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ARTICLE INFO ABSTRACT

Keywords: Aging affects emotional, cognitive, and social functions, increasing susceptibility to neuropsychiatric conditions.
Aging C57BL/6 mice are commonly used to study aging mechanisms, yet differences between C57BL/6J and C57BL/6N
Anxiety

Social behavior

substrains remain underexplored. This study compared aging-related behavioral changes in these substrains.
Aging reduced exploratory activity and heightened anxiety in C57BL/6J, but not C57BL/6N, mice. Conversely,

aging reduced social novelty preference in C57BL/6N, but not C57BL/6J, mice. Male mice of both substrains
exhibited increased female urine sniffing with age. These findings highlight substrain-specific aging effects,
underscoring the importance of substrain selection in behavioral studies of aged mice for drug development.

Aging leads to emotional, cognitive, and social dysfunctions and risks
various neuropsychiatric conditions, such as dementia.' ® Given the
relevance to cognitive impairment in dementia, animal studies of
behavioral aging have mainly focused on the cognitive domain so far.
However, emotional and social deficits associated with aging have
recently gained attention, as these factors often impact the well-being of
older adults as significantly as cognitive deficits.”° Therefore, to
develop therapeutic drugs that ameliorate various symptoms of de-
mentia, it is crucial to characterize the effects of aging on these behav-
ioral domains and establish a robust behavioral platform for testing the
effects of novel compounds on these alterations.

In rodent aging studies, C57BL/6 mice are widely used due to their
well-characterized genetic profile and the availability of numerous
genetically modified lines within this strain.® ® Since multiple genetic
factors influence aging and longevity in humans and model animals, it is
crucial to select an appropriate genetic background.” C57BL/6 strain is
composed of two major substrains, C57BL/6J and C57BL/6N. Genomic,
metabolic and behavioral differences have been reported between the
two substrains.'®'® In behaviors, C57BL/6J mice show higher explor-
atory activity, whereas C57BL/6N mice are more susceptible to the
pro-depressive effects of chronic corticosterone treatment.'%'* Between
the genomes of C57BL/6J and C57BL/6N, there are 43 structural

variants, including 15 overlapping with genes, 34 coding SNPs, and 2
coding indels.'? Whereas several genes that vary between the substrains
have been implicated in emotional and cognitive functions, no specific
variant has been determined to account for the behavioral differences
between the substrains.

Despite such differences between the substrains, not all behavioral
aging studies specified which C57BL/6 substrain was used. When it was
specified, C57BL/6J mice have mostly been used to characterize in
aging-associated behavioral alterations, including anxiety-like behavior
and cognitive deficits,'”"!” whereas only a few studies reported behav-
ioral deficits of aged C57BL/6N mice, such as altered sucrose preference
and anxiety.'®1°

In this study, we aimed to compare emotional and social behaviors of
aged C57BL/6J and C57BL/6N mice using multiple tests in different
behavioral domains. Refer to the Supplementary Methods for detailed
methods for behavioral tests.

We assessed exploratory activity and anxiety-related behaviors in
young (8-12-week-old) and aged (75-85-week-old) male and female
C57BL/6J mice (Jackson Laboratories Japan, Yokohama, Japan) and
C57BL/6N mice (C57BL/6NCrSlc; Japan SLC, Shizuoka, Japan) using
the open field and elevated plus maze tests. In the open field test
(Fig. 1a), aged C57BL/6J mice showed reduced exploratory activity and
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heightened anxiety compared to young mice, evidenced by shorter young and aged C57BL/6N mice in these measures (Fig. li-r). Direct
travel distances, less time spent in the center zone, and fewer center zone comparison of the substrains revealed that aged C57BL/6J mice spent
entries normalized to total distance traveled (Fig. 1b-g). Conversely, significantly more time in the closed arms than aged C57BL/6N mice
while aged C57BL/6N mice spent less time in the center zone, they did (Fig. 1p).

not differ from young mice in total distance traveled or normalized These findings demonstrate that aging preferentially reduces
center zone entries (Fig. 1b-g). Notably, aged C57BL/6J mice spent less exploratory behavior and increases anxiety in C57BL/6J mice compared
time and made fewer entries into the center zone compared to aged to C57BL/6N mice. No significant differences in these behaviors were
C57BL/6N mice, indicating that anxiety increases with age more observed between male and female mice (Supplementary Figs. S1 and
prominently in C57BL/6J mice (Fig. 1d-g). 52).

