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Abstract: Understanding the physiopathology of Alzheimer’s disease (AD) has improved substan-
tially based on studies of mouse models mimicking at least one aspect of the disease. Many transgenic
lines have been established, leading to amyloidosis but lacking neurodegeneration. The aim of the
current study was to generate a novel mouse model that develops neuritic plaques containing the
aggressive pyroglutamate modified amyloid-β (pEAβ) species in the brain. The TAPS line was
developed by intercrossing of the pEAβ-producing TBA2.1 mice with the plaque-developing line
APPswe/PS1∆E9. The phenotype of the new mouse line was characterized using immunostaining,
and different cognitive and general behavioral tests. In comparison to the parental lines, TAPS
animals developed an earlier onset of pathology and increased plaque load, including striatal pEAβ-
positive neuritic plaques, and enhanced neuroinflammation. In addition to abnormalities in general
behavior, locomotion, and exploratory behavior, TAPS mice displayed cognitive deficits in a variety
of tests that were most pronounced in the fear conditioning paradigm and in spatial learning in
comparison to the parental lines. In conclusion, the combination of a pEAβ- and a plaque-developing
mouse model led to an accelerated amyloid pathology and cognitive decline in TAPS mice, qualifying
this line as a novel amyloidosis model for future studies.

Keywords: transgenic mice; behavioral tests; amyloid plaques; Alzheimer´s disease; mouse model;
amyloidosis; neurodegeneration; neuritic plaques; neuroinflammation; cognitive decline

1. Introduction

Dementia is the most common form of neurodegenerative diseases, leading to a de-
cline in cognitive functions over time. In 2020, an estimated amount of around 27 million
people in the world lived with dementia [1–3]. Among the neurodegenerative dementias,
Alzheimer’s disease (AD) has the highest prevalence with approximately 60% of all de-
mentia cases [4,5]. Besides the cognitive decline, two main pathological hallmarks occur
in AD brains, most of which are known as neurofibrillary tangles and neuritic plaques.
The latter ones are mainly composed of different aggregated species of the amyloid-β
(Aβ) peptide. Aβ aggregation is initiated by the interaction of Aβ monomers, which
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assemble into toxic Aβ oligomers. Further aggregation leads to Aβ fibrils that are the main
component of the neuritic plaques and can be found extracellularly in human AD brains.
Following the amyloidogenic pathway, Aβ monomers are produced by the cleavage of
the amyloid precursor protein (APP) [6] through cleavage by the β-secretase, instead of
the α-secretase in the non-amyloidogenic pathway, and the consecutive cleavage by the
γ-secretase [7]. A minor amount of AD cases are classified as familial AD (fAD), in which
different gene mutations have been identified to be the primary cause of AD. Most of the
fAD mutations are discovered in the APP gene, as well as in an active component of the
γ-secretase complex, the presenilin-1 or -2 genes (PSEN1, PSEN2) [8]. Mutations in these
genes lead to increased processing of APP in the amyloidogenic pathway and consecutively
to the secretion of Aβ. Taking advantage of this, a number of fAD mutations have been
used to generate transgenic animal models developing AD-like amyloidosis in the brain
for studying AD pathophysiology and testing of new therapeutic options.

A widely used fAD mutation for transgenic mouse models is the so-called APPswedish
mutation (APPswe), which occurs by the change of amino acid residues outside the Aβ

domain, facilitating Aβ production [6,9,10]. The combination of an APPswe transgene with
a second one, harboring a mutated presenilin transgene, has been shown to additionally
increase formation of the Aβ1-42 species, which is highly prone to aggregation and, thus,
leads to a progressive amyloidosis phenotype in the brain of double transgenic mice [11].
A double transgenic mouse model commonly used in AD research is the APPswe/PS1∆E9
(APP/PS1) line, which carries both an APPswe and a mutated presenilin-1 (PS1) transgene.
The mice start to develop amyloid plaques and neuroinflammation within six months,
which progressively intensifies with age [8,12–14]. Despite the presence of abundant
neuritic plaques later in life, the mice do not develop obvious neurodegeneration [14].
Nevertheless, cognitive deficits have been described for this line, although with variable
onset [15,16]. One study described a deficit in spatial learning and memory in the so-called
Morris water maze (MWM) paradigm with 15 months of age [17]. All in all, this line is a very
common mouse model whose amyloidosis seems to be very similar to the human disease,
in particular due to the presence of neuritic plaques in both cortex and hippocampus.
However, the APP/PS1 line has been shown to be not particularly suited for amyloid
imaging with radiotracers routinely used in the clinic, as studies by Stenzel et al. [18] and
our research group suggested. A difference in plaque morphology or composition has been
discussed as the cause for lower binding of amyloid radiotracers to plaques of this mouse
model [19]. In addition, the presence of truncated Aβ species has been proposed to be
important for amyloid radiotracer binding and AD-like plaque morphology [20].

A variety of different Aβ species can be detected in amyloid plaques of AD patients.
While the main Aβ variants are Aβ1-40 and Aβ1-42, a significant proportion consists also
of N-terminally truncated species [21]. Studies identified that N-terminally truncated and
pyroglutamate-modified Aβ (pEAβ) represents up to 25% in neuritic plaques in human
AD patients´ brains [22–24]. The pEAβ is formed in a post-translational modification of
exposed glutamate by the glutaminyl cyclase in both glutamate position 3 (pEAβ3-42) and
11 (pEAβ11-42) of truncated Aβ [25]. These modifications change the overall charge of the
Aβ peptide, which increases its hydrophobicity and, thus, facilitates Aβ aggregation and
prevention of degradation by proteases [26]. Besides that, pEAβ is more neurotoxic than
other Aβ species (for a review, see [27]).

The relevance of pEAβ for AD pathophysiology has also been demonstrated in trans-
genic mouse models. Firstly described by Alexandru et al. in 2011 [28], the TBA2.1 mouse
model was generated to secrete pEAβ3-42 in the brain, which intracellularly forms small
Aβ aggregates along with a strong neurodegeneration and severe motor deficits in homozy-
gous mice. However, unlike most of the other amyloidosis mouse lines, the TBA2.1 mice
do not develop neuritic plaques but only smaller Aβ particles deposited in the brain [29].

Development of an AD-like amyloidosis phenotype, including neuritic plaques and
neuroinflammation, could be shown in a variety of transgenic mouse lines. Additionally,
behavioral deficits, in particular cognitive impairment in learning and memory, were
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described to be present in most lines (for a review, see [30]). However, neurodegeneration,
which is a typical feature of human AD, was only observed in a few transgenic amyloidosis
models, including the TBA2.1 line [31]. In an attempt to generate an improved mouse
model harboring a combination of AD-relevant hallmarks, i.e., the aggressive phenotype
produced by pEAβ, an abundant formation of neuritic plaques and extensive cognitive
decline, the novel TAPS mouse line was generated. This line was created by cross-breeding
of heterozygous APP/PS1 and TBA2.1 mice and the phenotype of the resulting triple
transgenic mice was followed over a period of 20 months in comparison to the parental
lines. As a result, we demonstrate that by addition of pEAβ the amyloid pathology is
further accelerated, with earlier onset and increased deposition of neuritic plaques in the
brain. Furthermore, the TAPS mice displayed a faster and more pronounced cognitive
decline in comparison to the parental lines. Due to its stronger phenotype the novel
TAPS line has qualified itself as a useful new tool to study AD pathophysiology, and for
preclinical studies testing new therapeutic options.

2. Results
2.1. TAPS Mice Accumulate Aβ Aggregates in the Striatum, Hippocampus, and Cortex as Early as
6 Months

TAPS mice were viable and fertile but showed a 14% increased rate of premature death
in comparison to wild-type (WT) littermates. For comparison, APP/PS1 mice showed a 3%
increased rate of premature death (Table S1). Both, TAPS and APP/PS1 mice, developed an
increasing amyloid pathology with neuritic plaques in the brain over time. With an earlier
onset, at the age of 6 months, TAPS mice showed plaque formation starting in the cortex,
hippocampus, and also lateral striatum. Over time, all mentioned regions underwent a
constant increase in plaque density, with the highest amounts in the cortex and slightly
less Aβ plaques in the hippocampus. In APP/PS1 mice, visibly less plaque formation
could be found at the same age in the cortex and emerged to the hippocampus with
9 months but with nearly no Aβ accumulation in the striatum. Overall, plaque formation
in early ages was visibly lower than in the corresponding TAPS mice, and increasing in the
cortex and hippocampus to a comparable level in later life. The cerebellum showed only
little Aβ accumulation over time and accumulation in the thalamus could be observed in
both genotypes. In contrast to the previously mentioned mouse lines, the TBA2.1 mice
developed decent amounts of Aβ aggregates in the striatum, already at the age of 6 months
and kept those levels until older ages. However, there was nearly no Aβ accumulation
visible in brain regions other than the striatum.

To investigate the composition of the Aβ plaques in all mouse lines, a double stain-
ing was accomplished with antibodies against truncated pyroglutamate Aβ at position
3 (pE3Aβ) and total Aβ (antibody 6E10) in 24-month-old mice. TAPS and APP/PS1 mice
showed an intense staining of plaques in the cerebral cortex for both, Aβ and pE3Aβ, as
shown in Figure 1, and comparable results were found also in the hippocampus. It could
be seen that compact neuritic plaques, as well as diffuse Aβ, were positively stained with
6E10 in both cases. Albeit the 6E10 signal was stronger, in diffuse Aβ, a minor portion of
pE3Aβ could be observed as well, indicating a possibly lower content of those truncated
Aβ species than full-length Aβ in diffuse accumulations. In compact plaques, however,
pE3Aβ was more prominent in the center core of the plaques than in the surrounding.
In principle, the overall plaque morphology and distribution of pE3Aβ in the cortex and
hippocampus was comparable between TAPS and APP/PS1 mice. TBA2.1 mice, however,
showed no visible Aβ accumulation in the cortex, as well as in the hippocampus, and were
not distinguishable from WT mice in those regions. Differences, however, could be seen in
the striatum (caudate putamen) of the mouse lines, which are shown in Figure 2.
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Figure 1. Comparison of the plaque morphology in TAPS, APP/PS1, and TBA2.1 mice. Sagittal slices stained with 6E10 
(red) for whole amyloid-β (Aβ), and pE3 antibody (green) for truncated pyroglutamate Aβ (pE3Aβ) species at 400× mag-
nification. Intense labeling of pE3Aβ in the center core of Aβ plaques was visible in the cortex of TAPS and APP/PS1, as 
well as in the hippocampus (CA3 region). No Aβ accumulation was visible in the cortex and hippocampus of heterozygous 
TBA2.1 mice. Cell nuclei labeled by DAPI (blue). Images of representative animals are shown; for total animal numbers, 
see Table 1. 

TAPS mice showed a recognizable accumulation of Aβ in the lateral striatum (Figure 
2). The signal was almost solely congruent between total Aβ (antibody 6E10) and pE3Aβ 
(antibody pE3). The TBA2.1 mice accumulated aggregates in the striatum that were posi-
tive for pE3Aβ and 6E10, although Aβ aggregates were much smaller compared to TAPS. 
Delineation of those aggregates in TBA2.1 was also sharper than in TAPS, possibly indi-
cating an intracellular accumulation in this line. APP/PS1 mice, however, showed nearly 
no accumulation of Aβ species in the corresponding striatal region, compared to TAPS 
littermates. In summary, TAPS and TBA2.1 mice showed Aβ accumulation in the lateral 
striatum, in contrast to APP/PS1 mice. 

Figure 1. Comparison of the plaque morphology in TAPS, APP/PS1, and TBA2.1 mice. Sagittal slices stained with 6E10
(red) for whole amyloid-β (Aβ), and pE3 antibody (green) for truncated pyroglutamate Aβ (pE3Aβ) species at 400×
magnification. Intense labeling of pE3Aβ in the center core of Aβ plaques was visible in the cortex of TAPS and APP/PS1, as
well as in the hippocampus (CA3 region). No Aβ accumulation was visible in the cortex and hippocampus of heterozygous
TBA2.1 mice. Cell nuclei labeled by DAPI (blue). Images of representative animals are shown; for total animal numbers,
see Table 1.

