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Saito et al developed a novel amyloid precursor protein (APP) knock-in mouse model (APPN-C-F) for
Alzheimer’s disease (AD) to overcome the problem of overexpression of APP in available transgenic
mouse models. However, this new mouse model for AD is not fully characterized age-dependently with
respect to behavioral and biochemical changes. Therefore, in the present study, we performed an age-
dependent behavioral and biochemical characterization of this newly developed mouse model. Here,
we used 3-, 6-, 9-, and 12-month-old APPN"CF and C57BL/6] mice. We used a separate cohort of animals
at each age point. Morris water maze, object recognition, and fear-conditioning tests were used for the
assessment of learning and memory functions and open-field test to measure the general locomotor
activity of mice. After each testing point, we perfused the mice and collected the brain for immuno-
staining. We performed the immunostaining for amyloid burden (4G8), glial fibrillary acidic protein, choline
acetyltransferase, and tyrosine hydroxylase. The results of the present study indicate that APPN"SF mice
showed age-dependent memory impairments with maximum impairment at the age of 12 months. These
mice showed memory impairment in Morris water maze and fear conditioning tests when they were
6 months old, whereas, in object recognition test, memory deficit was found in 9-month-old mice. APPNV-CF
mice age dependently showed an increase in amyloid load in different brain regions. However, no amyloid
pathology was found in 3-month-old APPN"CF mice. Choline acetyltransferase neurons in medial septum-
diagonal band complex and tyrosine hydroxylase neurons in locus coeruleus were decreased significantly in
APPNEGF mijce. This mouse model also indicated an age-dependent increase in glial fibrillary acidic protein
load. It can be concluded from the results that the APPN"CF mouse model may be used to explore the Ap
hypothesis, molecular, and cellular mechanisms involved in AD pathology and to screen the therapeutic
potential compounds for the treatment of AD.
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1. Introduction

Alzheimer’s disease (AD), the commonest form of dementia, is
pathologically characterized by deposition of amyloid-f (AB) plaques
and formation of neurofibrillary tangles in the brain (Ettcheto et al.,
2017; Hardy and Selkoe, 2002). The sporadic form of AD (SAD) is the
most common form, which accounts for ~85% of cases (Ettchetoetal.,

* Corresponding author at: Canadian Center for Bahavioural Neuroscience, Uni-
versity of Lethbridge, 4401 University Drive Lethbridge, Alberta T1K 3M4, Canada.
Tel.: (403) 394-3950; Fax: 403 329 2775.

** Corresponding author at: Canadian Center for Bahavioural Neuroscience, Uni-
versity of Lethbridge, 4401 University Drive Lethbridge, Alberta T1K 3M4, Canada.
Tel.: (403) 394-3983; Fax: 403 329 2775.

E-mail addresses: r.mcdonald@uleth.ca (RJ. McDonald), mohajerani@uleth.ca

(M.H. Mohajerani).

0197-4580/$ — see front matter © 2018 Elsevier Inc. All rights reserved.
https://doi.org/10.1016/j.neurobiolaging.2018.10.026

2018; Gidyk et al., 2015). The SAD has a complex etiology, and the
pathology and resulting behavioral consequences associated with
SAD are heterogeneous (IMcDonald, 2002; McDonald et al., 2010;
Santos et al., 2017). Worldwide, approximately 47 million people
suffer from AD (Sasaguri et al., 2017). AD is a chronic neurodegener-
ative disease which is often responsible for cognitive dysfunctions in
the elderly (Bateman et al., 2012). The deposition of Af plaque and
formation of neurofibrillary tangles lead to atrophy, synaptic and
neuronal loss, and gliosis in the brain. As the disease progresses, pa-
tients with AD develop several symptoms including, memory loss,
difficulties with performing routine task, depression, hallucination,
anxiety, delusion, agitation, and aggression (de Vugt et al., 2005; Ferri
et al., 2004). In addition, a decreased level of the neurotransmitter
acetylcholine and the enzyme choline acetyltransferase (ChAT) has
been reported in the postmortem brain of the patients with AD (Gil-
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Bea et al., 2005). Although there is some controversy surrounding the
issue of cholinergic neuronal death, there is no doubt that cholinergic
tone is altered in patients with AD (Craig et al., 2011; Francis et al.,
1999; Frolich et al., 2002). Moreover, the increased activity of acetyl
cholinesterase causes hydrolysis of acetylcholine and has also been
reported within and around AP plaque in transgenic mouse models of
AD (Sberna et al., 1998).

Several experimental models such as chimpanzees, tree shrews,
beagles, mice, rats, rabbits, zebrafish, fruit flies, ascidians, and yeasts
are being used to study the pathological and behavioral aspects of AD
(Li, 2013; Li et al., 2016). Of these models, mouse models are used
commonly to study the pathology and to investigate drug treatments
for AD (Cavanaugh et al., 2014; Hall and Roberson, 2012). In last two
decades, more than 400 drugs failed in clinical trials, which may be
due to various factors such as inappropriate choice of mouse models,
wrong timing for therapeutic interventions, over-reliance on inap-
propriate assays for translational studies, or lack of precise biomarkers
(Sasaguri et al., 2017). In a review, Sasaguri et al. also discussed the
suitable application and limitations of currently available amyloid
precursor protein (APP) mouse models for AD (Sasaguri et al., 2017).
Available transgenic mouse models of AD show an overexpression of
APP and APP fragments; as a result, mice suffer from artificial phe-
notypes (Hsiao et al., 1996; Saito et al., 2014). Saito et al. developed a
single APP knock-in (APP-KI) mouse model for AD to overcome
problems with APP overexpression (Saito et al., 2014). In addition,
overproduction of APP, C-terminal fragment (BCTF-B/a), and APP
intracellular domain were observed in APP-transgenic mice (APP23)
when compared to APPYY*t and APPN-FINLF mjce (Saito et al., 2014).
APPNUFINLF mjce also produced more AB42 with the highest Ap42/
APBA40 ratio than any other mouse model. Furthermore, APPNL-G-F/INL-G-F
mice showed APP expression and processing identical to that of
APPNLFINLF mice (Saito et al., 2014). Saito et al also reported that these
mice showed the AP pathology, synaptic dysfunction, and neuro-
inflammation (Saito et al., 2014). The APPNL"G-F INLFF mouse showed
memory impairment in Y-maze at the age of 6 months. Moreover, in a
previous study, enhanced compulsive behavior and reduced attention
performance of APP-KI mice has been reported (Masuda et al., 2016).
In addition, changes in social, anxiety-related test performance and
open-field activity behavior were reported in previous studies
(Hernandez et al.,, 2017; Whyte et al., 2018). However, these studies
lack a detailed behavioral and pathological characterization of this
mouse model in an age-dependent manner. In addition, researchers
have not investigated the amyloid plaque distribution in different
brain regions such as the medial septum-diagonal band (MSDB)
complex, caudate-putamen (CPu), cerebellum, hindbrain, and locus
coeruleus (LC) as these brain regions are also associated with various
cognitive functions including learning and memory.

