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Transgenic mouse models of Alzheimer’s disease (AD) with nonphysiologic overexpression of amyloid
precursor protein (APP) exhibit various unnatural symptoms/dysfunctions. To overcome this issue, mice
with single humanized App knock-in (KI) carrying Swedish (NL), Beyreuther/Iberian (F), and Arctic (G)
mutations in different combinations were recently developed. The validity of these mouse models of
AD from a behavioral viewpoint, however, has not been extensively evaluated. Thus, using an automated
behavior monitoring system, we analyzed various behavioral domains, including executive function, and
learning and memory. The App-KI mice carrying NL-G-F mutations showed clear deficits in spatial mem-
ory and flexible learning, enhanced compulsive behavior, and reduced attention performance. Mice car-
rying NL-F mutations exhibited modest abnormalities. The NL-G-F mice had a greater and more rapid
accumulation of Ab deposits and glial responses. These findings reveal that single pathologic App-KI is
sufficient to produce deficits in broad cognitive domains and that App-KI mouse lines with different levels
of pathophysiology are useful models of AD.
� 2016 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

AD is neuropathologically characterized by the progressive
deposition of extracellular 40–42 residue amyloid-b protein (Ab;
Glenner & Wong, 1984; Masters et al., 1985; Hardy & Selkoe,
2002; Kowalska, 2004) and intracellular neurofibrillary tangles
comprising microtubule-associated protein tau (Grundke-Iqbal
et al., 1986), followed by neuronal loss. Experimental studies of
AD have largely depended on transgenic mice overexpressing
APP and tau. These transgenic mice, however, exhibit artificial phe-
notypes, leading to misconceptions about AD pathology. The mice
not only overproduce Ab, but also other APP fragments (Hsiao
et al., 1996; Sturchler-Pierrat et al., 1997), which causes multiple
artificial problems, including axonal transport disruption (Taru
et al., 2002). Overexpression of wild-type (WT) APP causes memory
impairment without amyloid deposition, suggesting that the
pathology differs from that of general AD (Chui et al., 1999), and
the 40-residue isoform, Ab40, is suggested to have a protective role
in the brain (Kim et al., 2008). Inserted transgenes may affect other
genes by cis or trans mechanisms (Saito et al., 2014).

To overcome these problems and identify discrete factors
involved in AD pathology, three novel AD mouse models were gen-
erated by KI of a humanized Ab sequence and familiar AD-
associated mutations into the endogenous mouse App locus
(Saito et al., 2014). The three AD models have different pathophys-
iologic properties in the brain. NL-F mice carrying the Swedish and
Beyreuther/Iberian mutations exhibit a progressive increase in the
accumulation of Ab, a higher Ab42:Ab40 ratio, and amyloidosis
that is restricted to cortical regions with neuroinflammatory
responses. In NL-G-F mice also carrying the internal Arctic muta-
tion within the Ab sequence, amyloidosis is accelerated and neu-
roinflammation is observed in broader brain areas, including
subcortical structures. NL mice carrying only the Swedish muta-
tion, which is common in all App KI lines and affects b-cleavage,
are used as controls to dissociate the effects of C terminal
fragment-b (CTF-b) from those of Ab (Saito et al., 2014). The neu-
roinflammatory response and Ab deposition in NL mice are negligi-
ble. While Saito et al. demonstrated the advantages of the App-KI
mice for experimental studies of AD, characterization of the behav-
ioral phenotypes of the mice was limited.

Although dementia is a clinical hallmark of AD, broad cognitive
domains, such as attention and executive functions, are also
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affected in patients with AD (Lindeboom & Weinstein, 2004;
Ossenkoppele et al., 2015; Perry & Hodges, 1999). Thus, to better
evaluate the validity of the App-KI mouse models for studying
AD, we extensively analyzed various cognitive domains of these
mice using an automated home-cage monitoring system. Our find-
ings support the usefulness of these mouse models for AD research.
2. Materials and methods

2.1. Animals and experimental design

The App-KI (AppNL/NL, AppNL-F/NL-F, and AppNL-G-F/NL-G-F) mice were
generated as described previously (Saito et al., 2014). These mice
were established as C57BL/6J congenic lines by backcrossing to
C57BL/6J mice for at least 8 generations at the animal facility of
the RIKEN Brain Science Institute. Mice of mixed genotypes
(AppNL/NL, AppNL-F/NL-F, AppNL-G-F/NL-G-F, and WT) were co-housed, 12
animals per cage (26 cm � 37 cm � 19 cm). To reduce fighting
among cage mates, especially between male mice, co-housing
was initiated when the mice were young, 1–2 month-old. AppNL/NL

and WT mice were 1 month younger than AppNL-F/NL-F, and
AppNL-G-F/NL-G-F mice. The mice were maintained under standard
housing conditions, lights on at 8:00, lights off at 20:00, and pro-
vided water and food ad libitum. All animal experiments were
approved by the institutional animal care and use committee,
and carried out according to the RIKEN Brain Science Institute’s
guidelines for animal experimentation.