TAPS mice showed a recognizable accumulation of Aβ in the lateral striatum (Figure 2).
The signal was almost solely congruent between total Aβ (antibody 6E10) and pE3Aβ

(antibody pE3). The TBA2.1 mice accumulated aggregates in the striatum that were posi-
tive for pE3Aβ and 6E10, although Aβ aggregates were much smaller compared to TAPS.
Delineation of those aggregates in TBA2.1 was also sharper than in TAPS, possibly indi-
cating an intracellular accumulation in this line. APP/PS1 mice, however, showed nearly
no accumulation of Aβ species in the corresponding striatal region, compared to TAPS
littermates. In summary, TAPS and TBA2.1 mice showed Aβ accumulation in the lateral
striatum, in contrast to APP/PS1 mice.
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Figure 2. Comparison of Aβ accumulation in the lateral striatum at 400× magnification. TAPS mice 
accumulated Aβ aggregates in the lateral striatum, positive for total Aβ (red, 6E10) and pE3Aβ 
(green, pE3). In TBA2.1 mice, Aβ deposits were smaller but also positive for total Aβ and intensively 
stained for pE3Aβ. APP/PS1 mice in contrast were lacking any Aβ accumulation in this area, show-
ing only cell nuclei, positive for DAPI (blue). Images of representative animals are shown; for total 
animal numbers, see Table 1. 

Looking closer at the cellular response of the brain, a staining against glial fibrillary 
acidic protein (GFAP) was accomplished. Reactive astrogliosis could be demonstrated in 
investigated brains between 6 and 18 months. Exemplarily showing the results, compar-
ing 18-month-old brains in Figure 3, the intense staining of Aβ with 6E10 (red) can be 
shown for the cerebral cortices of TAPS and APP/PS1 mice, as previously mentioned. 
Acute astrogliosis surrounded the direct vicinity to amyloid plaques, as visible in the cor-
tex images (Figure 3), but Aβ presence also seems to promote general activation of astro-
cytes throughout the whole brain in TAPS and APP/PS1 mice. Although there was nearly 
no Aβ in the striatum of the latter, a certain reactive astrogliosis could be observed in this 
area as well. Overall, this indicates a strong increase in neuroinflammatory processes in 
both mouse lines and a general activation of astrocytes throughout the brain, also in areas 
without plaque pathology, e.g., the striatum. TBA2.1 mice also showed a certain degree 
of astrogliosis for the regions of the lateral striatum, since there were also Aβ aggregates 
visible. Though, the astrocytes in the rest of the brain were not distinguishable from the 
WT. Even in WT mice, some GFAP-positive astrocytes could be found, mostly in white 
matter. The molecular layer of the cerebellum was roughly free from reactive astrocytes 
in all investigated brains, in concordance with poor Aβ accumulation in this area. 

Since neuron loss in the CA1 region of the hippocampus was described for homozy-
gous TBA2.1 mice [28], we analyzed this brain region also in the TAPS line. Quantification 
of neuronal nuclei in the hippocampus of 24-month-old TAPS and WT mice showed no 
significant differences in neuronal density in the stratum pyramidale of the CA1. Cell 
counts were on comparable levels; therefore, no detectable signs of neurodegeneration 
could be observed in the designated area for TAPS compared to WT mice (Figure S1). 

Figure 2. Comparison of Aβ accumulation in the lateral striatum at 400× magnification. TAPS mice accumulated Aβ

aggregates in the lateral striatum, positive for total Aβ (red, 6E10) and pE3Aβ (green, pE3). In TBA2.1 mice, Aβ deposits
were smaller but also positive for total Aβ and intensively stained for pE3Aβ. APP/PS1 mice in contrast were lacking
any Aβ accumulation in this area, showing only cell nuclei, positive for DAPI (blue). Images of representative animals are
shown; for total animal numbers, see Table 1.

Looking closer at the cellular response of the brain, a staining against glial fibrillary
acidic protein (GFAP) was accomplished. Reactive astrogliosis could be demonstrated in
investigated brains between 6 and 18 months. Exemplarily showing the results, comparing
18-month-old brains in Figure 3, the intense staining of Aβ with 6E10 (red) can be shown
for the cerebral cortices of TAPS and APP/PS1 mice, as previously mentioned. Acute
astrogliosis surrounded the direct vicinity to amyloid plaques, as visible in the cortex
images (Figure 3), but Aβ presence also seems to promote general activation of astrocytes
throughout the whole brain in TAPS and APP/PS1 mice. Although there was nearly no
Aβ in the striatum of the latter, a certain reactive astrogliosis could be observed in this
area as well. Overall, this indicates a strong increase in neuroinflammatory processes in
both mouse lines and a general activation of astrocytes throughout the brain, also in areas
without plaque pathology, e.g., the striatum. TBA2.1 mice also showed a certain degree
of astrogliosis for the regions of the lateral striatum, since there were also Aβ aggregates
visible. Though, the astrocytes in the rest of the brain were not distinguishable from the
WT. Even in WT mice, some GFAP-positive astrocytes could be found, mostly in white
matter. The molecular layer of the cerebellum was roughly free from reactive astrocytes in
all investigated brains, in concordance with poor Aβ accumulation in this area.

Since neuron loss in the CA1 region of the hippocampus was described for homozy-
gous TBA2.1 mice [28], we analyzed this brain region also in the TAPS line. Quantification
of neuronal nuclei in the hippocampus of 24-month-old TAPS and WT mice showed no
significant differences in neuronal density in the stratum pyramidale of the CA1. Cell
counts were on comparable levels; therefore, no detectable signs of neurodegeneration
could be observed in the designated area for TAPS compared to WT mice (Figure S1).
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Figure 3. Amyloid-β plaque pattern and reactive astrogliosis in TAPS, APP/PS1, TBA2.1, and wild-
type (WT) mice at 200x magnification. Immunofluorescence analysis of Aβ (red, 6E10) and reactive 
astrocytes (green, GFAP). Both, TAPS and APP/PS1 mice showed abundant plaque load throughout 
the whole cerebral cortex, accompanied by strong reactive astrogliosis. TBA2.1 mice seemed to lack 
such aggregation of Aβ in this area. Reactive astrogliosis in the cortex was on comparable low levels, 
as observed in WT mice. In the striatum, only TAPS and TBA2.1 mice showed higher amounts of 
Aβ aggregates, which could not be observed in APP/PS1 mice. Images of representative animals are 
shown; for total animal numbers, see Table 1. 

Figure 3. Amyloid-β plaque pattern and reactive astrogliosis in TAPS, APP/PS1, TBA2.1, and wild-
type (WT) mice at 200x magnification. Immunofluorescence analysis of Aβ (red, 6E10) and reactive
astrocytes (green, GFAP). Both, TAPS and APP/PS1 mice showed abundant plaque load throughout
the whole cerebral cortex, accompanied by strong reactive astrogliosis. TBA2.1 mice seemed to lack
such aggregation of Aβ in this area. Reactive astrogliosis in the cortex was on comparable low levels,
as observed in WT mice. In the striatum, only TAPS and TBA2.1 mice showed higher amounts of Aβ

aggregates, which could not be observed in APP/PS1 mice. Images of representative animals are
shown; for total animal numbers, see Table 1.
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To investigate differences in Aβ load between the mouse lines in more detail, a
quantification with ImageJ was accomplished. The number of neuritic plaques and the
average size were quantified in the areas of the cortex, striatum, and hippocampus, for
TAPS and APP/PS1 (Figure 4). TAPS mice displayed in general a higher number of plaques
than APP/PS1 mice, which was significant in all brain regions analyzed (two-way ANOVA;
cortex, genotype p = 0.007, age p < 0.001; hippocampus, genotype p < 0.001, age p < 0.001;
striatum, genotype p < 0.001, age p < 0.001, genotype x age p < 0.001). At the age of 7 months,
TAPS mice already had a significantly higher level of Aβ in the cortex, compared to their
APP/PS1 counterparts (multiple t-test; p = 0.03). They built approximately five times
more deposits at the same age in the cortex and showed a detectable amount of neuritic
plaques in the striatum, as well. At the age of 15 months, both, TAPS and APP/PS1 mice,
showed a comparably high plaque load in the cortex but with a higher increase in TAPS
after 18 months. The increase in plaque formation of APP/PS1 slowed remarkably down
after 15 months in the cortex and hippocampus, trending towards a plateau at this time.
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Figure 4. Plaque quantification in the brain of TAPS and APP/PS1 mice. The number of plaques was
quantified on brain sections after immunostaining against total Aβ. TAPS mice showed an earlier
onset in plaque formation in all investigated areas than APP/PS1 and a stronger progression until the
age of 18 months. For statistical analysis, a two-way ANOVA was used to compare the age related,
as well as a multiple t-test to analyze for genotype-dependent differences. Total number of animals
was TAPS (n = 16), APP/PS1 (n = 15). For exact animal numbers per age, see Table 1. Data are given
as mean + SEM; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

Hippocampal plaque formation could also be observed at a 10 times higher level in
7-month-old TAPS in comparison to APP/PS1 (multiple t-test; p = 0.009). At the age of
15 months, both, TAPS and APP/PS1 mice, showed a comparably high plaque load in the
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hippocampus. With 18 months, TAPS mice, however, displayed a significant increase in
hippocampal plaque load (multiple t-test; p = 0.003), whereas numbers in APP/PS1 mice
remained on a relatively constant level.

In the striatum, only TAPS mice developed an amyloid pathology with neuritic Aβ

plaques. Differences against APP/PS1 could be demonstrated to be significant at 7 (multiple
t-test; p = 0.006), 15 (multiple t-test; p = 0.009), and 18 months (multiple t-test; p < 0.000001).
APP/PS1 mice showed only constantly low levels of neuritic plaques in the striatum, even
in older individuals.

Analyzing the plaque size at 15 and 18 months of age, it could be shown that TAPS
mice tend to have slightly smaller plaques in the cortex (879.3 ± 26.9 µm2, 15 months;
915.7 ± 52.5 µm2, 18 months) and hippocampus (994.63 ± 54.0 µm2, 15 months;
992.8 ± 110.2 µm2 18 months), compared to the APP/PS1 cortex (922.2 ± 22.6 µm2,

15 months; 1080.3± 21.5 µm2, 18 months) and hippocampus (1111.1± 53.1 µm2, 15 months;
1083.0 ± 50.1 µm2, 18 months). Both genotypes showed a constant size of plaques in both
areas over the analyzed time. The aggregates in the striatum of TAPS mice, however, were
significantly smaller in size, with 588.8 ± 34.3 µm2 for 15 months, and 586.5 ± 52.4 µm2

for 18 month-old-mice (two-way ANOVA brain region, p < 0.001; Holm-Sidak´s post-hoc,
cortex vs. striatum p = 0.001, hippocampus vs. striatum p = 0.001), compared to those in
the cortex and hippocampus.

2.2. TAPS Mice Show Phenotypic Alterations in the SHIRPA and Open Field Tests

In the SmithKline Beecham Pharmaceuticals; Harwell, MRC Mouse Genome Centre
and Mammalian Genetics Unit; Imperial College School of Medicine at St Mary’s; Royal
London Hospital, St Bartholomew’s and the Royal London School of Medicine; Phenotype
Assessment (SHIRPA) test, TAPS mice were initially compared to their WT littermates
for development of a behavioral phenotype with increasing age. TAPS mice showed a
consistent increase in scores throughout the whole examination time, as it can be seen
in Figure 5. At 4 and 6 months of age, changes were relatively small compared to older
animals. At 9 months of age, the average scores increased to 1.6 and further to a score
of 3.9 with 12 months. The latter was highly significant compared to the values of the
WT littermates (mixed effects analysis, genotype p < 0.0001, age p < 0.0001, interaction
p < 0.0001; Sidak’s post-hoc test 12 m, p = 0.0001). Over time, scores raised to 4.9 at
15 months (Sidak’s post-hoc test 15 m, p = 0.0002) and finally 6.6 at 18 months of age
(Sidak’s post-hoc test 18 m, p = 0.0273), which both proved to be statistically significant
compared to WT. Due to the partly cross-sectional type of this study, not all mice from
the initial group endured the full investigation period of 18 months. Male and female
animals were pooled for analysis. The most common hallmark of the TAPS phenotype in
the SHIRPA test was a reduction in sensory perception, mostly prominent in the pinna
reflex, startle response, and the flank pressure. A larger number of animals also showed
deficits in the hanging behavior.

