavioral measures were further evaluated by 

means of a comprehensive correlation matrix. The following discrimination analysis was 

done in standard mode (for STATISTICA) at tolerance 0.01. To classify groups the three 

measurement time points were calculated separately first for transgene expression and 

secondly for both gender and transgenity combined. RotaRod data were excluded from the 

discrimination analysis, since there were no differences measurable in motor abilities and 

therefore values were not discriminative. All data shown in graphs are represented as means 

± SEM.

 RESULTS

 mThy1-hAβPP751 Tg mice display a longitudinal age-related decline in memory and 
procedural learning in the water maze

The water maze was used in order to assess memory and learning in the mThy1-hAβPP751 

Tg mice over time. The design of the water maze protocol over this longitudinal study was 

devised in order to examine the ability of the mice to perform the task and their long-term 

ability to remember the location of the platform (retention) to account for repeated exposure 

and habituation to the apparatus. To this end, the test was designed such that when the mice 

were tested at 6 months and 9 months old the first day of the four-day test period had the 

platform in the same place it had been for the previous test 3 months earlier while in 

subsequent trials (day 2 and day 3) the platform was moved to a new location, on the final 

day of testing the platform was removed for the probe test.

At 3 months of age, the escape latency (time taken to find the hidden platform) differed 

significantly between mThy1-hAβPP751 Tg mice and age-matched non-Tg littermates. Both 

mThy1-hAβPP751 Tg and non-Tg mice were able to find the hidden platform and their 

escape latencies fell with subsequent trials over the 4-day test period (Figure 1A).
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When tested at 6 months old, both mThy1-hAβPP751 Tg mice and age-matched non-Tg 

littermates performed comparably in the retention (RT) part of the test, where the platform 

was placed in the same location it had been when the mice were tested at 3 months old 

(Figure 1B, Figure 2A). There was no significant difference in the time taken by either 

cohort to find the platform in this location, indicating that both were equally able to retain 

this information from 3 months to 6 months. In the subsequent trials (D1-3), where the 

hidden platform had been moved to a new location (Figure 1B), both mThy1-hAβPP751 Tg 

and non-Tg mice were able to locate the platform in a comparable time on the first day and 

though the time taken by the mThy1-hAβPP751 Tg and non-Tg mice to find the platform 

decreased over the test period, the mThy1-hAβPP751 Tg mice displayed slower learning (as 

evidenced by longer escape latency times) on the second day and were significantly slower 

than the non-Tg mice on the third day (Figure 1B).

When the mice were tested again at 9 months of age the mThy1-hAβPP751 Tg mice took 

significantly longer than their age-matched non-Tg littermates to find the platform in the 

retention part of the test, where the platform was in the same location it had been when the 

mice were tested at 6 months of age (Figure 1C, Figure 2B). This suggests that between 6 

months and 9 months of age the mThy1-hAβPP751 Tg mice had lost the ability to retain 

information for this length of time. The time taken by the mThy1-hAβPP751 Tg mice to find 

the platform in the RT stage was comparable to the time they took with the platform at a new 

location (Figure 1C). In the subsequent trials, where the hidden platform was moved to a 

new location, both mThy1-hAβPP751 Tg and non-Tg mice were able to locate the platform 

and escape latencies in both groups fell from day 1 to day 2, however mThy1-hAβPP751 Tg 

mice took significantly longer to find the platform at both day one and day two in 

comparison to the non-Tg mice (Figure 1C). On the third day of testing the non-Tg 

continued to improve with their escape latency falling again from day 2, however the time 

taken by the mThy1-hAβPP751 Tg mice increased from day 2 to day 3 and they again took 

significantly longer to find the platform in comparison to non-Tg mice of the same age 

(Figure 1C). Further analysis of the ability of mThy1-hAβPP751 Tg mice to retain the 

location of the platform from 3 to 6 months and from 6 to 9 months and their ability to 

relearn the testing procedure was also performed by segregating the trial on the RT day by 

gender. This demonstrated gender-specific differences between male and female mThy1-

hAβPP751 Tg mice at 9 months of age (Figure 2A, B).