2.2. Behavioral studies

The IntelliCage system (NewBehavior AG, Zurich, Switzerland,
www.newbehavior.com) was described previously (Kobayashi
et al., 2013; Krackow et al., 2010; Lee et al., 2015; Voikar et al.,
2010). Each IntelliCage (39 cm � 58 cm � 21 cm) contains four cor-
ner chambers accessible through an open doorway, which has a
ring antenna. Two doors in each corner are controlled by comput-
ers and used to control access to the water bottles. A radiofre-
quency identification transponder (Standard Microchip T-VA,
DataMars, Switzerland & Troven, USA) was subcutaneously
implanted into the mice in the dorso-cervical region under isoflu-
rane inhalation anesthesia. Subsequently, the mice were allowed
to recover for at least 1 week, in mixed genotype groups of 10–
12. During all adaptation phases and tasks in the IntelliCage sys-
tem, the mice were fed ad libitum with standard mouse chow
and maintained on synthetic bedding (ALPHA-dri�, Shepherd Spe-
cialty Papers, Watertown, TN, USA) that was changed every 2–
3 weeks depending on the task schedule. Lights were on between
08:00 and 20:00. To examine the effects of age, we conducted
adaptation task three times (ages of 8–9 months, 13–14 months,
and 18–19 months) and the series of experiments (Fig. 1A–E) two
times (immediately after the first two adaptation tasks). For the
first two phases, the task sequence was as follows: (1) place pref-
erence learning, (2) place preference reversal learning, (3) serial
reaction time, (4) place avoidance learning, and (5) delay-
discounting. The 3rd adaptation phase was conducted to evaluate
the general behavior at the end of the whole experiment. All of
the animals were tested at the same time using 8 IntelliCage
Systems.

2.2.1. Adaptation phase
During first 2 days in the IntelliCage, all doors were open, pro-

viding free access to all eight drinking bottles (free adaptation).
During next 4 days, all doors were closed but could be opened once
per visit with a nose-poke for 5 s (nose-poke adaptation). During
the last 5 days of the adaptation phase, the mice were adapted to
a fixed drinking schedule (drinking session adaptation: DSA, see
Fig. 1F) with doors opening in response to nose-pokes between
the hours of 21:00–0:00 only.

2.2.2. Place preference learning and place preference reversal learning
tasks

In this set of tasks, access to water was available in only one of
four corners during the drinking sessions. The rule predicting the
rewarded corner varied between tasks. In the beginning, water
was available in the same corner for 7 sessions (place preference,
Fig. 1A), followed by 7 sessions with water available in the oppo-
site corner (place preference reversal, Fig. 1B). To prevent learning
by imitation and to prevent overcrowding in one corner, cage
mates were divided into four subgroups with different target
corners.

2.2.3. Serial reaction time task to assess impulsivity and attention
control

In this set of tasks, all four corners operated in the same way,
24 h per day. The first nose-poke in a visit initiated a delay period
(1.0, 2.0, or 4.0 s), after which yellow LEDs were switched on and
the door opened for drinking on the correct side for a certain period
(0.5, 1.0, or 2.0 s). Any nose-poke during the delay period was con-
sidered a premature response, whereas the first nose-poke at the
open door was counted as a correct response. Correct response
latency was defined as the time that elapsed between the onset
of the light stimulus and a correct response. Error responses turned
the LEDs blue and then the door was closed until the mice exited
the corner. The task had three phases. During the first 3 days, the
delay was set to 0 s (baseline). The delays then varied randomly
among 0.5, 1.0, 2.0, and 4.0 s for the rest of the task. During this
period, premature responses had no consequence (pre-training).
To assess impulsivity (training), during the next 7 days premature
responses stopped the trial, requiring the mouse to leave the cor-
ner and to start again. To assess attention and impulsivity with
high attentional load, during the next 7 days premature responses
had no consequence, but a delayed nose-poke after the LED turned
off stopped the trial (Fig. 1D).

2.2.4. Place avoidance learning to assess aversive spatial memory and
extinction learning

This series of tasks included a training trial (Learning) followed
by two probe trials (Retention and Extinction). No more than 4 ani-
mals were assigned to each corner. In the assigned corner, a nose-
poke triggered an air-puff (�0.8 bar, 1-s air-puff) and the doors in
this corner remained closed. The training period lasted 24 h. There-
after, the animals were carefully removed from the IntelliCages
and placed into their standard home cages. The bedding and shel-
ter were not replaced and remained the same in the IntelliCage.
The mice were subsequently reintroduced into the IntelliCage for
5 consecutive days without receiving an air puff, and with water
available in all four corners. The data obtained during the first
24 h and the subsequent 5 days were analyzed to monitor the
retention and extinction of place avoidance learning. Avoidance
scores were quantified as the percentage of correct visits with
nose-pokes.