The present study was designed to perform behavioral and
pathological characterization of APPNVCFNLGF mice a novel
mouse model of AD, in age-dependent manner. Various behavioral
paradigms designed to assess different types of learning and
memory functions such as Morris water maze (MWM), object
recognition test, fear conditioning (FC) test and the general activity
test at the age of 3, 6, 9, and 12 months were performed. At the
study endpoint, immunostaining for amyloid plaques, ChAT, a
cholinergic marker, tyrosine hydroxylase (TH), a rate-limiting
enzyme in norepinephrine (NE) synthesis pathway and glial
fibrillary acidic protein (GFAP) were performed.

2. Materials and methods
2.1. Animals and experimental design

The male and female pairs of APP-KI mice carrying Arctic,
Swedish, and Beyreuther/Iberian mutations (APPN-G-FINL-GFy yyere

gifted by RIKEN Center for Brain Science, Japan. The colony of these
mice was maintained in our animal house at Canadian Center for
Behavioral Neuroscience. Genotyping of all mice was done by po-
lymerase chain reaction using ear-notching method. C57BL/6] mice
were used as a control. Animals were group-housed 4 mice in each
cage in a controlled environment (22 °C—25 °C, 50% humidity and a
12-hour light:dark cycle) with free access to standard laboratory
chow and water. All experimental procedures were approved by the
institutional animal care committee and performed in accordance
with the standards set out by the Canadian Council for Animal
Care. In the present study, we used 40 male C57BL/6] and 40 male
APPNLCF mice for our experiment. We performed behavioral tests
and biochemical assays in mouse’s brain when they were 3, 6,9, and
12 months old. We used 10 mice for behavioral tests and 4 mice for
immunohistochemistry at each of the testing age points. We used
separate cohort of mice at each test point to avoid the recurrent
exposure to various behavioral tasks. The samples size in the pre-
sent study for behavioral parameters and for immunostaining was
calculated based on our pilot experiments, and during the sample
size calculation we considered alpha = 0.05, power> 80%. Post hoc
power analyses indicated that power was sufficient enough to
detect any existing effects. In the present study, we did not use the
female mice as no difference in amyloid pathology and inflamma-
tory responses in male and female APPN"CF mice has already been
reported in previous studies (Masuda et al., 2016; Peters et al.,
2018). Masuda et al. also mentioned that effect of pathologic AB
accumulations on behavior has low sensitivity to sex-dependent
factors (Masuda et al., 2016).

2.2. Behavioral study

Various behavioral paradigms (MWM, novel object recognition,
FC test, and general activity cage test) were performed for 3-, 6-, 9-,
and 12-month-old mice. FC test was done at the end of all behav-
ioral tests to rule out shock-induced fear as a confounding factor.
The behavioral assessment performed by the researcher at each of
the testing points was blinded to the experimental groups.

2.2.1. Morris water maze

All water maze experiments were performed in a circular tank
(154 cm in diameter, 50 cm deep) with slight modification (Kee
et al.,, 2007; Mehla et al., 2018a). The tank was filled to a depth of
40 cm with water and made opaque by adding nontoxic white
tempera paint. Water temperature was maintained at 22 + 1 °C to
prevent the mouse from floating. A circular escape platform (11 cm
radius) was placed 0.5—1 cm below the water surface in one of four
quadrants. Three distinct cues of different geometry were used
around the tank to help the mouse navigate to the platform posi-
tion. Mice were individually handled each day for 1 week before
starting the acquisition training. In the MWM maze, mice are slow
learners, so mice require more days of training in the MWM.
Therefore, 8 days of acquisition trials was given. On each acquisition
day, mice received 4 training trials from each quadrant in distrib-
uted manner for 8 days. The trial was completed once the mouse
found the platform or 60 seconds had elapsed. If the mouse failed to
find the platform on a given trial, the mouse was guided onto the
platform. The latency to reach the platform was analyzed to confirm
the learning behavior of the mice. The swim speed was analyzed to
rule out the involvement of motor function as a confounding factor.
A single probe trial was conducted on day 9 to assess the integrity
and strength of spatial memory 24 hours after the completion of
the last trial of the acquisition phase. The data in the probe trial
were analyzed measuring the time spent by mice in the target
quadrant and average proximity to the escape annulus.
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We also performed a visible platform test of the MWM as
described previously (Mehla et al., 2018a) to rule out the involve-
ment of potential sensory, motor, and motivation impairments as
noncognitive confounding factors during spatial navigation in the
mutant mice. In this test, the platform was made visible by keeping
the platform 1—-2 cm above the water level and marked with a black
tape so that mice could see the platform. The cued-platform task
was carried out for 2 days after performing the probe test and
consisted of one training session each day. Each session contained 8
trials (lasting 60 seconds). The platform was placed at different
locations during the sessions 1 and 2. The latency to reach the
platform in each session was noted as an indicator of mice learning
ability.

2.2.2. Novel object recognition test

The novel object recognition test was conducted as described
previously (Vogel-Ciernia and Wood, 2014). This test is based on the
principle that mice will explore novel items. When mice are made
familiar with two similar objects during the training day, they will
spend more time exploring a novel object on a subsequent test day,
when in a familiar environment (Antunes and Biala, 2012). Briefly,
mice were brought from their home cage to the experimental room
and habituated to testing box for 5 minutes daily for 6 days.
24 hours after the last habituation day, training was performed.
Two familiar objects were cleaned with 70% isopropyl alcohol to
mask any previous order cues and allowed to dry completely. The
familiar objects were placed in the testing box at equal distances
from the walls. A video camera was setup to record the mice’s
behavior for further analysis. The mice were introduced into the
testing box for 10 minutes to explore both familiar objects, and
recordings were made for each mouse. The test session was per-
formed 24 hours after training. In the test session, one of the
familiar objects was replaced with a novel object with different
geometry and texture. These objects were cleaned with 70% iso-
propyl alcohol and allowed to dry completely. Mice were individ-
ually placed in the testing box for 5 minutes to explore the objects,
and a recording of their behavior was made for each mouse. After
each mouse completed the test, feces were removed and bedding
was stirred to equally distribute any odor cues. The objects were
also wiped with 70% isopropyl alcohol to mask the odor cues after
each mouse. The data were analyzed by measuring the exploration
time for familiar and novel object during training and testing days.
The investigation ratio was calculated for each group.

