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Long-term behavioral effects
of social separation during early life
in a social mammal, Octodon degus

Rina Ukyo?, Akio Shinohara?, Chihiro Koshimoto?, Goro A. Nagura-Kato?, Seiji leiri3,
Yasuhiro Tsuzuki® & Shinsuke H. Sakamoto3“™

Social separation is thought to induce a strong stress response in social juvenile mammals, but little is
known about how this response might vary throughout the development. The present study examines
the long-term effects of early-life stress (ELS) induced by social separation on individual behaviors
later in life using the social and precocious species Octodon degus. Four experimental groups were
established a positive control group of mothers and siblings from six litters comprised the socially
housed (SH) group, while pups from seven litters were randomly assigned to three treatments: pups
experiencing no separation (NS) treatment while their siblings did; repeated bouts of consecutive
separation (CS); intermittent separation (IS). We analyzed the effects of separation treatment on the
frequency and duration of freezing, rearing and grooming behaviors. ELS was correlated with higher
hyperactivity, and hyperactivity increased with more frequent separation. However, the behavioral
trend of the NS group changed to hyperactive in long-term observation. The findings suggest that the
NS group was indirectly affected by ELS. In addition, suggesting ELS acts to converge an individual's
behavioral tendencies in a certain direction.

It is widely accepted that early-life environmental stresses can increase the likelihood of developing mental illness
later in life. During the process of brain development, synapse formation begins at birth and continues for sev-
eral months postnatally. This period is crucial for the formation of efficient neural networks in the brain'. Thus,
animals are highly sensitive to their environment, especially at the time of birth, and need a stable environment
to thrive?. Stress in animal pups after birth has been shown to interfere with normal behavioral and physiological
development and to be an important risk factor for post-developmental mental health®-°. Reportedly, chronic
stress in animals can lead to changes in their endocrine levels®. Neuroscience and neuroanatomy studies have
documented how negative mental health experiences adversely affect the development of limbic circuit functions
and structures”®. The effects of stress also vary by sex because, during an animal’s development, sex differences
induced by gonadal hormones influence brain development and hormonal dynamics®'2.

The most significant form of early-life stress (ELS) occurs during social separation, which involves the inter-
ruption of direct communication and contact between an animal and its caregiver of the same group, such as a
mother, regardless of the animal’s will'®. Social animals are affected by social separation and experience significant
stress, which leads to detrimental psychological and behavioral effects'*""’. Thus, social separation during this
sensitive period has a crucial impact on juvenile development. However, there are only few studies with long-term
observations. Hence, the sex-dependent effects of separation and indirect effects due to separations of siblings
are understudied because these effects are expected to become apparent after a long time.

The effects of social separation may cause problems in various animal breeding situations'®'*. For example, on
farms, livestock production frequently leads to young juveniles being separated, and in zoos, social separation of
offspring is often unavoidable due to a limited number of animals in captivity, abandonment, or inter-individual
conflict?®?!. These ELS events induced by separation are possible causes of serious issues in the juvenile’s devel-
opmental process. However, to research the effects of separation, tracking an individual’s development in a con-
trolled situation, including the effects of social environmental factors on livestock or zoo animals, is challenging
because of problems in production, long experimental periods, need for large sample sizes, space constraints,
and high costs. Hence, research focusing on separation experiments using model mammals is urgently needed.
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Octodon degus (Fig. 1) are highly intelligent, diurnal, herbivorous, and small, social mammals??-?%. They live
in groups® and have complex vocal communication®*. Their groups normally comprise 1-3 males and 1-10
females and have a promiscuous mating system?. Degus nest and raise their young communally, with females
nursing not only their own but also other females’ young born at the same time?”. The gestation period is about
90 days and natural weaning occurs at 4-6 weeks. Furthermore, they are precocious, meaning they are considered
advanced at birth because they can move independently and vocalize within 3-4 h of birth, display functional
grooming (face washing, hind-paw scratching, and rapid headshake) by the 1st or 2nd day and communicate
with their parents and siblings®®. Thus, as a model species, we can analyze behavioral reactions and psychologi-
cal factors at an advanced developmental level compared to experimental mice or rats. In addition, this species
migrates on the ground during the day and regulates foraging behavior by emitting vocalizations while maintain-
ing visual contact?>??*%; jsolated juveniles emit "whistle’ distressed vocalizations (DVs) to induce retrieval by
adults?®?L; specific calls are emitted upon reunion, with lactating females emitting ‘mothering calls’; it has been
reported that emitting characteristic lactation calls induces suckling behavior and regulates lactation®?. This
species thus demonstrates strong social attachment and strong stress responses to short time separation from
the caregivers'”*. Since diurnal rodent models are rare, studying degus is important for translating the labora-
tory findings to other diurnal animals and humans®. Because of these characteristics, degus are considered to
be a useful model animal in the fields of psychopathology, psychology, neuroscience, and animal behavior?®>.