2.2.5. Delay discounting task to assess compulsivity
In this task, all four corners operated in the same way, 24 h per

day; with a given delay after onset of a visit, the doors opened
spontaneously for a 5-s drinking period. To force the mice to
choose either the left or right bottle, a nose-poke at any open door
closed or prevented opening the door on the other side. This task
was divided into two stages. In the 1st stage (training), the delay
was set at 0 s, in each corner (two left corners, two right corners)
one water bottle was replaced with 0.5% saccharin to allow
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Fig. 1. Experimental design. Schematic diagrams for protocols of behavioral tasks (A–E). Place preference (PP) task in which animals have to learn the location of one
accessible corner from the 4 corners (A). Place preference reversal (PPR) task in which animals have to learn the location shifted to the opposite corner (B). Place avoidance
(PA) task in which animals to have to learn to avoid the location of one air-puffed corner from the 4 corners (C). Serial reaction time task to evaluate impulsivity and attention
control in which animals have to wait a delay (2 s) and react quickly (within 2 s) after LED flash (0.3–1.0 s) (D). Delay discounting (DD) task to evaluate compulsivity in which
animals choose immediate water access or delayed (0–8 s) 0.5% saccharin access (E). Time schedule of drinking session (F).
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animals to develop a preference for saccharin over a period of at
least 5 days. In the 2nd stage (delay discounting), delays to open
the doors for access to the saccharin bottle were increased by
1.0 s every 24 h. Thus, after 8 days, the delay was 8 s. The saccharin
preference score was calculated as: (number of licks at saccharin
bottles—number of licks at water bottles)/total number of licks.
Nose-pokes at the closed saccharin door during the delay period
had no consequence, but were scored as a possible measure of
compulsivity.

2.3. Statistical analysis of behavioral data

Data regarding the adaptation phase were analyzed using a
Generalized Linear Model (GLM) and Tukey’s post hoc test under
FlowR (XBehavior, Zurich, Switzerland). Two-way and three-way
repeated measures analysis of variance (rmANOVA), and Scheffe’s
post hoc tests were used to analyze the other behavioral results
with Excel-based software, ExcelTokei (SSRI, Tokyo, Japan). Prob-
ability values less than 0.05 were considered statistically
significant.
2.4. Histology

Another group of mice was used for the histological analyses.
Immunohistochemical staining against Ab (82E1; IBL; Japan), ion-
ized calcium binding adaptor molecule 1 (Iba-1; Wako, Japan),
and glial fibrillary acidic protein (GFAP; MAB3402; Millipore,
Darmstadt, Germany) was performed in male and female mice of
the 4 genotypes at 6, 12, or 18 month-old (3–5 animals each) to
examine the degree of the accumulation of amyloidosis and
inflammatory response by microglia and astrocytes. Paraffin-
embedded mouse brain sections, two coronal sections per mouse,
were immunostained using tyramide signal amplification (Perki-
nElmer Life Science, Waltham, USA), as previously described
(Saito et al., 2014). Photographic data were captured by NanoZoo-
mer Digital Pathology C9600 (Hamamatsu Photonics, Hamamatsu,
Japan). Quantitative analysis was performed using a custom made
Matlab software which defined region of interest (ROI) manually in
the cortex, hippocampus and subcortical regions, made binary data
under certain cut-off, and calculated percentage of occupancy area
of immunoreactive signals against the ROI. Multivariate analysis of
variance (MANOVA) was performed to determine the effect of
genotype, age, sex, signal type, brain region and interactions
among them. Scheffe’s post hoc analysis also was performed
accordingly.
3. Results

Each of 96 mice (12 males and 12 females per genotype) group-
housed in 8 cages was implanted with a transponder for the Intel-
liCage system. Five mice (1NL male, 1 NL-F male, 2 NL-G-F males,
and 1 NL-F female) died before the first adaptation session. Two
mice (1 WT female and 1 NL-G-F female) were eliminated due to
the inappropriate transponder position. By the end of the experi-
ments, 24 mice (1 NL male, 10 NL-F males, 5 NL-G-F males, 3 WT
males, 2 NL-F females, and 3 NL-G-F females) had died. The
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numbers of mice analyzed are summarized in the supplemental
information.
3.1. Adaptation behavior in App-KI mice

In the 1st, 2nd, and 3rd adaptation phases, free adaptation was
started when the mice were 8–9 month-old, 13–14 month-old, and
18–19 month-old, respectively. All genotypes exhibited compara-
ble activities with regard to corner visits, nose-pokes, and licks at
water bottles, although significant effects of age and sex were
noted, supporting the feasibility of analyzing these features in
the IntelliCage from the start to the end of the experiment.
3.2. Place preference and reversal learning in App-KI mice

Spatial learning and spatial reversal learning were assessed in
place preference and place preference reversal tasks, respectively.
In the 1st phase, the percentage of correct visits during the place
preference task was comparable among genotypes (3-way rmA-
NOVA, day p = 0.0001, genotype p = 0.07, sex p = 0.0003,
day � genotype p = 0.99, genotype � sex p = 0.33; Fig. 2A). If inter-
actions between genotype and sex were rejected, the pooled data
of the males and females is shown in the figures. Performance in
the place preference reversal task, however, was differentially
affected in NL, NL-F, and NL-G-F mice (3-way rmANOVA, day
p = 0.0001, genotype p = 0.45, sex p = 0.0001, day � genotype
p = 0.02, genotype � sex p = 0.22, simple main effect on day 1
p = 0.0001, day 2 p = 0.05, day 3–7 p > 0.4, post hoc, day 1, NL vs
Fig. 2. Place preference learning and place reversal learning in App-KI mice. The percen
result for the 1st phase, PP: 3way rmANOVA, day, F(6) = 120.46, p = 0.0001, genotype, F
p = 0.99, genotype � sex, F(3, 1) = 1.15, p = 0.33; PPR: 3way rmANOVA, day, F(6) = 74.6, p
F(6, 3) = 1.74, p = 0.02, genotype � sex, F(3, 1) = 1.50, p = 0.22, simple main effect on day 1
hoc, day 1, NL vs WT, p = 0.0001, NL-F vs WT, p = 0.0001, NL-G-F vs WT, p = 0.0001. The
p = 0.74, sex p = 0.0004, day � genotype p = 0.95, genotype � sex p = 0.23; PPR: 3way rm
genotype � sex p = 0.33, simple main effect of genotype during day 1–5 p < 0.05, post hoc
p < 0.01. Colors indicate groups of comparison: Blue: NL vs WT; Red: NL-F vs WT; Gree
WT p = 0.0001, NL-F vs WT p = 0.0001, NL-G-F vs WT p = 0.0001;
Fig. 2B). NL-G-F mice exhibited a slower reversal learning rate.