2.2.3. Fear conditioning test

FC was conducted as described previously with slight modifi-
cations (Wiltgen et al., 2005; Zuloaga et al., 2016). This test is used
to assess the amygdala- and hippocampus-dependent memory in
rodents. FC was conducted in an acrylic square box (33 x 33 x
25 cm). A video camera was fixed to record the mice’s behavior for
further analysis. The floor of chamber consisted of 64 stainless steel
rods (2 mm diameter) spaced 5 mm apart. The rods were connected
to a shock generator for the delivery of a footshock. A speaker was
used to deliver the tone stimulus. Before conditioning, the chamber
was cleaned with a 1% Virkon solution to mask any previous odor
cues. The tone test was conducted in a triangular chamber (33 x
33 x 29 cm) that was structurally different than the conditioning
chamber. Before starting the tone test, the chamber was cleaned
with a 70% isopropyl solution. On the conditioning day, mice were
brought from their home cage into a testing room and allowed to sit
undisturbed in their cages for 10 minutes. Mice were then placed in
the conditioning square box and allowed to explore for 2 minutes
before the onset of the tone (20 seconds, 2000 Hz). In the delay
conditioning procedure, a shock (2 seconds, 0.5 mA) was given in
the last 2 seconds of tone duration. The mice received five delayed

conditioning trials, each separated by a 120-second intertrial in-
terval. The mice were taken from the conditioning chambers
1 minute after the last shock and returned to their home cages.
24 hours later, the mice were placed in a triangular box to assess
conditioning to the tone in the absence of the training context. For
the tone test, three 20-second tones were given after a 2-minute
baseline period. Each tone presentation was separated by a 120-
second intertrial interval. The freezing response was measured
using a time sampling procedure in which an observer scored the
presence or absence of the freezing response for each mouse at
every 2-second interval. 24 hours after the tone test, mice were
placed back in the original conditioning box for a 5-minute context
test. During this test, freezing was scored for each mouse at every 5-
second interval. Data were transformed into a percent freezing
score by dividing the number of freezing observations by the total
number of observations and multiplying by 100. During the con-
ditioning and context procedures, the box was cleaned with 1%
Virkon; the tone procedure box was cleaned with 70% isopropyl
after each mouse trial to mask any odor cues left by the previous
subject and discern context.

2.2.4. Novelty-associated general locomotor activity

The novelty-induced behavior was evaluated using an auto-
mated open-field test (VersaMax Animal Activity Monitoring Sys-
tem, AccuScan Instrument Inc, USA) as described in the instrument
manual. The open-field activity monitoring system is used to assess
the locomotive function of rodents. The test is also widely used to
assess anxiety-like and exploratory behaviors. This system con-
sisted of 6 animal monitoring chambers (16 in x 16 in x 12 in)
covered by transparent lids with perforations, an analyzer and a
computer. The base of each monitoring chamber was lined with
vertical and horizontal laser generators and sensors. The behaviors
of interest were predefined into the system. During the test, any
behavior exhibited by the animals in the monitoring chamber was
transmitted to the analyzer, recorded on a computer, and the data
subsequently exported to Microsoft Excel. The animals were placed
individually into the open-field observational box and recorded for
10 minutes. Novelty-associated general locomotor activity was
assessed by measuring horizontal activity, vertical activity, total
distance traveled, total move number, total move time, margin, and
center distance traveled. Novelty-induced rearing was counted as
the number of times the mouse stood on its hind limbs with its
forelimbs against the wall of the observation cage (supported
rearing) or in free air (unsupported rearing). The number of rearing
(both supported and unsupported) was recoded for 10 minutes.

2.3. Immunohistochemistry

Mice were transcardially perfused with phosphate-buffered
saline (PBS) and 4% paraformaldehyde in PBS. Brains were
collected for immunohistochemical analysis. The brains were kept
in 4% paraformaldehyde for 24 hours and transferred to 30% sucrose
after rinsed with PBS. Brains were stored at 4 °C until sectioning.
Brains were serially sectioned coronally at 40 um on a freezing
microtome. Immunohistochemical procedures for 4G8, GFAP, ChAT,
and TH were performed as previously described, with slight mod-
ifications (Masuda et al., 2016; Mehla et al., 2018b; Saito et al.,
2014). In brief, sections were fixed on positively subbed slides. For
4G8 immunostaining, antigen retrieval was performed by incu-
bating the sections for 10—15 minutes in 70% formic acid. Slides
were washed in Tris-buffered Saline (TBS), permeabilized with 0.1%
Triton-X in TBS, and then blocked in a solution containing 2% bovine
serum albumin and 0.1% Triton-X in TBS. The sections were incu-
bated for 48 hours in primary antibody at room temperature in a
dark humid chamber.
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For all other labeling, after TBS washes, slides were blocked for 2
h in TBS containing 0.3% Triton-X and 3% goat serum. Primary an-
tibodies were added in TBS with 0.3% Triton-X for 24h at room
temperature in a humid chamber.

The following primary antibodies were used: mouse anti-amy-
loid-B 4G8 (BioLegend, 1:1000); rabbit anti-GFAP (Ab7260, Abcam,
1:2000); mouse anti-NeuN primary antibody (monoclonal, Milli-
pore, MAB377, 1:1000); rabbit anti-ChAT (monoclonal, Abcam,
ab178850, 1:5000), and rabbit anti-Tyrosine-hydroxylase (Ab112,
Abcam, 1:3000). Following incubation, three 10-minute washes
were given, and sections were incubated with secondary antibody
for 24 hours. The following secondary antibodies were used: goat
anti-mouse-alexa-488 (IgG [H + L], ab150113, Abcam, 1:1000) and
goat anti-rabbit-alexa-594 (IgG [H + L], A11037, Invitrogen, 1:2000
for GFAP, 1:3000 for ChAT, 1:5000 for TH). The sections were
mounted on microscope slides, dehydrated, and covered with
coverslips with Vectashield H-1000 (Vector Laboratory). Finally,
whole slides were imaged using NanoZoomer microscope (Nano-
Zoomer 2.0-RS, HAMAMATSU, JAPAN). We analyzed 3 brain sec-
tions for immunostaining markers for each mouse, and analysis was
conducted by a researcher who was blinded to which experimental
group the brain belonged. The images were analyzed using Image]
software.

2.4. Statistical analysis

The statistical analysis was performed using SPSS statistical soft-
ware package, version 22.0. Results are presented as mean + SEM.

One-way analysis of variance with repeated measures was used to find
statistically significant differences across the days during the acquisi-
tion phase. Paired t-test was used to measure any significant differ-
ences during the probe trial. The statistically significant differences
between the groups were evaluated using independent Student’s
t-test. A p value <0.05 was considered as statistically significant.

