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Abstract: Housing conditions can affect the well-being of laboratory animals and thereby affect the outcomes of
experiments. The appropriate environment is essential for the expression of natural behavior in animals. Here, we
compared survival rates in four inbred mouse strains maintained under three different environmental conditions.
Three mouse strains (C57BL/6J, C3H/HeN, and DBA/2J) housed under environmental enrichment (EE) conditions
showed improved survival; however, EE did not alter the survival rate of the fourth strain, BALB/c. None of the
strains showed significant differences in body weights or plasma corticosterone levels in the three environmental
conditions. For BALB/c mice, the rates of debility were higher in the EE group. Interestingly, for C57BL/6J and
C3H/HeN mice, the incidence of animals with alopecia was significantly lower in the EE groups than in the control
group. Itis possible that the enriched environment provided greater opportunities for sheltering in a secure location
in which to avoid interactions with other mice. The cloth mat flooring used for the EE group was bitten and chewed
by the mice. Our findings suggest that depending on the mouse strains different responses to EE are caused with
regard to health and survival rates. The results of this study provide basic data for further studies on EE.
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Introduction

Human life expectancy is increasing globally due to
improved healthcare infrastructures and to the early di-
agnosis of disease. Age-related decreases in physiolog-
ical functions can have a significant and adverse influ-
ence on daily life and quality of life in elderly populations
[1]. The mechanisms of aging are currently the focus of
a wide range of investigations. Animal models are com-
monly used in aging research because they allow re-
searchers to obtain data that are difficult or impossible
to obtain from humans. Laboratory mice are widely used
for aging and senile disease research because they are

genetically and physiologically similar to humans, easy
to breed and to produce genetically modified animals,
have a well-developed database, and are relatively short-
lived with an average lifespan of about 3 years [2].
Advances in our understanding of the optimal housing
conditions for animals in biomedical research have led
to the increased use of “environmental enrichment (EE)”
for rodents. EE can be defined as any modification in the
environment of captive animals that seeks to enhance
physical and psychological well-being by providing
stimuli that meet the specific needs of the animals [3].
It is important to evaluate EE in terms of health benefit
and lifespan of the animals; assessment of the effects on
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behavior and on physiological parameters can also be
used to investigate the potential benefits of EE.

In general, two types of experiment are performed to
evaluate the potential improvement in rodent welfare by
EE: (1) experiments that examine the preference of ani-
mals for specific objects or environments (preference
testing); and (2) experiments that examine the effects of
enrichment on behavioral or physiological parameters
[4]. Research on the effects of EE on mice has demon-
strated significant differences in behavior: mice kept
under enriched conditions show increased locomotory
and exploratory activities [5], object exploration [6],
learning ability [7], and decreased anxiety [8]. These
differences in behavior reflect differences in brain anat-
omy and chemistry, including brain size, brain weight,
density of spines, levels of dendritic branching, number
of synapses per neuron, and activity of neurotransmitters
[9]. The influence of EE on cognition and memory has
been well documented [10-13].

In preference testing experiments, mice are provided
with a choice of different conditions, and the environ-
ment most frequently chosen is assumed to be that most
suitable [14, 15]. In a previous study, we showed that
mice remained longer in cages with cloth bedding ma-
terials [16]; cloth bedding materials offer both a signifi-
cant reduction in waste and an improvement in the
habitat of the mice [17]. Mice prefer an environment that
matches their fur color as it provides greater protection
[18]; mice also show a clear preference for cages con-
taining a wooden quadrangle [19].

Particularly relevant to investigations of aging are
studies examining enrichment-induced alterations in
middle-aged and aged rodents. The majority of studies
on aged mice generally provide an enriched environment
for only a short time period [20-23] although one study
on rats examined enriched versus standard housing con-
ditions over a 12 month period [24]. To date, however,
no study has evaluated the effects of EE on lifespans and
survival rates. The present study was initiated to exam-
ine the effect of three different environmental conditions
on the survival rates of four inbred mouse strains.

Materials and Methods

Animals and housing conditions

Six-week-old female mice from four inbred strains
(BALB/c, C57BL/6J, C3H/HeN, DBA/2J) were used
(CLEA Japan, Inc., Tokyo, Japan). To eliminate the
influence of the rearing environment, mice were housed
in TPX plastic cages (220 x 320 x 135 mm, Natsune
Seisakusho, Co., Ltd., Tokyo, Japan) with wire mesh
floors for a 2-week acclimatization period. All animals

were kept in an animal room at a constant temperature
(23 £ 2°C), humidity (55 = 10%), and 12 h light/12 h
dark cycle (lights on at 07:00 and off at 19:00). The
mice were fed a plain commercial diet (NMF, Oriental
Yeast Co., Ltd., Tokyo, Japan) and had tap water ad
libitum. All experiments were performed according to
the Guide for the Care and Use of Laboratory Animals
at Shimane University and approved by the Institu-
tional Review Board of the University (Approved num-
ber: 1221-127).

Experimental procedure (housing conditions of test
animals)

Experiments were designed to compare the effects of
three housing conditions on survival rates in the four
strains of mice (Fig. 1). For each strain, 75 female mice
were used: 5 x 5 animals were maintained in the three
housing conditions. Groups of mice were composed on
the basis of body weight of the animals at Six weeks of
age, so that groups had comparable mean body weights.

Standard housing

Mice were housed in cages containing standard wood
shavings (Clean-chip™, Shimizu, Inc., Kyoto, Japan).
Approximately 65 g of flooring material was placed in
each cage and this was replaced once a week. These mice
served as the control group.