In previous research, the focus was on the development of the brain, hormones, and endocrine stimulators
such as neurotransmitters. Studies have reported an increase in stress hormones in the plasma following separa-
tion, and a daily 24-h separation increases individual activity**. In addition, ELS results in a widespread reduction
in brain activity in the infant’s brain, changes in interregional functional coupling, and can lead to attention-
deficit and brain metabolic hypoactivity in degus®*?’. Nevertheless, these results were primarily observed around
the weaning time (Postnatal day 35, PND35), and studies investigating how this response varies through the
developmental process have only been reported by Rivera®. In addition, to our knowledge, there have been no
studies that illustrate sex -dependent responses to direct ELS (DELS) or to directly examine the behavioral effects
of indirect ELS (IELS) in social animals.

Thus, to reveal the long-lasting effects of ELS experienced from PND3 to PND20 on individual behaviors
exhibited after development, we used the open-field test (OFT) and compared behaviors with respect to PND21,
PND50, and PND245 among the four following groups: (i) social housing (SH) group (control group): the whole
litter did not experience any separation treatment; (ii) no separation (NS) group: the pups did not experience
separation from their mother, but their siblings did; (iii) consecutive separation (CS) group: the pups were
removed from their mother and home cage for 1-h every day; and (iv) intermittent separation (IS) group: the

Figure 1. Octodon degus. The upper photo shows an adult and the lower one shows pre-weaned pups.
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pups were removed from their mother and home cage for 1-h on PND3, PND8, and PND14 (see Supplementary
Table S1 and Fig. 2). We defined the NS group as the IELS group and the CS and IS groups as the DELS group.
Furthermore, sex differences were analyzed among these groups.

Results

Effects of ELS on bodyweight gaining. Males gained more weight than females (Fig. 3, Supplementary
Table S2; PND x Sex). There were no obvious effects of ELS on the bodyweight gain (Supplementary Table S2;
Separation group), and no significant relationship was detected between the stress treatment and sex factors
(Fig. 3, Supplementary Table S2; Group X Sex).

Effects of ELS and PND on behaviors. On PND 21, immediately after the end of the isolation experi-
ment, behavioral differences were observed between the NS group and the CS and IS groups. The time spent
freezing was longer in the NS group than in the IS group (Fig. 4a), whereas the total number of rearing behaviors
was lower in the NS group than in the CS and IS groups (Fig. 4b). In addition, the total number of grooming
behaviors was lower in the NS group than in the CS group (Fig. 4c). The total number of rearing behaviors was
lower in the SH group than in the IS group (Fig. 4b).

Within a short time, the behavioral tendencies of each group started to vary. From PND21 to PND50, the
time spent freezing increased in the NS group and largely decreased in the CS and IS groups than in the SH
group (Fig. 4a, Supplementary Table S3; Separation group x PND). As a result, the time spent freezing tended
to be longer in the SH and NS groups than in the CS and IS groups on PND 50 (Fig. 4a). In contrast, the total
number of rearing behaviors increased in all groups, but was less in the IS groups than in the SH group during
this period (Fig. 4b, Supplementary Table S4; Separation group x PND). Hence, the trend of the total number of
rearing behaviors being lower in the NS group than in the CS and IS groups was maintained on PND50 (Fig. 4b).
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Figure 2. Experimental scheme of the separation stress treatments. (a) Social housing group (SH): the animals
were reared undisturbed with their family in the home cage from PNDO to PND20. On PND21, the degu pups
underwent the OFT in room 2 where they could not communicate with their mother using olfactory, acoustic,
visual, or social contact (touching) signals. After behavioral testing, the animals were returned to their home
cage and reared with their mother and siblings until PND35 (the day of weaning). On PND35, the degu pups
were artificially weaned by removing the mother from the home cage. From PND35 to PND50, the siblings
were housed in the same cage and, after PND50, same-sex siblings were reared in one cage. (b) No separation
group (NS): the animals were reared undisturbed with their mother in the home cage from PNDO to PND20.
Manipulations after PND21 were the same as those in the SH group. (¢) Consecutive separation group (CS):
from PND3 to PND20, the degu pups were removed from their mother and home cage and isolated for 1-h
daily. After this separation, pups were returned to their family and home cage and left undisturbed until the
next day. Note that on PND3, PND8, and PND14, separation was performed in room 2, while on PND4-7,
PND9-13, and PND15-20 separation was performed in room 1. Manipulations after PND21 are the same