3. Results

3.1. Assessment of age-dependent learning and memory functions of
APPM-CF mice using Morris water maze

3.1.1. Acquisition phase

Three-month-old C57BL/6] and APPNI"CF mice showed a stan-
dard learning curve in the MWM evidenced by a significant
(Fi7e3) = 12.756, p = 0.000 for C57BL/6] and Fze3)= 14.749,
p = 0.000 for APPN"CFy decrease in latency on day 8 (13.97 +
1.55 seconds for C57BL/6] and 12.24 = 1.54 seconds for APPN"6F) in
comparison to day 1 (45.57 & 3.0 seconds for C57BL/6] and 46.32 +
4.34 seconds for APPN"CF Fig 1A). No significant difference for trial
latency was found on day 8 between C57BL/6] and APPNI"CF mice
(Fig. 1A). The swim speed of C57BL/6] and APPN"CF mice did not
change significantly during acquisition, indicating normal motor
performance of the mice (Fig. 1E). At the age of 6 months, both
C57BL/6] and APPNU"CF mice learned the task, evidenced by a sig-
nificant (F763) = 17.418, p = 0.000 for C57BL/6] and F(763) = 3.146,
p = 0.006 for APPN'"CF) decrease in latency from day 1 to day 8
(Fig. 1B). Independent t-test analysis showed a significant
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Fig. 1. Evaluation of spatial learning and memory performance of APPN"¢"F mice in the Morris water maze via analyzing (A-D) latency during the acquisition phase indicating the
learning power of mice; (E-H) swim speed during the acquisition phase; (I-L) percent time spent by mice in target quadrant and average of other quadrants during the probe trial;
(M-P) average proximity to the platform during the probe trial. Supplementary Fig. 1 represents age-dependent comparison of spatial learning and memory functions of C57BL/6]
mice (A—D) and APPN-CF mice (E—H). The results were expressed as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; a-as compared with day 1 for C57BL/6] mice; b-as compared
with day 1 for APPN"SF; c-as compared with C57BL/6] mice; (n= 10 for C57BL/6] mice; n= 10 for APPN""F mice).
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(t(18)= —4.106, p = 0.001) difference in the latency on day 8 between
C57BL/6) and APPNY"CF group indicating impaired learning ability of
APPNLCF mijce (Fig. 1B). No significant difference was found in the
swim speed of C57BL/6] and APPN“CF mice across the acquisition
days (Fig. 1F). A normal learning curve for 9-month-old C57BL/6]
mice was observed in MWM test, indicated by significant (F763)=
15.480, p = 0.000) decrease in latency to find hidden platform on
day 8 as compared with day 1 (Fig. 1C). However, 9-month-old
APPNL=GF mjce showed an impaired learning curve indicated by no
significant difference in the latency between days 1 (48.99 +
3.64 seconds) and 8 (34.37 + 4.67 seconds) (Fig. 1C). Independent
t-test analysis showed a significant ((13) = —3.413, p = 0.003) dif-
ference in the latency to reach the platform on day 8 between
C57BL/6] and APPNY"CF mice indicating an impaired learning ability
of APPN'"GF mijce (Fig. 1C). The motor performance appeared
normal which is evidenced by a nonsignificant difference in mice
swim speed across the acquisition days (Fig. 1G). The swim speed of
C57BL/6] mice was not statistically different from APPN"CF mice
(Fig. 1G). Twelve-month-old C57BL/6] mice showed a very clear
learning curve in this task, indicated by a significant (F763) =
10.745, p = 0.000) decrease in latency to reach the platform on day
8 when compared with day 1 (Fig. 1D). The learning ability of
APPNLGF mice was completely impaired at 12 months of age, which
is supported by a nonsignificant (F7e3) = 1.311, p = 0.260) decrease
in latency from day 1 to day 8 (Fig. 1D). At 12 months of age, a
nonsignificant difference was found in the swim speed of C57BL/6]
and APPN"CF mice across the training days (Fig. 1H). The swim
speed of APPN"GF mice was not statistically different from C57BL/6]
mice (Fig. TH). An age-dependent analysis was performed for
C57BL/6] and APPNU"GF mice using one-way analysis of variance
with Bonferroni post hoc test. No significant difference in the
learning curves for C57BL/6] across the age was found, as indicated
by a nonsignificant (F3)= 1.336, p = 0.278) difference in the latency
on day 8 at the age of 3, 6, 9, and 12 months (Supplementary
Fig. 1A). APPNY"GF mice showed an age-dependent impairment in
the learning ability indicated by a significant (F3y = 25.254, p =
0.000) increase in the latency to reach platform on day 8 at the age
of 6, 9, and 12 months in comparison to 3 months (Supplementary
Fig. 1E). The swim speed of C57BL/6] and APPN"CF mice did not
change significantly across the ages (Supplementary Fig. 1B and F,
respectively).

3.1.2. Probe trial

The results from the probe trial showed a spatial memory
retention in both C57BL/6] and APPN“CF mice at the age of
3 months (Fig. 11). The percent time spent in the target quadrant by
C57BL/6] and APPN-CF mice was significantly (o) = 4.059, p =
0.003 for C57BL/6] and t(9) = 4.773, p = 0.001) higher in comparison
to the average percent time spent in other quadrants; this suggests
that the animals exhibited a less diffuse search pattern, with a
spatial bias toward the former training quadrant (Fig. 1I). No sig-
nificant difference in the time spent by mice in target quadrant and
average proximity from platform between the C57BL/6] and
APPNYCF groups was found (Fig. 11 and M). At the age of 6 months,
C57BL/6] mice spent significantly (f(9) = 3.125, p = 0.012) more time
in the target quadrant compared with other quadrants, suggesting
spatial memory retention (Fig. 1]). No significant (fg) = —1.176, p =
0.270) difference was found in time spent by APPN"GF mice in the
target quadrant compared with other quadrants (Fig. 1]). APPN-G-F
mice spent significantly (f(13y = 3.325, p = 0.004) less time in target
quadrant when compared with C57BL/6] mice (Fig. 1]). The average
proximity from the platform was significantly (t(1g)y = —5.465, p =
0.000) higher in the APPN"¢F group as compared with C57BL/6]
group suggesting that the APPN"6F mice retained a less accurate
spatial memory (Fig. 1N). Results from the probe trial indicate an

impairment of spatial memory function of APPN-"GF mijce at the age

of 6 months. At the age of 9 and 12 months, C57BL/6] did not show
impairment of memory function (Fig. 1K and L, respectively). Spatial
memory impairment was observed in APPN“CF mice when they
were 9 and 12 months old, which is evidenced by no significant
difference between the time spent by APPN“"CF mice in target
quadrant and other quadrants (Fig. 1K and L, respectively). When
compared with C57BL/6], APPN-"CF mice spent significantly (t(1g) =
3.407, p = 0.003 for 9 months; t8) = 3.055, p = 0.001 for
12 months) less time in target quadrant indicating impaired
memory function of APPN"CF mice (Fig. 1K and L, respectively). A
significantly higher average proximity for APPN*¢F mice in com-
parison with C57BL/6] mice at the age of 9 and 12 months was
found, showing a diffuse swim path pattern (Fig. 10 and P,
respectively).

In an age-dependent analysis, C57BL/6] did not show memory
impairment at the age of 6, 9, and 12 months when compared with
3 months, evidenced by latency to reach the platform on day 8
during training phase and the amount of time spent in the target
quadrant and average proximity to the platform in the probe trial
(Supplementary Fig. 1C and D). Memory impairment was found in
APPNI-GF mijce at the age of 6, 9, and 12 months in comparison to
3 months as shown by latency to reach the platform on day 8 during
the learning phase and time spent in the target quadrant and
average proximity to the platform during the probe test
(Supplementary Fig. 1G and H).

3.1.3. Visible platform test

C57BL/6] and APPNY"CF mice were tested in the cued version of
the MWM test, which does not require spatial learning and memory
functions. The cued version of the MWM test was used to rule out
the possibility of the impact of noncognitive factors on spatial
navigation. The latency to reach the visible platform for C57BL/6]
and APPNY"CF mijce was decreased significantly from session 1 to
session 2 at all test age points (Supplementary Fig. 2A—D). No
statistically significant difference was found in latency between
C57BL/6] and APPNUGF mice (Supplementary Fig. 2A—D). These
results indicate that the impairment in spatial memory found in
APPNCF mijce was not due to impairments in visual acuity,
sensorimotor functions, or motivation.