AGMAT housing

The second group of mice was housed in cages con-
taining a cloth mat flooring (AGMAT group, Agrebe-
mat™, 160 x 270 mm, about 50 g, CLEA Japan, Inc.).
The mice were rehoused once per week. AGMAT is
composed of meth acrylic acid graft copolymerized cel-
lulosic knit fiber; this material has been reported to have
the property of adsorbing ammonia [17]. In addition,
unlike conventional flooring materials, it can be reused
after washing [25]. The amount of dust in the cages is
significantly reduced using this material compared to
conventional flooring materials.

Enriched housing

The third group of mice was housed in cages with
cloth mat flooring (Agrebe-mat™, 160 x 270 mm, about
50 g, CLEA Japan, Inc.), and containing a quadrangular
wooden block with four small holes (110 x 110 x 75 mm,
one small hole (p40), CLEA Japan, Inc.) [19] and a piece
of cloth (Agrebe™, 450 x 650 mm, CLEA Japan, Inc.).

Housing materials of similar color to the mouse fur
were used: the housing materials for BALB/c and
DBA/2J mice were white, while those for C57BL/6J and
C3H/HeN mice were black [18]. Cloths were dyed black
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(a) Control

BALB/c

C57BL/6J

C3H/HeN

DBA/2J

(b) AGMAT

Fig. 1. The three housing conditions evaluated here: (a) standard wood shaving cages (Control group); (b) cloth mat
flooring cages (AGMAT group); (c) cloth mat flooring cages containing a quadrangular wooden block with
four small holes; the cloth was color matched to the mouse fur color (Environmental enrichment (EE) group).

using India ink (calligraphy liquid, Juntendo Co., Ltd.,
Masuda, Japan) and sterilized in an autoclave.

Observation scores

We monitored the status of the mice daily. Body
weight, food consumption, and water consumption were
measured monthly using an electronic balance (PE-1600,
Mettler Ltd., Tokyo, Japan). Food consumption per ani-
mal was determined by placing a known weight and
weighing the amount of food left after 7 days. Water
consumption was measured in the same way. Survival
rates were assessed over the entire lifespans of the ani-
mals. Deaths due to natural causes were recorded. Ani-
mals were euthanized under anesthesia with isoflurane
(Escain, Mylan Seiyaku, Tokyo, Japan) using an anes-
thetic instrument (KN-1071-I, Natsune Seisakusho, Co.,
Ltd.) if they were too debilitated to reach food and water
and/or had a palpable mass of >2.0 cm in diameter [26].
Autopsies were performed on all mice, other than that
rotten carcase or partly eaten and all organs were sub-
jected to macroscopic examination. Debility in the mice
was assigned to various categories: abnormal behavior;
skin lesions; increased lordosis and kyphosis; alopecia,
which could develop in a diffuse manner or affected
circular areas on the dorsal surface; tumors, which in-

1562 | doi: 10.1538/expanim.21-0118

cluded various skin tumor types and cancers; ascites;
hepatic cirrhosis, which included hepatic failure and
hepatic fibrosis; lesions of the spleen, including inflam-
matory and necrotic fibrosis; spleen atrophy; cataracts;
anal prolapse, including symptoms of intestinal inflam-
mation such as perianal inflammation and bleeding.

Corticosterone (CORT) assay

After 12 weeks, five mice from each group of all four
stains were moved from the animal room to the labora-
tory and euthanized in their cages using CO, supplied
through a safety glass lid. All animals lost consciousness
within 30 s and stopped breathing within 2-3 min. To
minimize the effect of sampling order on the levels of
CORT, the five mice were euthanized together in their
home cage. The treatment groups were sampled as one
cage per group in the order: control, AGMAT, and EE.
This sampling order was maintained until all of the ani-
mals had been euthanized. Blood samples were col-
lected by heart puncture directly after euthanasia. Blood
plasma was separated by centrifugation (1,530 x g for
10 min) and deep frozen (—80°C) until assayed. CORT
levels were determined using an ELISA kit according to
the manufacturer’s instructions (AssayPro, Funakoshi
Co., Ltd., Tokyo, Japan).
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Cloth mat flooring

The weights of the cloth mat flooring in the AGMAT
and EE groups were compared before and after use (for
1 week) using an electronic balance (PE-1600, Mettler
Ltd., Tokyo, Japan). During cage cleaning, the condition
of each mat was also subjectively assessed. The mats
were then washed, reprocessed, sterilized, and weighed,
and reused over about 4 months.

Statistical analysis

Data are expressed as means = SD. Differences were
tested by analysis of variance (ANOVA) and Dunnet’s
PLSD post hoc test. The data from the post-mortem
analyses of animals euthanized during the experimental
period were analyzed using the chi-square test. Survival
rates were analyzed using the Kaplan—Meier survival
test and the log-rank test. Cloth mat flooring weights
were analyzed using the student’s ¢-test of unpaired com-
parisons. Analyses were performed using StatView (SAS
Institute Inc., Cary, NC, USA). A P value less than 0.05
was considered statistically significant.

Survival
Figure 2 shows the survival curves for BALB/c,
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Fig. 2.

C57BL/6J, C3H/HeN, and DBA/2J mice during this
experiment. In BALB/c mice, the numbers of mice dying
increased slightly earlier in the AGMAT and EE groups
compared with the control group, but the difference was
not significant. All of the BALB/c mice died before 900
days. BALB/c mice showed a mean lifespan of 660.3 +
22.2 days in the control, 615.1 + 40.8 days in the AG-
MAT group (P=0.32), and 615.6 = 29.2 days in the EE
group (P=0.32). C57BL/6J mice in the EE group showed
significantly longer survival than the control group: mean
lifespan was 723.5 + 39.2 days in the control group,
802.4 + 30.2 days in the AGMAT group (P=0.08), and
840.9 £ 24.1 days in the EE group (P<0.05). The 900-day
survival rate for the C57BL/6J mice was 15% in the
control group, 25% in the AGMAT group, and 25% in
the EE group. In C3H/HeN mice, survival in the EE
group was significantly longer than the control group:
mean lifespan was 814.4 + 25.9 days in the control
group, 842.8 £ 11.9 days in the AGMAT group (P=0.30),
and 906.6 £ 16.6 days in the EE group (P<0.01). The
900-day survival rate for the C3H/HeN mice was 30%
in the control group, 15% in the AGMAT group, and 60%
in the EE group. In DBA/2J mice, survival was signifi-
cantly longer in the EE group than the control group.
DBA/2J mice also tended to have a shorter lifespan than
the other three strains: the mean lifespan of the DBA/2J
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Survival curves for the four mouse strains in each housing condition. Survival rates were analyzed using