as those in the SH and NS groups. (d) Intermittent separation group (IS): on PND3, PND8, and PND14, the
degu pups were separated from their mother and home cage and isolated for 1-h daily in room 2. After this
separation, pups were returned to their family and home cage and left undisturbed until the next separation day.
Manipulations after PND21 are the same as those in the other three groups.
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Figure 3. Mean weight change in (a) male and (b) female for four separation groups, the social housing (SH),
no separation (NS), consecutive separation (CS), and intermittent separation (IS) of each PND. Error bars
indicate standard error. In statistical analysis, the data from PND21 onwards, when data for all individuals were
available.

After a long time, the behavioral tendencies of each group were observed to have changed. From PND21 to
PND245, the time spent freezing increased in the SH group than in the NS, CS and IS groups (Fig. 4a, Supple-
mentary Table S3; Separation group x PND). Long time freezing was frequently observed only in the SH group. In
contrast, the total number of rearing and grooming behaviors did not increase in the SH group compared to the
NS group (Fig. 4b,c, Supplementary Tables S4, S5; Separation group x PND). Finally, the behavioral tendency of
the NS group was closer to that of the CS and IS groups not to that of the SH group (Fig. 4). When, NS, CS, and
IS groups were pooled into the IELS and DELS groups, the time spent freezing was longer in the SH group than
in the IELS and DELS groups (Fig. 5a, Supplementary Table S6). In contrast, the total number of rearing behav-
iors tended to be lower in the SH group than in the IELS and DELS groups, although this was not statistically
significant (Fig. 5b, Supplementary Table S6). In total, the IELS and DELS groups demonstrated hyperactivity.

Sex differences between the effects of ELS and PND on behaviors. The time spent freezing was
shorter in females than in males (Supplementary Table S7; Sex), whereas the total number of rearing and groom-
ing behaviors was higher in females than in males (Supplementary Tables S8, S9; Sex). The difference in the time
spent freezing between the CS and the SH groups was greater in males than in females (Supplementary Table S7;
Separation group x Sex). The difference in the total number of rearing behaviors between the NS and the SH
groups was greater in males than in females (Supplementary Table S8; Separation group x Sex). The difference in
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Figure 4. (a) Total time spent freezing, (b) the total number of rearing, and (c) the total number of

grooming behaviors observed for 2 min for each observation day by four separation groups, the social

housing (SH), no separation (NS), consecutive separation (CS), and intermittent separation (IS) (*': NS>IS;
Estimate+SE=0.65+0.21, z=3.18, p=0.03, 2. SH > CS; Estimate + SE=1.40+0.32, z=4.44, p<0.001, *A3,
NS>CS; Estimate £ SE=1.97£0.23, z=8,44, p<0.001, »0rd NS <IS; Estimate £ SE=1.37+0.21, z=6.41, p<0.001,
**3: SH > CS; Estimate + SE=1.13+0.31, z=3.70, p=0.004, **¢: SH<IS; Estimate + SE= —0.76+0.24, z= —3.22,
p=0.02,*": NS< CS; Estimate + SE= —0.61 £0.20, z= —3.00, p=0.049, 48, NS < IS; Estimate + SE= —0.85+0.19,
z=-4.38, p<0.001, **9: NS < CS; Estimate + SE= —0.62+0.16, z= — 3.80, p=0.003, *10. NS < IS;

Estimate + SE= —0.51+0.16, z=— 3.20, p=0.02, *'': NS< CS; Estimate + SE= —1.58 +0.48, z= —3.26, p=0.02,
multiple comparisons, *p <0.05, **p <0.01, and ***p <0.001).

the total number of grooming behaviors between the IS and the SH groups was larger in males than in females
(Supplementary Table S9; Separation group x Sex).

