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Abstract: Spontaneously hyperlipidaemic (Apoe®™) mice
were discovered in 1999 as mice lacking apolipoprotein E
(ApoE) owing to a mutation in the Apoe gene. However,
age-related behavioural changes in commercially available
Apoe’™ mice have not yet been clarified. The behavioural
abnormalities of ApoE-deficient mice, which are geneti-
cally modified mice artificially deficient in ApoE, have
been investigated in detail, and it has been reported that
they can serve as a model of Alzheimer’s disease (AD). To
understand whether Apoe™ mice can also serve as a
murine model of AD, it is necessary to investigate age-
related behavioural abnormalities in Apoe™" mice. In this study,
we conducted a series of behavioural experiments on 7- and
T1-month-old Apoe™ mice to investigate the behavioural
abnormalities associated with ageing in Apoe®™ mice. In this
study, 7-month-old Apoe™" mice showed decreased body weight
and grip strength compared to age-matched wild-type mice. In
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the open field test, 7-month-old Apoe®™ mice showed increased
anxiety-like behaviour compared to wild-type mice, whereas
11-month-old Apoe*™ mice showed decreased anxiety-like beha-
viour. Moreover, Apoe™" mice aged 7 and 11 months had
increased serum cholesterol levels. These results indicate that
the behaviour of Apoe™ mice changes with age. However,
11-month-old Apoe®™ mice did not show a decline in cognitive
function or memory ability similar to murine models of AD.
Our findings indicate that Apoe*™ mice can be used to investi-
gate the function of ApoE in the central nervous system.

Keywords: age, apolipoprotein, behavioural test, central
nervous system, mouse

Abbreviations

AD Alzheimer’s disease

ANOVA analysis of variance

Apo apolipoprotein

CNS central nervous system

KO knockout

SHL spontaneously hyperlipidaemic

1 Introduction

Apolipoprotein E (ApoE) is a major apolipoprotein involved
in the lipid metabolism of the central nervous system (CNS)
[1]. In humans, three major polymorphic allelic variants
of the APOE gene have been identified, and the resulting
ApoE isoforms (ApoE2, ApoE3, and ApoE4) differ by a
single amino acid. Consistent with the important role of
ApoE in brain homeostasis and injury repair, APOE poly-
morphisms have been reported to be associated with Alz-
heimer’s disease (AD) and age-related cognitive decline
[2-4]. ApoE isoforms have specific functions in regulating
amyloid B aggregation and clearance in the brain and
modulating several other pathologies implicated in AD,
including diabetes mellitus [5].
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The functions of ApoE and its isoforms extend beyond
lipid metabolism and include maintaining normal brain
function [6] as ApoE is expressed in both central and per-
ipheral nervous systems [7]. ApoE is a major carrier of
cholesterol required for neuronal activity and damage
repair in the brain; therefore, it has been implicated in
removing debris from damaged cells and stimulating neu-
ronal regeneration [8]. ApoE knockout (KO) mice are widely
used as an AD model. ApoE-deficient mice exhibit fewer
huddled contacts during sleep, reduced motor activity in
novel environments, and learning and memory impair-
ments [9]. In mice, ApoE deficiency causes learning deficits
in behavioural tasks related to hippocampal function [10,11].
These behavioural abnormalities are consistent with cogni-
tive impairment and memory loss, which are the earliest
clinical symptoms of neurodegenerative diseases including
AD. Therefore, ApoE-deficient mice are considered one of
the mouse models of AD [12].

Matsushima et al. discovered spontaneously hyperlipi-
daemic (SHL) mice during the process of generating inbred
strains from wild-type mice [13]. Spontaneous hyperlipi-
daemia in SHL mice, a natural mutant, is caused by ApoE
deficiency due to mutations in the Apoe gene [14]. The
Apoe*™ gene, which is responsible for hyperlipidaemia in
this strain, was introduced into the genetic background of
the atherosclerosis-susceptible C57BL/6 strain to generate
B6.KOR/StmSlc-Apoe™ (B6.SHL) mice [14] which are com-
mercially available. Although ApoE KO mice are the leading
mouse model of AD, they are expensive to purchase from
Jackson Laboratory in the United States, and it requires time
to obtain them. Furthermore, experiments using ApoE-KO
mice require laborious procedures in accordance with the
Act on the Regulation of Genetically Modified Organisms. In
contrast, SHL mice purchased from Japan SLC are naturally
occurring ApoE-mutant animals; therefore, these regula-
tions do not apply. Considering the above points, Apoe*™
mice represent a more natural model that probably better
reflects pathological changes over time [14]. Thus, Apoe*™
mice, which spontaneously develop symptoms, are expected
to be more useful models for hyperlipidaemia, athero-
sclerosis, and AD than ApoE-deficient mice. In a previous
study, we reported that 10-week-old Apoe®™ mice show
decreased motor learning and increased anxiety-like beha-
viour toward height [15]. However, age-related changes in
behavioural and CNS abnormalities in Apoe*™ mice have not
yet been investigated.