In the elevated plus maze test (Fig. 1h), aged C57BL/6J mice We assessed social behaviors using the sociability and social novelty
exhibited heightened anxiety compared to young C57BL/6J mice, tests. In the sociability test (Fig. 2a), sniffing time, sniffing bouts, and
traveling shorter distances, spending less time in open arms, making their ratios for a social versus empty target were indices of sociability. In
fewer open-arm entries, and spending more time in closed arms C57BL/6J mice, aging reduced sniffing time for a social target without
(Fig. li-r). In contrast, no significant differences were observed between affecting that for an empty target (Fig. 2b-e). The ratio of sniffing time
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Fig. 1. Aging reduces exploratory behavior and heightens anxiety preferentially in C57BL/6J mice, compared to C57BL/6N mice, in the open field test and in the
elevated plus maze test (a) Schematic of the behavioral chamber used in the open field test. (b—g) Total traveled distance (b, c), proportion of time spent in the center
zone (d, e), and number of entries to the center zone per total distance traveled (f, g) in the open field test for young and aged C57BL/6J and C57BL/6N mice, without
(b, d, f) or with (c, e, g) normalized to the values of young mice of the respective substrains. (h) Schematic of the behavioral chamber used in the elevated plus maze
test. (i-r) Total traveled distance (i,j), proportion of time spent in open arms (k,1), number of entries to open arms per total distance traveled (m,n), proportion of time
spent in closed arms (o,p), and number of entries to closed arms per total distance traveled (q,r), in the elevated plus maze test for young and aged C57BL/6J and
C57BL/6N mice, without (i,k,m,0,q) or with (j,1,n,p,r) normalized to the values of young mice of the respective substrains. Values are shown as means + SEM. *P <
0.05, **P < 0.01, ***P < 0.001, ns, not significant for Fisher’s LSD tests following two-way ANOVA. As a few outliers skewed the statistical results, the outliers were
identified separately for the respective groups in each graph using the ROUT method with a 1% false discovery rate and excluded from the corresponding graphs and
analyses. Consequently, the outliers were determined independently for different behavioral indices. The following data points were excluded from the analyses: (d,e)
1 out of 16 aged C57BL/6J, 2 out of 8 aged C57BL/6N.

125



R. Yamada et al.

a Sociability test

Empty

O

b Sniffing time for the d Snifﬁn? time for the f Snifﬁn% time ratio
y

for the social target

Journal of Pharmacological Sciences 157 (2025) 124-129

h Number of sniffing bouts ] Number of sniffing bouts I Number of sniffing bouts
for the empty target ratio (Social / Empty %)

Number of sniffing bouts
for the social target
(relative to the young)

*%*
.. 600— %
o 2 400 °
8 N @
A0 200 88
° e 5| °
T T 1 e s B
O D O > O
L @ L .2 ° @ ° @
M IRCA S TOS SIROA S
m

Number of sniffing bouts Number of sniffing bouts
for the empty target ratio (Social / Empty
(relative to the young) relative to they young)