Within a short time, from PND21 to PND50, the time spent freezing increased in females than in males in the
SH group, while it decreased in females than in males in the NS and CS groups (Fig. 6, Supplementary Table S7;
Separation group x PND x Sex). In contrast, the total number of rearing behaviors increased less in females
than in males in the SH group, but did not increase in the NS and CS groups compared to the SH group (Fig. 6,
Supplementary Table S8; Separation group x PND X Sex). The total number of grooming behaviors decreased in
females than in males in the SH group, but did not decrease in the CS groups, and increased in females compared
to males in the IS group (Fig. 6, Supplementary Table S9; Separation group x PND x Sex).

After a long time, from PND21 to PND245, the time spent freezing increased in males than in females in
the SH group, while it decreased in females than in males in the NS and CS groups (Fig. 6, Supplementary
Table S7; Separation group x PND x Sex). The total number of rearing behaviors increased in females than in
males in the SH group while it did not increase in the IS group (Fig. 6, Supplementary Table S8; Separation
group x PND x Sex). The time spent freezing increased in males than in females in the SH group (Supplemen-
tary Table S10a; Separation group x PND x Sex), while it decreased in both sexes in the IELS and DELS groups
(Fig. 6a). In contrast, the total number of rearing behaviors decreased in males than in females in the SH group
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Figure 5. (a) Total time spent freezing, (b) the total number of rearing, and (c) the total number of grooming
behaviors observed for 2 min for each observation day by the social housing (SH) and the IELS and DELS
groups (no separation (NS), consecutive separation (CS), and intermittent separation (IS)) (*': SH>NS, CS, IS;
Estimate+SE=0.84+0.29, z=2.88, p=0.01, 2 SH<NS, CS, IS; Estimate + SE= —0.52+0.23, z= —2.23, p=0.08,
multiple comparisons. p<0.10 and *p <0.05).

(Supplementary Table S10b; Separation group x PND x Sex), while both sexes increased or demonstrated similar
levels in the IELS and DELS groups (Fig. 6b). Overall, sex differences in the time spent freezing and the total num-
ber of rearing behaviors were very small throughout the study period in the IELS and DELS groups (Fig. 6a,b).

Discussion

Effects of ELS on bodyweight gain. Our results indicate that ELS does not affect bodyweight gain.
Previous studies conducted on O. degus reported that 1-h of daily parental separation immediately affected the
plasma levels of glucocorticoids, a key indicator of stress, during the first 3 weeks of life*>, whereas the effects of
stress do not manifest in the bodyweight®. Uekita*’ also reported that ELS did not affect the bodyweight of degus
for 6 weeks post-birth, and there were no significant effects of ELS on mother-infant interactions, which indicate
that no malnutrition occurred, nor did the infant experience neglect by the mother. Similar to these previous
studies®, Uekita’, our results suggest that ELS does not cause malnutrition in degus or neglect by their mothers
during the early development period. In contrast, the mean body weight of males and females in the SH group
was higher than that in the other groups from PND35 to PND245. Therefore, there is the possibility that ELS
will affect bodyweight gain after weaning. As the bodyweight of degus continues to increase in captivity beyond
the experimental period, it will be necessary to continue observing the animals until the weight gain reaches a
plateau. This will help determine whether these observed differences will affect the degree of development or
whether they will slow down and eventually disappear with time.
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Figure 6. (a) Total time spent freezing, (b) the total number of rearing, and (c) the total number of grooming
behaviors observed for 2 min for each observation day by sex and four separation groups, the social housing
(SH), no separation (NS), consecutive separation (CS), and intermittent separation (IS).

Short-term effects of ELS and PND on behaviors. During a short period of observation, the time
spent freezing tended to be longer in the SH and NS groups than in the CS and IS groups, while the total
number of rearing behaviors was lower in the NS group than in the CS and IS groups. These results indicate
that the CS and IS groups that experienced DELS were more active. This shows the same trend as the previous
reports®***7*-42, In addition, Degu is the most active on PND50. There are no comprehensive reports describing
the activity according to the developmental stage in degus, but in mice, the behavior changes are age-related*>*.
Since sexual maturity in degus is observed as early as about 2 months of age*, PND50 is a pre-sexual stage, and
the trend of declining activity after sexual maturity is consistent with findings in mice. Nevertheless, the DELS
group was more active than the SH and NS groups on PND 50. Therefore, basically, our results efficiently dem-
onstrated the effects of ELS on the behaviors of separated animals reported in previous studies and confirmed
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that the DELS group displayed hyperactivity. In contrast, our results also suggest that the behavioral tendencies
were similar between the SH group and the NS (IELS) groups within a short observation period.