Ageing is associated with various behavioural changes
that are mediated by alterations in brain networks [16,17]. It is a
complex process that causes considerable structural and func-
tional changes in the brain, leading to an increased incidence
of neuropsychiatric and neurodegenerative disorders [18].
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Numerous studies have investigated the effects of ageing on
brain physiology and behaviour [19,20] and have demon-
strated age-related impairments in cognitive function [21].
However, it remains unclear whether Apoe*™ mice develop
age-related behavioural abnormalities.

The present study in Apoe®™ mice was conducted to
investigate the effects of age on their behaviour from
young adulthood to midlife and to identify age-related
behavioural changes in their early life. We used a beha-
vioural test battery to obtain behavioural data from Apoe*™
mice at 7 and 11 months of age. This study helps to under-
stand the effects of ApoE on age-related behaviour and the
CNS. Furthermore, this study will help identify new applica-
tions of the Apoe*™ mouse model.

2 Methods

2.1 Animals

Two-month-old C57BL/6.KOR-ApoE*" and wild-type C57BL/
6N mice were purchased from Japan SLC (Shizuoka, Japan).
Each strain was randomly divided into two groups, a 7- and
an 11-month-old group (n = 10). These mice were kept in
cages (five animals per cage) with food and water ad
libitum under a 12h light/dark cycle at 23-26°C until they
were 7 or 11 months old. Since murine behaviour is par-
tially sex-dependent and this study did not seek to compare
sex differences, only male mice were included.

2.2 Behavioural tests

All behavioural tests were conducted between 09:00 and
16:00 in behavioural testing rooms. After each test, the
equipment was cleaned with 70% ethanol and super-hypo-
chlorous water to prevent artefacts caused by lingering
olfactory cues. Behavioural tests were performed on naive
mice in the order described below. Each animal was used in
more than one behavioural test.

2.3 Wire hang test

For the wire hang test, a wire hang test device (O’Hara &
Co., Tokyo, Japan) was used. Each mouse was placed on top
of the wire mesh which was turned over and gently shaken
to encourage the mouse to grab the wire. Subsequently, the
time until falling was recorded.
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2.4 Grip strength test

Neuromuscular strength was examined using the grip
strength test. Forelimb muscle strength was measured
using a grip dynamometer. Each mouse was lifted by its
tail so that its front paws could grip the wire grid of the
dynamometer. Subsequently, the mouse was slowly pulled
back until it released the grid. The peak force exerted by
the forelimbs was recorded in Newton (cN).

2.5 Hot plate test

The hot plate test was used to assess nociception. Mice
were placed on a plate heated to 55.0 + 0.3°C, and the
latency to the first paw response was recorded. Valid
responses included shaking or licking the paw. A latency
period of 30 s was defined as complete analgesia and was
used as the cut-off time to prevent tissue damage.

2.6 Cotton bud biting test

Aggressive behaviour was tested using the cotton swab bite
test. The mouse was placed in the experimenter’s hand, and
a sterile cotton swab was applied near its face. Biting of the
swab was considered aggressive. Each mouse was tested ten
times. The total number of biting attacks was recorded for
analysis.

2.7 Rotarod test

Motor alignment and balance were assessed using the
rotarod test. In this test using an accelerating rotarod
(RTR-M5, Melquest, Toyama, Japan), a mouse is placed on
top of a rotating drum (3.9 cm in diameter), and the time
the mouse is able to maintain balance on the rod is mea-
sured. The rotarod speed was increased from 4 to 40 rpm
over 5min. The trial interval for this test was 20 min. All
mice were tested without prior training.

2.8 Elevated plus-maze test

Anxiety-like behaviour was investigated using the elevated
plus-maze test. The maze device consisted of two opposing
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open arms (8 x 25cm) with transparent walls and two
opposing closed arms of the same size made of white
plastic, all at a height of 40 cm above the ground. Each
mouse was placed in the central square of the maze facing
a closed arm and was allowed to move freely between the
four arms for 6 min. The mice were video recorded. We
used video tracking software (ANY-MAZE, Stoelting Co.,
Wood Dale, IL, USA) to analyse the number of arm entries,
distance travelled (m), and time spent in the open arms.

2.9 Light/dark transition test

A light/dark transition test was used to examine anxiety-
like behaviour. The device consisted of an acrylic cage (22 x
44 x 40 cm) divided into two equally sized sections by a
partition with a door. One chamber had a white acrylic
wall and was brightly lit (200 1x) with light placed above
the ceiling of the chamber. The other chamber had black
acrylic walls and was dark (501x). Both chambers con-
tained white plastic floors. The mice were placed in the
dark chamber and allowed to move freely between the
two chambers for 6 min with the door open. ANY-MAZE
software was used to analyse the distance travelled (m),
total number of transitions, and time spent in the lit
chamber(s).

2.10 Open field test

Open field tests were used to examine exploratory, anxiety-
like, and general motor activity. Each mouse was placed in
the centre of the apparatus, which consisted of a square
area (45 x 45 x 40 cm) surrounded by walls. The distance
travelled (m), number of entries into the central area, and
time spent in the central area (s) were recorded. The cen-
tral region was defined as the central 20 x 20 cm section.
The test chamber was illuminated at 100 1x. Data were
collected over 30 min. Data analysis was performed using
the ANY-MAZE software.