3.2. Assessment of age-dependent aversive associative learning and
memory of APPN-CF mice using a fear conditioning test

No significant difference was found between the percent
freezing for C57BL/6] and APPNV"CF mice at the age of 3 months
(Fig. 2A) in a cued FC test. At the age of 6 months, APPN"CF mice
showed a significantly (81.67 + 1.24% for C57BL/6] and 48.33 +
1.94% for APPN"CF: t46) — 14,467, t = 0.000) lower percent freezing
time in comparison with C57BL/6] mice (Fig. 2B). APPN"CF mice
showed a significantly (84.67 + 1.87% for C57BL/6] and 52.67 +
2.42% for APPN."CF: 10 — 10.447, p = 0.000) lower percent
freezing in comparison to C57BL/6] at 9 months (Fig. 2C). A signif-
icantly (87.32 + 3.87% for C57BL/6] and 50.67 +4.15% for APPN--C-F;
t (18) = 6.457, p = 0.000) lower percent freezing time was found in
APPNGF mice when compared to C57BL/6] mice at the age of
12 months (Fig. 2D). In addition, in contextual FC test, the APPNV-C-F
mice showed age-dependent memory impairment (Fig. 2B—D).
These results indicate that APPN“CF mice showed evidence of a
tone-shock and contextual associative memory impairment at the
age of 6, 9, and 12 months. During the baseline recording, the first 2
minutes of the cued FC test, no significant change in freezing
behavior across the testing points was found (data not shown)
indicating normal locomotor activity. An age-dependent analysis of
C57BL/6] mice showed no significant difference in the percent
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Fig. 2. APPN"CF mice were impaired in fear conditioning and novel object recognition tests. (A-D) Percent freezing of mice during tone and contextual fear conditioning test. (E)
Age-dependent comparison of percentage of freezing of C57BL/6] mice during tone and contextual fear conditioning tests. (F) Age-dependent comparison of percentage of freezing
of APPN"CF mice during tone and contextual fear conditioning tests. (G-J) investigation ratio for C57BL/6] and APPN"¢F mice in object recognition test. (K) Age-dependent
comparison of investigation ratio of C57BL/6] mice in the object recognition test. (L) Age-dependent comparison of investigation ratio of APPN""¢"F mice in the object recogni-
tion test. The results were expressed as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001; a-as compared with C57BL/6] mice; b-as compared with 3-month-old APPN“¢F mice; c-as
compared with 6-month-old APPN"CF mice; d-as compared with familiar object; e-as compared with novel object (n = 10 for C57BL/6] mice; n = 10 for APPN"SF mice).
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freezing time to the trained tone and contextual as a function of age
(Fig. 2E). APPNI"GF mice showed significantly reduced percent
freezing time to the trained tone and context at the age of 6, 9, and
12 months in comparison to 3 months (Fig. 2F).

3.3. Assessment of age-dependent object recognition memory
functions of APPN--CF mice using object recognition test

Both C57BL/6] and APPNU"CF mice showed normal memory
function at 3 and 6 months of age, indicated by a significant dif-
ference between investigation ratios for novel and familiar objects
(Fig. 2G and H, respectively). No significant difference in investi-
gation ratios between C57BL/6] and APPN"CF mice at the age of 3
and 6 months was found (Fig. 2G and H, respectively). At the age of
9 and 12 months, C57BL/6] mice performed normally as shown by a
significantly higher investigation ratio for the novel object
compared to the familiar object, indicating that these mice are
spending more time exploring the novel object, indicating normal
recognition memory function (Fig. 2I and ], respectively). No sig-
nificant difference was found between investigation ratio for novel
and familiar object at the age of 9 (tg) = —0.570, p= 0.583) and 12
(t9y = —0.135, p = 0.896) months for the APPNUGF mice, indicating
impairment of associative memory of these mice (Fig. 21 and ],
respectively). In comparison to C57BL/6], APPN"CF mice showed
significantly reduced investigation ratio for novel object at the age
of 9 (t 18y = 2.911, p = 0.009) and 12 (t (1) = 2.185, p = 0.042)
months, showing memory impairment in these mice (Fig. 21 and ],
respectively).

An age-dependent analysis showed no significant change in the
investigation ratio of C57BL/6] mice across the ages (Fig. 2K).
APPNGF mijce showed memory impairment at the age of 9 and
12 months in comparison to 3 and 6 months indicated by signifi-
cantly less time spent by mice exploring the novel object (Fig. 2L).

3.4. Assessment of age-dependent novelty-induced general activity
of APPM-CF mice

Spontaneous locomotor activity of mice was assessed by
measuring the horizontal activity, vertical activity, total distance
traveled, total move number, and total move time. The rearing ac-
tivity of mice indicates exploratory behavior, and anxiety-related
behavior was assessed by measuring the margin and center dis-
tance traveled by mice. No significant difference was observed in
the horizontal activity, vertical activity, total distance traveled, total
move number, total move time, margin and center distance trav-
eled, and rearing activity between C57BL/6] and APPNY"CF mice at 3,
6,9, and 12 months (Table 1). No significant difference was found in
the horizontal activity, vertical activity, total distance traveled, total

move number, total move time, and center distance traveled and
rearing activity of C57BL/6] mice across the age (Table 1). APPN-GF
mice did not show any significant change in these different mea-
sures of general activity across the various test points (Table 1).

3.5. Amyloid pathology, astrocytosis, cholinergic and noradrenergic
dysfunction

In APPNUGF mijce, the amyloid plaque burden was increased
with age (Fig. 3A and D). A significant increase in the amyloid
deposition was observed at the age of 6, 9, and 12 months of
APPNLGF mice in the cortex (Fig. 3D) and hippocampus (Fig. 3E)
when compared to 3-month-old APPN"CF mice. In addition, a
significant increase in amyloid load was also found in LC of 9- and
12-month-old APPN*CF mice (Fig. 5A and C). Supplementary fig-
ures showed a significant increase in the amyloid deposition in
MSDB complex (Fig. S4A and B), CPu (Fig. S4C and D), hindbrain
(Fig. S5A and B), and cerebellum (Fig. S5C and D) of 6-, 9-, and 12-
month-old APPM“CF mice in comparison with 3-month-old
APPNYCF mice. In the cortex (Fig. 3D), hippocampus (Fig. 3E), MSDB
complex (Supplementary Fig. 4B), and hindbrain (Supplementary
Fig. 5B), no significant difference was found in 9- and 12-month-
old APPN"CF mice, indicating amyloid deposition peaks around
9 months. We also found significant increases in amyloid plaque
load in CPu (Supplementary Fig. 4D), cerebellum layers
(Supplementary Fig. 5D), and LC (Fig. 5C) of 12-month-old APPNV-G-F
mice when compared with 9-month-old mice.