25 *

o 20— . ¢
15

o5

n Social novelty test

social target (s) empty target (s) (Social 7 Empty %)
—*
2504 . 150 1000
200 o o oo s 800
150 3 , 190 s . 600 .
100 el |.|[& 50 28 * 2 400 L H 2
50 : ' [ﬂ LR
o 8
=TT T 0T T T 1 =TT 11
O D OD O D> O O O
N N & @ 7 @ ) 2 @
At A G R SCAS
C57BL/6J C57BL/6N
c e g
Sniffing time for the Sniffing time for the Sniffing time ratio
social target empty target (Social / Empty
(relative to the young) (relative to the young) relative to the young)
15— & = 3 25
v % . 20 ° X
1055 & 2 2 1.5
N o 828 LA ;
05 ° of o9 1 o 1.0 ; 3 ;
. *] g ﬁ 05| Fﬁ 7| 3
0.0 0 0.0
8L &3 Lh &3 LS O
O O O D> O
& @ & @ & @ @ @ 2@
4R L P At
C57BL/6J C57BL/EN
Novel
(mouse)
o q s
Sniffing time for the Shiffing time for the Sniffing time ratio
Novel target (s) Familiar target (s) (Novel /'Familiar %)
= *
* 300
200
100
0
O D ORD
@ @
XUl SIUg
C57BL/6J C57BL/6N
r t
Sniffing time for the Sniffing time for the Sniffing time ratio
Novel target (s) Familiar target (s) (Novel / Familiar
(relative to the young) (relative to the young) relative to the young)
*%*
25 < 4 * S .
20 ° °
o ° 3
15 ° ) 2 . 8
1.0 & : . ® o 1 a8 850 s
£ ° . 1 :
oA Cla Ihs as  1TE B4
Tad ey TEE AL TAIdS
SIS O D <& <& & &
& & @ @ & &
R RS A E S O S

C57BL/6J C57BL/6N

s 1.0 i

oo & 0.5 [ ﬁ
T 00T

O o p

Number of sniffing bout
for the Novel target

Number of sniffing bout
for the Novel target
(relative to the young)

for the Familiar

T
O D

N N
¥ & \790 & ?90

y

Number of snifﬁn? bout  Number of sniffing bouts
for the Familiar tal
*kk
*kk

rget  ratio (Novel / Familiar %)

500
400
300

O O Op O
RCa

K
& Rl

z
Number of snifﬁn? bout  Number of sniffing bouts
\ arget ratio (Novel / Familiar
(relative to the young) relative to the young)
2.0 .
. . 15 s .

5 %) [ 1.0 & °
H
o 0.5 peq |9 °
8 3 p
0.0 T

o 5
St 5

T
O D O
& °°(\vq0

o—
o

RS S

(caption on next page)