2.11 Y-maze test

Spatial working memory was measured using a Y-maze
apparatus (arm length, 40 cm; bottom arm width, 3 cm;
upper arm width, 10 cm; wall height, 12 cm). Each mouse
was placed in the centre of the Y-maze for 6 min. Visual
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cues were placed around the maze in the testing chamber
and remained there throughout the test period. The mice
were tested without any previous exposure or habituation
to the maze. The total distance travelled (m), number of
entries, and number of turnovers were recorded and ana-
lysed using ANY-MAZE software.

2.12 Passive avoidance test

A two-compartment, step-through, passive avoidance device
(MPB-MO020; Melquest) was used. The apparatus was divided
into a light compartment (9.0 x 18.0 x 14.5cm) and a dark
compartment (18.0 x 18.0 x 14.5 cm) by a wall with a guillo-
tine door. The bright compartment was illuminated with
fluorescent light (200 1x). The mice were placed in the bright
compartment and allowed to explore it for 20 s. Subsequently,
the guillotine door was raised to allow the mouse to enter the
dark room and closed once inside. Subsequently, an electric
shock (0.5mA) was applied to their feet for 3s. The test ses-
sion was conducted 24h after the training session. The
latency to enter the dark room was recorded for up to 180 s.

2.13 Tail suspension test

Depression-like behaviour was assessed using the tail sus-
pension test. Each mouse was suspended by its tail 60 cm
above the floor in a white plastic chamber using adhesive
tape placed less than 1 cm from the tail end. The resulting
behaviour was recorded for 6 min. A video camera was
used to capture images and measure the immobility time.
The “immobility period” was defined as the interval in
which the animal stopped struggling for more than 1s.
Data acquisition and analysis were performed using the
ANY-MAZE software.

2.14 Porsolt forced swim test

Depression-like behaviour was assessed using the Porsolt
forced swim test. The device consisted of four Plexiglass
cylinders (20 cm height x 10 cm diameter). The cylinder
was filled with water (23°C) to a depth of 7.5cm. The
mice were placed inside the cylinder for 6 min, and their
behaviour was recorded. Similar to the tail suspension
test, the immobility time was assessed using ANY-MAZE
software.
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2.15 Serum cholesterol analysis

At the end of the behavioural experiments, blood samples
were collected by puncturing the left ventricle immedi-
ately before euthanasia. The blood samples were allowed
to clot. The serum was immediately separated by centrifu-
gation at 1,700 x g for 10 min and stored at —-80°C. Serum
total cholesterol levels were measured using a LabAssay™
Cholesterol (LABCHO-M1; FUJIFILM Wako Shibayagi,
Gunma, Japan).

2.16 Statistical analyses

Statistical analyses were conducted using the SPSS soft-
ware (IBM Corp., Tokyo, Japan). Normal distribution was
determined using the Shapiro—Wilk normality test for all
samples before any group analysis. For normally distributed
paired samples, a paired t-test was used. For non-normally
distributed paired samples, we used the Mann—-Whitney U
test. One-way analysis of variance (ANOVA) followed by
Tukey’s test was used to compare two experimental groups
in which unpaired samples were normally distributed. We
used the Kruskal-Wallis test to compare two experimental
groups, in which unpaired samples were not normally dis-
tributed. The data are presented as box plots. Statistical sig-
nificance was defined as *p < 0.05 and “p < 0.05.

Ethical approval: The research related to animals’ use has
been complied with all the relevant national regulations
and institutional policies for the care and use of animals. All
animal experiments were performed following the ARRIVE
guidelines (https://www.nc3rs.org.uk/arrive-guidelines) and
the U.S. National Institutes of Health (NIH) Guide for the Care
and Use of Laboratory Animals (NIH Publication No. 80-23,
revised in 1996) and were approved by the Committee for
Animal Experiments at Kawasaki Medical School Advanced
Research Centre. All efforts were made to minimise the number
of animals used and their suffering. The required sample size
was calculated using power analysis.

3 Results

3.1 Body weight and grip strength are
decreased in 7-month-old Apoe®" mice

Both 7- and 11-month-old Apoe®™ mice appeared healthy,
with no obvious differences in physical characteristics
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compared with wild-type mice. The body weight of 7-
month-old Apoe™™ mice was significantly lower than that
of wild-type mice (Figure 1a, one-way ANOVA: 7-month-old,
Fi18 =19.707, p < 0.001*). The body weight of 11-month-old
Apoe®™ mice was not significantly different from that of
wild-type mice (Figure la, one-way ANOVA: 7-month-old,
Fi15 = 1.857, p = 0.194). The time in the wire hang test was
not significantly different between Apoe*™ and wild-type
mice at both 7 and 11 months of age (Figure 1b, one-way
ANOVA: 7-month-old, F; g = 1.555, p = 0.228; 11-month-old,
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Fi15 = 0.349, p = 0.564). Grip strength was in 7-month-old
Apoe*™ mice significantly lower than in age-matched wild-
type mice (Figure 1c, one-way ANOVA: 7-month-old, F; ;5 =
7.521, p = 0.013; 11-month-old, F;;5 = 0.152, p = 0.702). At 7
and 11 months of age, the pain threshold measured using
the hot plate test was not significantly different between
the Apoe™ and wild-type groups (Figure 1d, one-way
ANOVA: 7-month-old, F; 35 = 1.194, p = 0.289; 11-month-old,
Fj15 = 2.544, p = 0.133). Likewise, there was no significant
group difference in the number of bite attacks in the cotton
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Figure 1: Physical characteristics of 7- and 11-month-old ApoeShI mice. (a) Body weight. (b) Latency to fall in the wire hang test. (c) Grip strength. (d)
Hot plate test. () Number of times biting on the cotton bud. (f) Latency to fall in the rotarod test. Data are presented as box plots (a-e) or mean +
standard error (f). Statistical significance is indicated by asterisks: *p < 0.05, *p < 0.1. The p-values were calculated using one-way ANOVA (a-e) or two-
way repeated-measures ANOVA (f). (a—f) 7-month-old wild-type (WT): n = 10, 11-month-old wild-type (WT): n = 10, 7-month-old Apoe*™: n = 10, 11-month-