Age-dependent increase in astrocytosis was found in the cortex
at 6-, 9-, and 12-month-old APPN"CF mice in comparison with
C57BL/6] and 3-month-old APPNY"CF mice (Fig. 3F). However, 9- and
12-month-old APPN"¢-F mice showed a significant increase in GFAP
expression in the hippocampus when compared with C57BL/6] and
3- and 6-month-old APPN"¢F mice (Fig. 3G). An increase in astro-
cytosis was observed in the MSDB complex (Supplementary
Fig. 4F), CPu (Supplementary Fig. 4H), hindbrain (Supplementary
Fig. 5F), and cerebellum layers (Supplementary Fig. 5H) of
APPNLGF mijce in comparison with C57BL/6] mice. No significant
difference was found in astrocytosis in the cortex (Fig. 3F), hippo-
campus (Fig. 3G), MSDB complex (Supplementary Fig. 4F), hind-
brain (Supplementary Fig. 5F), and cerebellum layers
(Supplementary Fig. 5H) of 9- and 12-month-old APPN"CF mice.
However, 12-month-old APPN"GF mice showed significantly more
astrocytosis in comparison with 9-month-old APPN"¢F mijce. The
astrocytosis was at maximum when the APPN“¢-F mice were 9 and
12 months old.

In term of cholinergic function, we found a significant decrease
in ChAT-positive neurons in the MSDB complex of 6-, 9-, and
12-month-old APPN-SF mice in comparison to C57BL/6] and

Table 1
Assessment of age-dependent novelty-associated general activity of C57BL/6] and APPN"CF mice
General activity Groups
measurement C57BL/6] APPNLGF
Age (months) Age (months)
3 6 9 12 3 6 9 12

Horizontal activity 3522.3 +£233.6 33629 +264.6 3630.7 &+ 276.6

3725.8 £ 2735

3091.0 + 2129 34454 + 2132 32052 + 2849 3078.3 + 258.1

Total distance (cm) 1482.0 + 1253 1486.5 + 190.5 1701.1 + 1354 16173 +£160.8 1578.6 +130.6 1577.0 + 1553 1664.6 + 76.5 1769.8 + 120.1
Move number 149.2 + 6.9 134.8 £ 9.9 141.8 £ 5.2 148.2 + 4.8 1346 + 7.8 1344+ 73 1279 + 9.6 140.6 + 3.9
Move time (sec) 149.5 + 12.5 131.1 £ 133 159.8 + 15.4 152.8 + 15.6 1439+ 11.8 1442 + 13.1 1403 + 113 1603 + 9.4
Vertical activity 2004 +17.2 179.6 + 27.6 2256 £17.0 2213 £10.7 183.6 +23.3 189.6 + 18.9 2083 + 104 2075 £ 11.5
Margin distance (cm) 1039.0 + 121.4  1006.9 + 94.9 11434 £ 55.9 1019.3 + 67.7 1087.8 + 71.4 1104.2 +£ 102.7 1014.0 + 158.7 1241.9 + 81.1
Center distance (cm) 544.2 + 69.8 481.0 + 113.9 557.9 +£93.9 599.1 £ 97.5 591.3 £ 66.5 472.6 £+ 54.9 518.3 £ 46.9 527.6 £43.9
Rearing activity 198.2 + 16.7 174.8 + 26.2 2219 £ 165 2193 +10.7 1813 +23.0 183.0 + 18.1 200.9 + 13.1 2056 £+ 114

Data are presented as mean + SEM.
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mice (n= 4) at the age of 3, 6, 9, and 12 months. (A) Photomicrographs of immuno-

histochemistry staining of 4G8 (green, antibody is reactive to amino acid residues 17-24 of amyloid-p) in the cortex and hippocampus. (B) Photomicrographs of immunohisto-
chemistry staining of GFAP (red, indicator of astrocytosis) in the cortex and hippocampus. (C) Representation of astrocytosis around the amyloid plaque area. (D) Representation of
percent amyloid plaque area in the cortex at the age of 3, 6, 9, and 12 months; (E) representation of percent amyloid plaque area in the hippocampus at the age of 3, 6, 9, and
12 months; (F) representation of percent astrocytosis in the cortex at the age of 3, 6, 9, and 12 months; (G) representation of percent astrocytosis in the hippocampus at the age of 3,
6,9, and 12 months. Scale bars represent 2.5 mm for panel A and B and 25 um for panel C. Supplementary Fig. 4 shows photomicrographs of immunohistochemistry staining of 4G8
and quantification of amyloid load in medial septum-diagonal band complex (MSDB; panels A and B) and caudate-putamen (CPu; panels C and D); photomicrographs of immu-
nohistochemistry staining of GFAP and quantification of astrocytosis in MSDB (panels E and F) and CPu (panels G and H). Supplementary Fig. 5 shows photomicrographs of
immunohistochemistry staining of 4G8 and quantification of amyloid load in the hindbrain (panels A and B) and cerebellum layers (panels C and D); photomicrographs of
immunohistochemistry staining of GFAP and quantification of astrocytosis in the hindbrain (panels E and F) and cerebellum layers (panels G and H). The results were expressed as
mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001; a-as compared to 3-month-old APPN“¢F mice; b-as compared to 6-month-old APPN“¢F mice; c-as compared to C57BL/6] mice. (For

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3-month-old APPN*CF mice (Fig. 4E). No significant difference was
found in between 6-, 9-, and 12-month-old APPN“CF mice (Fig. 4E).

Immunostaining of TH revealed that TH-positive neurons in LC
were decreased significantly in 9- and 12-month-old APPNY"6F mice
in comparison with C57BL/6] (Fig. 5D). In comparison with 3- and
6-month-old APPNU"GF mice, a significant decrease in TH-positive
neurons in LC was also found in 12-month-old APPN“"CF mice
(Fig. 5D).

4. Discussion

Several mouse models for AD are available in the neuroscience
research community. These models are used to test the amyloid
hypothesis and to investigate the therapeutic potential of drug
candidates for treating AD. Overexpression of APP is the main
limitation associated with transgenic mouse models for AD, which
induces phenotypic artifacts. Considering this limitation, a knock-in
strategy of familial AD mutations was used to generate a new

mouse model for AD, the APPN"CF. This model carries humanized
AB sequence, Swedish (NL), Arctic (G), and Iberian (F) mutations
(Saito et al., 2014). This newly developed mouse model has gained
popularity among researchers; however, the cognitive functions
and biochemical alterations are not fully characterized. It is
important to fully characterize the phenotype of this mouse model.
In the present study, we performed various age-dependent
behavioral (MWM, object recognition, FC, and general activity)
tests and studied the associated biochemical alterations in the
brain. Table 2 summarizes a comparative analysis in between the
current findings and findings from previous studies (Hernandez
et al., 2017; Masuda et al., 2016; Saito et al., 2014; Whyte et al.,
2018).

