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Abstract

Aim: Aging is thought to coincide with gradual and progressive changes in brain
function and behavior over the lifetime. Our previous meta-analytic study reported
age-related behavioral changes from young to middle age in male C57BL/6J mice.
However, the previous study had some limitations that could affect the generaliz-
ability of the findings because of the potential influence of genetic and environmen-
tal factors on behavior, in addition to a lack of information regarding the behaviors
of old-aged mice. Here, to investigate age-related behavioral changes from young to
old age in mice, we analyzed the behaviors of male C57BL/6J mice from four differ-
ent age groups (8, 47, 73, and 99 weeks of age at the beginning of the experiment)
from a colony that had been maintained in a genetically controlled condition based
on The Jackson Laboratory's Genetic Stability Program in an environmentally con-
trolled animal facility.

Methods: We used a battery of behavioral tests, including the light/dark transition,
open field, elevated plus maze, hot plate, social interaction, rotarod, three-chamber
social approach, prepulse inhibition, Porsolt forced swim, T-maze, Barnes maze, tail
suspension, and fear-conditioning tests.

Results: Some behavioral changes occurred between young and middle age, and
further changes in various behaviors were observed in old age. Decreased locomo-
tor activity and increased anxiety-like behavior were found in old-aged mice com-
pared to those in young and middle-aged mice in the light/dark transition test.
Similarly, an age-dependent decrease in locomotor activity was observed in the
open field test and the elevated plus maze test, while there was an age-dependent
increase in the time spent in the center area in the open field test and there were
no significant differences among age groups in behavioral measures of anxiety in
the elevated plus maze test. Decreases in motor performance and the auditory star-
tle response were found in middle-aged mice compared to those in young mice.
Similar behavioral changes and increased pain sensitivity, decreased social novelty
preference, reduced working and spatial memory, and impaired cued fear memory
were observed in old-aged mice compared to those in young mice. Prepulse

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2019 The Authors. Neuropsychopharmacology Reports published by John Wiley & Sons Australia, Ltd on behalf of The Japanese Society of

Neuropsychopharmacology

100 | wileyonlinelibrary.com/journal/nppr

Neuropsychopharmacology Reports. 2019;39:100-118.


https://orcid.org/0000-0003-4843-6949
https://orcid.org/0000-0003-4843-6949
https://orcid.org/0000-0003-4843-6949
https://orcid.org/0000-0003-0137-8200
https://orcid.org/0000-0003-0137-8200
https://orcid.org/0000-0003-0137-8200
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.wileyonlinelibrary.com/journal/NPPR

SHOJI ano MIYAKAWA

NEUROPSYCHOPHARMACOLOGY

C57BL/6J mice.

KEYWORDS

age

1 | INTRODUCTION

Aging is considered to be a gradual and progressive change in brain
function and behavioral performance over the lifetime. In rodents,
age-related changes in behavior have generally been demonstrated
by comparisons of young and old-aged animals. A number of studies
have reported that compared to young mice, aged mice exhibit decli-
nes in behavioral performance related to sensory, motor, and cogni-
tive functions.x ™2 Our previous meta-analytic study using extensive
behavioral data from the public “Mouse Phenotype Database”
reported that from young adulthood to middle age (age of 2-
12 months old), age-related changes occurred in various behaviors,
including locomotor activity, sensory and motor functions, anxiety-
like and depression-related behaviors, social behavior, and learning
and memory, in C57BL/6) male mice.® However, in the previous
study, the behavioral data of the different age groups were obtained
from wild-type control mice of various mutant strains with a C57BL/
6J genetic background that were derived from different vendors and
laboratories. In addition, our previous study provided no information
about the behavioral characteristics of mice that were older than
12 months or aged mice. Therefore, some potential limitations of the
previous study might affect the generalizability of the findings.
Assessment of various domains of behavior in a cohort of mice
has been performed through a battery of behavioral tests covering a
wide range of behaviors, such as behavioral tasks designed to mea-
sure locomotor activity, sensory reflexes, motor abilities, anxiety-like
behavior, social behavior, and learning and memory. This approach
has been used to characterize behavioral phenotypes of transgenic
and knockout mice, allowing us to obtain significant findings from a
cohort of mice through the interpretation of behavioral outcomes
that are evaluated with multiple tests.2**¢ Behavioral analyses have
been performed in young and old-aged C57BL/6J mice through a
battery of tests that are mainly used to assess locomotor activity,

and the test time period.
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inhibition was higher in middle-aged mice than in young and old-aged mice. Age-

related changes in depression-related behavior were dependent on the type of test

Conclusions: This study generally confirmed our previous report regarding age-
related behavioral changes from young to middle age and expanded the previous
observations by examining the behaviors of old-aged mice. Our results show age-
related changes in a wide range of behaviors in mice from young to old age. Most
behaviors showed gradual changes with advancing age, but some types of behav-
jors, such as vertical activity, prepulse inhibition, and depression-related behavior,
did not show unidirectional changes with age. These findings provide basic informa-

tion about the behavioral characteristics of young, middle-aged, and aged male

aged C57BL/6J mice, aging, behavioral test battery, genetic stability program, middle age, old

sensory and motor functions, and memory function.®*2” The major-
ity of such studies have employed a limited number of behavioral
tests to investigate the effects of age on behavior. A test battery
approach measuring a wide range of behaviors will allow us to
obtain detailed information on the behavioral characteristics of
young, middle-aged, and old-aged mice.

Genetic and environmental factors can contribute to individual
differences in behavior in mice.®®” In our previous study, as
described above, some potential confounding factors, such as breed-
ing environment and prior test experience, as well as the genetic
background of the mice, might have led to the behavioral differences
found between the young and middle-aged age groups.’® These
potential issues in our previous study warrant further investigations
of age-related behavioral changes in mice that have been maintained
under genetically and environmentally controlled conditions. The
C57BL/6J strain is an inbred strain of mice that are widely used in
biomedical research and as a background strain for genetically engi-
neered mice. There are many lines of C57BL/6J mice with genetic
differences caused by possible genetic drift.2%?! Aged C57BL/6J
mice from colonies that were managed by the Jackson Laboratory's
Genetic Stability Program to minimize genetic drift are now available
from The Jackson Laboratory and Charles River, Inc.??>% |n this
study, to investigate age-related changes in various domains of
behavior from young to old age in the inbred mice, we used four dif-
ferent age cohorts of male mice from the “C57BL/6J-Aged mice” col-
ony (8, 47, 73, and 99 weeks old at the beginning of the behavioral
analysis) that had been maintained based on the Jackson Labora-
tory's patented program at Charles River Japan, Inc. We analyzed
the behaviors of the mice using a battery of behavioral tests, includ-
ing the general health and neurological screen, light/dark transition,
open field, elevated plus maze, hot plate, social interaction, rotarod,
three-chamber social approach, acoustic startle response (ASR)/pre-
pulse inhibition (PPI), Porsolt forced swim, T-maze spontaneous
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alternation, Barnes maze, tail suspension, and contextual and cued

fear-conditioning tests.

2 | MATERIALS AND METHODS

2.1 | Animals

Male C57BL/6)J mice of different ages (7 weeks old, n = 16;
46 weeks old, n = 16; 72 weeks old, n = 16; and 98 weeks old,
n = 35) were used. The C57BL/6J strain had been maintained under
The Jackson Laboratory's patented Genetic Stability Program?22® at
Charles River Laboratories Japan, Inc. The four age groups of mice
were bred as “C57BL/6J-Aged” mice and kept continuously under
controlled conditions of lighting (12-hour light/dark cycle, lights on at
6:00 am), ambient temperature (20-25°C), and humidity (40%-70%) at
the Atsugi Breeding Center of Charles River Laboratories Japan, Inc.
The mice were group-housed in plastic cages (29.2 x 44.0 x
20.0 cm; <15 mice per cage) with food (Oriental Yeast Co., Tokyo,
Japan) and water ad libitum. The breeding and animal care were car-
ried out by trained professionals at Charles River Laboratories Japan,

4 until

Inc., according to the protocols of The Jackson Laboratory,?
arrival at our animal facility. All of the mice were then transported
to our animal facility on the same day. After arrival, mice of the
same age were housed in groups (three to four per cage) in plastic
cages (22.7 x 32.3 x 12.7 cm) with sterilized PaperClean bedding
(Japan SLC, Inc., Shizuoka, Japan) in a room with a 12-hour light/dark
cycle (lights on at 7:00 am). The room temperature was maintained
at 23 £ 2°C. The mice were given access to food (CRF-1, Oriental
Yeast Co.) and water ad libitum throughout the study. Several days
after arrival, two mice from the oldest age group died for unknown

reasons.