the Kaplan-Meier survival test and the log rank test. A P value less than 0.05 was considered statistically

significant differences from the control group.
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control group was 567.8 £ 37.9 days, that of the AGMAT
group was 644.4 + 33.6 days (P=0.13), and that of the
EE group was 677.0 £ 33.6 days (P<0.05). All of the
DBA/2]J mice had died before 900 days.

Body weight

Figure 3 shows the changes in body weight in all four
mouse strains and in all three housing conditions during
the period of the experiment. Measurements of body
weight and food consumption are useful methods for
early detection of the onset of disease or debilitation in
animals. BALB/c, C57BL/6J, and C3H/HeN mice
showed no significant differences in body weight at 26
months among the three groups. DBA/2J mice in the
AGTMAT and EE groups had slightly larger body weight
increases compared with that of the control group at
10—16 months, but these were not statistically significant.

Food and water consumption

As shown in Fig. 4, food consumption in BALB/c
mice did not differ significantly among the three groups.
Food consumption of C57BL/6J mice decreased slight-
ly in the AGMAT and EE groups during the experimen-
tal period but there were no significant differences in
food consumption among the three groups. Food con-
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sumption of C3H/HeN and DBA/2J mice did not differ
significantly among the three groups. In all four mouse
strains, the type of housing did not have a significant
effect on food consumption, although food consumption
varied from week to week.

As shown in Fig. 5, BALB/c mice showed no signifi-
cant differences in water consumption among the three
groups, although there was a remarkable drop in the EE
group at 22 months. In C57BL/6J mice, daily water con-
sumption varied widely in the control group throughout
the experiment but, overall, there were no significant
differences among the three groups. C3H/HeN and
DBA/2J mice showed no significant differences among
the three groups.

Plasma CORT

To measure the stress response, plasma CORT levels
were assessed. Figure 6 shows the plasma CORT levels
in the four strains after 12 weeks. Plasma CORT of
BALB/c mice represented the basal levels: control, 69.3
+ 63.9 ng/ml; AGMAT group, 70.3 + 87.1 ng/ml; EE
group, 72.9 + 43.6 ng/ml. There were no significant dif-
ferences among the groups. Housing conditions did not
influence CORT levels in C57BL/6J or DBA/2J mice;
these strains showed similar levels of CORT as BALB/c
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Fig. 3. Average body weights for all mouse strains in each housing condition. Each value represents the mean + SD.

doi: 10.1538/expanim.21-0118



ENRICHED HOUSING AND SURVIVAL RATE IN MICE

BALB/c C57BL/6J
6 -
6 -
= Control W Control
% BAGMAT g 5 | mAouAT
3 %] 3 EE
£ OEE g u]
3 £
§ 4 §~ 4 4
2 3
§3 § 37
3 °a
: £
g 21 221
o 8
T
3 8
1 gt
0 - 0 -
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
Experimental priod (months) Experimental period (months)
C3H/HeN DBA/2J
6 m Control 6 1 B Control
—_ EAGMAT
T 5 3 51 EAGMAT
3 OEE 3 OEE
E E
g4 g4
E E
§ 3 s 3+
‘a =
£ £
2 2 2 2 4
3 S
9 °
§ 14 ug- 1 4
0 - 0
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22

Experimental period (months) Experimental period (months)

Fig. 4. Food consumption in four mouse strains in each housing condition. Each value represents the mean = SD.
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mice. By contrast, plasma CORT levels were up to four
times as high in C3H/HeN mice as in the other strains.

Post-mortem observations

The results of the necroscopic analyses of mice from
the four strains are shown in Table 1. In BALB/c, in-
creases in neoplastic lesions, ascitic fluid, and spleno-
megaly were observed. The rates of debility in the EE
groups were significantly higher (P<0.05) compared with
the control group. In C57BL/6J mice, the rates of alope-
cia in the AGMAT and EE groups were significantly
lower (P<0.01 and P<0.05, respectively) compared with
the control group. The date of onset of alopecia was also
significantly later in the AGMAT group (n=5, 457.0 +

96.1 days) compared with the control group (n=15, 248.4
+ 37.6 days). Similarly, the onset of alopecia was sig-
nificantly later in the EE group (n=8, 451.5 + 45.1 days)
compared with the control group. In C3H/HeN mice the
rate of alopecia in the EE group was lower than in the
control group (P<0.05). However, there were no differ-
ences in timing of onset of alopecia among the three
groups: control, 473.1 + 43.2 days; AGMAT, 533.6 =
72.3; EE, 500.5 + 70.6 days.

Condition of cloth mat flooring

Figure 7A shows representative images of cloth mat
flooring before and after use. In the AGMAT group and
the EE group, the mat displayed scratches and tooth
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Fig. 6. Corticosterone levels in four mouse strains in each housing condition. Data are presented

as the mean £+ SD (n=5) and were analyzed using a variance (ANOVA) and Dunnet’s PLSD
post hoc test.