Summarizing the results of the WT, the scores remained on a relatively low level
throughout the whole examination period. The scores varied on average around 0 and
0.4 for all age groups. Single mice showed minor abnormalities, which were transient and
did not exceed a score of one. The most common observation was a slight reduction in
movement in the cage and a reduction in the time at the hanging behavior, which could be
correlated with a high body weight. Analysis of the bodyweight over time demonstrated
that overall, there was no genotype-dependent discrepancy observable for both tested
genders (Table S2).

A second cohort of TAPS mice was further tested at the age of 18 months together
with their littermates in several behavioral tests. In the open field test, which was done
once at 18 months, APP/PS1 and TBA2.1 did not differ significantly from the WT mice.
However, TAPS mice seemed to be faster (Figure 6A), to travel more (Figure 6B) and to
be more active (Figure 6C) than the WT, indicating that they might display hyperactive
behavior. They spent the same amount of time in the center and the border of the open field
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(Figure 6D), which indicates that none of the mice had reduced exploration or increased
anxiety. Taking these results together, TAPS mice might have alterations in the general
spontaneous activity in the open field test.

Int. J. Mol. Sci. 2021, 22, x  9 of 23 
 

 

Summarizing the results of the WT, the scores remained on a relatively low level 
throughout the whole examination period. The scores varied on average around 0 and 0.4 
for all age groups. Single mice showed minor abnormalities, which were transient and did 
not exceed a score of one. The most common observation was a slight reduction in move-
ment in the cage and a reduction in the time at the hanging behavior, which could be 
correlated with a high body weight. Analysis of the bodyweight over time demonstrated 
that overall, there was no genotype-dependent discrepancy observable for both tested 
genders (Table S2). 

 
Figure 5. TAPS mice had age-dependent phenotypic alterations in the SHIRPA test. Shown are the 
mean scores of animals from each age group with SEM for TAPS and wild-type (WT) mice. A sig-
nificant increase of SHIRPA scores was found for 12- (*** p = 0.0001, TAPS n = 16, WT n = 9), 15- (*** 
p = 0.0002, TAPS n = 11, WT n = 7), and 18- (* p = 0.0273, TAPS n = 4, WT n = 3)-month-old TAPS 
compared to their WT littermates. Scores of WT remained widely unchanged over time. For the 
statistical analysis, mixed effects analysis with Sidak´s post-hoc was used to compare the age and 
genotype. For all animal numbers per age, see Table 1. Data is given as mean + SEM. 

A second cohort of TAPS mice was further tested at the age of 18 months together 
with their littermates in several behavioral tests. In the open field test, which was done 
once at 18 months, APP/PS1 and TBA2.1 did not differ significantly from the WT mice. 
However, TAPS mice seemed to be faster (Figure 6A), to travel more (Figure 6B) and to 
be more active (Figure 6C) than the WT, indicating that they might display hyperactive 
behavior. They spent the same amount of time in the center and the border of the open 
field (Figure 6D), which indicates that none of the mice had reduced exploration or in-
creased anxiety. Taking these results together, TAPS mice might have alterations in the 
general spontaneous activity in the open field test. 

Figure 5. TAPS mice had age-dependent phenotypic alterations in the SHIRPA test. Shown are
the mean scores of animals from each age group with SEM for TAPS and wild-type (WT) mice. A
significant increase of SHIRPA scores was found for 12- (*** p = 0.0001, TAPS n = 16, WT n = 9), 15-
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Figure 6. Performance of TAPS mice in the open field test. Wild-type (WT; n = 8), APP/PS1 (n = 5), and TBA2.1 (n = 8)
showed similar velocity (A), distance traveled (B), and activity time (C) in the open field test. The TAPS mice (n = 4) showed
a trend to be faster, traveled more, and were more active compared to the WT. All mice stayed similar time in the border,
center, and corner regions of the open field (D). Data is given as mean + SEM.
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2.3. TAPS Mice Develop Cognitive Deficits in Different Behavioral Tests

Several cognitive behavioral tests were conducted in order to characterize the cognitive
abilities of TAPS mice in comparison to their littermates. In the novel object recognition
test (NOR), only the WT mice explored significantly more the novel than the familiar object
(paired t-test, p = 0.0380), indicating functional memory for the familiar object. For all
other lines, exploration times between the novel and familiar object did not reach statistical
significance, although there is some trend for more exploration of the novel object (Figure 7).
High variability and low animal numbers, and low overall exploration may be accounted
for this in case of the TAPS and APP/PS1 line, respectively. Regarding total exploration
time of the objects, TAPS mice showed a tendency towards higher exploration of both
objects; however, this did not reach statistical significance.
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Figure 7. Deficits in the novel object recognition test in TAPS mice. The time animals explored the
novel in comparison to a familiar object is given for each mouse line. Only wild-type mice (WT; n = 8)
were able to discriminate between the novel and the familiar object (* p = 0.0380) while APP/PS1
(n = 5), TBA2.1 (n = 8), and TAPS (n = 4) mice showed a cognitive deficit in this task. For statistical
analysis, a paired t-test was used to evaluate the difference between the exploration time of the novel
and familiar object. Data is given as mean + SEM.

The T-maze spontaneous alternation was measured to assess short-term memory. With
18 months of age, all groups had similar amounts of alternations (Figure S2). However,
with 20 months of age, APP/PS1 (one-way ANOVA, p = 0.0192; Holm-Sidak’s post-hoc
test, p = 0.0349), TAPS (Holm-Sidak’s post-hoc test, p = 0.0349) and TBA2.1 (Holm-Sidak’s
post-hoc test, p = 0.0145) mice alternated less than the WT (Figure 8). These results indicated
that they were not able to discriminate which arm was visited previously. In comparison,
the WT mice were able to discriminate the previous arm, which indicates an intact working
memory. Moreover, only WT mice alternated significantly above chance (i.e., >50%) (one
sample t-test, p = 0.0001). Therefore, they were able to choose the new arm instead of
entering an arm randomly.

With 18 months of age, the TAPS mice froze less than the WT in the cued fear con-
ditioning paradigm (one-way ANOVA, p = 0.0015; Dunnett’s post-hoc test, p = 0.0042)
(Figure 9A). This result indicated that they were not able to associate the sound (cue) with
the shock in the habituation phase, implying a deficit in the associative learning process.
On the other hand, all groups froze the same amount in the contextual fear conditioning
part of the test, meaning they were all able to associate the arena (context) with the shock
(Figure 9B). With 20 months of age, the test was repeated with the same cohort of mice. This
time the TAPS mice froze less than the WT mice also in the contextual fear conditioning
(Figure S3), indicating impairment in the contextual memory at older ages.
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Figure 8. Deficit in spontaneous alternation of TBA2.1, APP/PS1, and TAPS mice in the T-maze. The
spontaneous alternation was calculated as the ratio of entries into the correct arm to the amount of
total trials in the T maze. With 20 months of age, the APP/PS1 (* p = 0.0349; n = 6), TAPS (* p = 0.0349;
n = 6), and TBA2.1 (* p = 0.0145; n = 10) mice alternated significantly less than the wild-type (WT;
n = 10) mice. Dashed line indicates threshold of chance (50%). For statistical analysis, one-way ANOVA
with Holm-Sidak’s post-hoc was used to compare the genotypes. Data is given as mean + SEM.
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Figure 9. Impaired fear conditioning learning in TAPS mice. The percentage of freezing behavior was measured in the
contextual and cued fear conditioning paradigm with 18 months of age. In the cued fear conditioning (A), the TAPS mice (n
= 4) froze less compared to the wild-type (WT; n = 8) mice indicating a deficit in fear conditioning learning (** p = 0.0042).
Both, APP/PS1 (n = 4) and TBA2.1 (n = 8), showed similar freezing behavior compared to WT mice, indicating intact fear
conditioning learning. In the contextual fear conditioning (B), all genotypes showed similar freezing behavior. For statistical
analysis, one-way ANOVA with Dunnettt´s post-hoc was used to compare the genotypes. Data is given as mean + SEM.

With 20 months of age, the Morris water maze test (MWM) was carried out in order to
measure the spatial learning and memory abilities of the mice. During the training session,
TAPS mice took longer to find the platform compared to the WT (Figure 10A, mixed effects
analysis, genotype p = 0.0210, days p < 0.0001, interaction p = 0.5794; Dunnett´s post-hoc
test, p = 0.0087). In contrast, APP/PS1 mice were able to find the platform faster along the
days of training. Additionally, TBA2.1 mice took longer to find the platform compared to
WT only on the fourth day, showing a delay in learning (Dunnett´s post-hoc test, p = 0.0241).
In conclusion, TAPS mice displayed a learning deficit since they were not able to memorize
the platform location in the pool. In the probe trial, both TAPS and APP/PS1 mice had a
tendency towards reduced searching time in the target quadrant compared to WT, but this
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difference did not reach statistical significance, presumably due to insufficient animal numbers.
Interestingly, TBA2.1 mice also had reduced time searching in the target quadrant compared
to WT (Figure 10B, one-way ANOVA, p = 0.0357; Dunnett’s post-hoc test, p = 0.0319).
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Figure 10. Performance in the Morris water maze with 20 months of age. In the training trials (A),
the TAPS mice (n = 6) took longer to find the hidden platform compared to the wild-type mice (WT;
n = 11) on the last day (** p = 0.0087), as well as TBA2.1 (n = 12) on the fourth day (* p = 0.0241),
indicating a spatial learning deficit. In the probe trial (B), the TBA2.1 mice spent significantly less
time in the target quadrant compared to WT mice (* p = 0.0319), while APP/PS1 (n = 8) and TAPS
mice showed a non-significant trend towards reduced memory retrieval as they spent less time in
the target quadrant than the WT mice. For statistical analysis, two-way and one-way ANOVA with
Dunnett´s post-hoc were used to compare the genotypes during the training and in the probe trial,
respectively. Data are given as mean + SEM.

3. Discussion

In recent years, a number of drug candidates have been tested in clinical trials to
find a new therapeutic option against AD, but almost all failed due to lack of efficacy.
Many of the new substances had previously demonstrated efficacy in transgenic mouse
models, which is why the mouse models have come under criticism. Although transgenic
mouse models have proven to be a valuable tool for studying the pathophysiology of
AD, they are incomplete models of the human disease. Most transgenic mouse lines are
able to mimic only a few aspects of the disease, i.e., neuritic amyloid plaques, tauopathy,
neuroinflammation, cognitive decline, or neurodegeneration [30].

In the current study, we describe the generation of a novel transgenic mouse line as an
attempt to generate an improved model harboring a combination of AD-relevant hallmarks,
especially the aggressive phenotype produced by pEAβ, an abundant formation of neuritic
plaques, and extensive cognitive decline. Thus, the TAPS mice were developed in order to
understand the role of pEAβ and its interaction with other Aβ species that are constitute
of neuritic plaques. We characterized the progression of cerebral amyloidosis, and the
development of general and cognitive behavioral deficits in this novel triple transgenic
mouse line.