2.2 | Behavioral test battery

The animals were subjected to a series of behavioral tests (Table 1)
1 week after arrival. At least 30 minutes before the beginning of
each test, the mice were transferred to sound-attenuated rooms
adjacent to the housing room and acclimated to the room set up for
each test (see Refs 25,26). The mice were tested in the following
order: general health and neurological screen, light/dark transition,
open field, elevated plus maze, hot plate, social interaction, rotarod,
three-chamber social approach, ASR/PPI, Porsolt forced swim,
T-maze spontaneous alternation, Barnes maze, tail suspension, con-
textual and cued fear-conditioning tests, as previously described.?”
Behavioral testing was performed between 9:00 am and 6:00 pm.
Except for the T-maze and Barnes maze tests, each test was com-
pleted for all the mice within 1-4 days. The interval between tests
was at least 1 day. After each test, the mice were returned to their
home cages, and all apparatuses were cleaned with super hypochlor-
ous water and/or 70% ethanol to prevent bias based on olfactory
cues. The number of animals in the older age groups gradually
decreased during the test battery because some mice died for

unknown reasons (for the number of animals used in each test, see

Table 1; one old-aged mouse over 24 months old was excluded from
the analyses for the Barnes maze, tail suspension, and fear-condi-
tioning tests due to health problems (the mouse would lie down on
its side and was so inactive that it could not reach the target loca-
tion in the Barnes maze test). All experimental procedures were
approved by the Institutional Animal Care and Use Committee of

Fujita Health University.

2.3 | General health and neurological screen

Physical characteristics, including rectal temperature and body
weight, neurological reflexes (the righting reflex, whisker twitch
reflex, ear twitch reflex, and visual placing reflex, which is a fore-
paw extension when lowered toward a visible surface) and
response to key jangling were assessed. To measure neuromuscular
strength in the wire hang test, each mouse was placed on a wire
mesh that was then inverted, and the latency to falling from the
wire was recorded with a 60-seconds cutoff time. The forelimb grip
strength was measured using a grip strength meter (O'Hara & Co.,
Tokyo, Japan). In the grip strength test, the mice were held by
their tails and lifted so that their forepaws could grasp a wire grid
of the grip strength meter. The mice were gently pulled backward
by the tail until they released the grid. The peak force applied by
the forelimbs was recorded in Newtons (N). Each mouse was
tested three times, and the highest value was used for statistical
analysis.

2.4 | Light/dark transition test

The light/dark transition test, which was originally developed by
Crawley and coIIeagues,28 was conducted to assess anxiety-like
behavior, as previously described.?’ The apparatus consisted of a
plastic cage with a white floor (21 x 42 x 25 cm), which was divided
into two sections of equal size by a partition with a door (O'Hara &
Co.). One chamber with white walls was brightly illuminated (light
chamber, 390 lux), and the other chamber with black walls was dark
(dark chamber, 2 lux). The mice were placed into the dark chamber
and allowed to move freely between the chambers with the door
open for 10 minutes. The distance traveled (cm) in each chamber,
total number of transitions between chambers, latency to enter the
light chamber (s), and time spent in each chamber (s) were recorded

automatically using ImageLD software (see “Image analysis”).

2.5 | Open field test

The open field test was carried out to evaluate locomotor activity
and emotional responses.%° The apparatus was a transparent square
cage (42 x 42 x 30 cm) equipped with infrared photobeam sensors
(VersaMax; Accuscan Instruments, Columbus, OH, USA) with a white
floor. The center of the floor was illuminated at 100 lux. Each mouse
was placed in the corner of the cage. The total distance traveled
(cm), vertical activity (rearing measured by counting the number of
photobeam center area

interruptions), time spent in the
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TABLE 1 A behavioral test battery of young, middle-aged, and aged C57BL/6J mice

WILEY-—%

Age cohort
Order Test Age 1 Age 2 Age 3 Age 4 Figure
1 General health and 8-9 wk (1-2 mo), 47-48 wk (10-11 mo), 73-74 wk (16-17 mo), 99-100 wk (22 mo), Figure 1A-D
neurological screen n=16 n=16 n=16 n =33
2 Light/dark transition 9 wk (2 mo), 48 wk (11 mo), 74 wk (17 mo), 100 wk (23 mo), Figure 2E-H
test n=16 n=16 n=16 n =33
3 Open field test 9-10 wk (2 mo), 48-49 wk (11 mo), 74-75 wk (17 mo), 100-101 wk (23 mo), Figure 2A-D, S2A-H
n=16 n=16 n=16 n =33
4 Elevated plus 10 wk (2 mo), 49 wk (11 mo), 75 wk (17 mo), 101 wk (23 mo), Figure 2I-L
maze test n=16 n=16 n=16 n =32
5 Hot plate test 10 wk (2 mo), 49 wk (11 mo), 75 wk (17 mo), 101 wk (23 mo), Figure 1E
n=16 n=16 n=16 n=231
6 Social interaction test 10-11 wk (2 mo), 49-50 wk (11 mo), 75-76 wk (17 mo), 101-102 wk (23 mo), Figure 3A-E
n=8 n = 8 pairs n = 8 pairs n = 15 pairs
pairs
7 Rotarod test 11 wk (2 mo), 50 wk (11 mo), 76 wk (17 mo), 102 wk (23 mo), Figure 1F
n=16 n=16 n=16 n=231
8 Three-chamber 12 wk (2 mo), 51 wk (11 mo), 77 wk (17 mo), 103 wk (23 mo), Figure 3F-I
social n=16 n=16 n=16 n =28
approach test
9 Startle response/ 13 wk (3 mo), 52 wk (12 mo), 78 wk (18 mo), 104 wk (23-24 mo), Figure 4
prepulse inhibition n=16 n=16 n=16 n=27
test
10 Porsolt forced 13 wk (3 mo), 52 wk (12 mo), 78 wk (18 mo), 104 wk (24 mo), Figure 5A
swim test n=16 n=16 n=16 n=27
11 T-maze spontaneous  14-15 wk (3 mo), 53-54 wk (12 mo), 79-80 wk (18 mo), 105-106 wk (24 mo), Figure 6
alternation test n=16 n=16 n=16 n=24
12 Barnes maze test 16-22 wk (3-5 mo), 55-61 wk (12-14 mo), 81-87 wk (18-20 mo), 107-113 wk (24-26 mo), Figure 7A-F
n=16 n=16 n=15 n=15
13 Tail suspension 22 wk (5 mo), 61 wk (14 mo), 87 wk (20 mo), 113 wk (26 mo), Figure 5B
test n=16 n=16 n=15 n=14
14 Fear conditioning 23 wk (5 mo), 62 wk (14 mo), 88 wk (20 mo), 114 wk (26 mo), Figure 8A-1, S3
test n=16 n=16 n=15 n=13

n, number of animals.

(20 x 20 cm), and stereotypic counts (number of repeated breaks of
the same beam during stereotyped behaviors) were measured for

120 minutes using the VersaMax system.

2.6 | Elevated plus maze test

The elevated plus maze test was conducted to assess anxiety-like
behavior, as previously described.®* The elevated plus maze con-
sisted of two open arms (25 x 5 cm) with 3-mm-high ledges and
two closed arms (25 x 5 cm) with 15-cm-high transparent walls
(O'Hara & Co.). The floors of the arms and the central square
(5 x 5 cm) were made of white plastic plates and elevated to a
height of 55 cm above the floor. The arms of the same type were
arranged on opposite sides of the maze. The center of the maze was
illuminated at 100 lux. Each mouse was placed into the center of
the maze facing one of the closed arms and was recorded for
10 minutes. The distance traveled (cm), number of total entries into

the arms, percentage of entries into the open arms, and percentage

of time spent in the open arms were measured for 10 minutes using

ImageEP software (see “Image analysis”).

2.7 | Hot plate test

The hot plate test was performed to evaluate sensitivity to a painful
stimulus. The mice were placed on a hot plate maintained at
55.0 £ 0.2°C (Columbus Instruments, Columbus, OH, USA). The
latency to the first paw response (s) was recorded with a 15-seconds
cutoff time. A paw response was defined as either a foot shake or a

paw lick.

2.8 | Social interaction test in a novel environment

The social interaction test was conducted to measure social behavior
in a novel environment. Pairs of weight-matched mice of the same
age that had been housed in different cages were placed in a white
plastic box (40 x 40 x 30 cm) and allowed to explore freely for
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10 minutes. The mice were recorded by a video camera placed
above the box. Images were captured at three frames per second
and transferred to a computer. The distance traveled by each mouse
between two successive frames was automatically calculated by Ima-
geS| software (see “Image analysis”). The total number of contacts,
total duration of contacts (s), total duration of active contacts (s),
mean duration per contact (s), and total distance traveled (cm) were
recorded by the software. Active contact was measured when the
two mice contacted each other and one or both mice moved with a

velocity of at least 10 cm/s.

2.9 | Rotarod test

Mice were placed on rotating drums (3 cm diameter) of an accelerat-
ing rotarod (UGO Basile, Comerio, VA, ltaly) to evaluate motor coor-
dination and balance. The speed of the rotarod accelerated from 4
to 40 rpm over a 5-minute period. Latency to fall off the rotating
rod was recorded with a 5-minutes cutoff time for three trials per

day over 2 consecutive days.