In the 2nd stage, performance in the place preference task was
not different among genotypes (3-way rmANOVA, day p = 0.0001,
genotype p = 0.74, sex p = 0.0004, day � genotype p = 0.95, geno-
type � sex p = 0.23; Fig. 2C). In the place preference reversal task,
however, NL-F and NL-G-F mice exhibited marginal and severe
decreases, respectively, in the percentage of correct visits over
5 days (3-way rmANOVA, day p = 0.0001, genotype p = 0.005, sex
p = 0.04, day � genotype p = 0.0001, genotype � sex p = 0.33, sim-
ple main effect of genotype during day 1–5 p < 0.05, post hoc, NL
vs WT p = 0.67, NL-F vs WT p = 0.004, NL-G-F vs WT p = 0.0001;
Fig. 2D).
3.3. Impulsivity and attention control in App-KI mice

We assessed impulsivity and attention in a serial reaction time
task. The animals successfully learned to wait for a delay (2 s) and
react by nose-pokes to illuminated holes after 6–8 days of training.
The premature poking rate gradually decreased in all groups with a
modest genotype � sex interaction (3-way rmANOVA, day
p = 0.0001, genotype p = 0.10, sex p = 0.21, day � genotype
p = 0.06, genotype � sex p = 0.04). NL-F and NL-G-F males had
lower premature nose-poke rates compared with WT mice (post
hoc on males, NL vs WT p = 0.77, NL-F vs WT p = 0.03, NL-G-F vs
WT p = 0.01). The interaction disappeared in the 2nd phase (3-
way rmANOVA, day p = 0.0001, genotype p = 0.26, sex p = 0.01,
day � genotype p = 0.72, genotype � sex p = 0.90).
tage of correct visit in PP (A, C) and in PPR (B, D) ± SEM is presented. The statistical
(3) = 2.3, p = 0.07, sex, F(1) = 3855.82, p = 0.0003, day � genotype, F(6, 3) < 0.0001,
= 0.0001, genotype, F(3) = 0.88, p = 0.45, sex F(1) = 19.07, p = 0.0001, day � genotype,
F(3) = 7.33, p = 0.0001, day 2, F(3) = 2.54, p = 0.05, day 3–7, F(3) < 0.80, p > 0.4, post
statistical result for the 2nd phase, PP: 3way rmANOVA, day p = 0.0001, genotype

ANOVA, day p = 0.0001, genotype p = 0.005, sex p = 0.04, day � genotype p = 0.0001,
, NL vs WT, p = 0.67, NL-F vs WT, p = 0.004, NL-G-F vs WT, p = 0.0001. ⁄: p < 0.05; ⁄⁄:
n: NL-G-F vs WT.
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In the attention task conditions that required a high demand,
the percentage of premature error trials was differentially modu-
lated by genotypes in the 1st phase (3-way rmANOVA, stimulus
duration (stim) p = 0.84, genotype p < 0.0001, sex p = 0.10, stimu-
lus � genotype p = 0.99, genotype � sex p = 0.36), with NL having
a lower percentage and NL-F and NL-G-F having higher percent-
ages (post hoc NL vs WT p = 0.009, NL-F vs WT p = 0.46, NL-G-F
vs WT p = 0.91, NL vs NL-F p = 0.0008, NL vs NL-G-F p = 0.01;
Fig. 3A). In the 2nd phase, the percentage of premature errors
was slightly decreased in NL and higher in NL-G-F, and the differ-
ence between them was statistically significant (3-way rmANOVA,
stim p = 0.40, genotype p = 0.006, sex p = 0.01, stim � genotype
p = 0.12, genotype � sex p = 0.28, post hoc NL vs WT p = 0.40, NL-
F vs WT p = 0.98, NL-G-F vs WT p = 0.13, NL vs NL-G-F p = 0.001;
Fig. 2C). Thus, premature responses consistently increased in NL-
G-F mice, and consistently decreased in NL mice.