As expected, TAPS mice developed a more severe phenotype in comparison to its het-
erozygous parental lines. Like APP/PS1 mice, they developed neuritic plaques throughout
the brain, especially in the cortex, thalamus, and hippocampus, and little pathology in the
cerebellum. Most striking, and in addition to what can be observed in the APP/PS1 line,
TAPS mice also showed Aβ aggregates in the lateral striatum, which appeared larger and
more mature than the small Aβ particles present in the striatum of the parental TBA2.1 line.
We could confirm data by Alexandru et al. [28] that heterozygous TBA2.1 mice at 21 months
had only a low amount of N-terminally truncated and pyroglutamate-modified Aβ in
small intracellular aggregates in the striatum, which were, however, not sufficient to induce
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motor deficits in this line. The clinical relevance of Aβ aggregates in the striatum are not
yet clear, although striatal amyloid plaques have also been found in AD patients. Striatal
Aβ depositions have been described mainly in AD patients of advanced stages [31–34] but
may also occur in the preclinical stage [35]. A recent study showed that Aβ deposition
in the striatum correlates with both, memory deficits and tau pathology [36]. Nearly all
amyloid plaques found in TAPS mice stained positive for both total Aβ and pE3Aβ. PE3Aβ

was mainly located in the plaque core of compact and neuritic plaques and less in diffuse
Aβ deposits. The 6E10 antibody, used in this study to detect total Aβ, has the capability to
bind both, full-length Aβ as well as N-terminally truncated species, while the pE3Aβ anti-
body exclusively binds to truncated pyroglutamate Aβ. Apart from the striatum, neuritic
plaques in other brain regions of TAPS mice were also composed of pE3Aβ in addition
to other Aβ species. Thus, the TAPS mice had an amyloidosis phenotype combining the
distribution patterns from both the APP/PS1 and TBA2.1 mice, but with earlier onset and
faster progression. We characterized TAPS mice with a significantly earlier onset of plaque
formation in the cortex at the age of 6 to 7 months, whereas APP/PS1 reached comparable
Aβ levels later in life. Additionally, deposits in the hippocampus formed at a younger age
than in APP/PS1. TAPS showed a constant increase in plaque counts over time, whereas
in APP/PS1, progression seemed to slow down towards a plateau after 15 months of age.
Taken together, the additional production of the aggregation-prone pE3Aβ species led
to both, an accelerated plaque deposition and higher amyloid load at older ages. With
regard to plaque size, the TAPS mice developed slightly smaller but more plaques than
the APP/PS1 mice at the same age. In a previous study, Frost et al. demonstrated the
development of pEAβ-positive plaques in APP/PS1 mice after full-length Aβ deposits
formed [24]. This could also be shown in the present study, because, apart from plaque
size, old APP/PS1 mice displayed a similar plaque composition than TAPS animals in
the cortex and hippocampus. The smaller plaque size of TAPS mice in comparison to the
parental APP/PS1 line seemed to be the consequence of early pE3Aβ presence in the brain,
possibly facilitating the formation of fibrils and generating smaller plaques through faster
aggregation. The specific location of higher pEAβ levels in the center core of compact
plaques has also been observed in tissue from human patients and underlines the theory of
pEAβ as a seeding spot for other Aβ species or diffuse Aβ in brains [37,38].

Additionally to plaque formation, both APP/PS1 and TAPS mice developed progres-
sive neuroinflammation in the brain, indicated by high numbers of reactive astrocytes
around plaques. Neuroinflammation is one of the hallmarks of AD, which contributes to
cognitive deficits in human and animals [39]. Reactive astrocytes and microglia exacerbate
the Aβ toxicity and neuronal death. Heterozygous TBA2.1 mice, as expected, did not dis-
play an overall increase in astrogliosis since they do not develop plaques. Hence, a certain
degree of activation could be seen in the striatum, in the vicinity of small Aβ particles.
Regarding the neuroinflammatory response, the TAPS mice seemed to develop even higher
levels of astrogliosis, compared to APP/PS1 mice. Taken together, the higher activation of
astrocytes in the striatum and in other brain regions could have contributed, in conjunction
with early production of the highly toxic pE3Aβ species, to more severe cognitive deficits
in TAPS mice, compared to the parental lines.

Despite showing a strong reactive astrogliosis and an increased inflammatory milieu in
the investigated brain areas, together with a high plaque load, however, neurodegeneration
could not be observed in the hippocampus of TAPS mice, compared to WT. The CA1 region
of the hippocampus, in particular the stratum pyramidale, showed comparable amounts of
neurons throughout the investigated area of TAPS and WT mice. Although neurodegen-
eration in this brain region was described for homozygous TBA2.1 mice [28], obviously,
the heterozygous status of the TBA2.1 transgene was not sufficient to induce neuron loss
in TAPS mice. However, this does not exclude the presence of subtle neurodegenerative
changes throughout the entire brain, which we might have overlooked.

TAPS mice developed cognitive deficits beginning with 18 months of age mainly in
the cued fear conditioning. Later, at 20 months of age, they also displayed a deficit in
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T-maze and MWM. Those different behavioral tests evaluated different types of cognitive
abilities, which are processed by different areas of the brain. The MWM measures spa-
tial memory [40]. The spatial memory processing occurs primarily in the hippocampus;
therefore, lesions in this brain area have been shown to induce cognitive deficits [41,42]. It
has been shown before that amyloid pathology in the hippocampus, consisting of plaques
and, more importantly, soluble toxic Aβ oligomers, can induce synaptic loss and cognitive
deficits [27,43–45], which could also explain the spatial memory deficits in TAPS mice. As
seen in histological investigation, TAPS mice showed, in contrast to APP/PS1 mice, a con-
stant increase in hippocampal plaque formation, even at higher ages, possibly facilitating
this effect. The spontaneous alternation paradigm in the T-maze is a measure of the spatial
working memory, and the NOR is based on working memory and recognition memory,
too, which are processed in both the hippocampus and cortex [46–50]. Since Aβ pathology
is also abundantly present in the cortex of TAPS mice, deficits in working memory can
be explained by toxic Aβ species in the cortex as well. Finally, the cued fear conditioning
paradigm is based on fear memory with involvement of the amygdala [49,50], a brain
region that was also affected by Aβ pathology in TAPS mice. Deficits in fear memory,
particularly in the cued fear conditioning, have also been observed in AD patients [51,52]
and other transgenic AD models before [53,54].

Even though TBA2.1 mice do not develop Aβ plaques, they showed clear deficits in
both the T-maze and MWM. Cognitive deficits have not been reported for heterozygous
mice of this line before, and support the importance of pEAβ for neurotoxicity in the ab-
sence of amyloid plaques. A neurotoxic pEAβ-dependent process seemed to be responsible
for the working and spatial memory deficits in those mice. Moreover, the APP/PS1 mice
developed abundant Aβ plaques in the same brain areas as TAPS mice, without deficits
in MWM and fear conditioning tests, unlike TAPS mice at the same age. Therefore, the
earlier aggregation of Aβ, most probably induced by pEAβ, and pEAβ´s known neurotoxic
potential [55,56], could have accelerated the cognitive decline in TAPS mice.

Besides their cognitive deficits, TAPS mice also developed sensory and motor im-
pairments. In the SHIRPA test, TAPS mice showed phenotypic alterations beginning
at 12 months of age compared to both WT and younger TAPS mice. As shown before,
TBA2.1 mice developed similar alterations starting at 21 months of age [29]. Therefore, it
can be concluded that the combination of pEAβ and full-length Aβ in the brain might be
responsible for acceleration of the phenotype in comparison to pEAβ alone. In addition,
we observed a trend towards higher velocity, longer distance travelled, and generally more
activity in the open field, indicating a hyperactive phenotype of TAPS mice compared to
WT and TBA21 mice. One might speculate whether these motoric alterations could be due
to the development of Aβ pathology and neuroinflammation in the striatum. The stria-
tum, as a key interface for excitatory and inhibitory neurons, plays a major role in action
selection and motor function [57]. Moreover, in other AD mouse models, the observed
hyperactivity was correlated with basal ganglia circuitry dysfunction [58–60]; therefore, one
might assume that striatal Aβ deposits induce changes in the basal ganglia network. So far,
the relevance of a hyperactive phenotype in AD mouse models is not quite clear. Although
hyperactivity is also part of the behavioral and psychological symptoms of dementia in
patients, its causes are still under discussion and have not been sufficiently investigated
yet (for a review, see [61]). Additionally, TAPS mice showed a reduced sensory response
in the SHIRPA test. Balsters et al. demonstrated the connectivity of the lateral striatum
(caudate putamen) to cortical areas in the motor-cortex (m1) and somatosensory cortex
(s1 and s2) in mice [62]. A disturbance in signal transduction in this area could promote
the deficits TAPS mice showed in contrast to their parental lines at the same age. It leads to
the assumption that the combination of deposits in the striatum with those in the cortex,
thalamus, and hippocampus and the elevated response of astroglia in this area could lead
to the hyperactivity pattern and sensory deficits seen in these mice. Some studies also
demonstrated a hyperactive behavior of APP/PS1 mice in the open field at younger ages
(4 to 8 months) [63,64], which was explained by a decrease of endocannabinoids in the
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striatum [64]. A similar process can be assumed for TAPS mice, but more studies are
needed to prove this connection.

Unlike previous reports, the APP/PS1 mice used in the current study did not develop
cognitive deficits in the MWM even at an age of 21 months. One reason for that discrepancy
might be the variety of used protocols and differences in the housing conditions [65,66].
However, a non-significant trend towards a deficit could be observed in MWM. This
could be due to the relatively small groups of mice included in some of the behavioral
tests, whose variability prevented a slight deficit from becoming statistically significant.
Concerning heterozygous TBA2.1 mice, little is known about their cognitive abilities, so far.
We have described before, that, in contrast to the homozygous animals, the heterozygous
TBA2.1 mice did not develop any motor deficits, but a higher score in the SHIRPA test at
21 months of age [29]. Corroborating with this previous study, the TBA2.1 parental line
did not show any conspicuities, including activity, exploratory, or anxiety-related behavior,
in the open field test at 18 months.

Finally, the new TAPS line is an amyloidosis model that reflects several aspects of the
human disease. However, the aspect of tauopathy, which is an important feature of human
AD, is missing. Since none of the previously described amyloidosis models show excessive
tau phosphorylation and also no neurofibrillary tangles [67], development of tauopathy in
TAPS mice was not to be expected. In general, the behavioral deficits of all three mouse
lines, and especially the APP/PS1 and TAPS mice, appeared with an advanced age of
18 to 20 months, which might limit their practical use for future studies. On the other
hand, mouse models with very aggressive phenotype progression and early behavioral
deficits before clear pathological alterations have been criticized because their relevance
to the clinical disease has been questioned [67]. In this respect, the new TAPS line joins
the ranks of the rather late AD models in which the cognitive deficits clearly develop as a
consequence of pathological processes.

In conclusion, we were able to demonstrate an accelerated amyloid pathology in TAPS
mice with earlier onset and increased Aβ deposition induced by pE3Aβ. In addition, the
TAPS mice developed faster and more pronounced cognitive deficits than the parental lines
as measured by several cognitive behavioral tests. Both parental mouse lines, TBA2.1 and
APP/PS1, have been successfully used for preclinical therapeutic studies in which new
substances were tested during their development as drug candidates against AD [68,69].
The novel TAPS mouse line combines their advantages by increasing the neurotoxic pE3Aβ

species and inducing robust cognitive deficits, and thus, qualifies itself as a useful new
amyloidosis model for future preclinical studies testing new therapeutic options.

4. Materials and Methods
4.1. Animals

TBA2.1 mice were a generous gift from Probiodrug AG (Halle, Germany) and were
bred in house by mating of heterozygous mice. The mice were originally described on a
C57BL/6 × DBA1 background and were further crossed to a C57BL/6 background for
more than four generations. As described by Alexandru et al. [28], the transgene of the
TBA2.1 line was designed for chromosomal integration by addition of cDNA sequences of
a pre-pro-peptide of murine thyrotropin releasing hormone (TRH) fused with the mod-
ified human Aβ polypeptide Aβ(Q3–42) under a neuron-specific promotor. Aβ(Q3–42)
is expressed in neuronal cells and subjected to the secretory pathway, where it is post-
translationally modified by the endogenous glutaminyl cyclase into pEAβ3-42. Homozy-
gous TBA2.1 mice develop a motor-neurodegenerative phenotype as a consequence of
pEAβ3-42-induced neurotoxicity starting with 2 months and progressing further until the
age of 5 months, when the humane endpoint is reached. In addition, an age-related massive
neurodegeneration can be observed, especially in the hippocampus, and deposition of
small Aβ aggregates in brain regions, such as the hippocampus and striatum, accompanied
by neuroinflammation. Heterozygous TBA2.1 mice display a milder phenotype starting
with 21 months of age [29].
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APPswe/PS1∆E9 mice were introduced by Jankowsky et al. [8] and express both a
chimeric mouse and human Amyloid Precursor Protein (APP695swe) and human prese-
nilin 1 mutated by a deletion of exon 9 (PS1∆E9) [11] under the control of neuron-specific
promotor elements. The mice develop neuritic Aβ plaques and neuroinflammation be-
ginning with 6 months, and cognitive deficits, which are detectable in the Morris water
maze test [17]. APPswe/PS1∆E9 mice on a C57Bl/6 background were received from the
Jackson Laboratory (Bar Harbor, MA, USA) and bred in-house by mating of heterozygous
and wild-type mice of this line.