2.10 | Three-chamber social approach test

The three-chamber social approach test was conducted to assess
sociability and social novelty preference.>?> The testing apparatus
consisted of a rectangular three-chambered box and a lid with an
video camera (O'Hara & Co.). The dividing walls of the chamber were
made of transparent plastic, with small square openings (5 x 3 cm)
allowing access to each chamber (20 x 40 x 47 cm). A small round
wire cage (9 cm in diameter, 11 cm in height, with vertical bars
0.5 cm apart) was located in the corner of the left and right cham-
bers. The test mice were first placed in the middle chamber and
allowed to explore the entire test chamber for 10 minutes. Immedi-
ately after the 10-minute period, the test mice were placed in a
clean holding cage, and a male C57BL/6J mouse (stranger 1) with no
prior contact with the test mice was enclosed in one of the wire
cages. Next, the test mice were returned to the middle chamber and
allowed to explore for 10 minutes (sociability test). After the test
session, the test mice were again placed in the holding cage, and a
second unfamiliar mouse (stranger 2) was enclosed in the wire cage
on the opposite side. The test mice were placed in the middle cham-
ber and had a choice between the first, already investigated unfamil-
jar mouse and the novel unfamiliar mouse for 10 minutes (social
novelty preference test). The time spent in each chamber and the
time spent around each cage were automatically measured from

images using ImageCSl software (see “Image analysis”).

2.11 | ASR/PPI test

A startle reflex measurement system (O'Hara & Co.) was used to mea-
sure the startle response elicited by a loud stimulus (ASR) and PPI of
the startle response, as previously described.>® The mice were placed
in a plastic cylinder that was mounted on a platform with a accelerom-
eter. The mice were left undisturbed for 10 minutes and then

subjected to test trials consisting of six trial types, that is, two types of
startle stimulus only trials and four types of PPI trials. White noise of
110 or 120 dB (40 ms) was used as the startle stimulus for all trial
types. The prepulse stimulus was presented 100 ms before the onset
of the startle stimulus, and its intensity was 74 or 78 dB (20 ms). Four
combinations of prepulse and startle stimuli were used (74-110, 78-
110, 74-120, and 78-120 dB). Six blocks of the six trial types were pre-
sented in a pseudorandom order such that each trial type was pre-
sented once within a block. The average intertrial interval was
15 seconds (range: 10-20 seconds). The startle response was recorded
for 400 ms starting with the onset of the startle stimulus. The peak
startle amplitude was used as a dependent variable. The background
noise level was 70 dB during all the test sessions. Percent PPl was cal-
culated for each mouse according to the following formula: percent
PPl = 100 x [1 — (ASR amplitude in prepulse + startle trial)/(ASR

amplitude in startle stimulus alone trial)].

2.12 | Porsolt forced swim test

The Porsolt forced swim test, which was developed by Porsolt et
al,®* was performed to assess depression-related behavior. A Plexi-
glas cylinder (20 cm height x 10 cm diameter) was placed in a test
chamber (49 cm height x 44 cm length x 32 cm  width, inside
dimensions; O'Hara & Co.). A video camera was mounted on the
ceiling of the test chamber and positioned directly above the cylin-
der. The mice were placed into the cylinder, which was filled with
water (approximately 23°C) to a height of 7.5 cm. Immobility times
were recorded over a 10-minutes test period on 2 consecutive days.
Images were captured at two frames per second through the video
camera and transferred to a computer. For each pair of successive
frames, the area (pixels) within which the mouse moved was mea-
sured. When the area was below a certain threshold, the mouse
behavior was judged as “immobile.” When the area equaled or
exceeded the threshold, the mouse was considered “moving.” The
optimal threshold for this judgment was determined by adjusting it
to the amount of immobility measured by a trained human observer.
Immobility lasting for <2 seconds was not included in the analysis.
Data acquisition and analysis were performed automatically using

ImagePS software (see “Image analysis”).

2.13 | T-maze spontaneous alternation test

The spontaneous alternation task was conducted to assess spatial
working memory using a modified automatic T-maze apparatus
(O'Hara & Co.), as previously described.?>®> The apparatus was con-
structed of white plastic runways with 25-cm-high walls. It was parti-
tioned into 6 areas: the stem of the T, a straight runway, the left and
right arms, and the connecting passageways from the arms to the stem
of the T. The mice were subjected to a session consisting of 10 trials
per day for 3 days (cutoff time, 50 minutes). Each trial consisted of a
forced choice followed by a free choice (intertrial interval, 60 sec-
onds). In the forced-choice trial, the mice were forced to enter either
the left or right arm of the T-maze and were held in the arm for
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10 seconds. After the 10-second period, the doors of the connecting
passageway from the arm to the stem of the T were opened, and the
mouse could return to the starting compartment. Three seconds after
the mice entered the starting compartment, a free-choice trial started.
The mice were allowed to choose one of the arms. The percentage of
correct responses in which the mice entered the arm opposite to their
choice in the forced-choice trial during the free-choice trial was calcu-
lated. Data acquisition and analysis were performed automatically

using ImageTM software (see “Image analysis”).

2.14 | Barnes maze test

The Barnes maze test, which was developed by Barnes,*® was con-
ducted on a white circular surface (1.0 m in diameter, with 12 holes
equally spaced around the perimeter; O'Hara & Co.). The circular
open field was elevated 75 cm from the floor. The apparatus was
illuminated by fluorescent lights mounted on the ceiling of the
sound-attenuating room. The illumination level was 850 lux in the
center of the field. A variety of fixed extra-maze clues surrounded
the apparatus. A black Plexiglas escape box (17 x 13 x 7 cm) was
located under one of the holes, the target hole, analogous to the
hidden platform in the Morris water maze task. The location of the
target hole was consistent for a given mouse but randomized across
mice. In a training session, the mice were placed in the center of the
field and allowed to explore the field freely. After entering the target
hole, the mice were left undisturbed in the escape box for 30 sec-
onds. If the mice did not enter the target hole within 300 seconds,
they were gently picked up and guided to the target hole by the
experimenter and were allowed to enter the target hole and remain
there for 30 seconds. The training session was conducted with one
trial per day for 18 consecutive days. The maze was rotated daily,
with the spatial location of the target unchanged with respect to the
distal visual room cues, to prevent a bias based on olfactory or prox-
imal cues within the maze. The number of errors before first reach-
ing the target hole, latency to reach the target hole (s), and distance
traveled to reach the target hole (cm) were automatically recorded
by ImageBM software (see “Image analysis”). One and 10 days after
the last training session, a probe trial was conducted without the
escape box for 180 seconds to assess spatial reference memory. In
the probe trials, the time spent around each hole was measured.
After the second probe trial, a reversal training session was per-
formed with one trial per day for 10 days. The escape box was
moved 180° from the original location in the reversal training. One
day after the last reversal training session, a probe trial was con-
ducted as described above.

2.15 | Tail suspension test

The tail suspension test, which was developed by Steru et al,*” was
performed to assess depression-related behavior. Each mouse was
suspended 30 cm above the floor by the tail in a white plastic cham-
ber (44 cm height x 49 cm length x 32 cm width, inside dimensions;
O'Hara & Co.) with a video camera mounted on the wall (O'Hara &

REPORTS

Co.). The behavior was recorded for 10 minutes. Images were cap-
tured at two frames per second through the video camera. Similar to
the Porsolt forced swim test, the immobility of each mouse was

judged according to a certain threshold using ImagePS software.

2.16 | Contextual and cued fear-conditioning tests

Contextual and cued fear-conditioning tests were performed as pre-
viously described.?® In the conditioning session, each mouse was
placed in an acrylic chamber consisting of white (side) and transpar-
ent (front, rear, and top) walls (33 x 25 x 28 cm) with a stainless-
steel grid floor (0.2 cm diameter, spaced 0.5 cm apart; O'Hara &
Co.). The mice were allowed to explore the chamber freely for
120 seconds, and 55 dB white noise then served as the conditioned
stimulus (CS) for 30 seconds. During the last 2 seconds of CS pre-
sentation, a mild footshock (0.3 mA, 2 seconds) was delivered as the
unconditioned stimulus (US). The mice were subjected to two more
CS-US pairings with a 2-minutes interstimulus interval. The animals
were returned to their home cages 90 seconds after the last foot-
shock. Approximately 24 hours after conditioning, a context test was
conducted for 300 seconds. In the context test, the mice were
placed in the same chamber in which they had been conditioned. At
least 2 hours after the context test, a cued test with altered context
was performed for 360 seconds. In the cued test, the mice were
placed in a triangular chamber (33 x 29 x 32 cm) made of white
plastic walls and floor, which was located in a different sound-
attenuating room, and allowed to explore the triangular chamber for
180 seconds. Then, the CS was presented during the last 180 sec-
onds of the cued test. In each session, the percentage of freezing
and the distance traveled were calculated automatically using

ImageFZ software (see “Image analysis”).

2.17 | Image analysis

The application software used for the behavioral experiments
(ImageLD/EP/SI/CSI/PS/TM/BM/FZ), based on the public domain Ima-
ge) program (http://rsb.info.nih.gov/ij/), was developed and modified
for each test by Tsuyoshi Miyakawa.