In the 1st phase, the accuracy, a score of attentional ability, also
differed among genotypes (3-way rmANOVA, stim p < 0.0001,
genotype p = 0.003, sex p = 0.03, stim � genotype p = 0.81, geno-
type � sex p = 0.59, post hoc NL vs WT p = 0.81, NL-F vs WT
p = 0.33, NL-G-F vs WT p = 0.83, NL vs NL-G-F p = 0.30; Fig. 3B).
Accuracy was decreased in NL-F and NL-G-F, and increased in NL.
In the 2nd phase, accuracy was more severely decreased in NL-G-F,
while NL and NL-F exhibited no significant differences (3-way
rmANOVA, stim p < 0.0001, genotype p = 0.002, sex p = 0.73,
stim � genotype p = 0.006, genotype � sex p = 0.85, post hoc on
Fig. 3. Impulsivity and attention control in App-KI mice. The percentage of premature err
the 1st phase, Premature %, 3way rmANOVA, stim, F(2) = 0.17, p = 0.84, genotype F(3) = 6.
genotype � sex, F(3, 1) = 1.06, p = 0.36, post hoc, NL vs WT, p = 0.009, NL-F vs WT, p = 0.4
3way rmANOVA, stim, F(2) = 41.10, p < 0.0001, genotype, F(3) = 3.07, p = 0.003, sex, F(1
= 0.59, p = 0.59, post hoc NL vs WT p = 0.81, NL-F vs WT p = 0.33, NL-G-F vs WT p = 0.83; f
F(3) = 6.77, p = 0.004, sex, F(1) = 2.66, p = 0.01, stim � genotype, F(2, 3) = 0.10, p = 0.12,
p = 0.98, NL-G-F vs WT, p = 0.13, NL vs NL-G-F, p = 0.001; %Accuracy, stim, F(2) = 367.51, p
F(3, 2) = 3.18, p = 0.006, genotype � sex, F(3, 1) = 0.26, p = 0.85, post hoc on stim0.3, NL v
vs WT, p = 0.72, NL-F vs WT, p = 0.54, NL-G-F vs WT, p < 0.0001, post hoc on stim1, NL vs
Colors indicate groups of comparison: Blue: NL vs WT; Red: NL-F vs WT; Green: NL-G-F
stim0.5 NL vs WT p = 0.72, NL-F vs WT p = 0.54, NL-G-F vs WT
p < 0.0001; stim1 NL vs WT p = 0.11, NL-F vs WT p = 0.95, NL-G-F
vs WT p = 0.0009, post hoc on stim0.3 NL vs WT p = 0.86, NL-F vs
WT p = 0.01, NL-G-F vs WT p = 0.41; Fig. 3D). Therefore, a decrease
in the number of accurate responses was consistently observed in
NL-G-F mice in the 2nd phase.
3.4. Place avoidance learning in App-KI mice

Animals who performed a nose-poke in one of the four corners
received an air-puff. In the place avoidance learning session, pref-
erence for the punished corner dropped dramatically (�3% nose-
poke errors) in all genotypes (3-way rmANOVA, module
p = 0.0001, genotype p = 0.31, sex p = 0.77, module � genotype
p = 0.05, genotype � sex p = 0.86). After returning from spending
24 h in the homecage, preference for the punished corner was ana-
lyzed for aversive memory performance (retention session). In the
1st phase, avoidance behavior remained strong (�6% nose-poke
errors) in WT and NL, but was significantly worse in NL-F and
NL-G-F (>10% in nose-poke errors; simple main effect of genotype
base p = 0.68, learning 0.99, retention p = 0.001, post hoc on reten-
tion, NL vs WT p = 0.9, NL-F vs WT p = 0.0001, NL-G-F vs WT
p = 0.001; Fig. 4A). Extinction learning was comparable for all
genotypes. In the 2nd phase, avoidance behavior was not observed
in any genotype during the retention session (Fig. 4B).
or trial (A, C) and that of accuracy (B, D) ± SEM is presented. The statistical result for
77, p < 0.0001, sex, F(1) = 2.66, p = 0.10, stimulus � genotype, F(2, 3) = 0.10, p = 0.99,
6, NL-G-F vs WT, p = 0.91, NL vs NL-F, p = 0.0008, NL vs NL-G-F, p = 0.01; Accuracy,
) = 4.49, p = 0.03, stim � genotype, F(2, 3) = 0.48, p = 0.81, genotype � sex, F(3, 1)
or the 2nd phase, 3way rmANOVA, %Premature, stim, F(2) = 0.17, p = 0.84, genotype,
genotype � sex, F(3, 1) = 1.06, p = 0.28, post hoc, NL vs WT, p = 0.40, NL-F vs WT,
< 0.0001, genotype, F(3) = 5.17, p = 0.002, sex, F(1) = 0.11, p = 0.73, stim � genotype,
s WT, p = 0.99, NL-F vs WT, p = 0.01, NL-G-F vs WT, p = 0.41, post hoc on stim0.5, NL
WT, p = 0.11, NL-F vs WT, p = 0.95, NL-G-F vs WT, p = 0.0009, ⁄: p < 0.05; ⁄⁄: p < 0.01.
vs WT.