T(TBA2.1)APS(APPswe/PS1∆E9) mice were generated by crossing heterozygous
TBA2.1 and heterozygous APPswe/PS1∆E9 (APP/PS1) mice in the C57BL/6 background.
The resulting TAPS mice were heterozygous for both TBA2.1 and APP/PS1 transgenes.
For behavioral tests and histological examinations, male and female littermates of these
matings were used with the following genotypes: wild-type (WT), APP/PS1, TBA2.1, and
TAPS (Table 1). All mice were heterozygous for the respective transgene.

All mice were bred in-house with a 12/12 h light/dark cycle, constant temperature
of 22 ◦C, and 54% humidity. Food and water were available ad libitum. All behavioral
experiments were performed in accordance with the German Law on the protection of
animals (TierSchG §§ 7–9) and were approved by the local ethics committee before the start
of the experiments (Landesamt für Natur, Umwelt und Verbraucherschutz, North Rhine-
Westphalia, Germany, numbers 84-02.04.2011.A359, 84-02.04.2014.A362, 81-02.04.2018.A400,
81-02.04.2019.A304 were approved on 09 December 2014, 05 February 2019, 21 February
2019 and 21 January 2019, respectively).

Based on the late behavioral alterations the parental lines displayed in our hands in
the past, the cognitive test battery was started at 18 months of age. The first cohort of TAPS
and WT littermates was tested in the SHIRPA test battery for initial check of behavioral
abnormalities. Then, two more cohorts of 18-month-old littermates were tested repeatedly
(at 18 and 20 months of age) in the following behavioral tests to test their cognitive
abilities: cohort 2, T-maze (18 and 20 months), MWM (20 months); cohort 3, open field
(18 months), novel object recognition (NOR, 18 months), T-maze (18 and 20 months), cued
and contextual fear conditioning (18 months), contextual fear conditioning (20 months),
and MWM (20 months). Three TAPS, two APP/PS1 mice, one TBA2.1, and one WT mouse
died during the longitudinal testing between the age of 18 and 20 months. Three APP/PS1,
two TBA2.1, and two WT mice had to be excluded from the T-maze due to inactivity.

Table 1. Number of mice used for each analysis according to genotype and age. MWM, Morris water
maze; NOR, novel object recognition test; WT, wild-type.

Analysis Age Number of Mice/Genotype
WT TAPS APP/PS1 TBA 2.1

Histology

6.4 ± 0.3 - 6 5 3
9.2 ± 0.4 - 1 3 3

15.1 ± 0.4 - 5 3 -
18.0 ± 0.4 - 4 4 1
24.8 ± 1.3 5 6 5 5

SHIRPA

4.1 ± 0.2 3 3 - -
5.5 ± 0.4 4 8 - -
8.6 ± 0.4 8 18 - -
12.5 ± 0.3 9 16 - -
14.9 ± 0.2 7 11 - -
17.6 ± 0.6 3 4 - -

Open Field 18.8 ± 0.7 8 4 5 8

NOR 18.8 ± 0.7 8 4 5 8
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Table 1. Cont.

Analysis Age Number of Mice/Genotype
WT TAPS APP/PS1 TBA 2.1

T-maze
18.4 ± 0.7 13 9 7 13
20.7 ± 0.7 10 6 6 10

Fear Con-
ditioning

Cued 18.8 ± 0.7 8 4 4 8

Contextual
18.8 ± 0.7 8 4 4 8
20.8 ± 0.7 7 2 3 6

MWM 20.7 ± 0.7 11 6 8 12

4.2. Histology

For histological studies, mice from all genotypes were used at different ages from 6 to
24 months (Table 1). Mice were killed by cervical dislocation, and brains were taken and
frozen at −80 ◦C until further processing. Right brain hemispheres were used to generate
20 µm sagittal sections with a cryostat (LEICA Biosystems, Wetzlar, Germany). Immunoflu-
orescence staining was performed in order to evaluate the Aβ-plaque/particle distribution
and size with mouse monoclonal antibody anti-Aβ, Clone 6E10 recognizing the N-terminal
Aβ strain (1:200; BioLegend, San Diego, CA, USA), as well as neuroinflammation (activated
astrocytes) with polyclonal rabbit anti GFAP antibody (1:1000; Dako Omnis, Agilent, Santa
Clara, CA, USA). Plaque morphology and composition was analyzed with brains from
24-month-old mice using a double-staining against pE3Aβ with the rabbit anti-Abeta-
pE3 antibody (1:500; Synaptic Systems GmbH, Goettingen, Germany) in combination with
the 6E10 antibody against whole Aβ.

Briefly, frozen sagittal sections of the brains were fixed in 4% buffered formaldehyde
solution. Afterwards, the slides were incubated in 70% formic acid as antigen retrieval
and blocked with M.O.M (Mouse on Mouse) blocking reagent (Vector Laboratories Inc.,
Burlingame, CA, USA) to prevent unspecific binding of the primary antibody. The slides
were then incubated overnight with the primary antibody solution in 1% TBS buffer and
containing 1% BSA at 4 ◦C in a humid chamber. The next day, slices were washed in buffer
and incubated with the secondary antibodies, diluted in the same solution as the primary
ones for 2.5 h at RT: Goat anti-Mouse IgG (H+L) Alexa 568 and Goat anti-Rabbit IgG (H+L)
Alexa 488 (1:300; Thermo Fisher Scientific, Waltham, MA, USA). For assessment of the cell
nuclei, a DAPI staining (5 µg/mL, Sigma Aldrich, Steinheim, Germany) was performed
after washing the slides consecutively to the secondary antibody incubation. Subsequently,
slices were mounted with Aqua Poly Mount (Polysciences, Inc., Warrington, Pennsylvania,
USA), coverslips and stored at 4 ◦C until further analysis at the microscopes.

For slice evaluation, overview images were made with a Zeiss Lumar V12 SteREO
(Carl Zeiss AG, Oberkochen, Germany) at the corresponding fluorescent channels for the
antibodies. In total, 16 animals were used for TAPS (7 months n = 7; 15 months n = 5;
18 months n = 4) and 15 animals for APP/PS1 quantification (7 months n = 8; 15 months
n = 3; 18 months n = 4). Nine images per animal were obtained for each channel at a
10×magnification. Those images were used for quantification of plaques with the image
analyzer ImageJ v1.48.

For analysis of the plaque pattern and the reactive astrogliosis on a smaller scale,
images were obtained by the Leica LMD 6000 Fluorescent Microscope (Leica Microsystems
GmbH, Wetzlar, Germany) at a magnification between 100× and 400×. Overlay images
were created via the company’s software Leica Application Suite v4.5 (LAS). Images
obtained with the LMD were used for qualitative measures and for possible discrimination
of differences between the investigated genotypes.

For analysis of neuron loss, a subset of six slides per animal was analyzed from
24-month-old TAPS (n = 5) and WT mice (n = 5). After fixation in 4% buffered formalin,
slides were stained for 5 min in 5 µg/mL DAPI solution (4′,6-Diamidin-2-phenylindol,
Sigma Aldrich, Steinheim, Germany). Microscope images of the hippocampus were taken
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at 50× magnification with the Leica LMD 6000 Fluorescent Microscope. The CA1 region of
the hippocampus was evaluated for the number of positive nuclei via Cell Profiler Software
(version 2.0.10415, Broad Institute, Cambridge, USA).

4.3. Behavioral Tests
4.3.1. SHIRPA

The SHIRPA test battery was adapted from [70]. This test evaluates the general pheno-
typic alterations in transgenic mice, especially on their sensoric and locomotoric capacities
and has been demonstrated to be very sensitive towards the detection of deficits in different
transgenic mouse lines, including the TBA2.1 model [29,71]. The number of mice used in
this test are given in Table 1. The test was divided into two parts: (1) Observation in an
empty cage and (2) handling. In each part, several criteria were scored compared to WT
littermates from 0 (no difference) to 3 (strong difference). For the analysis, each criteria
score was summed to a final score per animal. The examined tasks in the SHIRPA consisted
of the examination in the cage for abnormalities in posture, gait, alertness, frightening,
pain reaction, and the Straub-tail test. For the examination on the hand, the animals were
tested for reaction towards handling (gentle pressure on the flank of the animal), pinna
reflex, forelimb placing reflex, and the hanging behavior on a thin pole. Additionally, the
body weight of the animals was recorded.

4.3.2. Open Field Test

The open field test is used to evaluate the general spontaneous behavior in rodents
as well as anxiety. In a cubicle arena (40 cm × 40 cm × 40 cm), mice (for exact numbers,
see Table 1) were allowed to explore the arena freely for 30 min. The arena was imagi-
narily divided into 12 squares to determine the border, center, and corner zones. Mice
were observed with a camera driven tracking system (EthoVision XT 15.0.1416, Noldus
Information Technology, Wageningen, The Netherlands). The following parameters were
evaluated: active time, velocity, distance travelled, time spent in the center, in the border,
and in the corner.

4.3.3. Novel Object Recognition Test

In the same arena where the open field was performed, one day later, the mice (Table 1)
explored two similar objects (familiar) for 10 min. After 20 min of memory retention
interval, mice were placed again in the arena. One familiar object was replaced by a new
one (novel) and they were allowed to explore for another 10 min. Exploration time for
an object was considered when mouse placed the nose at least within 2 cm distance into
the direction of the object. Mice were observed with a camera driven tracking system
(EthoVision XT 15.0.1416, Noldus Information Technology, Wageningen, The Netherlands).
For the analysis purpose, the time mice spent exploring each object was taken.

4.3.4. T-maze Spontaneous Alternation

The protocol was adapted from Spowart-Manning and Van der Staay [72]. The maze
consisted of three arms (31 cm × 10 cm each): the left and right arm can be closed by a
gate and the start arm (perpendicular to the left and right) has no gate. In the first trial,
mice were forced to enter one goal arm by closing the door of the other arm. Once the mice
returned to the start arm, both arms could be freely accessed. After the mice entered one
arm, the other one was closed by a door, and it was counted as one trial. This was repeated
for a maximum of 14 trials or 15 min. If a mouse did not reach seven trials, it was excluded
from the analysis. For analysis, the spontaneous alternation was calculated by the number
of correct alternating choices divided by the total amount of trials. For the number of mice
included in this test, please refer to Table 1.
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4.3.5. Contextual and Cued Fear Conditioning

The protocol for the fear conditioning was adapted from Curzon et al. [73]. First, the
mice were placed in the chamber (17 × 17 × 25 cm; Ugo Basile, Gemonio VA, Italy) for
120 s of habituation. Then, a combination of conditioned stimuli [5] and unconditioned
stimuli (US) were presented for three times with a 60 s interval. A 3 s CS tone (50%;
2000 Hz) followed, and a US foot shock was given during the last 2 s of the CS (0.35 mA).
Before the mice were returned to the cage, they stayed in the arena for an additional 60 s.
Then, 24 h later, the mice were placed in the same testing chambers used on day one for
5 min (contextual). After 25 min, the mice were placed in a new environment that could
be explored freely for 180 s. Then, the CS tone was played three times for 30 s at 60 s
intervals, similar to the habituation phase (cued). All mice (Table 1) were observed with a
camera-driven tracking system (EthoVision XT 15.0.1416, Noldus Information Technology,
Wageningen, The Netherlands). The following parameters were analyzed in each session:
the percentage of freezing behavior as detected by the software.

4.3.6. Morris Water Maze

The protocol for the MWM was modified after Morris [74]. In brief, mice were placed
in a circular pool (diameter of 120 cm × 60 cm height) with a hidden platform (diameter
of 10 cm × 31. 5 cm height) in a fixed position. In the training, four trials per mouse per
day (5 days in total) were performed. The maximum time of each trial was 1 min and the
mice started in each trial in a different position. One day after the last training day, the
probe trial was performed, where the platform was removed, and mice had to swim for
1 min. All mice (Table 1) were observed with a camera-driven tracking system (EthoVision
XT 15.0.1416, Noldus Information Technology, Wageningen, The Netherlands). The time
and distance needed for finding the platform in each training section and the time they
explored the target quadrant in the probe trial were analyzed.