2.18 | Statistical analysis

Statistical analysis was conducted using SAS University Edition (SAS
Institute, Cary, NC, USA). Data were analyzed to examine the effects of
age on behavior using one-way ANOVA or two-way repeated measures
ANOVA (for the statistical results, see Table S1). We defined “study-
wide significance” as statistical significance that survived the Benjamini-
Hochberg False Discovery Rate (FDR) correction®®’ to control for
multiple testing based on the number of behavioral measures in the test
battery (61 measures). “Nominal significance” was defined as achieving
statistical significance without the FDR correction (uncorrected
P < 0.05). Post hoc simple main effect analyses and simple interaction
analyses were conducted as necessary and appropriate, and post hoc

tests for pairwise comparisons were performed using Fisher's LSD with
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the Bonferroni correction (uncorrected p values were described, and
the significance level was P < 0.05/6 = 0.0083). The values in the
graphs are expressed as the mean + SEM.

3 | RESULTS

3.1 | Increased body weight, reduced
neuromuscular strength, increased thermal sensitivity,
and decreased motor function in middle-aged and
aged C57BL/6J mice

All mice from each age group (1-2 months old, 1-2 mo; 10-
11 months old, 10-11 mo; 16-17 months old, 16-17 mo; and
22 months old, 22 mo) appeared grossly normal at the beginning of
the test battery and showed no apparent differences in neurological
reflexes, including the righting reflex, whisker twitch reflex, ear
twitch reflex, and visual placing reflex. Significant effects of age
were found on body weight (Figure 1A: F357 = 92.62, P < 0.0001),
body temperature (Figure 1B: F377 = 6.12, P = 0.0009), grip strength
(Figure 1D: F377 = 6.62, P = 0.0005), hot plate latency (Figure 1E:
F375 = 3.12, P = 0.0310), and rotarod latency (Figure 1F: age effect,
F375 = 31.15, P < 0.0001; age X trial Fis375 = 4.80,
P < 0.0001) but not on wire hang latency (Figure 1C: F377 = 0.94,
P = 0.4256).

interaction,

Middle-aged and old-aged mice were significantly

General health and neurological screen

heavier than young mice (10-11, 16-17, and 22 mo > 1-2 mo, all
P < 0.0001), and old-aged mice were significantly lighter than mid-
dle-aged mice (22 mo < 10-11 and 16-17 mo, all P < 0.0001). In
addition, compared to young mice, 16- to 17-month-old mice and
22-month-old mice showed reduced body temperature (16-17 and
22 mo < 1-2 mo, P = 0.0048 and P = 0.0001, respectively), reduced
grip (16-17 P =0.0002 and
P = 0.0002, respectively), reduced hot plate latency (23 mo < 2 mo,
P = 0.0032), and a reduced latency to fall off the rotating rod (11,
17, and 22 mo < 2 mo, all P < 0.0001). For all these measures

strength and 22 mo < 1-2 mo,

except for body weight, there were no significant differences among
the three age groups of middle-aged and old-aged mice. Similar to
the results of our previous study,'® the mean rotarod latency aver-
aged across six trials was analyzed by ANCOVA, with the body
weight measured 4-6 days before the rotarod test as a covariate
because rotarod performance is negatively correlated with body
weight.*%41 ANCOVA revealed that the assumption of homogeneity
of slopes was met (age x body weight interaction, F374 = 1.63,
P = 0.1891, Figure S1 for scatterplots of body weight with the aver-
age rotarod latency), and there were significant effects of age on
rotarod latency (age effect, F374 = 10.07, P < 0.0001), which con-
firmed that rotarod performance decreased after 11 months of age
and that no significant differences in performance occurred among
11-, 17-, and 22-month-old mice.
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FIGURE 1

Increased body weight, decreased neuromuscular strength, increased thermal sensitivity, and decreased motor function in

middle-aged and aged C57BL/6J mice. (A) Body weight (g), (B) body temperature (°C), (C) wire hang latency (s), (D) grip strength (Newton, N),
(E) latency to paw lick or foot shake (s) in the hot plate test, and (F) latency to fall off a rotating rod (s) in the rotarod test. Values are
means + SEM. Asterisks indicate significant differences between groups after Bonferroni correction for multiple comparisons (P < 0.0083)
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3.2 | Decreased locomotor activity and altered
anxiety-like behavior in aged C57BL/6J mice

The open field test was performed to evaluate locomotor activity
and anxiety-like behavior during the initial 5- and 120-minute peri-
ods of the test in 2-, 11-, 17-, and 23-month-old mice (Figure 2A-D
and Figure S2). A significant effect of age was found on distance
traveled (Figure 2A) during the first 5-minute period (Figure S2A:
F377 = 6.53, P =0.0005) but not during the 120-minute period
(Figure S2E: F377 = 0.86, P = 0.4653). During the first 5-minute per-
jod, 23-month-old mice traveled shorter distances than 2- and 11-
month-old mice (23 mo < 2 and 11 mo, P = 0.0002 and P = 0.0017,
respectively). Similarly, there was a significant effect of age on verti-
cal activity (Figure 2B) during the first 5-minute period and the 120-
minute period (for 5 minute, Figure S2B, F377 = 6.30, P = 0.0007;
for 120 minutes, Figure S2F, F377 = 6.36, P =0.0007). Twenty-
three-month-old mice showed less vertical activity than 2-, 11-, and
17-month-old mice during the first 5-minutes period (23 mo < 2, 11,

REPORTS

and 17 mo, P = 0.0008, P < 0.0001, and P = 0.0036, respectively);
during the 120-minute period, 2- and 23-month-old mice exhibited
less vertical activity than 11-month-old mice (2 and 23 mo < 11 mo,
P =0.0017 and P = 0.0004, respectively). A significant age effect
was observed on stereotypic counts (Figure 2D) during the first 5-
minute period and the 120-minute period (for 5 minute, Figure S2D,
F377 = 16.57, P < 0.0001; for 120 minutes, Figure S2H, F377 = 6.07,
P = 0.0009). During the first 5-minute period, 23-month-old mice
showed lower stereotypic counts than 11- and 17-month-old mice
(P < 0.0001 and P = 0.0046, respectively), and 2- and 17-month-old
mice exhibited lower stereotypic counts than 11-month-old mice
(P =0.0002 and P = 0.0007, respectively). Twenty-three-month-old
mice also displayed less stereotypic behavior than 11-month-old
mice during the 120-minute period (23 mo < 11 mo, P = 0.0001).
Regarding the time spent in the center area (Figure 2C), there was a
significant effect of age during the 120-minute period (Figure S2G:
F377 = 11.25, P < 0.0001) but not during the first 5-minute period
(Figure S2C: F377 = 0.81, P = 0.4924). During the 120-minute period,
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FIGURE 2 Decreased locomotor activity and altered anxiety-like behaviors in middle-aged and old-aged C57BL/6J mice. (A-D) Open field
test: (A) distance traveled (cm), (B) vertical activity, (C) center time (s), and (D) stereotypic counts for each 5-minutes block of testing. (E-H)
Light/dark transition test: (E) distance traveled (cm) in the light and dark chambers, (F) number of transitions, (G) latency to enter the light
chamber (s), and (H) time spent in the light chamber (s). (I-L) Elevated plus maze test: (I) distance traveled (cm), (J) number of arm entries, (K)
entries into open arms (%), and (L) time spent in open arms (%). Values are means + SEM. Asterisks indicate significant differences between

groups after Bonferroni correction for multiple comparisons (P < 0.0083)
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23-, 17-, and 11-month-old mice spent more time in the center area
than 2-month-old mice (23, 17, and 11 mo > 2 mo, P < 0.0001,
P = 0.0018, and P = 0.0059, respectively). These observations indi-
cate that, in general, old-aged mice showed decreased locomotor
activity in the novel environment but showed subsequent increases
in locomotor activity and time spent in the center area compared to
those of younger age groups and that middle-aged mice exhibited
more vertical activity and repetitive behavior than the other age
groups during the first 5-minute period and the 120-minute period.

The light/dark transition test, which is based on the innate aversion
of rodents to brightly illuminated areas, was conducted to assess anxi-
ety-like behavior. There were significant effects of age on distance
traveled in the light chamber (Figure 2E: F377 = 12.52, P < 0.0001)
and dark chamber (Figure 2E: F377 = 8.52, P < 0.0001), number of
transitions (Figure 2F: F377 = 19.70, P < 0.0001), and time spent in
the light chamber (Figure 2H: F377 = 10.72, P < 0.0001) but not on
latency to enter the light chamber (Figure 2G: F3,7 = 1.38,
P = 0.2561). In the light chamber, 23-month-old mice moved a shorter
distance than 2- and 11-month-old mice (23 mo < 2 and 11 mo,
P < 0.0001 and P =0.0001, respectively), and 17-month-old mice
traveled a shorter distance than 2-month-old mice (17 mo < 2 mo,
P = 0.0004). In the dark chamber, 23-month-old mice traveled a
shorter distance than 2- and 11-month-old mice (23 mo <2 and
11 mo, P < 0.0001 and P = 0.0008, respectively). Similarly, middle-
and old-aged mice made fewer transitions between the two chambers
than 2-month-old mice (11, 17, and 23 mo < 2 mo, P = 0.0068,
P < 0.0001, and P < 0.0001, respectively), and the number of transi-
tions was lower in 23-month-old mice than in 11-month-old mice
(23 mo < 11 mo, P =0.0002). Furthermore, 17- and 23-month-old
mice spent less time in the light chamber than 2- or 11-month-old mice
(17 and 23 mo < 2 mo, P =0.0023 and P < 0.0001, respectively;
23 mo < 11 mo, P = 0.0002). The results of the light/dark transition
test show that aged mice displayed reduced exploration and marked
avoidance of the brightly illuminated area, suggesting increased anxi-
ety-like behavior.