4.1. Age-dependent learning and memory functions of APPNI-GF

In the present study, we found that the newly developed mouse
model known as APPNY"CF showed an age-dependent impairment
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Fig. 4. Photomicrographs of immunohistochemistry staining of choline acetyl-
transferase (ChAT)-positive neurons in medial septum-diagonal band (MSDB) complex
of the basal forebrain of C57BL/6] (panels A and B) and APPN""F (panels C and D) mice.
ChAT: a cholinergic marker stained with monoclonal rabbit anti-ChAT antibody (red),
NeuN: a neuronal marker stained with monoclonal mouse anti-NeuN antibody (green).
Scale bar: 500 pm for whole sections and 50 um for magnified sections. Panel B rep-
resents magnified images of white box in panel A and panel D represents magnified
images of white box in panel C. The quantification of ChAT neurons is shown in panel E.
Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001; a-as compared
to 3-month-old APPN"F mice; b-as compared to C57BL/6] mice. (n = 4 for C57BL/6]
mice; n = 4 for APPN"SF mice). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

of learning and memory functions in various behavioral tests. In the
MWM, APPN-6-F mice showed normal spatial learning and memory
functions at the age of 3 months, which were equivalent to control
mice. At the age of 6 and 9 months, APPN"CF mice were severely
impaired at spatial learning and memory as assessed with the

MWM and associated classic measures of these complex cognitive
processes. The difference was evidenced by a significant increase in
latency to reach the platform on day 8 when compared to the
control mice during the acquisition phase. Impairment in spatial
memory was also observed in APPN"¢F mice indicated by no sig-
nificant difference in the time spent in the target quadrant and
average of other quadrants. In addition, APPN"CF mice spent
significantly less time in the target quadrant as compared to control
mice. The average proximity to the platform during the probe trial
was significantly higher in the APPN"¢F group when compared
with the control group. Severe impairment in the learning ability of
the APPN"CF mice was observed at the age of 12 months, indicated
by no significant difference in the latency to reach the platform on
days 1 and 8. APPN“CF mice showed an impairment in spatial
memory in the probe test indicated by no significant difference in
the time spent by APPN“CF mice in target quadrant and average of
other quadrants. The APPNY"CF mice spent significantly less time in
the target quadrant as compared to control mice, showing impair-
ment in memory. At the age of 6, 9, and 12 months, the average
proximity to the platform was significantly higher in the APPN-GF
group compared to the control group, indicating an impairment in
spatial memory. This is the first report which indicates age-
dependent cognitive dysfunctions in APPNU"CF mice. Similar to
previous experimental models for AD, APPNI"GF mice in the present
study also showed an age-dependent impairment of learning and
memory functions in various behavioral paradigms (Dodart et al.,
2002; Hsiao et al., 1996; Mucke et al., 1994).

In the MWM, the C57BL/6] mice showed no age-dependent
impairment in spatial learning and memory during acquisition
training or the probe trial test. This indicates that the testing age
points did not affect the learning and memory performance of
control mice. It has been reported in previous studies that 12-, 13-,
and 19-month-old C57BL/6] also learned this task efficiently and
showed spatial memory retention in the probe trial (Wong and
Brown, 2007; Yanai et al., 2018; Yin et al, 2016). However,
APPNUGF mijce showed a progressive deterioration of learning and
memory abilities with respect to age. The average proximity to the
platform was also significantly increased at the age of 6, 9, and
12 months compared to 3 months in the APPN"CF group. These
results indicate an age-dependent impairment of spatial learning
and memory functions of APPN"“F mice. These results partially
contradict previous studies (Saito et al., 2014; Whyte et al., 2018)
showing no impairment of learning and memory functions in
MWM at the age of 6 months. These discrepancies in the results
may be due to differences in the protocol followed for MWM test in
these studies. In another study, the APPN"¢F mice did not show any
impairment in MWM test when they were 10—11 months old
(Hernandez et al., 2018). A different protocol for MWM test and
repeated behavioral measurement used in previous study may be
responsible for discrepancies in the results (Hernandez et al., 2018).
Moreover, in our pilot experiment, we also found that APPN-GF
mice undergoing repeated behavioural tests showed an improve-
ment in spatial learning and memory functions in MWM when they
were 12 months old (Supplementary Fig. 3). In a previous study, it
has already been reported that periodic spatial learning and
memory training ameliorated the impairments of cognitive func-
tions in aged 3xTg-AD mice (Martinez-Coria et al., 2015). Therefore,
in our study, we used a different cohort of mice at each testing
points to rule out the positive effect of recurrent training on spatial
learning and memory functions of mice.

Aversive classical conditioning processes in AP mice in FC
test was tested. The C57BL/6] mice showed intact learning and
memory functions at 3, 6, 9 and 12 months. However, aversive tone
and contextual conditioning was impaired in 6-, 9-, and 12-month-
old APPN"CF mice, indicating an age-dependent impairment of

PNL—G—F



34 J. Mehla et al. / Neurobiology of Aging 75 (2019) 25—37

APPN-GF C57BL/6J

3 months

6 months

9 months

12 months

APPNL-G-F

Locus coeruleus
a,b,c**
® 3
= —_
gz, at
[>Tt 4
=R
25 1
£
<
0
3 6 9 12
m C57BL/6J
® m APPN-GF
51
e
=]
Q
[ =
[}
2
‘@
o
Q.
T
= 3 6 9 12

Age (months)

w)

AB staining TH staining

Fig. 5. (A and C) Photomicrographs of immunohistochemistry staining of 4G8 and quantification of amyloid load in locus coeruleus of APPN*"¢F mice; (B and D) Photomicrographs
of immunohistochemistry staining of tyrosine hydroxylase (TH)-positive neurons and quantification of TH-positive neurons in locus coeruleus of C57BL/6] and APPN-CF mice.
Amyloid plaques are stained with anti-4G8 antibody (green, panel A); TH: a noradrenergic marker stained with rabbit anti-TH antibody (red, panels A, B), NeuN: a neuronal marker
stained with monoclonal mouse anti-NeuN antibody (green, panel B). Scale bar: 250 um for whole sections. The quantification of TH neurons is shown in panel D. Data are presented

as mean + SEM. *p < 0.05, **p < 0.01; a-as compared to 3-month-old APPN'"“"F mice; b-as compared to 6-month-old APPN“CF mice; c-as compared to C57BL/6] mice. (n = 4 for
C57BL/6) mice; n= 4 for APPN"C"F mice). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

amygdala- and hippocampus-associated memory function.
Currently, no study has reported an amygdala-associated memory
impairment in this mouse model. The cued and contextual FC tests
have been shown to be dependent on the amygdala and hippo-
campus, respectively (Phillips and LeDoux, 1992). The impaired
memory function of APPN"6F mice in these tests indicates that
these brain regions are affected in this AD mouse model.

In the object recognition test, control mice showed memory
retention at the age of 3, 6, 9, and 12 months. In accordance with
our findings, 12-month-old C57BL/6] showed no impairment of
object-associated memory in comparison to 4-month-old mice
(Polydoro et al., 2009; Yang et al,, 2014). In the present study,
APPNL-GF mice showed no memory impairment at the age of 3 and
6 months. In a previous study also, APPN*CF mice showed no
memory impairment in the novel object recognition test at
6 months of age (Whyte et al., 2018), supporting the findings of our
study. However, at the age of 9 and 12 months, APPN"SF mijce
showed an impairment of memory, indicated by a significant
reduction in time spent by APPN“CF mice exploring the novel ob-
ject as compared to control mice. In addition, APPNU"6F mice spent
significantly less time exploring the novel object at the age of 9 and
12 months in comparison with 3 months, indicating a progressive
memory impairment. The object recognition memory is thought to
dependent on the perirhinal cortex circuitry, which suggests that

this brain region is compromised in this AD mouse model (Antunes
and Biala, 2012).

The novelty-induced behavior such as horizontal activity, ver-
tical activity, total distance traveled, total move number, total move
time, margin and center distance traveled, and rearing activity was
not changed significantly in C57BL/6] and APPN"SF mice when they
were 3, 6, 9, or 12 months old, indicating that testing age points
does not affect the general locomotor, exploratory, and rearing ac-
tivities of APPNUGF mice.