4.4. Statistics

For the statistical analysis of behavioral tests, GraphPad Prism v8 (GraphPad Software,
San Diego, CA, USA) was used. The normality of the data was checked by visualization
of the Normal QQ plot. The SHIRPA test was analyzed by mixed effect analysis with
Tukey’s and Sidak’s post-hoc test, to compare age and genotype, respectively. The different
parameters of the open field test were analyzed by one-way ANOVA and Dunnett’s post-
hoc test. The NOR was analyzed with the paired t-test, where the exploration time of
the novel object was compared to the exploration time of the familiar object for each
mouse. The analysis of the T-maze was calculated via one-way ANOVA and Holm-Sidak’s
post-hoc test, to be compared to WT mice. One sample t-test was accomplished against
the theoretical mean of 50%. For both the cued and the contextual fear conditioning test,
a one-way ANOVA and Dunnett’s post-hoc test was the chosen statistical analysis. In
the MWM training analysis, mixed effect analysis and Dunnett’s post-hoc were used. To
evaluate the MWM probe trial, the one-way ANOVA and Dunnett’s post-hoc test were
used. The analysis of plaque quantification was performed with SigmaPlot v12.5 (Systat
Software Inc., San Jose, CA, USA) with a two-way ANOVA to calculate for significant
differences between genotype and age, and with GraphPad Prism v8 applying multiple
t-tests for testing within one age group.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22137062/s1, Table S1: Premature death of mice from TAPS and parental lines; Table
S2: Means of body weights by gender, genotype and age; Figure S1: Neuronal quantification in the
CA1 region of the hippocampus of TAPS and wild-type (WT) mice; Figure S2: Similar performance
of all genotypes in the T-maze at 18 months; Figure S3: Impaired fear conditioning learning in
TAPS mice.

Author Contributions: Conceptualization, S.S. and A.W.; data curation, L.C.C. and M.S.; formal
analysis, L.C.C., M.S. and A.W.; funding acquisition, N.J.S., K.-J.L. and D.W.; investigation, L.C.C.,

https://www.mdpi.com/article/10.3390/ijms22137062/s1
https://www.mdpi.com/article/10.3390/ijms22137062/s1


Int. J. Mol. Sci. 2021, 22, 7062 20 of 23

M.S., N.S. and D.H.; Supervision, N.J.S., K.-J.L., J.K., S.S. and A.W.; visualization, L.C.C. and M.S.;
writing—original draft, L.C.C. and M.S.; writing—review and editing, N.J.S., K.-J.L., D.W., J.K.,
S.S. and A.W. The planning and organization of the study was done by L.C.C., M.S. and A.W. The
behavioral study was planned by L.C.C., S.S. and A.W. Behavioral experiments were done by L.C.C.,
M.S. and D.H. Histological analysis were done by M.S and N.S. Data were analyzed by L.C.C., M.S.
and A.W. All authors have read and agreed to the published version of the manuscript.

Funding: D.W. was supported by grants from the Russian Science Foundation (RSF) (project no.
20-64-46027) and by the Technology Transfer Fund of the Forschungszentrum Jülich. K.-J.L. and
D.W. were supported by “Portfolio Drug Research” of the “Impuls und Vernetzungs-Fonds der
Helmholtzgemeinschaft”.

Institutional Review Board Statement: The study was conducted according to the German Law
on the protection of animals (TierSchG §§ 7–9) and was approved by the local ethics committee
before start of the experiments (Landesamt für Natur, Umwelt und Verbraucherschutz, North
Rhine-Westphalia, Germany, numbers 84-02.04.2011.A359, 84-02.04.2014.A362, 81-02.04.2018.A400,
81-02.04.2019.A304 were approved on 09 December 2014, 05 February 2019, 21 February 2019 and
21 January 2019, respectively).

Data Availability Statement: All data from the study is available in this Manuscript.

Acknowledgments: We thank Probiodrug for providing TBA2.1 animals and the Forschungszentrum
Jülich animal facility for their excellent care.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Prince, M.J. World Alzheimer Report 2015: The Global Impact of Dementia: An Analysis of Prevalence, Incidence, Cost and Trends;

Alzheimer’s Disease International: London, UK, 2015.
2. Wu, Y.-T.; Beiser, A.S.; Breteler, M.M.B.; Fratiglioni, L.; Helmer, C.; Hendrie, H.C.; Honda, H.; Ikram, M.A.; Langa, K.M.; Lobo, A.;

et al. The changing prevalence and incidence of dementia over time—Current evidence. Nat. Rev. Neurol. 2017, 13, 327–339.
[CrossRef] [PubMed]

3. Nichols, E.; Szoeke, C.E.I.; Vollset, S.E.; Abbasi, N.; Abd-Allah, F.; Abdela, J.; Aichour, M.T.E.; Akinyemi, R.O.; Alahdab, F.;
Asgedom, S.W.; et al. Global, regional, and national burden of Alzheimer’s disease and other dementias, 1990–2016: A systematic
analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 2019, 18, 88–106. [CrossRef]

4. Gale, S.A.; Acar, D.; Daffner, K.R. Dementia. Am. J. Med. 2018, 131, 1161–1169. [CrossRef] [PubMed]
5. Sütterlin, S.; Hoßmann, I.; Klingholz, R. Demenz-Report: Wie sich die Regionen in Deutschland, Österreich und der Schweiz auf die

Alterung der Gesellschaft vorbereiten können; DEU: Berlin, Germany, 2011.
6. Lannfelt, L.; Bogdanovic, N.; Appelgren, H.; Axelman, K.; Lilius, L.; Hansson, G.; Schenk, D.; Hardy, J.; Winblad, B. Amyloid

precursor protein mutation causes Alzheimer’s disease in a Swedish family. Neurosci. Lett. 1994, 168, 254–256. [CrossRef]
7. Heppner, F.L.; Ransohoff, R.M.; Becher, B. Immune attack: The role of inflammation in Alzheimer disease. Nat. Rev. Neurosci.

2015, 16, 358–372. [CrossRef] [PubMed]
8. Jankowsky, J.L.; Fadale, D.J.; Anderson, J.; Xu, G.M.; Gonzales, V.; Jenkins, N.A.; Copeland, N.G.; Lee, M.K.; Younkin, L.H.;

Wagner, S.L.; et al. Mutant presenilins specifically elevate the levels of the 42 residue beta-amyloid peptide in vivo: Evidence for
augmentation of a 42-specific gamma secretase. Hum. Mol. Genet. 2004, 13, 159–170. [CrossRef] [PubMed]

9. Mullan, M.; Crawford, F.; Axelman, K.; Houlden, H.; Lilius, L.; Winblad, B.; Lannfelt, L. A pathogenic mutation for probable
Alzheimer’s disease in the APP gene at the N–terminus of β–amyloid. Nat. Genet. 1992, 1, 345–347. [CrossRef] [PubMed]

10. Scheuner, D.; Eckman, C.; Jensen, M.; Song, X.; Citron, M.; Suzuki, N.; Bird, T.D.; Hardy, J.; Hutton, M.; Kukull, W.; et al. Secreted
amyloid beta-protein similar to that in the senile plaques of Alzheimer’s disease is increased in vivo by the presenilin 1 and 2 and
APP mutations linked to familial Alzheimer’s disease. Nat. Med. 1996, 2, 864–870. [CrossRef] [PubMed]

11. Borchelt, D.R.; Thinakaran, G.; Eckman, C.B.; Lee, M.K.; Davenport, F.; Ratovitsky, T.; Prada, C.-M.; Kim, G.; Seekins, S.; Yager, D.;
et al. Familial Alzheimer’s Disease–Linked Presenilin 1 Variants Elevate Aβ1–42/1–40 Ratio In Vitro and In Vivo. Neuron 1996,
17, 1005–1013. [CrossRef]

12. Jackson, H.M.; Soto, I.; Graham, L.C.; Carter, G.W.; Howell, G.R. Clustering of transcriptional profiles identifies changes to insulin
signaling as an early event in a mouse model of Alzheimer’s disease. BMC Genom. 2013, 14, 831. [CrossRef]

13. Malm, T.M.; Iivonen, H.; Goldsteins, G.; Keksa-Goldsteine, V.; Ahtoniemi, T.; Kanninen, K.; Salminen, A.; Auriola, S.; Van Groen,
T.; Tanila, H.; et al. Pyrrolidine dithiocarbamate activates Akt and improves spatial learning in APP/PS1 mice without affecting
beta-amyloid burden. J. Neurosci. 2007, 27, 3712–3721. [CrossRef]

14. Onos, K.D.; Uyar, A.; Keezer, K.J.; Jackson, H.M.; Preuss, C.; Acklin, C.J.; O’Rourke, R.; Buchanan, R.; Cossette, T.L.; Sukoff
Rizzo, S.J.; et al. Enhancing face validity of mouse models of Alzheimer’s disease with natural genetic variation. PLoS Genet.
2019, 15, e1008155. [CrossRef]

http://doi.org/10.1038/nrneurol.2017.63
http://www.ncbi.nlm.nih.gov/pubmed/28497805
http://doi.org/10.1016/S1474-4422(18)30403-4
http://doi.org/10.1016/j.amjmed.2018.01.022
http://www.ncbi.nlm.nih.gov/pubmed/29425707
http://doi.org/10.1016/0304-3940(94)90463-4
http://doi.org/10.1038/nrn3880
http://www.ncbi.nlm.nih.gov/pubmed/25991443
http://doi.org/10.1093/hmg/ddh019
http://www.ncbi.nlm.nih.gov/pubmed/14645205
http://doi.org/10.1038/ng0892-345
http://www.ncbi.nlm.nih.gov/pubmed/1302033
http://doi.org/10.1038/nm0896-864
http://www.ncbi.nlm.nih.gov/pubmed/8705854
http://doi.org/10.1016/S0896-6273(00)80230-5
http://doi.org/10.1186/1471-2164-14-831
http://doi.org/10.1523/JNEUROSCI.0059-07.2007
http://doi.org/10.1371/journal.pgen.1008155


Int. J. Mol. Sci. 2021, 22, 7062 21 of 23

15. Janus, C.; Flores, A.Y.; Xu, G.; Borchelt, D.R. Behavioral abnormalities in APPSwe/PS1dE9 mouse model of AD-like pathology:
Comparative analysis across multiple behavioral domains. Neurobiol. Aging 2015, 36, 2519–2532. [CrossRef] [PubMed]

16. Huang, H.; Nie, S.; Cao, M.; Marshall, C.; Gao, J.; Xiao, N.; Hu, G.; Xiao, M. Characterization of AD-like phenotype in aged
APPSwe/PS1dE9 mice. Age 2016, 38, 303–322. [CrossRef] [PubMed]

17. Minkeviciene, R.; Ihalainen, J.; Malm, T.; Matilainen, O.; Keksa-Goldsteine, V.; Goldsteins, G.; Iivonen, H.; Leguit, N.; Glen-
non, J.; Koistinaho, J.; et al. Age-related decrease in stimulated glutamate release and vesicular glutamate transporters in
APP/PS1 transgenic and wild-type mice. J. Neurochem. 2008, 105, 584–594. [CrossRef]

18. Stenzel, J.; Rühlmann, C.; Lindner, T.; Polei, S.; Teipel, S.; Kurth, J.; Rominger, A.; Krause, B.J.; Vollmar, B.; Kuhla, A. [(18)F]-
florbetaben PET/CT Imaging in the Alzheimer’s Disease Mouse Model APPswe/PS1dE9. Curr. Alzheimer Res. 2019, 16, 49–55.
[CrossRef]

19. Snellman, A.; López-Picón, F.R.; Rokka, J.; Salmona, M.; Forloni, G.; Scheinin, M.; Solin, O.; Rinne, J.O.; Haaparanta-Solin, M.
Longitudinal Amyloid Imaging in Mouse Brain with 11C-PIB: Comparison of APP23, Tg2576, and APPswe-PS1dE9 Mouse Models
of Alzheimer Disease. J. Nucl. Med. 2013, 54, 1434–1441. [CrossRef] [PubMed]