In the elevated plus maze test, there were significant effects of age
on distance traveled (Figure 2I: F3,, = 14.11, P < 0.0001) and the
number of entries (Figure 2J: F374 = 9.87, P < 0.0001), but no signifi-
cant effect of age was found on the percentage of entries into the
open arms (Figure 2K: F374 = 0.18, P = 0.9072) or the percentage of
time in the open arms (Figure 2L: F374 = 1.55, P = 0.2075). Middle-
and old-aged mice showed lower locomotor activity than 2-month-old
mice, as indicated by the shorter distance traveled (11, 17, and
23 mo < 2 mo, P = 0.0010, P < 0.0001, and P < 0.0001, respectively)
and the lower number of total arm entries (11, 17, and 23 mo < 2 mo,
P = 0.0061, P < 0.0001, and P < 0.0001, respectively).

3.3 | Normal sociability and reduced social novelty
preference in aged C57BL/6J mice

In the social interaction test in a novel environment, there were sig-
nificant effects of age on distance traveled (Figure 3A: F335 = 6.11,
P =0.0019) and mean duration per contact (Figure 3E: F535 = 5.03,

P = 0.0053). Twenty-three-month-old mice traveled a shorter distance
than 2-month-old mice (23 mo < 2 mo, P = 0.0003) and showed an
increased mean duration of contact compared to that of 2- and 11-
month-old mice (23 mo > 2 and 11 mo, P = 0.0023 and P = 0.0051,
respectively). A marginally significant effect of age was found on the
total duration of contacts (Figure 3C: F335 = 2.92, P = 0.0477). Post
hoc analysis revealed that 17- and 23-month-old mice spent a longer
time in contact with the unfamiliar conspecific of the same age than
2-month-old mice, although the behavioral differences among the age
groups failed to reach significance after the Bonferroni correction (17
and 23 mo > 2 mo, P = 0.0365 and P = 0.0314, respectively). There
was no significant effect of age on the number of contacts (Figure 3B:
F335 = 2.48, P = 0.0771) or the total duration of active contacts (Fig-
ure 3D: F335 = 2.26, P = 0.0991). Collectively, these results indicate
that old-aged mice showed decreased locomotor activity in the novel
environment, which might have resulted in increases in the total dura-
tion of contact and the mean duration of contact in old-aged mice.

In the three-chamber social approach test for assessing sociability
(Figure 3F,G), each group of mice spent significantly more time in
the chamber with stranger 1 than in the chamber with the empty
cage (Figure 3F: 2 mo, t;5 = 2.32, P = 0.0346; 11 mo, t;5 = 4.38,
P =0.0005; 17 mo, ty5=6.32, P <0.0001; 23 mo, t,; = 2.36,
P = 0.0257) and spent significantly more time around the cage with
stranger 1 than around the empty cage (Figure 3G: 2 mo, t15 = 2.43,
P =0.0279; 11 mo, t;5=4.54, P=0.0004; 17 mo, t;5=6.31,
P < 0.0001; 23 mo, tyy = 2.75, P =0.0106). In the social novelty
preference test, 11-month-old mice spent significantly more time in
the chamber with the unfamiliar mouse (stranger 2) than in the
chamber with the now familiar mouse (stranger 1; Figure 3H: 11 mo,
t15 = 2.77, P = 0.0143) and spent significantly more time around the
cage with stranger 2 than around the cage with stranger 1 (Figure 3l
11 mo, t15 = 2.90, P = 0.0111). Although 2-month-old mice exhibited
no difference between the time spent in the chamber with stranger
2 and the time spent in the chamber with stranger 1 (2 mo,
t15 = 1.37, P = 0.1907), they showed a tendency to spend more time
around the cage with stranger 2 than around the cage with stranger
1 (2 mo, ty5 = 1.89, P =0.0777). In contrast, neither 17- nor 23-
month-old mice showed significant differences between the time
spent in each side chamber (17 mo, t;5 = 0.63, P = 0.5392; 23 mo,
to7 = 0.24, P = 0.8110) or the time spent around each cage (17 mo,
t15 = 0.01, P = 0.9941; 23 mo, t,7 = 0.39, P = 0.7027). These obser-
vations may reflect a decreased preference for social stimulus and

impaired social recognition in 17- and 23-month-old mice.

3.4 | Decreased ASR and decreased PPI in aged
C57BL/6J mice

There were significant effects of age on startle responses to 110-
and 120-dB stimuli (Figure 4A: for 110-dB, Fz71 = 22.51,
P < 0.0001; for 120-dB, F371 = 36.21, P < 0.0001). Middle- and old-
aged mice showed significantly smaller startle amplitudes than young
mice at 110 dB (12, 18, and 23 mo < 3 mo, P = 0.0031, P < 0.0001,
and P < 0.0001, respectively) and 120 dB (12, 18, and 23 mo < 3
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FIGURE 3 Normal sociability and reduced social novelty preference in aged C57BL/6J mice. (A-E) Social interaction test: (A) distance
traveled (cm), (B) number of contacts, (C) total duration of contacts (s), (D) total duration of active contacts (s), and (E) mean duration of
contact (s). (F-1) Three-chamber social approach test: (F) time spent in the chamber with an empty cage, the center chamber, and the chamber
with a cage containing a stranger mouse (stranger 1). (G) Time spent around the empty cage and the cage with stranger 1. (H) Time spent in
the chamber with the cage containing stranger 1, the center chamber, and the chamber with a cage containing a novel unfamiliar mouse
(stranger 2). (I) Time spent around the cage containing stranger 1 and the cage containing stranger 2. Values are means + SEM. Asterisks
indicate significant differences between groups after Bonferroni correction for multiple comparisons (P < 0.0083). Daggers represent statistical

significance with paired t test (P < 0.05)

mo, all P < 0.0001), and old-aged mice exhibited smaller startle
amplitudes than middle-aged mice at both stimulus intensities (for
110 dB, 23 mo < 12 mo, P < 0.0001; for 120 dB, 23 mo < 12 mo,
P = 0.0020). A significant effect of age was also found on PPI levels
in four trial types (Figure 4B: for 74-110dB, F37, = 5.45,
P =0.0020; for 78-110 dB, F374 = 12.11, P < 0.0001; for 74-
120 dB, F371 =4.89, P=0.0038; for 78-120 dB, F37; = 14.64,
P < 0.0001). At 74-110 dB, 18- and 23-month-old mice showed sig-
nificantly lower PPI levels than 12-month-old mice (P = 0.0021 and
P = 0.0007, respectively). At 78-110 dB, 18- and 23-month-old mice
also exhibited significantly lower PPI levels than 3- and 12-month-
old mice (18 and 23 mo < 3 mo, P = 0.0003 and P = 0.0007, respec-
tively; 18 and 23 mo < 12 mo, all P < 0.0001). At 74-120 dB,
18-month-old mice showed significantly lower PPl levels than
12-month-old mice (P =0.0003). At 78-120dB, 3-, 18-, and
23-month-old mice exhibited significantly lower PPI levels than

12-month-old mice (P = 0.0042, P < 0.0001, and P < 0.0001, respec-
tively), and 18-month-old mice showed lower PPl levels than 3-
month-old mice (P = 0.0014). These results indicate that aging is
associated with a gradual decrease in the ASR and with an increase

and subsequent decrease in PPI levels from young to old age.

3.5 | Altered depression-related behavior in aged
C57BL/6J mice

Depression-related behavior was assessed in the Porsolt forced swim
test in 3-, 12-, 18-, and 24-month-old mice (Figure 5A). There were
significant main effects of age and age x time interactions on the
percentages of immobility on test day 1 (age effect, F371 = 14.29,
P < 0.0001; age x time interaction, Fy7439 = 3.32, P < 0.0001) and
test day 2 (age effect, F371 = 4.50, P = 0.0060; age x time interac-
tion, Fa7639 = 3.75, P < 0.0001). Post hoc analyses revealed that on
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day 1, 12-, 18-, or 24-month-old mice showed significantly less
immobility than 3-month-old mice from the third to fifth minutes
(3rd minute: 12, 18, and 24 mo < 3 mo, P = 0.0002, P < 0.0001,
and P = 0.0023, respectively; 4th minute: 12, 18, and 24 mo < 3
mo, P =0.0013, P < 0.0001, and P = 0.0017, respectively; and 5th
minute: 12 and 18 mo < 3 mo, P = 0.0019 and P < 0.0001, respec-
tively). In addition, 12- and 18-month-old mice exhibited significantly
less immobility than 3-month-old mice from the sixth to ninth min-
(6th  minute: 12 and 18 mo <3 mo, P =0.0409 and
P = 0.0024, respectively; 7th minute: 12 mo < 3 mo, P = 0.0158;
8th minute: 12 mo < 3 mo, P = 0.0004; and 9th minute: 18 mo < 3
mo, P = 0.0017). From the fifth to tenth minutes, 24-month-old mice
showed more immobility than 12- or 18-month-old mice (5th minute:
24 mo > 18 mo, P = 0.0004; 6th minute: 24 mo > 12 and 18 mo,
P =0.0397 and P = 0.0016, respectively; 7th minute: 24 mo > 12
and 18 mo, P < 0.0001 and P = 0.0224, respectively; 8th minute: 24
mo > 12 and 18 mo, P < 0.0001 and P = 0.0412, respectively; 9th
minute: 24 mo > 18 mo, P < 0.0001; and 10th minute: 24 mo > 12
and 18 mo, P = 0.0003 and P = 0.0003, respectively), while the

immobility of 24- and 3-month-old mice showed no significant differ-

utes

ences after the fifth minute except for the tenth minute in which

Porsolt forced swim test

24-month-old mice exhibited more immobility than 3-month-old mice
(10th minute: 24 mo > 3 mo, P = 0.0027).