Table 1. Necropsy findings in four mouse strains in each housing condition

. .. . . Hepatic Spleen Spleen Anal
Strain Group Debility ~ Alopecia Tumor Ascites e o Cataract A
BALB/c Control 0/20 7/20 10/20 10/20 4/20 10/20 0/20 1/20 2/20

AGMAT 0/17 2/17 517 11/17 3/17 8/17 0/17 0/17 2/17
EE 6/18* 0/18 3/18 4/18 0/18 5/18 0/18 0/18 0/18
C57BL/6J  Control 2/19 15/19 2/19 13/19 3/19 4/19 0/19 5/19 1/19
AGMAT 4/18 5/18%* 5/18 6/18 3/18 8/18 0/18 4/18 3/18
EE 7/20 8/20* 6/20 10/20 3/20 1/20 0/20 4/20 1/20
C3H/HeN  Control 7/20 12/20 4/20 8/20 4/20 1/20 8/20 1/20 0/20
AGMAT 10/20 5/20 6/20 5/20 0/20 0/20 11/20 0/20 1/20
EE 7/19 4/19* 2/19 5/19 1/19 1/19 11/19 2/19 0/19
DBA/2] Control 1/18 0/18 8/18 7/18 2/18 4/18 0/18 3/18 0/18
AGMAT 1/20 0/20 12/20 8/20 4/20 6/20 0/20 3/20 0/20
EE 2/18 1/18 11/18 10/18 6/18 5/18 2/18 2/18 0/18

The data from the post-mortem analyses of animals euthanized during the experimental period were analyzed using the chi-square test. **:
P<0.01 vs Control, *: P<0.05 vs Control.
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marks; these were observed for mats used in all strains.
The matting was replaced after about 4 months when it
became too tattered for use. Figure 7B shows the chang-
es of average weights of the floor mats for the four strains
in AGMAT and EE groups. In both the AGMAT and EE
group of BALB/c mice, a 45% rate of damage to the floor
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mat was observed after 4 months; there was no signifi-
cant difference between the two housing groups. In the
C57BL/6J mice, the floor mat weight in the AGMAT
group was significantly lower than in the EE group
(P<0.05) after two and four months. In the C3H/HeN
mice, floor mat weight in the AGMAT group was sig-
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Fig. 7. Comparison of the condition of the cage mat flooring for each mouse strain in AGMAT and EE housing
conditions. A: Representative images of the cloth mat before and after use. Each mat was used for about 4
months. B: Changes in weight of cage mat flooring before and after use. Four mats were assessed in the
AGMAT and EE groups of each strain. Each value represents the mean + SD and were analyzed using the
student’s 7-test of unpaired comparisons. *: P<0.05.
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nificantly lower than in the EE group (P<0.05) at four
months. In the DBA/2J mice, floor mat weight in the
AGMAT group was significantly larger at two and four
months than in the EE group (P<0.05).

In the present study, we examined the effects of enrich-
ment of housing conditions on health and survival of
four inbred mouse strains. The EE condition represents
specific measures to improve the psychological well-
being of laboratory animals from an animal welfare
viewpoint [3, 15]. To date, the effects of EE on brain
structure and function [27], behavior [5], immune re-
sponses [28], pup mortality [29], physiological param-
eters [22], and aggression [30] have been investigated;
however, the effects of enrichment on lifespan and sur-
vival rates have not been evaluated. The results of our
study provide fundamental data for other studies seeking
to improve housing conditions as part of EE.

In general, when male mice are fostered in groups, the
frequency of external wounds is high due to fighting
[15]; however, female mice rarely fight. To avoid ag-
gressive behavior among cage mates, we examined the
effects of complex EE on female mice. The survival
times of three of the mouse strains examined (C57BL/6J,
C3H/HeN, and DBA/2J) were longer in the EE group;
however, no effect was observed in BALB/c mice. In the
former three strains, functional behavioral activity im-
proved; the presence of places where they were secure
from attack may have been one cause [31, 32]. Tsai et
al. [33] reported that EE stimulated physiological func-
tion and behavior in mice. For instance, although it is
not possible to escape from the cage, shelters or visual
barriers could allow mice to hide from a threatening
conspecific. However, in BALB/c mice, the survival rate
was not influenced by EE. BALB/c mice have been re-
ported to be adversely affected by EE, female BALB/c
mice kept in an enriched environment have fewer im-
mature thymocytes [34]. BALB/c female mice tended to
have lower mature body weights when kept under en-
riched conditions, and a smaller number of litters were
produced by female BALB/c mice housed in an enriched
environment [4]. Even among studies using the same
mouse strain, both increases and decreases in locomo-
tory activity have been reported for mice in EE condi-
tions [35-38]. The reasons for these conflicting results
are unclear.

The use of an AGMAT cloth as a bedding material is
a new concept in housing laboratory mice. The use of
the cloth can improve the habitat of the animals. The
AGMAT bedding was bitten and chewed by the mice.
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The mat floors in both the AGMAT and EE groups were
damaged in all the strains used here. The mice may have
chewed the mat flooring to provide nesting material. The
goal of EE is to provide animals with opportunities to
express their full range of species-typical behavioral
patterns [4]. Also, response-contingent enrichment ob-
jects (i.e., items the animals themselves can alter) are
often more effective at eliciting novel interactive re-
sponses. Therefore, AGMAT is considered to be a ben-
eficial alternative to wood shavings.

CORT, the main glucocorticoid produced by rodent,
is a highly sensitive and reliable indicator of stress [39,
40]. In our study, CORT levels in the EE groups were
similar to those in control mice. CORT levels were
similar to those previously reported that standard hous-
ing and enriched housing were no significant difference
[33, 41, 42]. Presumably, the lack of any change here
among housing conditions indicates that the experiment
did not load extreme stress on the animals during the
experimental period. The C3H/HeN mice had slightly
higher CORT levels than the other strains. Marashi ef al.
[43] reported CORT levels of 80—100 ng/ml in C3H/HeN
mice, suggesting that slightly higher CORT levels are
characteristic of this strain. CORT levels have previ-
ously been examined in mice kept under EE conditions
[44, 45]. EE may decrease emotional reactivity by low-
ering the levels of stress hormones such as ACTH and
CORT [46, 47]. While some studies found that EE de-
creased resting CORT levels [39] or following exposure
to stressors [11, 44], others have found that resting lev-
els in EE animals did not differ from those of non-en-
riched controls [24, 42, 48] and that animals kept under
EE conditions had higher basal levels of CORT [41].
Possibly, the increases in CORT levels may be attribut-
able to increased physical activity of animals in EE.
Future studies comparing the effects of various levels in
enrichment settings on stress response are needed [49].