R. Yamada et al. Journal of Pharmacological Sciences 157 (2025) 124-129

Fig. 2. Aging reduces sociability and social novelty preference preferentially in C57BL/6N mice, compared to C57BL/6J mice. (a) Schematic of the behavioral
chamber used in the sociability test. (b—g) Time spent sniffing a social target (b, ¢) or an empty target (d, e) and the ratio of sniffing time for a social target relative to
an empty target (f, g) for young and aged C57BL/6J and C57BL/6N mice without (b, d, f) or with (c, e, g) normalized to the values of young mice of the respective
substrains. (h-m) The number of sniffing bouts for a social target (h, i) or an empty cage (j, k) and the ratio of the number of sniffing bouts of social target relative to
an empty target (1, m) for young and aged C57BL/6J and C57BL/6N mice without (h, j, 1) or with (i, k, m) normalized to the values of young mice of the respective
substrains. (n) Schematic of the behavioral chamber used in the social novelty test. (0-z) Time spent sniffing a novel social target (o,p) or a familiar one (q,r) and the
ratio of sniffing time for a novel social target relative to a familiar one (s,t) for young and aged C57BL/6J and C57BL/6N mice without (0,q,s) or with (p,r,t)
normalized to the values of young mice of the respective substrains. (u-z) The number of sniffing bouts for a novel social target (u,v) or a familiar one (w,x) and the
ratio of the number of sniffing bouts for a novel social target relative to a familiar one (y,z) for young and aged C57BL/6J and C57BL/6N mice without (u,w,y) or with
(v,x,z) normalized to the values of young mice of the respective substrains. Values are shown as means + SEM. **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not
significant for Fisher’s LSD tests following two-way ANOVA. As a few outliers skewed the statistical results, the outliers were identified separately for the respective
groups in each graph using the ROUT method with a 1% false discovery rate and excluded from the corresponding graphs and analyses. Consequently, the outliers
were determined independently for different behavioral indices. The following data points were excluded from the analyses: (b-e) 1 out of 16 aged C57BL/6J; (f,g) 2
out of 16 aged C57BL/6J, 1 out of 8 aged C57BL/6N; (j,k) 1 out of 16 aged C57BL/6J, 2 out of 8 aged C57BL/6N; (1,m) 2 out of 16 aged C57BL/6J, 2 out of 8 aged
957BL/6N; (s,t) 2 out of 16 aged C57BL/6J; (w,x) 1 out of 8 young C57BL/6N; and (y,z) 3 out of 16 aged C57BL/6J, 1 out of young C57BL/6N.
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Fig. 3. Aging increases female urine sniffing in both C57BL/6J and C57BL/6N mice, and glyburide treatment appeared to ameliorate anxiety in both young and aged
C57BL/6J mice. (a) Schematic of the female urine sniffing test. (b,c) Time spent sniffing female urine for young and aged C57BL/6J and C57BL/6N mice without (b)
or with (c) normalized to the values of young mice of the respective substrains. (d-f) Total traveled distance (d), proportion of time spent in the center zone (e), and
number of entries to the center zone per total distance traveled (f) in the open field test for young and aged C57BL/6J mice, following intraperitoneal injection of
either vehicle control, glyburide, or liraglutide. (g-k) Total traveled distance (g), proportion of time spent in open arms (h), number of entries to open arms per total
distance traveled (i), proportion of time spent in closed arms (j), and number of entries to closed arms per total distance traveled (k), in the elevated plus maze test for
young and aged C57BL/6J mice, following intraperitoneal injection of either vehicle control, glyburide, or liraglutide. (1,m) Blood glucose levels of young (1) or aged
(m) C57BL/6J mice before and after intraperitoneal injections of vehicle control, glyburide, or liraglutide. Values are shown as means + SEM. #P < 0.1, *P < 0.05,
**P < 0.01, ***P < 0.001, ns, not significant for Fisher’s LSD tests following two-way ANOVA (b-k) or one-way ANOVA (1), or Dunnett’s multiple comparisons test
between vehicle and drugs following two-way repeated measures ANOVA (I,m).
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for social versus empty targets decreased with aging, though young and
aged mice distributions overlapped considerably (Fig. 2f and g). Simi-
larly, the ratio of sniffing bouts for social versus empty targets declined
with age, though changes in individual sniffing bouts were not statisti-
cally significant (Fig. 2h-m). In C57BL/6N mice, aging also reduced
sniffing time for a social target without affecting the empty target, but
the ratio remained unchanged (Fig. 2b-g). Aging did not affect sniffing
bouts or their ratio in these mice (Fig. 2h-m). These results suggest that
aging modestly reduces sociability in both C57BL/6J and C57BL/6N
mice, with overlapping distributions between young and aged mice.

In the social novelty test (Fig. 2n), sniffing time, sniffing bouts, and
their ratios for novel versus familiar social targets indexed novelty
preference. In C57BL/6J mice, aging did not alter sniffing time or bouts
for novel or familiar targets, nor their ratios (Fig. 20-z). In C57BL/6N
mice, aging reduced sniffing time and bouts for novel social targets
without affecting familiar targets. The ratio of bouts for novel versus
familiar targets decreased with aging, though changes in time ratios
were not statistically significant (Fig. 20-z). These findings suggest that
aging preferentially reduces social novelty preference in C57BL/6N mice
compared to C57BL/6J mice. No sex differences were observed
(Supplementary Figs. S3 and S4).