In the Porsolt forced swim test, on day 2, 12-, 18-, and 24-
month-old mice showed less immobility than 3-month-old mice dur-
ing the first 2 minutes (1st minute: 12, 18, and 24 mo < 3 mo,
P =0.0052, P < 0.0001, and P < 0.0001, respectively; 2nd minute:
12, 18, and 24 mo < 3 mo, P = 0.0307, P = 0.0019, and P = 0.0011,
respectively). In contrast, during the last 4 minutes of the session, 24-
month-old mice generally exhibited more immobility than the other
age groups (7th minute: 24 mo > 12 mo, P = 0.0063; 8th minute: 24
mo > 12 and 18 mo, P = 0.0005 and P = 0.0023, respectively; 9th
minute: 24 mo > 3, 12, and 18 mo, P = 0.0037, P = 0.0009, and
P = 0.0001, respectively; and 10th minute: 24 mo > 3, 12, and 18
mo, P = 0.0270, P = 0.0078, and P < 0.0001, respectively).

To further assess depression-related behavior, the tail suspension
in mice 5, 14, 20, and 26 months old
(Figure 5B). There was a significant age x time interaction (age
F3s57 =241, P=0.0767, age x time interaction,
F27513 = 3.44, P < 0.0001). Post hoc analyses indicated that 26-
month-old mice showed more immobility than 5-month-old mice
during the second minute of the session (P = 0.0077), and 20- and

test was performed
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FIGURE 5 Altered depression-related behavior in middle-aged and old-aged C57BL/6J mice. (A) Immobility time (%) on days 1 and 2 in the
Porsolt forced swim test. (B) Immobility time (%) in the tail suspension test. Values are means + SEM
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26-month-old mice exhibited less immobility than 5- and 14-month-
old mice from the seventh to tenth minutes of the session (7th min-
ute: 26 mo < 5 and 14 mo, P = 0.0018 and P = 0.0002, respectively;
8th minute: 26 mo <5 and 14 mo, P = 0.0002 and P = 0.0021,
respectively, and 20 mo < 5 and 14 mo, P = 0.0009 and P = 0.0093,
respectively; 9th minute: 26 mo < 5 mo, P = 0.0218, and 20 mo < 5
and 14 mo, P = 0.0010 and P = 0.0083, respectively; and 10th min-
ute: 26 mo<5 mo, P=0.0096, and 20 mo< 5 and 14 mo,
P < 0.0001 and P = 0.0007, respectively).

3.6 | Declines in working memory and spatial
memory in aged C57BL/6J mice

Working memory was assessed in the T-maze spontaneous alterna-
tion test at the ages of 3, 12, 18, and 24 months (Figure 6). There
was a significant effect of age on the percentage of correct
responses (F34g = 3.89, P = 0.0126). Post hoc analysis revealed that
18- and 24-month-old mice showed a significantly lower percentage
of correct responses than 3-month-old mice (P =0.0070 and
P = 0.0036), and 12-month-old mice exhibited a marginally signifi-
cant decrease in the percentage of correct responses compared to
that of 3-month-old mice (P = 0.0093). These observations indicate
that aged mice show reduced working memory.

Spatial learning and memory were assessed in the Barnes maze
test (Figure 7). The training session started in the four cohorts of mice
at the ages of 3, 12, 18, and 24 months, and the last training session
was performed at the ages of 4, 13, 19, and 25 months in the differ-
ent cohorts. In the training session, there were significant effects of
age on latency to reaching the target hole (Figure 7B: age effect,
F358 = 9.74, P < 0.0001; age x session interaction, Fo4464 = 1.21,
P = 0.2247) and distance traveled to reach the target hole (Figure 7C:
age effect, F3ss =4.61, P =0.0058; age x session interaction,
F24.464 = 0.78, P = 0.7622). No significant effect of age was found in
the number of errors before reaching the target hole (Figure 7A: age
effect, Fzsg =1.39, P =0.2546; age X
F4.464 = 0.83, P =0.6987). Mice aged 24-25 months showed a

longer latency to reaching the target hole than 3- to 4-month-old and

session interaction,

T-maze spontaneous alternation test
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FIGURE 6 Working memory deficits in aged C57BL/6J mice.
Percentage of correct responses was presented. Values are
means + SEM. Asterisk indicates significant differences between
groups after Bonferroni correction for multiple comparisons
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12- to 13-month-old mice (P < 0.0001 and P = 0.0006), and 18- to
19-month-old mice had a longer latency to reaching the target hole
than 3- to 4-month-old mice (P = 0.0041) during the training session.
The 24- to 25- and 18- to 19-month-old mice traveled longer dis-
tances to reach the target hole than the 3- to 4-month-old mice
(P = 0.0066 and P = 0.0015). In the probe tests 1 and 10 days after
the last training session, there were no significant effects of age on
the time spent around the target hole (for the 1-day retention test,
Figure 7D, F3s5g = 1.97, P = 0.1288; for the 10-day retention test,
Figure 7E, F3 58 = 2.74, P = 0.0512). However, the time spent around
the target hole in 25-month-old mice did not significantly differ from
the average time spent around the adjacent holes (for the 1-day
retention test, Figure 7D, right panel, P = 0.1121; for the 10-day
retention test, Figure 7E, right panel, F3 55 = 2.74, P = 0.1053, paired
t test), whereas the mice in the other three age groups spent a longer
time around the target hole than the around the adjacent holes in the
1-day retention test (4 mo, P = 0.007; 13 mo, P = 0.0088; 19 mo,
P = 0.0423, paired t test) and the 10-day retention test (4 mo,
P < 0.0001; 13 mo, P = 0.0062; 19 mo, P = 0.0301, paired t test). In
the reversal learning session that started after the 10-day retention
test, a significant effect of age was found in the latency to reaching
the target hole (Figure 7B: age effect, F3s5 = 7.97, P =0.0002;
age x session interaction, F1232 = 0.97, P = 0.4822). A post hoc test
revealed that 25-month-old mice showed a longer latency to reaching
the target hole than 4- to 5-, 13- to 14-, and 19- to 20-month-old
mice (P < 0.0001, P = 0.0023, and P = 0.0016, respectively). There
were no significant effects of age on the number of errors (Figure 7A:
age effect, Fzs5 =049, P =0.6883; age X session interaction,
F12232 = 0.53, P = 0.8935) or the distance traveled to reach the tar-
get hole (Figure 7C: age effect, F355 = 1.97, P = 0.1285; age x ses-
sion interaction, Fi323> = 0.59, P = 0.8520). The probe test 1 day
after the last reversal session was conducted at the ages of 5, 14, 20,
and 26 months, and there was a significant age effect on the time
spent around the target hole (Figure 7F: F35g = 3.42, P = 0.0230).
Twenty-six-month-old mice spent less time around the target hole
than the mice in the other age groups (26 mo < 5, 14, and 20 mo,
P = 0.0155, P = 0.0055, and P = 0.0190, respectively), although the
differences between 26- and 5-month-old mice and the differences
between 26- and 20-month-old mice did not reach significance after
the Bonferroni correction. In this probe test, the time spent around
the target hole did not significantly differ from the average time spent
around the adjacent holes only in 26-month-old mice (for 26 mo,
P = 0.2039; but for 5, 14, and 20 mo, P = 0.0055, P = 0.0012, and
P = 0.0091, respectively, paired t test). These results indicate that
aged mice show impaired spatial discrimination between the target
hole and adjacent nontarget holes, which is suggestive of a deficit in

spatial memory.