In our study, the incidence of C57BL/6J and C3H/HeN
mice with alopecia was significantly lower in the EE
group than in the control group. As C57BL/6J mice age,
they can develop a mild punctuate ulcerative dermatitis
[50]. Continuous grooming is an abnormal behavior that
can cause alopecia in mice; it has been particularly
noted in C57BL/6J mice [51]. Skin lesions are common
in mice that pull or pluck hair fibers from the follicles
[52]. This behavior is a symptom of brain dysfunction
and frequently occurs in a stressful environment [53].
Sundberg et al. [54] reported that the relative incidence
of alopecia areata in one production colony of C3H/Hel
mice was 0.25% for female mice. The frequency in an
aging colony selectively bred reached 4.7% for mice
over 18 months of age, suggesting that this might be a
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common aging change in C3H/HeJ mice. The EE used
in this experiment appears to have alleviated this hair
loss symptom associated with aging phenomenon and
excessive grooming.

In conclusion, three mouse strains housed under EE
conditions showed improved survival; however, EE did
not alter the survival rate of the BALB/c mice. We sug-
gest that there are inter-strain differences in response to
changes in environmental conditions. Variations in the
preferences of different species, strains, age groups, and
sex require further evaluation. It is possible that the EE
provided greater opportunities for sheltering in a secure
location in which to avoid interactions with other mice.
Our findings here suggest that depending on the mouse
strains different responses to EE are caused with regard
to health and survival rates. The results of this study
provide basic data for further studies on EE.

Conflict of Interests

The authors declare that have no conflict of interests.

References

1. Beard JR, Officer A, de Carvalho 1A, Sadana R, Pot AM, Mi-
chel JP, et al. The World report on ageing and health: a policy
framework for healthy ageing. Lancet. 2016; 387: 2145-2154.
[Medline] [CrossRef]

2. Sprott RL, Ramirez I. Current inbred and hybrid rat and
mouse models for gereontological research. ILAR J. 1997;
38: 104-109. [Medline] [CrossRef]

3. Wolfer DP, Litvin O, Morf S, Nitsch RM, Lipp HP, Wiirbel H.
Laboratory animal welfare: cage enrichment and mouse be-
haviour. Nature. 2004; 432: 821-822. [Medline] [CrossRef]

4. Hutchinson E, Avery A, Vandewoude S. Environmental en-
richment for laboratory rodents. ILAR J. 2005; 46: 148-161.
[Medline] [CrossRef]

5. Kazlauckas V, Pagnussat N, Mioranzza S, Kalinine E, Nunes
F, Pettenuzzo L, et al. Enriched environment effects on be-
havior, memory and BDNF in low and high exploratory mice.
Physiol Behav. 2011; 102: 475-480. [Medline] [CrossRef]

6. Heyser CJ, Chemero A. Novel object exploration in mice:
not all objects are created equal. Behav Processes. 2012; 89:
232-238. [Medline] [CrossRef]

7. Boehm GW, Sherman GF, Hoplight BJ 2nd, Hyde LA, Waters
NS, Bradway DM, et al. Learning and memory in the autoim-
mune BXSB mouse: effects of neocortical ectopias and envi-
ronmental enrichment. Brain Res. 1996; 726: 11-22. [Med-
line] [CrossRef]

8. Bodden C, Wewer M, Kistner N, Palme R, Kaiser S, Sachser
N, et al. Not all mice are alike: Mixed-strain housing alters so-
cial behaviour. Physiol Behav. 2021; 228: 113220. [Medline]
[CrossRef]

9. Brenes JC, Rodriguez O, Fornaguera J. Differential effect of
environment enrichment and social isolation on depressive-
like behavior, spontaneous activity and serotonin and norepi-
nephrine concentration in prefrontal cortex and ventral stria-
tum. Pharmacol Biochem Behav. 2008; 89: 85-93. [Medline]
[CrossRef]

10. Birch AM, McGarry NB, Kelly AM. Short-term environmen-
tal enrichment, in the absence of exercise, improves memory,
and increases NGF concentration, early neuronal survival, and

11.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

synaptogenesis in the dentate gyrus in a time-dependent man-
ner. Hippocampus. 2013; 23: 437-450. [Medline] [CrossRef]
Frick KM, Stearns NA, Pan JY, Berger-Sweeney J. Effects of
environmental enrichment on spatial memory and neurochem-
istry in middle-aged mice. Learn Mem. 2003; 10: 187-198.
[Medline] [CrossRef]

. Bayne K. Environmental enrichment and mouse models: Cur-

rent perspectives. Animal Model Exp Med. 2018; 1: 82-90.
[Medline] [CrossRef]

. Larsson F, Winblad B, Mohammed AH. Psychological stress

and environmental adaptation in enriched vs. impoverished
housed rats. Pharmacol Biochem Behav. 2002; 73: 193-207.
[Medline] [CrossRef]

Van de Weerd HA, Van Loo PLP, Van Zutphen LFM, Kool-
haas JM, Baumans V. Preferences for nesting material as en-
vironmental enrichment for laboratory mice. Lab Anim. 1997;
31: 133-143. [Medline] [CrossRef]

Van Loo PLP, Van de Weerd HA, Van Zutphen LFM, Bau-
mans V. Preference for social contact versus environmental
enrichment in male laboratory mice. Lab Anim. 2004; 38:
178-188. [Medline] [CrossRef]

Kawakami K, Shimosaki S, Tongu M, Kobayashi Y, Nabika T,
Nomura M, et al. Evaluation of bedding and nesting materials
for laboratory mice by preference tests. Exp Anim. 2007; 56:
363-368. [Medline] [CrossRef]

Iwaki T, Komura K, Nishimura T. Preliminary study for mice
in deodorant cloth as a new bedding material. Exp Anim Envi-
ron. 2003; 11: 30-35 (in Japanese).