Lastly, we evaluated female urine sniffing behavior in male mice
(Fig. 3a). Aged C57BL/6J and C57BL/6N males spent more time sniffing
female urine than young males (Fig. 3b and c). This indicates that aging
increases female urine sniffing in both mouse strains.

To exploit our behavioral findings to pharmacological research, we
examined whether metabolic dysregulation contributes to heightened
anxiety in aged C57BL/6J mice with antidiabetic drugs glyburide or
liraglutide, which have distinct pharmacological actions, in the open
field test and the elevated plus maze test. Although aging-related dif-
ferences in anxiety levels became unclear, perhaps due to increased
anxiety associated with intraperitoneal injections of even the vehicle
solution, neither drug significantly affected anxiety levels in either test
(Fig. 3d-f,h-k). Nonetheless, liraglutide, but not glyburide, selectively
reduced locomotor activity in aged mice during the elevated plus maze
test (Fig. 3g). Notably, liraglutide did not alter blood glucose levels 30
min post-injection (Fig. 31 and m), when the behavioral experiments
were conducted. This suggests that its effect on locomotor activity in
aged mice is independent of its glucose-lowering action and instead may
be attributed to other GLP-1-related mechanisms.

In the present study examined aging-associated behavioral changes
in C57BL/6J and C57BL/6N mice, revealing genetic and behavioral
domain-specific effects. Aging reduced exploratory activity and
heightened anxiety in C57BL/6J mice, while reducing social novelty
preference in C57BL/6N mice. Both substrains exhibited increased fe-
male urine sniffing, indicating a common behavioral change. Differences
in breeding conditions, including microbiomes, due to vendor sources
may have influenced the findings, but the results highlight the impor-
tance of substrain selection for studying behavioral aging.

Our findings suggest that aging affects multiple behavioral domains
differently, depending on genetic background. Consequently, aging does
not uniformly impact all behaviors; instead, distinct patterns of behav-
ioral deficits may emerge among individuals with varying genetic
backgrounds. It should be noted that the interpretation of the results of
each behavioral test needs great care. The level of anxiety is influenced
by the motivation to explore novel environments. Similarly, social
novelty preference relies on general learning and memory abilities. To
address this complexity, a behavioral battery incorporating a compre-
hensive set of experiments may be required.

Among these genetic differences, the deletion of the Nnt gene that
selectively occurs in C57BL/6J mice has been shown to cause impaired
insulin secretion and glucose intolerance.”’ Since glucose intolerance
reportedly leads to heightened anxiety,?’ aging may have different ef-
fects on anxiety in C57BL/6J and C57BL/6N mice, possibly due to their
distinct metabolic profiles. Importantly, rodent studies have indicated
that not all individuals exhibit aging-associated cognitive deficits, even
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with identical genetic backgrounds, pointing to non-genetic factors
underlying the variability in behavioral aging.”*** To clarify the genetic
and non-genetic mechanisms of behavioral aging, it is crucial to cate-
gorize aged individuals based on their specific patterns of behavioral
deficits.

We found that the GLP-1 agonist liraglutide suppressed locomotor
activity in aged, but not young, mice. While preclinical research has
emphasized the potential therapeutic benefits of GLP-1 agonists for
psychiatric and neurological disorders,?>" this finding raises a poten-
tial concern: GLP-1 agonists may have age-dependent effects that could
impair certain behavioral functions in older individuals. As many animal
models for neurological disorders are designed to exhibit behavioral
dysfunctions at relatively early stages of life, they may fail to detect
therapeutic effects of novel compounds that become evident only after
aging. This study underscores the importance of establishing a behav-
ioral testing platform tailored to drug development for aged population.

By leveraging behavioral differences between C57BL/6J and C57BL/
6N substrains, this study highlights variability in behavioral aging
influenced by genetics and behavioral domains. These findings pave the
way for identifying diverse aging patterns, potentially enabling targeted
anti-aging strategies based on individual biological mechanisms.
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