3.7 | Possible increase in generalized fear and
reduced cued fear memory in aged C57BL/6J mice

Fear memory was assessed in the contextual and cued fear-condi-
tioning test in 5-, 14-, 20-, and 26-month-old mice. In the
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FIGURE 7 Impaired spatial memory in aged C57BL/6J mice. (A) Nu

mber of errors to first reach the target hole, (B) latency to reach the

target hole, and (C) distance traveled to first reach the target hole during the training session and the reversal session of the Barnes maze test.
Time spent around the target hole in the probe test 1 day (D) and 10 days (E) after the last normal training session. (F) Time spent around the
target hole in the probe test 1 day after the last reversal session. In each probe trial, averaged time spent around two holes adjacent to the
target one was compared to time spent around the target. Values are means + SEM. Asterisk indicates significant differences between groups
after Bonferroni correction for multiple comparisons (P < 0.0083). Daggers represent statistical significance with paired t test (P < 0.05)

conditioning session (Figure 8A), there was a significant main effect
of age and a significant age x time interaction on freezing (age effect,
F356 = 27.78, P <0.0001; age x time interaction, Fz1392 = 3.24,
P <0.0001) and distance traveled (age effect, Fzs¢ = 11.02,
P < 0.0001; age x time interaction, F21 392 = 3.21, P < 0.0001). Dur-
ing the first minute of the conditioning session, there was no signifi-
cant difference in freezing among the four age groups. During the
second minute of the session, 26-month-old mice showed more
freezing than mice in the other age groups (26 mo > 5, 14, and 20
mo, P < 0.0001, P < 0.0001, and P = 0.0020, respectively) before
the CS-US parings. Consistent with the freezing results, 26-month-old
mice traveled significantly shorter distances than mice in the other
age groups (Figure 8D: 1st minute, 26 mo < 5, 14, and 20 mo, all
P < 0.0001; 2nd minute, 26 mo < 5, 14, and 20 mo, P < 0.0001,
P < 0.0001, and P = 0.0032, respectively). These data indicate that

old-aged mice showed decreased basal activity levels. During the ses-
sion with CS-US parings, 20- and 26-month-old mice generally exhib-
ited more freezing than 5-and 14-month-old mice from the third to
eighth minute of the session (from the 3rd to 8th minute, 26 mo > 5
and 14 mo, all P < 0.0083, except for the case of the comparison
between 26 mo and 14 mo for the 7th minute (P = 0.0764); from the
4th to 6th minute and the 8th minute, 20 mo > 5 mo, all P < 0.0001;
for the 4th and 6th minute, 20 mo > 14 mo, all P = 0.0083). From
the sixth to eighth minutes of the session, 14-month-old mice
showed more freezing than 5-month-old mice (P = 0.0053,
P = 0.0161, and P = 0.0024, respectively). The distance traveled for
four seconds during and after each footshock was measured to evalu-
ate sensitivity to footshock. There were no significant effects of age
and age x time interactions on the distance traveled after the first
and second footshocks (Figure S3 and Table S1). For the third



SHOJI ano MIYAKAWA

NEUROPSYCHOPHARMACOLOGY

REPORTS

Contextual and cued fear conditioning test
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FIGURE 8

Increased generalized fear and impaired cued fear memory in aged C57BL/6J mice. Freezing (%) in the conditioning (A), context

test (B), and cued test (C). Distance traveled (cm) in the conditioning (D), context test (E), and cued test (F). Percentage of activity suppression
in the context test (G), pre-CS period of the cued test (H), and CS period of the cued test (l). Values are means + SEM. Asterisks indicate
significant differences between groups after Bonferroni correction for multiple comparisons (P < 0.0083)

footshock, there was a nominally significant effect of age on the dis-
tance traveled (age effect, F354 = 2.88, P = 0.0441; age x time inter-
action, F4p784 = 1.76, P =0.0025), and post hoc comparisons
revealed that there were no significant differences in the total dis-
tance traveled during and after the footshock between age groups.

In the context test, approximately 24 hours after conditioning,
there was a significant effect of age on freezing (Figure 8B: age
F3s5¢6 =4.77, P =0.0049; age x time
F12224 = 1.01, P = 0.4417), while no significant effect of age was

effect, interaction,
found on the distance traveled (Figure 8E and Table S1). Twenty-six-
month-old mice exhibited more freezing than 5- and 14-month-old
mice (P = 0.0015 and P = 0.0041, respectively), which indicates that
aged mice may show increased contextual fear memory. Considering
that the age differences in freezing might be due to differences in
baseline activity observed during the first 2 minutes of the condi-
tioning session, the percentage of activity suppression
(= 100 x (1 — (activity during first 2-minute period of the test)/(base-
line activity))) was calculated as a secondary fear index. There was
no significant effect of age on the percentage of activity suppression
(Figure 8G: F354 = 0.69, P = 0.5590).

In the cued test with different contexts, significant age effects

were found during the pre-CS period on freezing (Figure 8C: age

effect, F356 = 9.73, P < 0.0001; age x time interaction, F¢ 112 = 1.54,
P =0.1718) and on distance traveled (Figure 8F: age effect,
F356 = 5.13, P =0.0033; age x time Fea12 = 1.02,
P = 0.4159). During the pre-CS period, 20- and 26-month-old mice
showed more freezing and traveled shorter distances than 5- and
14-month-old mice (for freezing, 20 mo > 5 and 14 mo, P = 0.0005
and P = 0.0090, respectively; for freezing, 26 mo > 5 and 14 mo,
P < 0.0001 and P = 0.0004, respectively; for distance traveled, 20
mo > 5 and 14 mo, P = 0.0061 and P = 0.0153, respectively; for dis-
tance traveled, 26 mo > 5 and 14 mo, P = 0.0039 and P = 0.0096,

respectively). The observed increases in freezing in response to the

interaction,

altered context and during the conditioning session imply that aged
mice show enhanced generalized fear/anxiety, although the percent-
age of activity suppression during the first 2-minutes of the testing
period did not differ among age groups (Figure 8H: F3s56 = 1.15,
P = 0.3356). Significant age effects were also found during the CS
period on freezing (age effect, F35¢ = 4.29, P = 0.0086; age x time
interaction, Fg112 = 1.04, P = 0.4037) and on distance traveled (age
effect, F35¢ = 8.44, P = 0.0001; age X time interaction, Fg 112 = 0.51,
P = 0.8009). During the CS period, 14-, 20-, and 26-month-old mice
exhibited less freezing and traveled longer distance than 5-month-
old mice (Figure 8C: for freezing, 14, 20, and 26 mo <5 mo,
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P =0.0189, P = 0.0009, and P = 0.0821, respectively; for distance
traveled, 14, 20, and 26 mo > 5 mo, P = 0.0034, P < 0.0001, and
P = 0.0008, respectively). In addition, 26-month-old mice showed a
lower percentage of activity suppression than 5-, 14-, 20-month-old
mice during the CS period (Figure 8I: F35¢ = 13.20, P < 0.0001; 26
mo < 5, 14, and 20 mo, P < 0.0001, P < 0.0001, and P = 0.0080,
respectively), and the percentage of activity suppression in 20-
month-old mice was lower than that in 5-month-old mice (Figure 8l:
P = 0.0012). Together, these data indicate that decreased freezing in
response to the auditory cue in the cued test despite the increase in
generalized freezing might be attributed to impaired cued fear mem-

ory in old-aged mice.

4 | DISCUSSION

This study examined various domains of behavior in four age cohorts
of C57BL/6J mice from young to old age using a battery of behavioral
tests, including tests to assess locomotor activity, sensory and motor
functions, anxiety-like behavior, social behavior, depression-related
behavior, and learning and memory functions. A series of behavioral
tests were performed from 1 to 5 months of age in the first cohort,
from 10 to 14 months of age in the second cohort, from 16 to
20 months of age in the third cohort, and from 22 to 26 months of
age in the fourth cohort. One study defined a mature adult C57BL/6J
mouse as 3-6 months old, a middle-aged mouse as 10-14 months old,

and an old mouse as 18-24 months old.*?

The present results indicate
that compared to young mice, middle-aged mice showed significant
increases or decreases in various behavioral measures, including
rotarod latency, center time in the open field test, number of transi-
tions in the light/dark box test, distance traveled and total number of
arm entries in the elevated plus maze test, and ASR, and spontaneous
alternation in the T-maze test and freezing in response to the condi-
tioned cue tended to be lower in middle-aged mice than in young
mice. Increasing age from middle age to old age induces further
changes in a wide range of behaviors, such as decreased locomotor
activity, increased anxiety-like behavior, reduced social behavior,
decreased ASR, decreased Barnes maze performance, and increased
freezing when exposed to the fear-conditioning context and the
altered context. The results of behavioral differences between young
and aged male C57BL/6J mice were generally consistent with the
previous reports (eg, Refs 3,12,17,43-46). These findings indicate that
aging is associated with gradual changes in behaviors related to loco-
motor activity, anxiety-like behavior, and memory functions from
young to old age. In contrast, vertical activity, stereotypic counts, and
PPl were increased in middle-aged mice compared to those in young
mice, while vertical activity and stereotypic counts in old-aged mice
did not significantly differ from those in young mice. In addition,
decreased immobility during the forced swim test was also observed
in middle-aged mice compared to that in young mice, and old-aged
mice showed levels of immobility similar to those of young mice.
These findings suggest that some behaviors do not change in a unidi-
rectional and progressive fashion from young to old age.