The mThy1-hAβPP751 Tg mice had significantly lower probe trial scores at 6 months and 9 

months of age (Figure 2C) in comparison to age-matched non-Tg littermates. The 

performance of mThy1-hAβPP751 Tg mice in the probe trial decreased between 3 months 

and 6 months of age while non-Tg performed consistently at all ages (Figure 2C). Further 

analysis segregating the mThy1-hAβPP751 Tg and non-Tg mice by gender revealed no 

significant effect of age upon performance in the probe trial (data not shown).

 mThy1-hAβPP751 Tg mice display a longitudinal decline in hole-board activity

The hole-board test is designed to measure memory and exploratory-based behavior. While 

the non-Tg mice habituated to the apparatus over time, the mThy1-hAβPP751 Tg mice 

displayed no decrease in the levels of hole-poke activity from 3, 6, to 9 months of age 
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(Figure 3A). At both 6 and 9 months of age mThy1-hAβPP751 Tg mice were more curious 

about the holes than their age-matched non-Tg littermates (Figure 3A). No differences were 

observed between mThy1-hAβPP751 Tg males and females (Figure 3B).

 mThy1-hAβPP Tg mice display a longitudinal preservation of spontaneous motor activity

The OF activity assay was conducted in order to assess levels of spontaneous motor activity 

in the mice over time compared to their age-matched non-Tg littermates. The mThy1-

hAβPP751 Tg mice did not display any significant differences in spontaneous activity or 

thigmotaxis at 3, 6, or 9 months of age in comparison to non-Tg littermates (Figure 4A, C), 

however in both the mThy1-hAβPP751 and non-Tg mice there was a significant decrease in 

activity and thigmotaxis from 3 to 6 months of age (Figure 4A,C). At 3 months of age, 

female mThy1-hAβPP751 Tg mice displayed significantly higher activity levels compared to 

male mThy1-hAβPP751 Tg mice, but these differences were no longer apparent when these 

animals reached 6 or 9 months of age (Figure 4B). In contrast, thigmotaxis did not differ 

between male and female mThy1-hAβPP751 Tg mice at 3 or 6 months but was significantly 

higher in female mThy1-hAβPP751 Tg mice at 9 months of age (Figure 4D). Motor 

coordination and balance were also assessed using RotaRod, performance, no significant 

effect of transgene or gender was noted between the mThy1-hAβPP751 Tg or non-Tg mice 

in this paradigm at any age (Figure 5).

 Discriminative power of tests

Discrimination analysis was performed in order to address the issue of whether the applied 

behavioral testing battery was selective enough to distinguish between mThy1-hAβPP751 

Tg and non-Tg mice. The set of parameters leading to best group division varied slightly on 

the three tested age points, but were at any time a mixture of factors including body weight 

and parameters in the OF, hole-board activity, and water-maze paradigms (see Table 1). At 

the age of three months differences deriving from genotype were rare. In spite of this, the 

discrimination power between mThy1-hAβPP751 Tg mice and non-Tg mice was at least 

78%. Including gender to the analysis resulted in a right group allocation for male mice with 

a probability of at least 95% and for female mice with a probability of at least 86%, 

respectively. At 6 months of age the progression of pathology led to significant differences 

in the behavioral tests, which increased the discrimination power. At 9 months of age 

differences in the water-maze and in the hole board paradigm were clearly detectable. 

Therefore, the discrimination analysis assigned 100% of the mThy1-hAβPP751 Tg and non-

Tg to the appropriate group by means of behavioral measures only. Using only the 

parameters of the third test session of the water-maze testing led to a mean selectivity of 

84%.

 Age-related increase in hAβ1–40, hAβ1–42 levels and plaque formation in the brain of 
mThy1-hAβPP751 Tg mice

In order to verify the development of AD-related neuropathological alterations in the 

mThy1-hAβPP751 Tg mice at the various ages examined, levels of Aβ were examined by 

immunohistochemistry and ELISA.
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Immunohistochemical analysis with the 6E10 antibody against amino acids 1–17 of the hAβ 

protein showed that mThy1-hAβPP751 Tg mice are characterized by an age-dependent 

increase of plaque load, starting with sparse small plaques in the frontal cortex at 3 months 

of age, followed by a more than 20-fold increase of the plaque number at 6 months of age, 

colonizing all the cortex, the hippocampus and the upper part of the thalamus (Figure 6) 

[34]. During the following three months, from 6 to 9 months of age, the number of plaques 

increased 3-fold. During this period, plaque size, but not number, increased in females by 

30% while it remained constant in the males, leading to a significant gender-specific 

difference in plaque load at 9 months of age when comparing mThy1-hAβPP751 Tg females 

and mThy1-hAβPP751 Tg males.