old Apoes™: n = 10.
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bud biting test (Figure le, one-way ANOVA: 7-month-old,
F;15 = 0.639, p = 0.434; 11-month-old, F; 13 = 1.653, p = 0.219).
As shown in Figure 1f, 7-month-old Apoe*™ mice showed a
trend toward a decreased latency to fall in the rotarod test
(Figure 1f, two-way repeated-measures ANOVA: 7-month-
old, group x time: F, 99 = 3.921, p = 0.051%). At 11 months of
age, the latency to fall in the rotarod test was not signifi-
cantly different between the groups (Figure 1f, two-way
repeated-measures ANOVA: 11-month-old, group x time:
Fi00 = 0.222, p = 0.639).

3.2 In the elevated plus-maze test, 7- and
11-month-old Apoe*"' mice do not show
anxiety-like behaviour

Anxiety-like behaviour was assessed using the elevated
plus-maze test. There were no differences between groups
in total distance travelled (Figure 2a, one-way ANOVA: 7-
month-old, F; 15 = 0.891, p = 0.358; 11-month-old, F; 15 = 3.363,
p = 0.088"), total number of open arm entries (Figure 2b,
one-way ANOVA: 7-month-old, F;j3 = 1.455, p = 0.243; 11-
month-old, F;,5 = 0.714, p = 0.412), and time spent in open
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arms (Figure 2c, one-way ANOVA: 7-month-old, F;i3 =
0.070, p = 0.794; 11-month-old, F; 45 = 0.556, p = 0.468).

3.3 In the light/dark transition test,
7-month-old Apoe*"' mice show a

reduced distance travelled
In the light/dark transition test, 7-month-old Apo®™ mice
travelled a decreased distance in the dark area (Figure 3a,
two-way ANOVA: 7-month-old, group x area: F 35 =4.984, p =
0.032*; dark area, p = 0.026*; light area, p = 0.410). In con-
trast, the distance travelled in the light and dark areas was
not significantly different between the 11-month-old groups
(Figure 3a, two-way ANOVA: 11-month-old, group x area:
Fi36 = 4.880, p = 0.036%; dark area, p = 0.189; light area,
p = 0.086%). Moreover, no significant differences were
observed between groups at 7 months of age regarding
the number of transitions between light and dark com-
partments (Figure 3b, one-way ANOVA: 7-month-old, F; ;g =
1174, p = 0.293), time spent in the light and dark areas
(Figure 3c, two-way ANOVA: 7-month-old, group x area:
Fy36 = 0.000, p = 1.0; dark area, p = 0.477; light area, p = 0477),

elevated plus maze test
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Figure 2: Elevated plus-maze test performance of 7- and 11-month-old Apoe*" mice. Elevated plus-maze test: total distance travelled (a), number of
total entries into open arms (b), and time spent in the open arms (c). Data are presented as box plots (a-c). Statistical significance is indicated by
asterisks: *p < 0.05, *p < 0.1. The p-values were calculated using one-way ANOVA (a—c). (a-c) 7-month-old wild-type (WT): n = 10, 11-month-old wild-type

(WT): n =10, 7-month-old Apoe*™: n = 10, 11-month-old Apoe*™: n = 10.
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Figure 3: Light/dark transition test performance of 7- and 11-month-old Apoe*™ mice. Light/dark transition test: distance travelled in the dark and light

areas (a), number of light/dark transitions (b), time spent in the dark and

light areas (c), and latency to first transition to the light area (d). Data are

presented as box plots (a-d). Statistical significance is indicated by asterisks: *p < 0.05, *p < 0.1. The p-values were calculated using two-way ANOVA

(a, ) or one-way ANOVA (b, d). (a-d) 7-month-old wild-type (WT), n =10; 11
Apoes™, n =10.

and latency to first transition to the light area (Figure 3d, one-
way ANOVA: 7-month-old, Fy3g = 0172, p = 0.683). Likewise, no
significant differences were found between groups at 11 months
of age (Figure 3b, one-way ANOVA: 11-month-old, F; 5 =1479, p =
0.244; Figure 3c, two-way ANOVA: 11-month-old, group x area:
Fi35 = 0.000, p = 1.0; dark area, p = 0.189; light area, p = 0.189;
Figure 3d, one-way ANOVA: 11-month-old, F ;5 = 0.016, p = 0.902).