Our previous study that involved a large-scale analysis of behav-
ioral data collected from our database for cohorts of many mutant
strains of mice indicated that there are age-related changes in behav-
iors from young adulthood (2-3 months of age) to middle age (8-
12 months of age) in wild-type control C57BL/6J mice.r® Although
the present results are largely consistent with the previous findings,
there appear to be some differences between the results of two stud-
ies with respect to comparisons of the behaviors of young and mid-
dle-aged mice. For example, the present study found no statistically
significant differences between young (1-5 mo) and middle-aged (10-
14 mo) mice in wire hang latency, distance traveled during the first
5 minutes in the open field test, distance traveled in the light box,
stay time in the light box, percentage of entries into the open arms,
number of social contacts, and time spent around the target hole in
the probe trial of the Barnes maze test, while our previous study
showed significant differences in these behavioral measures between
young and middle-aged mice. The present study also showed that
vertical activity and center time in the open field test significantly
increased in middle-aged (11 mo) mice compared to those in young (2
mo) mice, whereas our previous study found no significant differ-
ences in these behaviors between young (2-3 mo) and middle-aged
(8-12 mo) mice, although middle-aged mice showed a trend toward
an increase in those behaviors. These inconsistent results may be due
to the influences of potential confounding factors, such as the genetic
background of the animals, their breeding environment, and their
prior test experience, in the previous study, since the behavioral data
from the previous study were obtained from many cohorts of mice
derived from different vendors and laboratories and tested by differ-
ent experimenters on different dates. On the other hand, all the
C57BL/6J mice used in this study, which had been maintained under
The Jackson Laboratory's patented Genetic Stability Program, were
supplied by Charles River Laboratories Japan. The four age cohorts of
mice in this study were subjected to a behavioral test battery in the
same order by the same experimenters on the same day. Some cases
in which behavioral differences were observed between age groups
did not reach statistical significance, possibly due to the relatively
small number of animals in each age group in this study. Our previous
study compared behaviors between age groups using a large number
of mice. A large sample size increases the statistical power to reach
significance. Although the precise reasons for the differences in
results between these studies are not clear, the present study gener-
ally supports our previous findings and other reports that aging from

t,*” reduced

young to middle age induces increased body weigh
rotarod performance,*® decreased locomotor activity,** reduced
ASR,** increased PP1,** decreased immobility during the forced swim
test,*® and decreased freezing during the cued test.!®

In this study, PPl was higher in 12-month-old mice than in 3-
month-old mice, and the PPI levels of 18- and 24-month-old mice
were lower than those of 3- and 12-month-old mice. Such inverted
U-shaped changes in PPl with age were observed in our previous
study and other reports in C57BL/6J mice.®** Aging induces hear-
ing loss in C57BL/6J mice,”® which might explain why the lowest
ASR amplitudes were observed in old-aged mice in this study. Mice
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with low ASR amplitudes were reported to show lower PPI levels
than mice with intermediate and high ASR amplitudes.®® Decreased
PPl levels in old-aged mice might be partially explained by a
decreased startle response. In the open field test, despite increased
body weight and decreased motor performance in middle-aged mice,
increased vertical activity (possibly rearing) and repetitive stereotypic
movements were observed in middle-aged mice but not in old-aged
mice when compared to those in young mice. The behavioral ten-
dencies in middle-aged mice might lead to swimming and climbing
against the wall of the cylinder in the Porsolt forced swim test, pos-
sibly resulting in decreased immobility.

Our previous study indicated that wire hang latency decreased
after 6-7 months of age,'® whereas this study showed no significant
differences in wire hang latency among age groups, and nearly all
the mice could hold on to the wire grid over the 60 seconds of the
testing period. The present results imply that the middle- and old-
aged mice used in this study maintained physical and muscular
strength similar to that of young mice. In this study, aged animals
that were apparently healthy were selected and supplied by the ven-
dor according to the company's guidelines (Tabata, K. and Goto, Y.,
Charles River Laboratories Japan, personal communication). This
potentially biased selection of animals might have resulted in the
absence of significant age-related differences in wire hang latency.
However, it must also be noted that there might be a ceiling effect
regarding the results of the wire test. Reduced muscular strength
might be observed in aged mice compared to that in young mice if
the wire hang test was conducted for more than 60 seconds.

The open field, light/dark transition, and elevated plus maze tests
are widely used to assess anxiety-like behavior based on the natural
aversion of mice to novel, bright, open spaces and based on their
natural tendency to explore novel environments.’*>* In the present
study, a gradual decline in locomotor activity from young to old age
was observed in the open field, light/dark transition, and elevated
plus maze tests. In addition, aged mice exhibited a decreased number
of transitions and reduced time spent in the light chamber in the
light/dark transition test. The decreased locomotor activity in aged
mice was unlikely to be due to muscular and motor dysfunction,
since their wire hang latency and total distance traveled during the
120-minute period in the open field test did not differ from those in
young mice. These findings suggest increased anxiety-like responses
to novel environments in aged mice. Similarly, decreased locomotor
activity in the social interaction test has been used to measure anxi-
ety-like behavior,”® which may reflect an increased anxiety state in
novel environments in aged mice. In most previous studies, the open
field test has been performed for 5-30 minutes to evaluate locomo-
tor activity and anxiety-like behavior in response to novelty.?8°? Our
study examined open field behaviors during a 120-minute session,
during which aged mice spent a longer time in the center area than
young mice. These results suggest that while the anxiety-like behav-
ior of old-aged mice might increase during the initial 10-minute per-
iod of testing in a novel environment, compared to that of young
mice, the anxiety-like behavior of aged mice might decrease after a

long exposure to the same environment.
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In the social interaction test, aged mice showed slightly decreased
social contacts and a significant increase in the mean duration per
contact, which might be due to decreased locomotor activity. Consis-
tent with the absence of marked age differences in social behavior in
aged mice, the results of the sociability test showed that middle- and
old-aged mice, as well as young mice, exhibited a preference for the
novel mouse, which suggests that there are no clear differences in
neophobic responses to a novel social stimulus, social interest, or
sociability among the age groups. In the social novelty preference test
conducted immediately after the sociability test, aged mice (17- and
23-months old) exhibited no preference for a new stranger mouse (a
decreased social novelty preference), which is consistent with a

recent report.46

The decreased preference for social novelty might
reflect a reduced ability to discriminate between individual mice, sug-
gesting that a social recognition deficit is present in aged mice.

The results of a series of memory tasks indicate that old-aged
C57BL/6J mice show deficits in various types of memory functions,
including working memory, spatial memory, and cued fear memory,
compared to those of young mice. In the altered context of the fear-
conditioning test, compared to 5-month-old mice, 20- and 26-month-
old mice showed increased freezing during the pre-cue period of the
test, which suggests increased generalized fear or a pattern separa-
tion deficit in old-aged mice. In the Barnes maze test, our previous
study reported that middle-aged mice exhibited significantly
decreased time spent around the target hole compared to that of

young mice in the probe trial,*®

whereas in this study, there were no
significant differences in the behavioral measures between young
and middle-aged mice. The young cohort was 4-5 months old when
tested in the probe trials in this study. As shown by our previous
report,*® the time spent around the target hole in 4-5-month-old
mice was markedly lower than that of 2-3-month-old mice. The
decreased time spent around the target hole after the age of 4-
5 months might have led to the absence of an apparent age-related
difference in the time spent around the target hole between the
young and middle-aged cohorts tested in the present study.
Decreased immobility in the forced swim test was observed in
middle-aged and old-aged mice for the first several minutes of the
session on day 2, which suggests that middle-aged and old-aged
mice were more active than young mice in response to cold water
immersion, despite their decreased locomotor activity in novel envi-
ronments and their reduced motor performance in other tests. These
results might reflect a stronger panic-like response to the sudden
aversive stimulus in aged animals than in young animals. During the
last half of the session, old-aged mice showed higher immobility than
middle-aged mice. This behavioral transition from an active response
to a passive response might be indicative of either increased depres-
sion-related behavior or an adaptive response that contributes to
energy conservation.>® In contrast, in the tail suspension test, old-
aged mice showed less immobility than young and middle-aged mice
during the last 4 minutes of the session, which suggests decreased
depression-related behavior in old-aged mice. From these findings
from the two types of tests, it would be difficult to draw clear con-
clusions about age-related changes in depression-related behavior.
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Genetic and environmental factors are recognized as critical con-
tributors to mouse behavior. Inbred C57BL/6J mice are the most
commonly used mouse strain in neuroscience and biomedical
research. The present study, which used a behavioral test battery,
shows the behavioral profiles of young, middle-aged, and old-aged
male C57BL/6J mice from a colony maintained under genetically and
environmentally controlled conditions. The use of the behavioral test
battery has some advantages, such as reducing the number of ani-
mals used, reducing the time to prepare many animals, and increas-
ing the interpretation of the behavioral characteristics based on the
results from a variety of tests. However, the test battery approach
may have one limitation, that is, increased mortality, when applied to
old-aged animals, in which the gradual decrease in the number of
old-aged mice during the test battery due to death could lead to a
small sample size that could thereby have affected the statistical
results. Nevertheless, our results indicate that there are age-related
changes in various domains of behavior from young to old age, such
as gradual declines in motor function, locomotor activity, social
behavior, startle responses, and different types of memory function,
in the inbred C57BL/6J mice. The results also show that some
behavioral changes that were observed from young to middle age,
including increased vertical activity, increased PPI, and decreased
depression-related behavior, were reversed from middle age to old
age. The findings of this study will provide fundamental information
about the behavioral characteristics of different age cohorts and
about age-related behavioral changes from young to old age in male
C57BL/6J mice.
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