Analysis of the levels of formic acid (FA) soluble hAβ1–42 species by ELISA demonstrated 

an age-dependent increase in the plasma and brain homogenates from mThy1-hAβPP751 Tg 

mice in comparison to age-matched non-Tg littermates (see Figure 7A, B). Separation by 

gender demonstrated a gender-specific difference in Aβ levels between 6 months and 9 

months of age wherein lower levels of FA soluble hAβ1–42 were detectable in male mThy1-

hAβPP751 Tg mice than in their female counterparts (Figure 7B). Similar results were 

observed for Aβ1–40 levels (data not shown). Soluble Aβ in the TBS and TritonX-100 

fractions was generally at relatively low levels (<60 ng/g brain weight), which is consistent 

with the increase in plaques sequestering this soluble Aβ.

 DISCUSSION

The present study is the first to investigate longitudinal changes in spatial learning and 

memory the mThy1-hAβPP751 Tg line and to examine the age-related and gender-specific 

appearance of behavioral and neuropathological features associated with AD in these mice. 

Previous studies have analyzed the appearance of behavioral deficit and neuropathology over 

time, however these studies have been cross-sectional, analyzing different groups of mice at 

different ages [33]. For the present study, we took a group of mice and followed their 

development of behavioral alterations and neuropathology. Behavioral analysis in these mice 

demonstrates that deficits in memory and learning emerge at an early age and performance 

in the water maze task is affected at the first time point (3 months of age) tested, whereas the 

recall and re-learning the previous platform position and especially the learning of relocated 

position of a submerged platform are progressively and markedly affected as the mice age (6 

and 9 months of age). In contrast, motor coordination in the mThy1-hAβPP751 Tg mice was 

well preserved throughout the investigated life span.

Although our model shows early behavioral deficits in the water maze, this disturbed activity 

is consistent with previous reports in mouse models of AD. Deficits in water maze 

acquisition and retention have been previously described for a number of transgenic models 

AD (Tg2576 [37, 38], Tg2576+PS1, [33] and the AβPP23 model [39]. Furthermore, Chen 

and colleagues (2000) have presented learning deficits in their PDAβPP mice, but as the 

water-maze setup in this study had been modified with up to forty swimming trials this data 

was not comparable to standard procedures [40].
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A number of studies characterizing motor coordination in AβPP Tg mice have reported 

deficits in, for example, the string agility of the Tg2576 model [38] or beam-walking in 

Tg2576+ PS1 mice [33]. In contrast the present study demonstrates a longitudinal 

preservation of motor function in mThy1-hAβPP751 Tg mice as assessed by open field 

activity and performance on the RotaRod. These results highlight the specificity of 

behavioral deficits in these mice to tasks associated with memory and learning such as the 

water maze.

The present study also investigated the performance of the mThy1-hAβPP751 Tg mice in the 

hole-board task, while this is an established test to assess neophilic behavior in rodents [41, 

42] it has not previously been used to phenotype Tg AD mouse models. The results from 

this study demonstrate that while non-Tg mice seemed to adapt to the fact that these holes 

are empty and reduced their exploration activity to about 30% over time, mThy1-hAβPP751 