Fig. 4. Avoidance memory in App-KI mice. The percentage of error nosepoking in 1st phase (A) and 2nd phase (B) ± SEM is presented. The statistical result for the 1st phase,
3way rmANOVA, module, F(3) = 62.39, p = 0.0001, genotype, F(3) = 1.21, p = 0.31, sex, F(1) = 0.08, p = 0.77, module � genotype, F(3, 3) = 1.91, p = 0.05, genotype � sex, F(3, 1)
= 0.24, p = 0.86, simple main effect of genotype, base, F(3) = 0.49 p = 0.68, learning, F(3) = 0.01, p = 0.99, retention, F(3) = 5.23, p = 0.001, extinction, F(3) = 0.85, p = 0.46, post
hoc on retention, NL vs WT, p = 0.9, NL-F vs WT, p = 0.0001, NL-G-F vs WT, p = 0.001; for the 2nd phase, 3way rmANOVA, module, F(3) = 49.94, p < 0.0001, genotype, F(3)
= 2.40, p = 0.07, sex, F(1) = 1.38, p = 0.24, module � genotype, F(3, 3) = 1.07, p = 0.38, genotype � sex, F(3, 1) = 0.15, p = 0.92. ⁄: p < 0.05; ⁄⁄: p < 0.01.
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3.5. Compulsive behavior in App-KI mice

Compulsive behavior was assessed in the delay-discounting
task. In the 1st phase, the very high level of preference for saccha-
rin (�95%) decreased as a function of the delay length with signif-
icant genotype and genotype � delay effects (3-way rmANOVA,
delay p < 0.0001, genotype p = 0.003, sex p = 0.17, delay � geno-
type p < 0.0001, genotype � sex p = 0.48, simple main effect of
genotype, delay 0–3 p > 0.17, delay 4–8 p < 0.002; Fig. 5A). NL-F
and NL-G-F exhibited a tolerance to the decreased saccharin and
maintained a high level of preference (�80% both), whereas WT
and NL exhibited a significantly lower preference (�20% and 40%
each; post hoc on delay 8, NL vs WT p = 0.02, NL-F vs WT
p < 0.0001, NL-G-F vs WT p < 0.0001). In the 2nd phase, WT, NL,
and NL-F exhibited a more rapidly decreasing saccharin preference
than in the 1st phase. In contrast, NL-G-F maintained a strong tol-
erance against delay (3-way rmANOVA, delay p < 0.0001, genotype
p = 0.005, sex p = 0.0001, delay � genotype p < 0.0002, geno-
type � sex p = 0.66, simple main effect of genotype, delay 0–1
p > 0.33, delay 3–8 p < 0.02, post hoc on delay 8, NL vs WT
Fig. 5. Delay discounting in App-KI mice. The percentage of licking on 0.5% saccharin bo
the 1st phase, 3way rmANOVA, delay, F(8) = 62.97, p < 0.0001, genotype, F(3) = 4.43
genotype � sex, F(3, 1) = 0.95, p = 0.41, simple main effect of genotype, delay 0–3, F(3) < 1
NL-F vs WT, p < 0.0001, NL-G-F vs WT, p < 0.0001; for the 2nd phase, 3way rmANOVA
p = 0.0001, delay � genotype, F(8, 3) = 2.06, p = 0.0002, genotype � sex, F(3, 1) = 0.53, p =
> 3.8, p < 0.02, post hoc on delay 8, NL vs WT p < 0.0001, NL-F vs WT p < 0.0001, NL-G-F v
NL vs WT; Red: NL-F vs WT; Green: NL-G-F vs WT.
p < 0.0001, NL-F vs WT p < 0.0001, NL-G-F vs WT p < 0.0001;
Fig. 5B).

3.6. Pathologic phenotypes among ages and sexes in humanized APP-
KI mice

In tissue sections obtained from 6, 12, and 18 month-old male
and female brains of the four mouse genotypes, we immunohisto-
chemically stained Ab with anti-Ab (blue), microglia with anti-Iba-
1 (purple), and astrocytes with anti-GFAP antibodies (green). Rep-
resentative photographs of 6, 12, and 18 month-old of all geno-
types are shown in Fig. 6. In NL-F mice, the accumulation of Ab
in the neocortex and hippocampus was barely detectable at
6 months of age and progressively increased by 18 months of
age. In NL-G-F mice, however, a marked Ab accumulation appeared
already at 6 months of age. Ab accumulation was difficult to detect
in WT and NL mice, even at 18 months of age. An antibody to Iba-1
demonstrated a sparse distribution of microglia in WT and NL, and
dense distribution in NL-F and NL-G-F mice. Especially, 12 or
18 month-old of NL-G-F, strong signals of Iba-1 were clustered in
ttles in 1st phase (A) and 2nd phase (B) ± SEM is presented. The statistical result for
, p = 0.007, sex, F(1) = 2.81, p = 0.09, delay � genotype, F(8, 3) = 2.50, p = 0.0001,
.40, p > 0.17, delay 4–8, F(3) > 4.00, p < 0.002, post hoc on delay 8, NL vs WT, p = 0.02,
, delay, F(8) = 36.68, p < 0.0001, genotype, F(3) = 4.79, p = 0.005, sex, F(1) = 19.45,
0.66, simple main effect of genotype, delay 0–1, F(3) < 0.77, p > 0.33, delay 3–8, F(3)
s WT p < 0.0001. ⁄: p < 0.05; ⁄⁄: p < 0.01. Colors indicate groups of comparison: Blue:



Fig. 6. Triple staining of Ab/microglia/astrocyte in App-KI mice. Three ages (6 M, 12 M and 18 M) of four genotypes of males and one age (18 M) of four genotypes of females
are shown. The magnified images captured from enclosed areas by the white rectangles in 18 M males are shown in the lowest low. Red: Iba-1; Green: GFAP; Blue: Ab.
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the areas of Ab deposition. The GFAP signal strength correlated
positively with the signal strengths of Ab and Iba-1, but GFAP sig-
nals were predominantly located in specific layers of the hip-
pocampus and strong expression was found in 18 month-old of
NL-G-F. Statistical analysis revealed significant effects of genotype,
age, sex as well as interaction of genotype, age and sex in cortex,
hippocampus and subcortical regions for percentage of occupancy
area of Ab, Iba-1 and GFAP signals (MANOVA, genotype p < 0.0001,
age p < 0.0001, sex p < 0.01, genotype � age p < 0.0001, geno-
type � sex p < 0.0001, age � sex p < 0.0001, genotype � age � sex
p < 0.0001, post hoc NL-G-F vs WT p < 0.0001, NL-G-F vs NL-F
p < 0.0001 for Ab, Iba-1, GFAP signals in cortex, hippocampus and
subcortical regions). NL-F also showed significant increases in
amyloidosis, astrocyte, and microglia compared with WT (posthoc
NL-F vs WT, p < 0.0001 for all signals in cortex and subcortical
regions; p < 0.05 for hippocampus, Fig. 7A–F). Apparent gender dif-
ferences were observed in amyloidosis and immune responses in
18 month-old of NL-G-F mice (simple main effect of sex WT, NL
and NLF p > 0.2, NL-G-F p < 0.0001, post hoc at 18 M in NL-G-F,
sex p < 0.0001, for all signal types and brain regions, Fig. 7G–I).
4. Discussion

We performed long-term behavioral studies in both male and
female App-KI mice, new generation mouse models of AD, using
an automated behavioral assessment system at different ages
(1st phase, 8–12 month-old; 2nd phase, 13–17 month-old). The
IntelliCage system allowed us to record extensive and highly
reproducible data under a socially rich environment in the mice
with minimal human intervention (Krackow et al., 2010;
Mechan, Wyss, Rieger, & Mohajeri, 2009; Voikar et al., 2010).
4.1. Behavioral symptoms of App-KI mice

Our findings indicated abnormalities of the App-KI mouse mod-
els in broad cognitive domains, including declined spatial reversal
learning, enhanced impulsivity, declined attention control, loss of
avoidance memory, and enhanced compulsivity. These behavioral
aspects largely overlap with the previously reported phenotypes
of transgenic AD models (Adriani et al., 2006; Romberg, Horner,
Bussey, & Saksida, 2013). Symptoms of human patients with AD,
including deteriorating memory loss, and enhanced impulsivity
and compulsivity are well documented (Mega, Cummings,
Fiorello, & Gornbein, 1996; Rochat et al., 2013).

The App-KI mice (both NL-F and NL-G-F) showed impaired
memory in the place avoidance learning task in the 1st phase. In
the 2nd phase, all genotypes, including the WT mice showed a
marked deficit in the retention test, suggesting a large impact of
natural aging in mice in this task. As some researchers have
pointed out (Dolgin, 2013), the suitability of the task difficulty
for aged animals must be considered. The performance of NL-F
and NL-G-F in the place preference task was comparable with



Fig. 7. Amyloidosis and immune response in App-KI mice. The percentage of occupancy area of Ab, astrocyte, microglia are compared among the genotypes, age, sex.
(MANOVA, genotype F(3) > 19.9, p < 0.0001, age F(2, 53) > 10.1, p < 0.0001, sex F(1, 53) > 7.7, p < 0.01, genotype � age F(6, 53) > 12.8, p < 0.0001, genotype � sex F(3, 53) > 7.5,
p < 0.0001, genotype � age � sex F(6, 53) > 4.1, p < 0.0001, post hoc NL-G-F vs WT, p < 0.0001, NL-G-F vs NL-F, p < 0.0001 for Ab, Iba-1, GFAP signals in cortex, hippocampus
and subcortical regions). NL-F also showed significant increases in amyloidosis, astrocyte, and microglia compared with WT (posthoc NL-F vs WT, p < 0.0001 for all signals in
cortex and subcortical regions; p < 0.05 for hippocampus, Fig. 7A–F). Apparent gender differences were observed in amyloidosis and immune responses in 18 month-old of
NL-G-F mice (simple main effect of sex in WT, NL and NL-F F(1, 53) <0.62, p > 0.43, in NL-G-F F(1, 53) = 42.7, p < 0.0001, post hoc at 18 M in NL-G-F, sex F(1, 13) = 60.9,
p < 0.0001, for cortical amyloidosis, Fig. 7G–I). ⁄: p < 0.05; ⁄⁄: p < 0.01. Colors indicate groups of comparison: Blue: NL vs WT; Red: NL-F vs WT; Green: NL-G-F vs WT.
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WT and NL mice in both the 1st and 2nd phases, although NL-G-F
mice exhibited a modest, but not significant, decrease in the num-
ber of correct responses in both the 1st and 2nd phases. App-KI
mice exhibited impaired flexibility in the place preference reversal
task. In the 1st phase, NL-G-F mice had impaired performance in
place preference reversal. In the 2nd phase, NL-G-F mice had sev-
ere deficits, and NL-F mice had modest deficits. A previous study
using the IntelliCage system showed impaired place preference
reversal learning in 10-month-old female transgenic (Tg)-ArcSwe
mice (Codita et al., 2010). Together, these results suggest that the
Beyreuther/Iberian mutations impair behavioral flexibility and that
the Arctic mutation accelerates impairments in behavioral flexibil-
ity in an age-dependent manner.