20. Maeda, J.; Ji, B.; Irie, T.; Tomiyama, T.; Maruyama, M.; Okauchi, T.; Staufenbiel, M.; Iwata, N.; Ono, M.; Saido, T.C.; et al.
Longitudinal, Quantitative Assessment of Amyloid, Neuroinflammation, and Anti-Amyloid Treatment in a Living Mouse Model
of Alzheimer’s Disease Enabled by Positron Emission Tomography. J. Neurosci. 2007, 27, 10957–10968. [CrossRef]

21. Mori, H.; Takio, K.; Ogawara, M.; Selkoe, D.J. Mass spectrometry of purified amyloid beta protein in Alzheimer’s disease. J. Biol.
Chem. 1992, 267, 17082–17086. [CrossRef]

22. Harigaya, Y.; Saido, T.C.; Eckman, C.B.; Prada, C.-M.; Shoji, M.; Younkin, S.G. Amyloid β Protein Starting Pyroglutamate at
Position 3 Is a Major Component of the Amyloid Deposits in the Alzheimer’s Disease Brain. Biochem. Biophys. Res. Commun. 2000,
276, 422–427. [CrossRef] [PubMed]

23. Güntert, A.; Döbeli, H.; Bohrmann, B. High sensitivity analysis of amyloid-beta peptide composition in amyloid deposits from
human and PS2APP mouse brain. Neuroscience 2006, 143, 461–475. [CrossRef] [PubMed]

24. Frost, J.L.; Le, K.X.; Cynis, H.; Ekpo, E.; Kleinschmidt, M.; Palmour, R.M.; Ervin, F.R.; Snigdha, S.; Cotman, C.W.; Saido, T.C.; et al.
Pyroglutamate-3 Amyloid-β Deposition in the Brains of Humans, Non-Human Primates, Canines, and Alzheimer Disease–Like
Transgenic Mouse Models. Am. J. Pathol. 2013, 183, 369–381. [CrossRef] [PubMed]

25. Cynis, H.; Scheel, E.; Saido, T.C.; Schilling, S.; Demuth, H.-U. Amyloidogenic Processing of Amyloid Precursor Protein: Evidence
of a Pivotal Role of Glutaminyl Cyclase in Generation of Pyroglutamate-Modified Amyloid-β. Biochemistry 2008, 47, 7405–7413.
[CrossRef] [PubMed]

26. He, W.; Barrow, C.J. The Aβ 3-Pyroglutamyl and 11-Pyroglutamyl Peptides Found in Senile Plaque Have Greater β-Sheet Forming
and Aggregation Propensities in Vitro than Full-Length Aβ. Biochemistry 1999, 38, 10871–10877. [CrossRef] [PubMed]

27. Gunn, A.P.; Masters, C.L.; Cherny, R.A. Pyroglutamate-Aβ: Role in the natural history of Alzheimer’s disease. Int. J. Biochem. Cell
Biol. 2010, 42, 1915–1918. [CrossRef]

28. Alexandru, A.; Jagla, W.; Graubner, S.; Becker, A.; Bäuscher, C.; Kohlmann, S.; Sedlmeier, R.; Raber, K.A.; Cynis, H.; Rönicke, R.;
et al. Selective hippocampal neurodegeneration in transgenic mice expressing small amounts of truncated Aβ is induced by
pyroglutamate-Aβ formation. J. Neurosci. 2011, 31, 12790–12801. [CrossRef] [PubMed]

29. Dunkelmann, T.; Schemmert, S.; Honold, D.; Teichmann, K.; Butzküven, E.; Demuth, H.-U.; Shah, N.J.; Langen, K.-J.; Kutzsche,
J.; Willbold, D.; et al. Comprehensive Characterization of the Pyroglutamate Amyloid-β Induced Motor Neurodegenerative
Phenotype of TBA2.1 Mice. J. Alzheimer’s Dis. 2018, 63, 115–130. [CrossRef] [PubMed]

30. Ameen-Ali, K.E.; Wharton, S.B.; Simpson, J.E.; Heath, P.R.; Sharp, P.; Berwick, J. Review: Neuropathology and behavioural
features of transgenic murine models of Alzheimer’s disease. Neuropathol. Appl. Neurobiol. 2017, 43, 553–570. [CrossRef] [PubMed]

31. Suenaga, T.; Hirano, A.; Llena, J.F.; Yen, S.H.; Dickson, D.W. Modified Bielschowsky stain and immunohistochemical studies on
striatal plaques in Alzheimer’s disease. Acta Neuropathol. 1990, 80, 280–632. [CrossRef]

32. Braak, H.; Braak, E. Alzheimer’s Disease: Striatal Amyloid Deposits and Neurofibrillary Changes. J. Neuropathol. Exp. Neurol.
1990, 49, 215–224. [CrossRef]

33. Gearing, M.; Levey, A.I.; Mirra, S.S. Diffuse Plaques in the Striatum in Alzheimer Disease (AD): Relationship to the Striatal Mosaic
and Selected Neuropeptide Markers. J. Neuropathol. Exp. Neurol. 1997, 56, 1363–1370. [CrossRef]

34. Brilliant, M.J.; Elble, R.J.; Ghobrial, M.; Struble, R.G. The distribution of amyloid β protein deposition in the corpus striatum of
patients with Alzheimer’s disease. Neuropathol. Appl. Neurobiol. 1997, 23, 322–325. [CrossRef]

35. Ryan, N.S.; Keihaninejad, S.; Shakespeare, T.J.; Lehmann, M.; Crutch, S.; Malone, I.B.; Thornton, J.; Mancini, L.; Hyare, H.;
Yousry, T.; et al. Magnetic resonance imaging evidence for presymptomatic change in thalamus and caudate in familial
Alzheimer’s disease. Brain 2013, 136, 1399–1414. [CrossRef]

36. Hanseeuw, B.J.; Lopera, F.; Sperling, R.A.; Norton, D.J.; Guzman-Velez, E.; Baena, A.; Pardilla-Delgado, E.; Schultz, A.P.; Gatchel, J.;
Jin, D.; et al. Striatal amyloid is associated with tauopathy and memory decline in familial Alzheimer’s disease. Alzheimer’s Res.
Ther. 2019, 11, 17. [CrossRef]

37. Sofola-Adesakin, O.; Khericha, M.; Snoeren, I.; Tsuda, L.; Partridge, L. pGluAβ increases accumulation of Aβ in vivo and
exacerbates its toxicity. Acta Neuropathol. Commun. 2016, 4, 109. [CrossRef] [PubMed]

38. Dammers, C.; Schwarten, M.; Buell, A.K.; Willbold, D. Pyroglutamate-modified Aβ(3–42) affects aggregation kinetics of Aβ(1–42)
by accelerating primary and secondary pathways. Chem. Sci. 2017, 8, 4996–5004. [CrossRef]

http://doi.org/10.1016/j.neurobiolaging.2015.05.010
http://www.ncbi.nlm.nih.gov/pubmed/26089165
http://doi.org/10.1007/s11357-016-9929-7
http://www.ncbi.nlm.nih.gov/pubmed/27439903
http://doi.org/10.1111/j.1471-4159.2007.05147.x
http://doi.org/10.2174/1567205015666181022095904
http://doi.org/10.2967/jnumed.112.110163
http://www.ncbi.nlm.nih.gov/pubmed/23833271
http://doi.org/10.1523/JNEUROSCI.0673-07.2007
http://doi.org/10.1016/S0021-9258(18)41896-0
http://doi.org/10.1006/bbrc.2000.3490
http://www.ncbi.nlm.nih.gov/pubmed/11027491
http://doi.org/10.1016/j.neuroscience.2006.08.027
http://www.ncbi.nlm.nih.gov/pubmed/17008022
http://doi.org/10.1016/j.ajpath.2013.05.005
http://www.ncbi.nlm.nih.gov/pubmed/23747948
http://doi.org/10.1021/bi800250p
http://www.ncbi.nlm.nih.gov/pubmed/18570439
http://doi.org/10.1021/bi990563r
http://www.ncbi.nlm.nih.gov/pubmed/10451383
http://doi.org/10.1016/j.biocel.2010.08.015
http://doi.org/10.1523/JNEUROSCI.1794-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21900558
http://doi.org/10.3233/JAD-170775
http://www.ncbi.nlm.nih.gov/pubmed/29578479
http://doi.org/10.1111/nan.12440
http://www.ncbi.nlm.nih.gov/pubmed/28880417
http://doi.org/10.1007/BF00294646
http://doi.org/10.1097/00005072-199005000-00003
http://doi.org/10.1097/00005072-199712000-00011
http://doi.org/10.1111/j.1365-2990.1997.tb01302.x
http://doi.org/10.1093/brain/awt065
http://doi.org/10.1186/s13195-019-0468-1
http://doi.org/10.1186/s40478-016-0380-x
http://www.ncbi.nlm.nih.gov/pubmed/27717375
http://doi.org/10.1039/C6SC04797A


Int. J. Mol. Sci. 2021, 22, 7062 22 of 23

39. Heneka, M.T.; Carson, M.J.; El Khoury, J.; Landreth, G.E.; Brosseron, F.; Feinstein, D.L.; Jacobs, A.H.; Wyss-Coray, T.; Vitorica, J.;
Ransohoff, R.M.; et al. Neuroinflammation in Alzheimer’s disease. Lancet. Neurol. 2015, 14, 388–405. [CrossRef]

40. Tanila, H. Wading pools, fading memories—Place navigation in transgenic mouse models of Alzheimer’s disease. Front. Aging
Neurosci. 2012, 4, 11. [CrossRef]

41. Arendash, G.W.; Gordon, M.N.; Diamond, D.M.; Austin, L.A.; Hatcher, J.M.; Jantzen, P.; DiCarlo, G.; Wilcock, D.; Morgan, D.
Behavioral Assessment of Alzheimer’s Transgenic Mice Following Long-Term Aβ Vaccination: Task Specificity and Correlations
between Aβ Deposition and Spatial Memory. DNA Cell Biol. 2001, 20, 737–744. [CrossRef] [PubMed]

42. Zhu, H.; Yan, H.; Tang, N.; Li, X.; Pang, P.; Li, H.; Chen, W.; Guo, Y.; Shu, S.; Cai, Y.; et al. Impairments of spatial memory in
an Alzheimer’s disease model via degeneration of hippocampal cholinergic synapses. Nat. Commun. 2017, 8, 1676. [CrossRef]
[PubMed]

43. Chen, G.; Chen, K.S.; Knox, J.; Inglis, J.; Bernard, A.; Martin, S.J.; Justice, A.; McConlogue, L.; Games, D.; Freedman, S.B.; et al. A
learning deficit related to age and beta-amyloid plaques in a mouse model of Alzheimer’s disease. Nature 2000, 408, 975–979.
[CrossRef] [PubMed]

44. Dineley, K.T.; Kayed, R.; Neugebauer, V.; Fu, Y.; Zhang, W.; Reese, L.C.; Taglialatela, G. Amyloid-beta oligomers impair fear
conditioned memory in a calcineurin-dependent fashion in mice. J. Neurosci. Res. 2010, 88, 2923–2932. [PubMed]

45. Kittelberger, K.A.; Piazza, F.; Tesco, G.; Reijmers, L.G. Natural Amyloid-Beta Oligomers Acutely Impair the Formation of a
Contextual Fear Memory in Mice. PLoS ONE 2012, 7, e29940. [CrossRef] [PubMed]

46. Brown, M.W.; Aggleton, J.P. Recognition memory: What are the roles of the perirhinal cortex and hippocampus? Nat. Rev.
Neurosci. 2001, 2, 51–61. [CrossRef] [PubMed]

47. Deacon, R.M.; Rawlins, J.N. T-maze alternation in the rodent. Nat. Protoc. 2006, 1, 7–12. [CrossRef] [PubMed]
48. Locchi, F.; Dall’Olio, R.; Gandolfi, O.; Rimondini, R. Water T-maze, an improved method to assess spatial working memory in

rats: Pharmacological validation. Neurosci. Lett. 2007, 422, 213–216. [CrossRef] [PubMed]
49. Izquierdo, I.; Furini, C.R.; Myskiw, J.C. Fear Memory. Physiol. Rev. 2016, 96, 695–750. [CrossRef]
50. España, J.; Giménez-Llort, L.; Valero, J.; Miñano, A.; Rábano, A.; Rodriguez-Alvarez, J.; LaFerla, F.M.; Saura, C.A. Intraneuronal