Kawakami K, Xiao B, Ohno R, Ferdaus MZ, Tongu M, Yama-
da K, et al. Color preferences of laboratory mice for bedding
materials: evaluation using radiotelemetry. Exp Anim. 2012;
61: 109-117. [Medline] [CrossRef]

Kawakami K, Sakamoto J, Shimosaki S, Miki T, Kobayashi
Y, Yamada T. Mice behavioral response to wooden environ-
mental enrichments with different shape. Kyushu J Exp Anim.
2009; 25: 49-54 (in Japanese).

Frick KM, Fernandez SM. Enrichment enhances spatial mem-
ory and increases synaptophysin levels in aged female mice.
Neurobiol Aging. 2003; 24: 615-626. [Medline] [CrossRef]
Gresack JE, Kerr KM, Frick KM. Life-long environmental
enrichment differentially affects the mnemonic response to
estrogen in young, middle-aged, and aged female mice. Neu-
robiol Learn Mem. 2007; 88: 393—408. [Medline] [CrossRef]
Harburger LL, Lambert TJ, Frick KM. Age-dependent effects
of environmental enrichment on spatial reference memory in
male mice. Behav Brain Res. 2007; 185: 43-48. [Medline]
[CrossRef]

Kempermann G, Kuhn HG, Gage FH. Experience-induced
neurogenesis in the senescent dentate gyrus. J Neurosci. 1998;
18: 3206-3212. [Medline] [CrossRef]

Pham TM, Ickes B, Albeck D, Soderstrom S, Granholm AC,
Mohammed AH. Changes in brain nerve growth factor lev-
els and nerve growth factor receptors in rats exposed to envi-
ronmental enrichment for one year. Neuroscience. 1999; 94:
279-286. [Medline] [CrossRef]

Kawakami K, Komura K, Nishimura T, Ichino M, Ago
A, Takesue K, et al. Evaluation of a new bedding material
(Agrebe ™) for mice. Kyushu J Exp Anim. 2005; 21: 13-19
(in Japanese).

Kagiyama N. [Guidelines and practices for ethical animal ex-
periments]. Nippon Yakurigaku Zasshi. 2008; 131: 187-193.
(in Japanese) [Medline] [CrossRef]

Welberg L, Thrivikraman KV, Plotsky PM. Combined pre-
and postnatal environmental enrichment programs the HPA
axis differentially in male and female rats. Psychoneuroendo-
crinology. 2006; 31: 553-564. [Medline] [CrossRef]
Schander JA, Marvaldi C, Correa F, Wolfson ML, Cella M,
Aisemberg J, et al. Maternal environmental enrichment modu-
lates the immune response against an inflammatory challenge
during gestation and protects the offspring. J Reprod Immu-

Exp. Anim. 2022; 71(2): 150-160

159


http://www.ncbi.nlm.nih.gov/pubmed/26520231?dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(15)00516-4
http://www.ncbi.nlm.nih.gov/pubmed/11528051?dopt=Abstract
http://dx.doi.org/10.1093/ilar.38.3.104
http://www.ncbi.nlm.nih.gov/pubmed/15602544?dopt=Abstract
http://dx.doi.org/10.1038/432821a
http://www.ncbi.nlm.nih.gov/pubmed/15775024?dopt=Abstract
http://dx.doi.org/10.1093/ilar.46.2.148
http://www.ncbi.nlm.nih.gov/pubmed/21236277?dopt=Abstract
http://dx.doi.org/10.1016/j.physbeh.2010.12.025
http://www.ncbi.nlm.nih.gov/pubmed/22183090?dopt=Abstract
http://dx.doi.org/10.1016/j.beproc.2011.12.004
http://www.ncbi.nlm.nih.gov/pubmed/8836540?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8836540?dopt=Abstract
http://dx.doi.org/10.1016/0006-8993(96)00299-5
http://www.ncbi.nlm.nih.gov/pubmed/33122091?dopt=Abstract
http://dx.doi.org/10.1016/j.physbeh.2020.113220
http://www.ncbi.nlm.nih.gov/pubmed/18096212?dopt=Abstract
http://dx.doi.org/10.1016/j.pbb.2007.11.004
http://www.ncbi.nlm.nih.gov/pubmed/23460346?dopt=Abstract
http://dx.doi.org/10.1002/hipo.22103
http://www.ncbi.nlm.nih.gov/pubmed/12773583?dopt=Abstract
http://dx.doi.org/10.1101/lm.50703
http://www.ncbi.nlm.nih.gov/pubmed/30891552?dopt=Abstract
http://dx.doi.org/10.1002/ame2.12015
http://www.ncbi.nlm.nih.gov/pubmed/12076739?dopt=Abstract
http://dx.doi.org/10.1016/S0091-3057(02)00782-7
http://www.ncbi.nlm.nih.gov/pubmed/9175010?dopt=Abstract
http://dx.doi.org/10.1258/002367797780600152
http://www.ncbi.nlm.nih.gov/pubmed/15070458?dopt=Abstract
http://dx.doi.org/10.1258/002367704322968867
http://www.ncbi.nlm.nih.gov/pubmed/18075196?dopt=Abstract
http://dx.doi.org/10.1538/expanim.56.363
http://www.ncbi.nlm.nih.gov/pubmed/22531725?dopt=Abstract
http://dx.doi.org/10.1538/expanim.61.109
http://www.ncbi.nlm.nih.gov/pubmed/12714119?dopt=Abstract
http://dx.doi.org/10.1016/S0197-4580(02)00138-0
http://www.ncbi.nlm.nih.gov/pubmed/17869132?dopt=Abstract
http://dx.doi.org/10.1016/j.nlm.2007.07.015
http://www.ncbi.nlm.nih.gov/pubmed/17707521?dopt=Abstract
http://dx.doi.org/10.1016/j.bbr.2007.07.009
http://www.ncbi.nlm.nih.gov/pubmed/9547229?dopt=Abstract
http://dx.doi.org/10.1523/JNEUROSCI.18-09-03206.1998
http://www.ncbi.nlm.nih.gov/pubmed/10613518?dopt=Abstract
http://dx.doi.org/10.1016/S0306-4522(99)00316-4
http://www.ncbi.nlm.nih.gov/pubmed/18344601?dopt=Abstract
http://dx.doi.org/10.1254/fpj.131.187
http://www.ncbi.nlm.nih.gov/pubmed/16434144?dopt=Abstract
http://dx.doi.org/10.1016/j.psyneuen.2005.11.011