4.2. Age-dependent amyloid load, astrocytosis, cholinergic, and
norepinephrine functions in APPM""°F mice brain

This study is the first to investigate plaque deposition in
different brain areas (MSDB complex, CPu, cortex, hippocampus,
hindbrain, cerebellum, and LC) of APPNY"6F mice. Plaque formation
was found in the MSDB complex, CPu, cortex, and hippocampus
when mice were 6, 9, and 12 months old. Plaques were found to
peak at the age of 9 months as no significant change in the plaques
deposition between 9- and 12-month-old mice was found. These
findings are in accordance with previous studies (Masuda et al.,
2016; Saito et al., 2014; Whyte et al., 2018). This is the first report
of plaque deposition in the MSDB complex, a major site for
cholinergic input, and CPu. The involvement of the MSDB complex
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Table 2

Differing memory performance and neuropathology between APPN"“F mice used in our study compared with Hernandez et al. (2017), Masuda et al. (2016), Saito et al. (2014),

and Whyte et al. (2018).

Behavioral & Our study Saito et al. Hernandez et al. Masuda et al. Whyte et al. | Confirmatory/
Biochemical Age of mice (months) Age of mice (months) Age of mice (months) Age of mice Age of mice Novel findings
parameters (months) (months)
I phase | 2" phase
(8-12M) | (13-17 M)
3 6 9 12 |2 4 |6 |7 |9 |34 |67 [ 1011 [ 12 |6 12 18 6
Morris water maze Novel
Novel Novel
Object Recognition
Fear Conditioning Novel
Y-maze !
Novelty Associated Novel
Locomotor Activity
Social Preference
Behavioral Elevated Plus Maze
tests Open Field
Place Preference
Reversal learning
Impulsivit
Attention
Delay-discounting task
( Compulsivity)
Place Avoidance Memory
Cortex Confirmatory
MSDB Novel
CPu Novel
HP Confirmatory
HB Novel
AB plaques LC
CB
CcC
Biochemical BS
AC
markers Cortex Confirmatory
MSDB Novel
Astrocytosis CPu Novel
(GFAP) HP Confirmatory
HB Novel
CB Novel
Microgliosis Cortex
(IBAD)
ChAT MSDB Novel
TH LC Novel
Synaptophysin Brain
PSD95 Brain | | |
Not done Same as control Increased from control Decreased from control

White cells represent time points where no data are available for the respective behavior and biochemical markers, light gray cells represent no change compared to controls,
black cells represent increases compared to control, dark gray cells represent decreases compared to control.
Key: MSDB, medial septum-diagonal band; CPu, caudate-putamen; HP, hippocampus; HB, hindbrain; LC, locus coeruleus; CB, cerebellum; CC, corpus callosum, brainstem; AC,

anterior commissure; ChAT, choline acetyltransferase; TH, Tyrosine hydroxylase.

and CPu in learning and memory processes is well documented
(Baxter et al., 2013; De Simoni et al., 2018; Givens and Olton, 1990;
Hall and Savage, 2016; Knox and Keller, 2016; Okada et al., 2015;
Roland et al., 2014; Setlow and McGaugh, 1999; Xu et al., 2012).
In addition, 9- and 12-month-old APPN"GF mice showed plaque
deposition in the hindbrain, cerebellum, and LC, and the involve-
ment of these brain regions in various cognitive and motor func-
tions is also well known. At this time, there has been no report of
plaque deposition in these brain areas. However, we did not find
plaques deposition in the 3-month-old the APPN"CF mice brain.
The MSDB complex influences various hippocampus-dependent
cognitive functions, including learning and memory through pro-
jections from cholinergic, GABAergic, and glutamatergic neurons
(Amaral and Kurz, 1985). Lesions or inactivation of MSDB complex
causes hippocampal-dependent learning and memory impair-
ments (Craig et al., 2011; Givens and Olton, 1990). In the present
study, a decrease in ChAT-positive neurons in the MSDB complex in
6-, 9-, and 12-month-old APPN'"¢F mice was found. One hypothesis
is that in the case of the APPN'"GF mice, amyloid plaque deposition
in this brain region may lead to neuroinflammation and, collec-
tively, plaques and inflammation may result in cholinergic
dysfunction, which finally progresses into cognitive impairment.
The LC, a primary site for NE synthesis, is one of the earliest brain
regions affected by AD, and neurodegeneration in the LC is a

well-known characteristic of AD pathology (Daulatzai, 2016; Kelly
et al.,, 2017; Leanza et al., 2018). The LC projects to all brain re-
gions important for learning and memory, such as the hippocam-
pus, entorhinal cortex, prefrontal cortex, and amygdala (Ross et al.,
2015). The reduction in cortical NE levels has been associated with
cognitive impairment (Matthews et al., 2002). Moreover, low levels
of NE in the brain enhanced the AP plaque burden in transgenic
mouse models of AD (Kalinin et al., 2007). The degeneration of TH-
positive neuron and loss of NE transporter in the LC has been re-
ported in APP/PS1 transgenic mouse model (Liu et al,, 2013). In
addition, mice obtained after crossing of APP/PS1 with dopamine -
hydroxylase knockout (DBH-/-) mice showed severe impairment in
water maze performance, indicating involvement of NE in AD pa-
thology (Hammerschmidt et al., 2013). Similarly, the results of the
present study indicate the loss of TH-positive neurons in the LC in
9- and 12-month-old APPN"¢F mice, and the loss of TH neurons
may also be responsible for the impairment of learning and mem-
ory functions of this AD mouse model.

The involvement of inflammation in AD pathology is well
studied, and several inflammatory markers have been detected in
AD brains (Akiyama et al., 2000). Accumulation of both astrocytes
and microglia around the plaques has been reported in previous
study (Nilsson et al., 2014). Increased astrocytosis in the different
brain regions of APPN"CF mice was also found in the present study,
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and these findings are in accordance with previous studies (Masuda
et al,, 2016; Saito et al.,, 2014). In previous studies, astrocytosis and
microgliosis, an indicator of neuroinflammation, have also been
reported (Masuda et al., 2016; Saito et al., 2014).

5. Conclusion

The findings of the present study indicate that the APPNV"G-F
mice showed learning and memory impairment in various behav-
ioral paradigms, as discussed. This AD mouse model also showed
age-dependent deposition of amyloid plaque and increased astro-
cytosis in different brain areas. In addition, APPN-"¢F mice showed
both cholinergic and NE dysfunction. Together, the results of the
present study support the suitability of APPN*CF mice with no
overexpression of APP as an important improvement in available
AD mouse models. APPN“CF mice will be very useful to investigate
the involvement of various risk factors in AD pathophysiology and
to screen various drug candidates for therapeutic potential. Further
studies are required to address the questions related to this AD
mouse model: (1) Is there any difference between heterozygous
and homozygous APPN“CF mice with respect to AD pathology and
cognitive functions in age-dependent manner? (2) Are various
neuronal networks impaired in this AD mouse model and what are
they? (3) Is there any neurodegeneration or neuronal loss in this
mouse model?
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