3.4 In the open field test, 7-month-old
Apoe*"' mice show a reduced distance
travelled, whereas 11-month-old Apoe*"
mice show an increased distance
travelled

In the open field test, the total distance travelled by
7-month-old Apoe’™ mice was significantly lower than
that travelled by wild-type mice (Figure 4a, one-way

-month-old wild-type (WT), n = 10; 7-month-old Apoe*", n = 10; 11-month-old

ANOVA: 7-month-old, F; 13 =10.455, p = 0.005%). The distance
travelled in each 5min period was also lower in 7-month-
old Apoe®™ mice than in wild-type mice (Figure 4b, two-
way repeated-measures ANOVA: 7-month-old, group x
time: Fyq0 = 36.464, p < 0.001*). In contrast, the total dis-
tance travelled by 11-month-old Apoe*™ mice was signifi-
cantly greater than that travelled by wild-type mice (Figure
4a, one-way ANOVA: 11-month-old, F;;5 = 9.608, p = 0.008%),
which was also observed in each 5 min period (Figure 4b, two-
way repeated-measures ANOVA: 11-month-old, group x time:
Fy00 = 39.725, p < 0.001*). Compared to age-matched wild-type
mice, 7-month-old Apoe™ mice had a significantly lower
number of central area entries in total (Figure 4c, one-way
ANOVA: 7-month-old, Fy;3 = 4.815, p = 0.042*) and in each
5min period (Figure 4d, two-way repeated-measures
ANOVA: 7-month-old, group x time: Fy99 = 18.359, p <
0.001*). In contrast, the total number of entries into the
central area in 11-month-old Apoe®™ mice was significantly
higher than that in wild-type mice (Figure 4c, one-way
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Figure 4: Open field test performance of 7- and 11-month-old Apoe*" mice. Open field test: total distance travelled (a), number of total entries into the
central area (c), total time spent in the central area (e), distance travelled every 5 min (b), number of entries into the central area every 5 min (d), and
time spent in the central area every 5 min (f). Data are presented as box plots (a, ¢, ) or mean = standard error (b, d, f). Statistical significance is
indicated by asterisks: *p < 0.05, “p < 0.1. The p-values were calculated using one-way ANOVA (a, ¢, e) or two-way repeated-measures ANOVA (b, d, f).
(a-f) 7-month-old wild-type (WT), n = 10; 11-month-old wild-type (WT), n = 10; 7-month-old Apoe*™, n = 10; 11-month-old Apoe*™, n = 10.

ANOVA: 11-month-old, F; ;3 = 4.896, p = 0.044*), and this was
also observed in each 5min period (Figure 4d, two-way
repeated-measures ANOVA: 11-month-old, group x time:
Fy 90 = 11467, p = 0.001%). The total time spent in the central
area did not significantly differ between 7-month-
old Apoe™ mice and wild-type mice (Figure 4e, one-way
ANOVA: 7-month-old, F; 15 = 0.293, p = 0.595). The time spent

in the central area during each 5 min period was also not
significantly different in this age group (Figure 4f, two-way
repeated-measures ANOVA: 7-month-old, group x time:
Fy90 = 0.735, p = 0.393). The total time spent in the central
area by 11-month-old Apoe™™ mice was not significantly dif-
ferent from that of wild-type mice (Figure 4e, one-way
ANOVA: 11-month-old, F;3 = 4.011, p = 0.065"). However,
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the time spent in the central area in each 5 min period was
higher in 11-month-old Apoe*™ mice than in wild-type mice
(Figure 4f, two-way repeated-measures ANOVA: 11-month-
old, group x time: Fy g9 = 7.347, p = 0.008%).

3.5 The number of arm entries in the Y-maze
test is decreased in 7-month-old
Apoe*™ mice

In the Y-maze test, no significant difference in the total
distance travelled was found between Apoe™ and wild-
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type groups at both 7 and 11 months of age (Figure 5a,
one-way ANOVA: 7-month-old, Fy;5 = 1.854, p = 0.190;
11-month-old, Fy;5 = 0.548, p = 0.471). In 7-month-old
Apoe™ mice, the number of arm entries was significantly
reduced compared to that in wild-type mice (Figure 5b,
one-way ANOVA: 7-month-old, F,;g = 18438, p < 0.001*). This
parameter was not significantly different between 11-month-
old Apoe™ and wild-type mice (Figure 5b, one-way ANOVA:
11-month-old, F; ;5 = 3.256, p = 0.093"). Moreover, no significant
difference in the percentage of alternations between groups
was found at either age (Figure 5c, one-way ANOVA: 7-month-
old, Fy35 = 0.1, p = 1.0; 1-month-old, F; 35 = 3.934, p = 0.067").
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Figure 5: Y-maze test and passive avoidance test performance of 7- and 11-month-old Apoe*" mice. Y-maze test: total distance travelled (a), total

number of arm entries (b), and percentage of alternations (c). Passive avoidance test: the escape latencies during the training session and retention
test (d). Data are presented as box plots (a-d). Statistical significance is indicated by asterisks: *p < 0.05, *p < 0.1. The p-values were calculated using
one-way ANOVA (a-c) or two-way ANOVA (d). (a-d) 7-month-old wild-type (WT): n = 10, 11-month-old wild-type (WT): n =10, 7-month-old ApoeSh': n=10,