160

K. KAWAKAMI, ET AL.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

nol. 2021; 144: 103273. [Medline] [CrossRef]

Whitaker J, Moy SS, Godfrey V, Nielsen J, Bellinger D, Brad-
field J. Effects of cage size and enrichment on reproductive
performance and behavior in C57BL/6Tac mice. Lab Anim
(NY). 2009; 38: 24-34. [Medline] [CrossRef]

Gaskill BN, Stottler AM, Garner JP, Winnicker CW, Mulder
GB, Pritchett-Corning KR. The effect of early life experience,
environment, and genetic factors on spontaneous home-cage
aggression-related wounding in male C57BL/6 mice. Lab
Anim (NY). 2017; 46: 176-184. [Medline] [CrossRef]
Bradshaw AL, Poling A. Choice by rats for enriched versus
standard home cages: Plastic pipes, wood platforms, wood
chips, and paper towels as enrichment items. J Exp Anal Be-
hav. 1991; 55: 245-250. [Medline] [CrossRef]

Sherwin CM. Preferences of individually housed TO strain
laboratory mice for loose substrate or tubes for sleeping. Lab
Anim. 1996; 30: 245-251. [Medline] [CrossRef]

Tsai PP, Stelzer HD, Hedrich HJ, Hackbarth H. Are the ef-
fects of different enrichment designs on the physiology and
behaviour of DBA/2 mice consistent? Lab Anim. 2003; 37:
314-327. [Medline] [CrossRef]

Hutchinson EK, Avery AC, Vandewoude S. Environmental
enrichment during rearing alters corticosterone levels, thymo-
cyte numbers, and aggression in female BALB/c mice. ] Am
Assoc Lab Anim Sci. 2012; 51: 18-24. [Medline]

Abramov U, Puussaar T, Raud S, Kurrikoff K, Vasar E. Be-
havioural differences between C57BL/6 and 129S6/SvEv
strains are reinforced by environmental enrichment. Neurosci
Lett. 2008; 443: 223-227. [Medline] [CrossRef]

Kobayashi K, Ikeda Y, Suzuki H. Locomotor activity corre-
lates with modifications of hippocampal mossy fibre synaptic
transmission. Eur J Neurosci. 2006; 24: 1867-1873. [Med-
line] [CrossRef]

Pietropaolo S, Feldon J, Alleva E, Cirulli F, Yee BK. The role
of voluntary exercise in enriched rearing: a behavioral analy-
sis. Behav Neurosci. 2006; 120: 787-803. [Medline] [Cross-
Ref]

Zhu SW, Yee BK, Nyffeler M, Winblad B, Feldon J, Moham-
med AH. Influence of differential housing on emotional be-
haviour and neurotrophin levels in mice. Behav Brain Res.
2006; 169: 10-20. [Medline] [CrossRef]

Belz EE, Kennell JS, Czambel RK, Rubin RT, Rhodes ME.
Environmental enrichment lowers stress-responsive hormones
in singly housed male and female rats. Pharmacol Biochem
Behav. 2003; 76: 481-486. [Medline] [CrossRef]
Darnaudéry M, Maccari S. Epigenetic programming of the
stress response in male and female rats by prenatal restraint
stress. Brain Res Rev. 2008; 57: 571-585. [Medline] [Cross-
Ref]

Benaroya-Milshtein N, Hollander N, Apter A, Kukulansky T,
Raz N, Wilf A, et al. Environmental enrichment in mice de-
creases anxiety, attenuates stress responses and enhances nat-

doi: 10.1538/expanim.21-0118

42.

43.

44,

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

ural killer cell activity. Eur J Neurosci. 2004; 20: 1341-1347.
[Medline] [CrossRef]

Roy V, Belzung C, Delarue C, Chapillon P. Environmental en-
richment in BALB/c mice: effects in classical tests of anxiety
and exposure to a predatory odor. Physiol Behav. 2001; 74:
313-320. [Medline] [CrossRef]

Marashi V, Barnekow A, Ossendorf E, Sachser N. Effects of
different forms of environmental enrichment on behavioral,
endocrinological, and immunological parameters in male
mice. Horm Behav. 2003; 43: 281-292. [Medline] [CrossRef]
Francis DD, Diorio J, Plotsky PM, Meaney MJ. Environmen-
tal enrichment reverses the effects of maternal separation on
stress reactivity. J Neurosci. 2002; 22: 7840-7843. [Medline]
[CrossRef]

