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alternation, Barnes maze, tail suspension, and contextual and cued
fear-conditioning tests.

2 | MATERIALS AND METHODS

21 | Animals

Male C57BUS) 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/&) strain had been maintained under
The Jackson Laboratory's patented Genetic Stability Program™**® at
Charles River Laboratories Japan, Inc. The four age groups of mice
were bred as "C57BU/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 440 x
20.0 em; <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,
Inc., according to the protocols of The Jackson Laboratory,®® until
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 retumed 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 d. To ular
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.

24 | Light/dark transition test

The light/dark transition test, which was originally developed by
Crawley and colleagues,” 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 comer of the cage. The total distance traveled
(cm), vertical activity (rearing measured by counting the number of
photobeam interruptions), time spent in the center area

SHOJI anp MIYAKAWA

R = -

TABLE 1 A behavioral test battery of young, middle-aged, and aged C57BL/6) mice

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 ma), 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, 52A-H
n=16 n=16 n=16 n=33
4 Elevated plus 10 wk (2 mo), 49 wk (11 ma), 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=31
6 Social interaction test 10-11 wk (2 mo),  49-50 wk (11 ma), 75-76 wk (17 mo), 101-102 wk (23 mo), Figure 3A-E
n=8 n = B pairs n = B 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=31
8 Three-chamber 12 wk (2 mo), 51 wk (11 mo), 77 wk (17 mo), 103 wk (23 mo), Figure 3F-1
social n=156 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), B1-87 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 mao), Figure 8A-l, 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.

26 | 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 mi The di 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”).

27 | 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 am) and allowed to explore freely for
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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/6) 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: F377 = 92.62, P < 0.0001),
body temperature (Figure 1B: F3 77 = 6.12, P = 0.0009), grip strength
(Figure 1D: F377 = 6.62, P = 0.0005), hot plate latency (Figure 1E:
Fazs = 3.12, P = 0.0310), and rotarod latency (Figure 1F: age effect,
Fazs = 3115, P <0.0001; age x trial interaction, Fis37s = 4.80,
P < 0.0001) but not on wire hang latency (Figure 1C: Fy 77 = 0.94,
P = 0.4256). 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 strength (16-17 and 22mo <1-2mo, 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
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.*%*1 ANCOVA revealed that the assumption of homogeneity
of slopes was met (age x body weight interaction, Faz; = 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, Fy7a = 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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e e
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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 52). A significant effect of age was found on distance
traveled (Figure 2A) during the first 5-minute period (Figure S2A:
Fa77 = 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-
iod, 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, Fy77 = 6.30, P = 0.0007;
for 120 minutes, Figure S2F, F3z; = 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 S-minutes period (23 mo < 2, 11,

Open field test
(A)

G
G]
G

Telal distance (cm)
Vertical activity

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 52D,
Faz7 = 16,57, P < 0.0001; for 120 minutes, Figure S2H, Fa77 = 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:
Faz7 = 11.25, P < 0.0001) but not during the first S-minute period
(Figure $2C: F377 = 0.81, P = 0.4924). During the 120-minute period,

O 2mo(n=16)
O 11 mo (n=16)
@ 17 mo (n = 16)

Ty T

120

60 S0
Time (min)

Light/dark transition test

= o

-
3
5
&

Distance traveled (cm)
L
'—jil
Number of transitions
3 8
Latency to light (s)

Tight Dark e
Elevated plus maze test
m W) (K} =
2000 . 40 . il
= £
1=l eal o8l 8l
£ 1000 T20 i
m m 240
500 310 m
0 0 0

g 8

g

&
g

ey [J 2mo (n = 16)
I 11 ma tn=16)
200y [ 17 mo (n = 16)

W 23 mo (n = 33)

Stay time in fight (s)

o
o

(L)
10
£
bog ]
E D 2mo(n=16)
6 ] 11 mo(n=16)
w; [ 17 mo (n = 16)
5 W 23mo(n=32)
g2
g

12 3 45686
Trials

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)

FIGURE 2 Decreased locomotor activity and altered anxiety-like behaviors in middle-aged and cld-aged C57BL/6) 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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Startle response/prepulse inhibition test
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FIGURE 4 Decreased acoustic startle response and altered prepulse inhibition in middle-aged and old-aged C57BL/6) mice. (A) Acoustic
startle response to sound stimuli (110 and 120 dB white noise) and (B) prepulse inhibition (%) of the startle response with 74 and 78 dB
prepulse stimuli. Values are means + SEM. Asterisks indicate significant differences between groups after Bonferroni correction for multiple

comparisons (P < 0.0083)

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-
utes (6th minute: 12 and 18 mo <3 mo, P=00409 and
P = 0.0024, respectively; 7th minute: 12 mo < 3 mo, P = 0.0158;
8th minute: 12 mo < 3 mo, P = 0.0004; and $th 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
immability of 24- and 3-month-old mice showed no significant differ-
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
test was performed in mice 5, 14, 20, and 26 months old
(Figure 5B). There was a significant age x time interaction (age
effect, Fasy =241, P=00767; age x time interaction,
Fa7513 = 344, P < 0.0001). Post hoc analyses indicated that 26-
month-old mice showed more immability than 5-month-old mice
during the second minute of the session (P = 0.0077), and 20- and

Tail suspension test

(A) (B)

£ O3mo(n=16) £ Osmo(n=16)
z QO 12mo (n = 16) z O 14mo(n=16)
,m @ 18mo (n = 16) m @ 20mo (n = 15)
E @ 24mo(n=27) E @ 26mo(n=14)

12345678910 123456780910
Blocks of 1 min

12345678910
Blocks of 1 min

FIGURE 5 Altered depression-related behavior in middie-aged and old-aged C57BL/6) 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

SHOJI anp MIYAKAWA

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 = 00007, respectively).

3.6 | Dedlines 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 (Fagg = 3.89, P = 0.0126). Post hoc analysis revealed that
18- and 24-month-old mice showed a significantly lower percentage
of comect 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 Bames 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 78: age effect,
Fasg = 9.74, P < 0.0001; age x session interaction, Fzqaes = 1.21,
P = 0.2247) and distance traveled to reach the target hole (Figure 7C:
age effect, Fysg=4.61, P=00058; age x session interaction,
Fa448a = 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, Fsss=1.39, P=02546; age x session interaction,
Faassa = 083, P=0.6987). Mice aged 24-25 months showed a
longer latency to reaching the target hole than 3- to 4-maonth-old and

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

(P < 0.0083)

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, Fasg = 1.97, P = 0.1288; for the 10-day retention test,
Figure 7E, Fysa = 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, Fa g = 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, Fass =7.97. P =0.0002;
age X session interaction, Fy2232 = 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, Fysp=049, P=06883; age x session interaction,
F12232 = 0.53, P = 0.8935) or the distance traveled to reach the tar-
get hole (Figure 7C: age effect, Fysaq = 1.97, P = 0.1285; age x ses-
sion interaction, Fizz32 = 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: Fasq = 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 = 00055, 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/6) 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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P = 00189, 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 8l: Fass = 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 Bamnes 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/6) 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
PPI 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-
jors from young adulthood (2-3 months of age) to middle age (8-
12 months of age) in wild-type control C57BL/6J mice.’® 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/6) 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
young to middle age induces increased body weight'” reduced
rotarod performance,*® decreased locomotor activity,"” reduced
ASR,** increased PPI,** decreased immobility during the forced swim
test,2? 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/6) 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 PP 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 immoability.

Qur 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.2®*2 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.

WILEY-2

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
neophabic 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.*® 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 immability 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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Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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