11-month-old Apoe>™: n = 10.
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3.6 Normal learning and memory in 7- and
11-month-old Apoe*" mice in the passive
avoidance test

In the step-through passive avoidance test, the 7-month-old
groups showed no significant differences in latency to
enter the dark room throughout the conditioning session
(Figure 5d, two-way ANOVA: 7-month-old, group x time:
F35 = 1651, p = 0.207; training, p = 0.072%; trial, p =
0.970). After 24h, the step-through latencies during the
retention trials were also not significantly different between
the 7-month-old groups (Figure 5d, two-way ANOVA:
7-month-old, group x time: F; 3¢ = 0.668, p = 0.421; training,
p = 0.110; trial, p = 0.625). Likewise, no significant differences
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between the groups at 11 months of age were found in
this test.

3.7 7- and 11-month-old Apoe*" mice in the
tail suspension test and Porsolt forced
swim test

In the tail suspension test, the total immobility time or
percentage of time spent immobile per minute did not sig-
nificantly differ between 7-month-old Apoe*™ mice and
wild-type mice (Figure 6a, one-way ANOVA: 7-month-old,
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Figure 6: Tail suspension test and Porsolt forced swim test performance of 7- and 11-month-old Apoe*™ mice. Tail suspension test: the proportion of
total time spent immobile (a) and the proportion of time spent immobile in each 1 min period (b). Porsolt forced swim test: the proportion of total time
spent immobile (c) and the proportion of time spent immobile in each 1 min period (d). Data are presented as box plots (a, ) or mean + standard error

(b, d). Statistical significance is indicated by asterisks: *p < 0.05, *p < 0.1

. The p-values were calculated using one-way ANOVA (a, c) or two-way

repeated-measures ANOVA (b, d). (a-d) 7-month-old wild-type (WT): n =10, 11-month-old wild-type (WT): n = 10, 7-month-old Apoes"': n =10, 11-month-

old Apoe*™: n = 10.
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Fi15 = 0.354, p = 0.560; Figure 6b, two-way repeated-mea-
sures ANOVA: 7-month-old, group x time: Fs5 305 = 0.699, p =
0.405). Likewise, these parameters did not significantly
differ between 11-month-old Apoe™™ mice and wild-type
mice (Figure 6a, one-way ANOVA: 11-month-old, F;g3 =
0.146, p = 0.708; Figure 6b, two-way repeated-measures
ANOVA: 11-month-old, group x time: Fsjo3 = 0.227, p =
0.635). In the Porsolt forced swim test, neither the total
immobility time nor the percentage of immobility time
for each 1min differed significantly between 7-month-old
Apoe*™ mice and wild-type mice (Figure 6c, one-way ANOVA:
7-month-old, Fy;3 = 2583, p = 0.125; Figure 6d, two-way
repeated-measures ANOVA: 7-month-old, group x time:
Fs108 = 3.633, p = 0.059"). Although the total immobility time
per minute did also not significantly differ between 11-month-
old Apoe™ mice and wild-type mice (Figure 6c, one-way
ANOVA: 11-month-old, F;;5 = 1.829, p = 0.198), the percentage
of time spent immobile was significantly reduced in 11-month-
old Apoe™ mice compared to wild-type mice (Figure 6d, two-
way repeated-measures ANOVA: 11-month-old, group x time:
Fs105 = 4.832, p = 0.031*).

3.8 7- and 11-month-old Apoe*" mice show
an increased serum total cholesterol
levels

We also investigated the serum total cholesterol levels in
7- and 11-month-old Apoe*™ mice (Figure 7). Compared to
age-matched wild-type mice, 7-month-old Apoe™ mice had
significantly higher serum levels of total cholesterol
(Figure 7, one-way ANOVA: 7-month-old, F; 5 = 18.454, p =
0.001%). Likewise, serum total cholesterol levels were sig-
nificantly higher in 11-month-old Apoe*™ mice than in wild-

* *
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Figure 7: Serum total cholesterol levels of 7- and 11-month-old Apoe®"
mice. Comparison of serum total cholesterol levels. Data are presented
as box plots. Statistical significance is indicated by asterisks: *p < 0.05,
p < 0.1. The p-values were calculated using one-way ANOVA. 7-month-
old wild-type (WT): n = 10, 11-month-old wild-type (WT): n = 10, 7-month-
old Apoes™: n =10, 11-month-old Apoe*™: n = 10.
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type mice (Figure 7, one-way ANOVA: 11-month-old, F; 15 =
78.958, p < 0.001%).

4 Discussion

The findings of this study demonstrate behavioural abnorm-
alities in Apoe*™ mice at 7 and 11 months of age. Compared to
wild-type mice, 7-month-old Apoe®™ mice exhibited reduced
body weight, reduced forelimb grip strength, and increased
anxiety-like behaviour in the open field test. Moreover,
11-month-old Apoe*™ mice showed reduced anxiety-like beha-
viour in the open field test compared to wild-type mice.
Apoe’™ mice at 7 and 11 months of age had also higher serum
total cholesterol levels than wild-type mice. Interestingly,
no persistent behavioural abnormalities were observed in
Apoe™ mice with aging.