Tg mice continued to explore the holes to more or less the same extent at each testing 

session as they age. Given that the mThy1-hAβPP751 Tg mice were able to retain 

information from 3 months to 6 months of age in the water maze (retention) and that they 

did not show any deficits in OF activity or thigmotaxis until 9 months of age, the results in 

the hole-board from 3 to 6 months may indicate a difference in ‘curiosity’ behavior in the 

mThy1-hAβPP751 Tg mice in comparison to the non-Tg mice, rather than the mThy1-

hAβPP751 Tg mice just not remembering having been on the board before. At 9 months of 

age the increased hole poke behavior in the mThy1-hAβPP751 Tg mice in comparison to the 

non-Tg mice may be a combination of this altered curiosity behavior and the emerging 

deficits in memory in the mice at this age, as indicated by the loss of retention in the water 

maze test. This reduction in habituation may be due to disturbances in either acquisition 

during habituation to novel, specific cues in an environment, reflecting a problem in the 

long-term storage of olfactory and/or tactile sensations, or earlier during the processing of 

incoming sensory information. Since the mThy1-hAβPP751 Tg mice also exhibit plaques in 

the olfactory relevant brain regions, a pathology induced disturbance in the judgment of 

olfactory stimuli in the olfactory bulb could explain their higher exploration rate. 

Pathological changes in the olfactory bulb have also been reported in humans as one of the 

earliest events in the degenerative process in AD [43].

We also demonstrate that plasma levels of soluble hAβ1–42 increase from 3 months to 6 

month of age, but at 9 months remained at the level seen at 6 months. Plaque deposition and 

growth were also reflected by the increase of hAβ1–42 in the FA- soluble fraction, 

comprising the diminutively soluble fragments like oligomeric and protofibrillary amyloid, 

which are commonly regarded as the seed for plaque building by β-sheet formation [36, 44, 

45]. Both the ELISA and immunohistochemical results showed a gender-specific 

development of hAβ load in the period between 6 and 9 months of age. The increase of 

plaque size and of FA-soluble hAβ1–42 levels were more pronounced in female mThy1-

hAβPP751 Tg mice. Such gender differences in plaque load are consistent with studies in Tg 

mice with a single Arctic AβPP mutation [46], AβPP/PS1 mice [47] and triple Tg mice [48], 

which report that female mice develop a significantly more severe plaque pathology than 

males, which may parallel the disease and diminution of neurotrophic effects by hormones 

[49–51].
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In conclusion, the results from this study demonstrate that the mThy1-hAβPP751 Tg mouse 

model incorporates robust and progressive cognitive impairments related to hAβPP 

overexpression. The relatively rapid time course of the cognitive decline coupled with a 

progressive human AD-like pathology and well-preserved motor skills and physical state of 

the mThy1-hAβPP751 Tg mice makes them a suitable model in which to test emerging 

experimental therapies comparing early versus late disease time-points.
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Figure 1. mThy1-hAβPP751 Tg mice display an age-related longitudinal decline in spatial 
memory and learning in the water maze
A) Learning curves in the non-Tg and mThy1-hAβPP751 Tg mice at 3 months of age in the 

water-maze over a four-day test period (D1 to D4). B) Learning curves in the non-Tg and 

mThy1-hAβPP751 Tg mice at 6 months of age in the water-maze over a four-day test period 

consisting of a retesting day (RT, where the platform was in the same position as on the last 

day of testing at 3 months of age) and three days during which the location of the platform 

was changed from trial to trial (D1 to D3). C) Learning curves in the non-Tg and mThy1-

hAβPP751 Tg mice at 9 months of age in the water-maze over a four-day test period 

consisting of a retesting day (RT, where the platform was in the same position as on the last 

day of testing at 6 months of age) and three days during which the location of the platform 

was changed from trial to trial (D1 to D3). Data are represented by means (over four trials, 

each day) ± SEM.

* Indicates significant difference between non-Tg and mThy1-hAβPP751 Tg mice with 

p<0.05 by one-way ANOVA; ** Indicates significant difference between non-Tg and 

mThy1-hAβPP751 Tg mice with p<0.01 by one-way ANOVA.
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Figure 2. mThy1-hAβPP751 Tg mice display an age-related longitudinal decline memory 
retention in the water maze
A) Relearning ability of non-Tg and mThy1-hAβPP751 Tg mice at 6 months of age on the 

retest days (four trials in which the platform was in the same position it had been on the final 

day of testing at 3 months). B) Relearning ability of non-Tg and mThy1-hAβPP751 Tg mice 

at 9 months of age on the retest days (four trials in which the platform was in the same 

position it had been on the final day of testing at 6 months). C) Retention abilities of non-Tg 

and mThy1-hAβPP751 Tg mice in the water maze indicated by the number of target 

crossing in the probe trials. Data are represented by means ± SEM. * Indicates significant 