β-Amyloid Accumulation in the Amygdala Enhances Fear and Anxiety in Alzheimer’s Disease Transgenic Mice. Biol. Psychiatry
2010, 67, 513–521. [CrossRef]

51. Hamann, S.; Monarch, E.S.; Goldstein, F.C. Impaired fear conditioning in Alzheimer’s disease. Neuropsychologia 2002, 40, 1187–1195.
[CrossRef]

52. Nasrouei, S.; Rattel, J.A.; Liedlgruber, M.; Marksteiner, J.; Wilhelm, F.H. Fear acquisition and extinction deficits in amnestic mild
cognitive impairment and early Alzheimer’s disease. Neurobiol. Aging 2020, 87, 26–34. [CrossRef]

53. Barnes, P.; Good, M. Impaired Pavlovian cued fear conditioning in Tg2576 mice expressing a human mutant amyloid precursor
protein gene. Behav. Brain Res. 2005, 157, 107–117. [CrossRef]

54. Knafo, S.; Venero, C.; Merino-Serrais, P.; Fernaud-Espinosa, I.; Gonzalez-Soriano, J.; Ferrer, I.; Santpere, G.; DeFelipe, J. Mor-
phological alterations to neurons of the amygdala and impaired fear conditioning in a transgenic mouse model of Alzheimer’s
disease. J. Pathol. 2009, 219, 41–51. [CrossRef]

55. Nussbaum, J.M.; Schilling, S.; Cynis, H.; Silva, A.; Swanson, E.; Wangsanut, T.; Tayler, K.; Wiltgen, B.; Hatami, A.; Rönicke, R.;
et al. Prion-like behaviour and tau-dependent cytotoxicity of pyroglutamylated amyloid-β. Nature 2012, 485, 651–655. [CrossRef]
[PubMed]

56. Wittnam, J.L.; Portelius, E.; Zetterberg, H.; Gustavsson, M.K.; Schilling, S.; Koch, B.; Demuth, H.-U.; Blennow, K.; Wirths, O.;
Bayer, T.A. Pyroglutamate amyloid β (Aβ) aggravates behavioral deficits in transgenic amyloid mouse model for Alzheimer
disease. J. Biol. Chem. 2012, 287, 8154–8162. [CrossRef]

57. Nagai, J.; Rajbhandari, A.K.; Gangwani, M.R.; Hachisuka, A.; Coppola, G.; Masmanidis, S.C.; Fanselow, M.S.; Khakh, B.S.
Hyperactivity with Disrupted Attention by Activation of an Astrocyte Synaptogenic Cue. Cell 2019, 177, 1280–1292.e20. [CrossRef]
[PubMed]

58. Miyakawa, T.; Yamada, M.; Duttaroy, A.; Wess, J. Hyperactivity and Intact Hippocampus-Dependent Learning in Mice Lacking
the M1Muscarinic Acetylcholine Receptor. J. Neurosci. 2001, 21, 5239–5250. [CrossRef]

59. Unger, E.L.; Eve, D.J.; Perez, X.A.; Reichenbach, D.K.; Xu, Y.; Lee, M.K.; Andrews, A.M. Locomotor hyperactivity and alterations
in dopamine neurotransmission are associated with overexpression of A53T mutant human α-synuclein in mice. Neurobiol. Dis.
2006, 21, 431–443. [CrossRef] [PubMed]

60. Castelli, M.; Federici, M.; Rossi, S.; De Chiara, V.; Napolitano, F.; Studer, V.; Motta, C.; Sacchetti, L.; Romano, R.; Musella, A.; et al.
Loss of striatal cannabinoid CB1 receptor function in attention-deficit/hyperactivity disorder mice with point-mutation of the
dopamine transporter. Eur. J. Neurosci. 2011, 34, 1369–1377. [CrossRef]

61. Keszycki, R.M.; Fisher, D.W.; Dong, H. The Hyperactivity–Impulsivity–Irritiability–Disinhibition–Aggression–Agitation Domain
in Alzheimer’s Disease: Current Management and Future Directions. Front. Pharmacol. 2019, 10, 1109. [CrossRef] [PubMed]

62. Balsters, J.H.; Zerbi, V.; Sallet, J.; Wenderoth, N.; Mars, R.B. Primate homologs of mouse cortico-striatal circuits. bioRxiv 2019,
9, 834481.

63. Bonardi, C.; de Pulford, F.; Jennings, D.; Pardon, M.-C. A detailed analysis of the early context extinction deficits seen in
APPswe/PS1dE9 female mice and their relevance to preclinical Alzheimer’s disease. Behav. Brain Res. 2011, 222, 89–97. [CrossRef]
[PubMed]

http://doi.org/10.1016/S1474-4422(15)70016-5
http://doi.org/10.3389/fnagi.2012.00011
http://doi.org/10.1089/10445490152717604
http://www.ncbi.nlm.nih.gov/pubmed/11788052
http://doi.org/10.1038/s41467-017-01943-0
http://www.ncbi.nlm.nih.gov/pubmed/29162816
http://doi.org/10.1038/35050103
http://www.ncbi.nlm.nih.gov/pubmed/11140684
http://www.ncbi.nlm.nih.gov/pubmed/20544830
http://doi.org/10.1371/journal.pone.0029940
http://www.ncbi.nlm.nih.gov/pubmed/22238679
http://doi.org/10.1038/35049064
http://www.ncbi.nlm.nih.gov/pubmed/11253359
http://doi.org/10.1038/nprot.2006.2
http://www.ncbi.nlm.nih.gov/pubmed/17406205
http://doi.org/10.1016/j.neulet.2007.06.023
http://www.ncbi.nlm.nih.gov/pubmed/17629404
http://doi.org/10.1152/physrev.00018.2015
http://doi.org/10.1016/j.biopsych.2009.06.015
http://doi.org/10.1016/S0028-3932(01)00223-8
http://doi.org/10.1016/j.neurobiolaging.2019.11.003
http://doi.org/10.1016/j.bbr.2004.06.014
http://doi.org/10.1002/path.2565
http://doi.org/10.1038/nature11060
http://www.ncbi.nlm.nih.gov/pubmed/22660329
http://doi.org/10.1074/jbc.M111.308601
http://doi.org/10.1016/j.cell.2019.03.019
http://www.ncbi.nlm.nih.gov/pubmed/31031006
http://doi.org/10.1523/JNEUROSCI.21-14-05239.2001
http://doi.org/10.1016/j.nbd.2005.08.005
http://www.ncbi.nlm.nih.gov/pubmed/16230020
http://doi.org/10.1111/j.1460-9568.2011.07876.x
http://doi.org/10.3389/fphar.2019.01109
http://www.ncbi.nlm.nih.gov/pubmed/31611794
http://doi.org/10.1016/j.bbr.2011.03.041
http://www.ncbi.nlm.nih.gov/pubmed/21440575


Int. J. Mol. Sci. 2021, 22, 7062 23 of 23

64. Maroof, N.; Ravipati, S.; Pardon, M.C.; Barrett, D.A.; Kendall, D.A. Reductions in endocannabinoid levels and enhanced coupling
of cannabinoid receptors in the striatum are accompanied by cognitive impairments in the AβPPswe/PS1∆E9 mouse model of
Alzheimer’s disease. J. Alzheimer’s Dis. 2014, 42, 227–245. [CrossRef]

65. Egan, K.; Vesterinen, H.; Beglopoulos, V.; Sena, E.; Macleod, M. From a mouse: Systematic analysis reveals limitations of
experiments testing interventions in Alzheimer’s disease mouse models. Evid. Based Preclin. Med. 2016, 3, 12–23. [CrossRef]
[PubMed]

66. Veening-Griffioen, D.H.; Ferreira, G.S.; van Meer, P.J.K.; Boon, W.P.C.; Gispen-de Wied, C.C.; Moors, E.H.M.; Schellekens, H. Are
some animal models more equal than others? A case study on the translational value of animal models of efficacy for Alzheimer’s
disease. Eur. J. Pharmacol. 2019, 859, 172524. [CrossRef] [PubMed]

67. Jankowsky, J.L.; Zheng, H. Practical considerations for choosing a mouse model of Alzheimer’s disease. Mol. Neurodegener. 2017,
12, 1–22. [CrossRef]

68. Schemmert, S.; Schartmann, E.; Honold, D.; Zafiu, C.; Ziehm, T.; Langen, K.J.; Shah, N.J.; Kutzsche, J.; Willuweit, A.; Willbold, D.
Deceleration of the neurodegenerative phenotype in pyroglutamate-Aβ accumulating transgenic mice by oral treatment with the
Aβ oligomer eliminating compound RD2. Neurobiol. Dis. 2019, 124, 36–45. [CrossRef]

69. Schemmert, S.; Schartmann, E.; Zafiu, C.; Kass, B.; Hartwig, S.; Lehr, S.; Bannach, O.; Langen, K.-J.; Shah, N.J.; Kutzsche, J.; et al.
Aβ Oligomer Elimination Restores Cognition in Transgenic Alzheimer’s Mice with Full-blown Pathology. Mol. Neurobiol. 2019,
56, 2211–2223. [CrossRef] [PubMed]

70. Rogers, D.C.; Fisher, E.M.; Brown, S.D.; Peters, J.; Hunter, A.J.; Martin, J.E. Behavioral and functional analysis of mouse phenotype:
SHIRPA, a proposed protocol for comprehensive phenotype assessment. Mamm. Genome Off. J. Int. Mamm. Genome Soc. 1997,
8, 711–713. [CrossRef]

71. Dunkelmann, T.; Teichmann, K.; Ziehm, T.; Schemmert, S.; Frenzel, D.; Tusche, M.; Dammers, C.; Jürgens, D.; Langen, K.J.; De-
muth, H.U.; et al. Aβ oligomer eliminating compounds interfere successfully with pEAβ(3–42) induced motor neurodegenerative
phenotype in transgenic mice. Neuropeptides 2018, 67, 27–35. [CrossRef]

72. Spowart-Manning, L.; Van der Staay, F. The T-maze continuous alternation task for assessing the effects of putative cognition
enhancers in the mouse. Behav. Brain Res. 2004, 151, 37–46. [CrossRef]

73. Curzon, P.; Rustay, N.R.; Browman, K.E. Frontiers in Neuroscience Cued and Contextual Fear Conditioning for Rodents. In
Methods of Behavior Analysis in Neuroscience; Buccafusco, J.J., Ed.; Taylor & Francis Group, LLC.: Boca Raton, FL, USA, 2009.

74. Morris, R. Developments of a water-maze procedure for studying spatial learning in the rat. J. Neurosci. Methods 1984, 11, 47–60.
[CrossRef]

http://doi.org/10.3233/JAD-131961
http://doi.org/10.1002/ebm2.15
http://www.ncbi.nlm.nih.gov/pubmed/29214041
http://doi.org/10.1016/j.ejphar.2019.172524
http://www.ncbi.nlm.nih.gov/pubmed/31291566
http://doi.org/10.1186/s13024-017-0231-7
http://doi.org/10.1016/j.nbd.2018.10.021
http://doi.org/10.1007/s12035-018-1209-3
http://www.ncbi.nlm.nih.gov/pubmed/30003517
http://doi.org/10.1007/s003359900551
http://doi.org/10.1016/j.npep.2017.11.011
http://doi.org/10.1016/j.bbr.2003.08.004
http://doi.org/10.1016/0165-0270(84)90007-4

	Introduction 
	Results 
	TAPS Mice Accumulate A Aggregates in the Striatum, Hippocampus, and Cortex as Early as 6 Months 
	TAPS Mice Show Phenotypic Alterations in the SHIRPA and Open Field Tests 
	TAPS Mice Develop Cognitive Deficits in Different Behavioral Tests 

	Discussion 
	Materials and Methods 
	Animals 
	Histology 
	Behavioral Tests 
	SHIRPA 
	Open Field Test 
	Novel Object Recognition Test 
	T-maze Spontaneous Alternation 
	Contextual and Cued Fear Conditioning 
	Morris Water Maze 

	Statistics 

	References