In this study, 7-month-old Apoe®™ mice had signifi-
cantly lower body weights than age-matched wild-type
mice. However, there was no significant difference in
body weight between 11-month-old Apoe’™ and wild-type
mice. C57BL/6 mice gain weight with age [22]. Previous
studies have reported that Apoe™™ mice have approxi-
mately the same body weight as wild-type mice until
they are ~2 months old [23] and that the body weight of
Apoe*™ mice decreases subsequently compared to that of
wild-type mice [24]. Deficiency or abnormality of ApoE
causes hyperlipoproteinemia type III, which is charac-
terised by early atherosclerosis and cholesterol accumula-
tion in the blood. ApoE-deficient mice develop severe
hypercholesterolaemia and atherosclerotic lesions resem-
bling human lesions [25,26]. The decrease in body weight of
7-month-old Apoe™ mice in the present study was thought
to be due to abnormalities in lipid metabolism.

Compared to wild-type mice, 7-month-old Apoe®™ mice
showed reduced forelimb grip strength. A previous study
using 2-month-old Apoe™ mice also showed a tendency for
increased forelimb grip strength compared to wild-type
mice, although no significant differences were found in
the wire hang test [15]. However, this study showed no
significant difference in grip strength between 11-month-
old Apoe®™ and wild-type mice. Assessing muscle strength
is an important aspect when studying neuromuscular dis-
orders in rodent models [27]. Mice lose muscle strength
after 3 months of age [22]. The €4 allele of the APOE gene
(APOE4) is associated with decreased muscle strength [28].
The present study shows that ApoE deficiency in mice causes
muscle weakness from adulthood to middle age. Further
research is required to investigate the mechanisms by which
ApoE deficiency is associated with muscle strength.
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In the rotarod test, 7-month-old Apoe*™ mice tended to
show reduced locomotor performance compared to wild-
type mice. Similarly, a previous study using 2-month-old
Apoe™ mice reported a significant reduction in their
rotarod test scores compared to those of wild-type mice
[15]. However, the performance of 11-month-old ApoeShl
mice in the rotarod tests of the present study was almost
the same as that of wild-type mice. Motor function is
normal in 12-month-old ApoE-deficient mice [9]. However,
the €4 allele has been reported to be associated with more
rapid decline in exercise capacity in older adults [28].
The reduced exercise performance of Apoe™ mice in the
rotarod test may be due to differences in body weight. The
results of the rotarod test are influenced by several factors,
including motor coordination, learning, and cardiorespira-
tory endurance [29]. Although the mechanism underlying
the association between reduced locomotor performance
and ApoE is unknown, it has been speculated that ApoE
deficiency may damage the locomotor system in mice at a
relatively young age.

The €4 allele has been reported to be associated with
aggressive behaviour in older adults [30]. However, ApoE-
deficient mice exhibit less aggressive behaviour than wild-
type mice [31]. In the present study, 7- and 11-month-old
Apoe’™ mice showed no changes in aggressive behaviour
compared with wild-type mice. The results of this experi-
ment show that Apoe*™ mice do not exhibit aggressive
behaviour similar to ApoE-deficient mice.

Ageing is a known risk factor for degenerative changes
in various regions of the brain [32]. Anxiety- and depres-
sion-like behaviours have been shown to increase signifi-
cantly, whereas spatial learning and memory have been
shown to be impaired [19,33,34]. In the early stages, people
with AD may exhibit memory problems and depressive
behaviour [35]. ApoE-deficient mice exhibit anxiety-like
behaviour in the elevated plus-maze test compared to
wild-type mice [36]. In this study, Apoe™™ mice at 7 and
11 months of age showed no behavioural abnormalities
in the elevated plus-maze test compared with wild-type
mice. However, 7-month-old Apoe™ mice showed increased
anxiety-like behaviour in light/dark traffic and open field
tests compared to wild-type mice. In contrast, 11-month-old
Apoe™ mice showed reduced anxiety-like behaviour in the
open field test compared to wild-type mice. Ageing is a com-
plex process [37], and it has recently been argued that ageing
can occur asynchronously and nonlinearly across cells, tis-
sues, and time [38]. Anxiety is the most common symptom in
AD patients with an onset age below 65 years [39]. In mice,
several types of anxiety-like behaviour have been described,
including anxiety evoked by heights, bright light, large
objects, and wide open spaces [40]. Increased anxiety-like
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behaviour has previously been described in 2-month-old
Apoe™™ mice compared to wild-type mice [15]. Our results
showed that in Apoe*™ mice, anxiety evoked by large spaces
changed significantly from 7 to 11 months of age. Anxiety-
like behaviour increases with age in wild-type C57BL/6 mice
[41]. In addition to lipid metabolism, ApoE and its role in
maintaining normal brain function are also important [6].
Cholesterol dysfunction in the CNS may be associated with
aging and the development of certain neurodegenerative
diseases [42,43]. As observed in this study, the age-related
changes in anxiety-like behaviour in Apoe™ mice indicate
that ApoE primarily influences emotional behaviour. Our
results show that Apoe*™ mice exhibit age-related changes
in anxiety-like behaviour which differ from those of wild-
type mice.