Moncek F, Duncko R, Johansson BB, Jezova D. Effect of
environmental enrichment on stress related systems in rats. J
Neuroendocrinol. 2004; 16: 423—431. [Medline] [CrossRef]
Dronjak S, Gavrilovi¢ L, Filipovi¢ D, Radojci¢ MB. Immo-
bilization and cold stress affect sympatho-adrenomedullary
system and pituitary-adrenocortical axis of rats exposed to
long-term isolation and crowding. Physiol Behav. 2004; 81:
409-415. [Medline] [CrossRef]

Konkle ATM, Kentner AC, Baker SL, Stewart A, Bielajew C.
Environmental-enrichment-related variations in behavioral,
biochemical, and physiologic responses of Sprague-Dawley
and Long Evans rats. ] Am Assoc Lab Anim Sci. 2010; 49:
427-436. [Medline]

Devenport L, Dallas S, Carpenter C, Renner MJ. The rela-
tionship between adrenal steroids and enrichment-induced
brain growth. Behav Neural Biol. 1992; 58: 45-50. [Medline]
[CrossRef]

Fox C, Merali Z, Harrison C. Therapeutic and protective effect
of environmental enrichment against psychogenic and neu-
rogenic stress. Behav Brain Res. 2006; 175: 1-8. [Medline]
[CrossRef]

Mader JR, Mason MA, Bale LK, Gades NM, Conover CA.
The association of early dietary supplementation with vita-
min E with the incidence of ulcerative dermatitis in mice on a
C57BL/6 background: diet and ulcerative dermatitis in mice.
Scand J Lab Anim Sci. 2010; 37: 253-259. [Medline]
Reinhardt V. Hair pulling: a review. Lab Anim. 2005; 39: 361—
369. [Medline] [CrossRef]

Kastenmayer RJ, Fain MA, Perdue KA. A retrospective study
of idiopathic ulcerative dermatitis in mice with a C57BL/6
background. J Am Assoc Lab Anim Sci. 2006; 45: 8-12.
[Medline]

Bechard A, Meagher R, Mason G. Environmental enrichment
reduces the likelihood of alopecia in adult C57BL/6J mice. J
Am Assoc Lab Anim Sci. 2011; 50: 171-174. [Medline]
Sundberg JP, Cordy WR, King LE Jr. Alopecia areata in ag-
ing C3H/HelJ mice. J Invest Dermatol. 1994; 102: 847-856.
[Medline] [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/33515908?dopt=Abstract
http://dx.doi.org/10.1016/j.jri.2021.103273
http://www.ncbi.nlm.nih.gov/pubmed/19112447?dopt=Abstract
http://dx.doi.org/10.1038/laban0109-24
http://www.ncbi.nlm.nih.gov/pubmed/28328870?dopt=Abstract
http://dx.doi.org/10.1038/laban.1225
http://www.ncbi.nlm.nih.gov/pubmed/16812635?dopt=Abstract
http://dx.doi.org/10.1901/jeab.1991.55-245
http://www.ncbi.nlm.nih.gov/pubmed/8843049?dopt=Abstract
http://dx.doi.org/10.1258/002367796780684926
http://www.ncbi.nlm.nih.gov/pubmed/14599306?dopt=Abstract
http://dx.doi.org/10.1258/002367703322389889
http://www.ncbi.nlm.nih.gov/pubmed/22330863?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18687379?dopt=Abstract
http://dx.doi.org/10.1016/j.neulet.2008.07.075
http://www.ncbi.nlm.nih.gov/pubmed/17040477?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17040477?dopt=Abstract
http://dx.doi.org/10.1111/j.1460-9568.2006.05079.x
http://www.ncbi.nlm.nih.gov/pubmed/16893285?dopt=Abstract
http://dx.doi.org/10.1037/0735-7044.120.4.787
http://dx.doi.org/10.1037/0735-7044.120.4.787
http://www.ncbi.nlm.nih.gov/pubmed/16406106?dopt=Abstract
http://dx.doi.org/10.1016/j.bbr.2005.11.024
http://www.ncbi.nlm.nih.gov/pubmed/14643847?dopt=Abstract
http://dx.doi.org/10.1016/j.pbb.2003.09.005
http://www.ncbi.nlm.nih.gov/pubmed/18164765?dopt=Abstract
http://dx.doi.org/10.1016/j.brainresrev.2007.11.004
http://dx.doi.org/10.1016/j.brainresrev.2007.11.004
http://www.ncbi.nlm.nih.gov/pubmed/15341605?dopt=Abstract
http://dx.doi.org/10.1111/j.1460-9568.2004.03587.x
http://www.ncbi.nlm.nih.gov/pubmed/11714494?dopt=Abstract
http://dx.doi.org/10.1016/S0031-9384(01)00561-3
http://www.ncbi.nlm.nih.gov/pubmed/12694638?dopt=Abstract
http://dx.doi.org/10.1016/S0018-506X(03)00002-3
http://www.ncbi.nlm.nih.gov/pubmed/12223535?dopt=Abstract
http://dx.doi.org/10.1523/JNEUROSCI.22-18-07840.2002
http://www.ncbi.nlm.nih.gov/pubmed/15117335?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2826.2004.01173.x
http://www.ncbi.nlm.nih.gov/pubmed/15135012?dopt=Abstract
http://dx.doi.org/10.1016/j.physbeh.2004.01.011
http://www.ncbi.nlm.nih.gov/pubmed/20819388?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1417670?dopt=Abstract
http://dx.doi.org/10.1016/0163-1047(92)90892-8
http://www.ncbi.nlm.nih.gov/pubmed/16970997?dopt=Abstract
http://dx.doi.org/10.1016/j.bbr.2006.08.016
http://www.ncbi.nlm.nih.gov/pubmed/23180906?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16197702?dopt=Abstract
http://dx.doi.org/10.1258/002367705774286448
http://www.ncbi.nlm.nih.gov/pubmed/17089984?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21439209?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8006447?dopt=Abstract
http://dx.doi.org/10.1111/1523-1747.ep12382416