difference between female and male mThy1-hAβPP751 Tg mice with p<0.05 by one-way 

ANOVA; ** Indicates significant difference between non-Tg and mThy1-hAβPP751 Tg 

mice with p<0.01 by one-way ANOVA.
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Figure 3. mThy1-hAβPP751 Tg mice display a curiosity deficit in the hole-board task
A) Curiosity levels of non-Tg and mThy1-hAβPP751 Tg mice expressed by the number 

beam breaks by nose or paw poking into the holes during a ten-minutes trial, at 3, 6, and 9 

months of age. B) Gender stratification of the mThy1-hAβPP751 Tg mice at 3, 6, and 9 

months of age. Data are represented by means ± SEM. * Indicates a significant difference 

between non-Tg and mThy1-hAβPP751 Tg mice with p<0.05 by one-way ANOVA ** 

Indicates a significant difference between non-Tg and mThy1-hAβPP751 Tg mice with 

p<0.01 by one-way ANOVA.
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Figure 4. mThy1-hAβPP751 Tg mice display preserved motor function in the Open Field
A) Total activity in the Open Field of the non-Tg and mThy1-hAβPP751 Tg mice at 3, 6, 

and 9 months of age. B) Gender-stratification of the total activity in the mThy1-hAβPP751 

Tg mice at 3, 6, and 9 months of age. C) Thigmotactic behavior in the non-Tg and mThy1-

hAβPP751 Tg mice at 3, 6, and 9 months of age. D) Gender-stratification of thigmotaxis in 

the mThy1-hAβPP751 Tg mice at 3, 6, and 9 months of age. Data are presented as means ± 

SEM. * Indicates a significant difference between 3 and 6 month old non-Tg or 3 and 6 

month old mThy1-hAβPP751 Tg mice with p<0.05 by one-way ANOVA. ** Indicates a 

significant difference between non-Tg and mThy1-hAβPP751 Tg mice with p<0.01 by one-

way ANOVA.
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Figure 5. mThy1-hAβPP751 Tg mice display preserved motor function in the Rotarod
Motor coordination in the non-Tg and mThy1-hAβPP751 Tg mice on the Rotorod, expressed 

as the revolutions per minute (rpm) at which mice were unable to remain on the rotating rod. 

Data are presented as means ± SEM.
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Figure 6. mThy1-hAβPP751 Tg mice display age-related, longitudinal accumulation of Aβ in the 
cortex and hippocampus
Aβ plaques were visualized using the 6E10 antibody to AA1-17 of the hAβ protein.

A) Plaque size at 3, 6, and 9 months of age in the cortex of mThy1-hAβPP751 Tg mice. B) 

Plaque number at 3, 6, and 9 months of age in the cortex of mThy1-hAβPP751 Tg mice. C) 

Plaque size at 3, 6, and 9 months of age in the hippocampus of mThy1-hAβPP751 Tg mice. 

D) Plaque number at 3, 6, and 9 months of age in the hippocampus of mThy1-hAβPP751 Tg 

mice. Insets in the bars at 9 months indicate gender-related differences in cortical and 

hippocampal plaque size and number. Data are presented as means ± SEM.* Indicates a 
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significant difference with p<0.05 by one-way ANOVA. ** Indicates a significant difference 

with p<0.01 by one-way ANOVA. *** Indicates a significant difference with p<0.001 by 

one-way ANOVA
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Figure 7. Plasma and brain Aβ1–42 levels in mThy1-hAβPP751 Tg mice with age by ELISA
A) Plasma levels of soluble Aβ1–42 in the mThy1-hAβPP751 Tg mice at 3, 6, and 9 months 

of age. B) Insoluble hAβ1–42 in the FA fraction from the brain of mThy1-hAβPP751 Tg mice 

at 3, 6, and 9 months of age. Inset in the bar at 9 months indicates a gender-specific 

difference in FA- soluble hAβ1–42 at this age. Data are represented as means ± SEM * 

Indicates a significant difference with p<0.05 by one-way ANOVA. ** Indicates a 

significant difference with p<0.01 by one -way ANOVA. *** Indicates a significant 

difference with p<0.001 by one-way ANOVA.
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