In the Y-maze test, 7- and 11-month-old Apoe®" mice
showed no changes in cognitive function; however, the
number of arm entries changed with age. Although
11-month-old Apoe’™ mice showed a tendency toward
lower alternation rates in the Y-maze test, no significant
difference was observed. It has been reported that 12-
month-old ApoE-deficient mice exhibit decreased cognitive
function in the Y-maze test [9]. On the other hand, ApoE-
deficient mice showed better performance in spatial tasks
in some studies [44,45]. These discrepancies may be related
to mouse age, environmental factors, compensation by
other proteins, genetic background, and the protocols
and behavioural tasks employed [46,47]. It has also been
reported that 12-month-old ApoE-deficient mice exhibit
memory impairment in the passive avoidance test [9].
In the present study, 7- and 11-month-old Apoe™™ mice
showed no behavioural abnormalities compared to wild-
type mice in the passive avoidance test. Our results show
that age-related behavioural changes differ between Apoe*™
and ApoE-deficient mice. Moreover, our findings demon-
strate that the cognitive function of Apoe*™ mice changes
with age. Further research is required to understand the
details of these changes in cognitive function and memory
in Apoe™™ mice over 11 months of age.

In humans, an association between ApoE gene poly-
morphism and susceptibility to depression has been reported
[48]. Apoe™ mice at 7 and 11 months of age did not exhibit
increased depression-like behaviour in the tail suspension
test. A previous study on 2-month-old Apoe™ mice also did
not report an increase in depression-like behaviour [15].
In the forced swim test, Apoe™ mice at 11 months of age
show decreased depression-like behaviour. There have been
no prior reports of increased depression-like behaviour in
the tail suspension or forced swimming tests in ApoE-defi-
cient mice. The mechanism by which 11-month-old Apoe™
mice showed a tendency toward reduced depressive-like

shl
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behaviour in this study is unclear. This study shows that
Apoe’™ mice exhibit different age-related behavioural
changes from wild-type mice.

In this study, Apoe*™ mice at 7 and 11 months of age
showed increased serum total cholesterol levels. No change
in body weight was observed in Apoe™ at 11 months of age,
suggesting that the mice may have somehow compensated
for the increase in cholesterol. Apoe™ mice have high
plasma cholesterol levels and are therefore termed spon-
taneous hyperlipidaemia (SHL) mice [13]. However, the
age-related changes in blood cholesterol levels in Apoe®™
mice have not been clarified. The results of this study
showed that also aged Apoe®™ mice have increased serum
cholesterol levels. Plasma lipid levels are consistently ele-
vated in Apoe®™ mice [13]. This can independently cause
synaptic dysfunction and cognitive impairment [49]. The
brain is the organ with the most cholesterol, containing
approximately 25% of the total body cholesterol [50,51].
Impaired cholesterol homeostasis may promote neuroin-
flammatory responses and worsening cognitive dysfunction,
and has been associated with various psychiatric disorders,
including mood disorders [52,53]. Dysregulation of brain
cholesterol homeostasis is associated with several chronic
neurological and neurodegenerative diseases [54]. It has
been reported that a type of cholesterol accumulates in
the brain of AD model mice, leading to brain damage and
behavioural changes [55,56]. Indeed, promoting the excre-
tion of cholesterol from the brain has been shown to alle-
viate behavioural abnormalities. Further studies are needed
to investigate brain cholesterol deposition in Apoe™ mice.
Another mechanism by which the loss of ApoE may lead to
behavioural abnormalities is through its effects on the vas-
culature. Vascular dysfunction and atherosclerosis occur
early in ApoE-deficient mice, leading to decreased cerebral
blood flow and impaired autonomic control of the cerebral
vasculature [26,57]. Further studies are needed to investigate
the mechanisms underlying the abnormal behaviour in
Apoe™ mice.

ApoE-deficient female mice are more susceptible to
cognitive dysfunction than male mice [58]. Moreover, the
risk of AD is higher in women than in men [59,60]. In the
present study, we performed experiments on male Apoe™™
mice. We need to perform the same behavioural experi-
ments in female Apoe*™ mice. Compared to experiments
with male mice, experiments with female mice may
yield more significant differences. Unlike humans, mice
express only one type of ApoE [61]. Therefore, there is
still room for discussion regarding the usefulness of the
results of this Apoe*™ mouse experiment as a human dis-
ease model.
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5 Conclusions

The present study provides evidence that 7- and 11-month-
old Apoe®™ mice exhibit different behavioural abnormal-
ities. Moreover, ApoeShl mice show behavioural abnormal-
ities that varied depending on their age that differ from
those observed in wild-type mice. This study demonstrates
that Apoe®™ mice are useful not only as a model for inves-
tigating the function of ApoE in hyperlipidaemia but also as
a model for investigating the function of ApoE in the CNS. To
investigate the function of ApoE in the CNS, histological and
biochemical analysis of Apoe*™ mice is required.
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