App-KI mice exhibited increased impulsivity and attention def-
icits. A previous study using a touchscreen-based 5-choice serial
reaction time task showed that 3xTg mice make fewer accurate
responses compared with controls (Romberg, Mattson, Mughal,
Bussey, & Saksida, 2011). Similarly, in the present study, NL-G-F
mice, but not NL-F mice had low accurate responses, suggesting
that the effects of the Arctic mutation on attentional control are
similar to those of the combinational factors of 3xTg.

The NL-F and NL-G-F mice exhibited enhanced compulsivity in
the delay-discounting task. A higher number of perseverative
responses, persistent responses without reward, were also
observed in 3xTg mice in the 5-choice serial reaction time task
(Romberg et al., 2011) and transgenic APP-Arc mice in a previous
IntelliCage study (Codita et al., 2010). These findings suggest that
the Beyreuther/Iberian mutations impair control of compulsivity.
Compulsivity can be affected by modulation of reversal learning
(Endo et al., 2012; Izquierdo & Jentsch, 2012). NL-F mice showed
normal or relatively better performance in the 1st phase of the
place preference reversal task, indicating that enhanced compul-
sivity is not due to a reversal learning inability. Compulsive behav-
ior is frequently observed in dementia syndromes (Mendez,
Cherrier, & Perryman, 1997), but is relatively rare in human AD.

4.2. Relation between pathology and behaviors

The NL-G-F mice begin accumulating detectable levels of Ab at
an earlier age (6 month-old) than the NL-F (12–18 month-old), and
the degree of the accumulation was also much larger. In contrast,
behavioral abnormalities in NL-F were detectable by 10 months
of age, which is relatively younger than the age suggested in a pre-
vious study (Saito et al., 2014). Interestingly, the Ab deposition
level in NL-F at any age was much milder than that in NL-G-F,
but enhanced compulsivity was profound in NL-F at 12 months
of age. One hypothesis is that even relatively moderate Ab accumu-
lation is sufficient to induce behavioral abnormalities, and some
other unknown factor(s) in the early stage of Ab accumulation
may also independently affect the regulation of compulsivity. For
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example, a prospective longitudinal study analyzing large cohorts
with autosomal dominant AD suggests that various biological
changes such as increased Ab42 in cerebral spinal fluid, brain atro-
phy, and decreased glucose metabolism are detectable 25–15 years
before the expected onset of AD symptoms, which is based on the
age of symptom onset in a parent (Bateman et al., 2012). Impaired
episodic memory and cognitive impairment can be detected
10 years and 5 years before the onset, respectively (Bateman
et al., 2012). Biological cascade at presimptomatic period may be
important for the early disturbance in memory and cognitive
functions.

Reversal learning and attention deficits were affected later than
compulsivity in the NL-F and NL-G-F mice, which likely reflects dif-
ferences in the brain regions responsible for these behaviors. The
sensitivity and vulnerability against Ab also probably differ by
brain region. For example, a specific peptidase, neprilysin, degrades
amyloid deposits (Iwata et al., 2001) and neprilysin is strongly
expressed in subcortical regions. Reversal learning and attention
control are rooted in various overlapping brain regions, including
the cortico-striato circuit (Clarke et al., 2005; Figee, Wielaard,
Mazeheri, & Denys, 2013; Squire, Noudoost, Schafer, & Moore,
2013) and some other mutually exclusive regions. Differences in
sensitivity to Ab in each brain region may lead to different time-
course of abnormalities in each behavioral aspect.

4.3. Minor sex-dependent effect on cognitive behavior in App-KI mice

Previous studies using transgenic models indicate that female
AD model mice are more vulnerable to AD than males (King
et al., 1999). The present study did not replicate these sex differ-
ences in behavioral aspects even though we confirmed the exacer-
bated pathological features in aged females of NL-G-F mice. We
performed a 3-way ANOVA to detect a sex effect as well as a geno-
type � sex interaction, whereas a previous study compared the
genotype effect in males and females separately, but did not
directly assess the genotype � sex interaction. In addition, we used
humanized App-KI mice, which exhibit mutations only in the APP
sequence and do not exhibit presenilin or tau mutations. Taken
together, our results suggest that the effect of pathologic Ab accu-
mulations on behavior has low sensitivity to sex-dependent fac-
tors, which may be due to the lack of presenilin and/or tau
mutations.

Sex-specific inflammatory responses have been reported. In
triple-transgenic 3xTg AD mice, Tg males show more evident
age-dependent impairments in neuroimmunoendocrine responses
than females (Giménez-Llort, Arranz, Maté, & De la Fuente, 2008).
This is consistent with a report that the level of amyloid deposition
is greater in female APP Tg mice compared with same-age male
APP Tg mice (Wang, Tanila, Puollväli, Kadish, & Groen, 2003). Our
histopathologic study also found the increased amyloidosis and
inflammatory responses in 18 month-old female NL-G-F mice than
male mice. This indicates that single knock-in of pathological App
is sufficient to induce sex-dependent pathology.

Together, our findings support the feasibility of using App-KI
mice as AD models. These three App-KI mice with different pheno-
types in Ab deposition, neuroinflammation, and behavioral deficits
are useful for analyzing the environmental and genetic factors
involved in the pathogenesis of AD and potential therapeutic
strategies.
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