Long-term effects of ELS and PND on behaviors. In the animal life cycle, the period after sexual
maturation is typically longer than the early development period, and there are many events that occur to ensure
preservation of the next generation. Whether the effects of ELS manifest after sexual maturation or not should be
examined. However, reports on the long-term effects of ELS are lacking, thus, our study has a pioneering effect
in shedding light on these effects. During a long observation period, the DELS group was more active than the
SH group. Hence, the behavioral effects of ELS can be interpreted as long-term preservation. Rivera®® reported
on the long-lasting effects of ELS and showed that there were no differences among the groups at the age of
31 months, which is contrary to the results of the present study. This could be due to differences in observation
parameters and the age of the animals. Alternatively, they reported that learning ability and memory were the
lowest in the group that had been kept alone after separation, and these performances fully recovered at the
age of 31 months when the rearing method of the single-reared animals was changed to group rearing after the
behavioral test conducted at the age of 25 months. The long-term effects on learning ability and memory resem-
ble the long-term effects on the behavioral parameters in this study.

Surprisingly, the time spent freezing decreased and the total number of rearing behaviors increased in the NS
group compared to the SH group, resulting in the behavioral tendencies of the NS group that did not experience
direct separation, being closer to those of the two hyperactive groups that did experience separation. Compared
to the SH group, the NS, CS, and IS groups have relatively small sample sizes. However, this trend remains the
same when comparing the SH group and the IELS and DELS group (Fig. 5). Therefore, we hypothesized that
the NS (IELS) group may be indirectly affected by the ELS. We propose three possible stressors. The first is
communication with the DELS animals. Since degus are social animals, interaction with other individuals is
an important factor®®. We did not separate pups chronically in this study, so the degus had social interactions
with their siblings outside the social separation period. The difference between the SH and NS (IELS) groups is
related to whether the cage mate siblings have experienced parental separation or not. Endo* reported that when
group-housed and socially isolated adult mice were co-housed, the isolated mice group was slowest to exhibit
huddling behavior with other individuals. Moreover, they reported that the number of times that isolated mice
approached group-housed mice was greater than the reverse approach behavior. This suggests that separated
individuals may become over-communicative. To confirm that communications with the DELS animals will be
a stressor for the NS (IELS) group, we should identify whether individuals who have experienced DELS could
establish appropriate relationships with cohabitant relatives or not. The second is the experience of temporar-
ily losing siblings, and the third is having heard the DV of the separated siblings. Degus live in groups and
communicate through vocalization?*. Thus, the NS (IELS) group might have been stressed by the group that
experienced separation and by the DV's emitted by these animals during the period when only the CS group was
separated (Fig. 2; PND4-7, 9-13, 15-20). If the NS (IELS) animals felt stressed by these, the NS (IELS) group
may feel empathy for the stress of the DELS animals, and the IS group could have been similarly stressed when
only the CS group was separated. In this study, the behavioral tendency of the NS (IELS) group resembled that
of the SH group on PND21, but it became closer to those of the DELS group on PND245 (Fig. 6). Therefore, we
need to investigate whether the second and third stressors may act in a delayed manner.

Sex differences in the effects of ELS and PND on behaviors. In this study, females were more active
than males, whereas the differences between the groups were larger in males than in females. This suggests that
the effects of ELS were greater in males than in females. Gruss™ also reported that while females were more
active, including in the control group, males showed greater group differences and were more hyperactive in
the group that experienced separation, supporting the trend in this study. Additionally, ELS affects the develop-
ment of catecholaminergic systems, and ELS-induced differences in tyrosine hydroxylase-immunoreactive fibers
were more pronounced in male brains than in female brains*’. Furthermore, we observed that the difference in
behavioral tendencies between males and females was larger in the SH group than in the NS, CS, and IS groups,
suggesting that DELS and IELS may converge an individual’s behavioral tendencies in a certain direction.

Summary. We illustrated that ELS has both "direct" and "indirect" effects on degus, resulting in changes in
their behavioral trends and increasing their susceptibility to stressors. DELS was correlated with higher hyper-
activity through the experimental period, and the hyperactivity increased with more frequent separation. A
noteworthy finding is that individuals in the NS (IELS) group, who did not experience parental separation them-
selves, but had siblings who did, exhibited changes in behavioral trends similar to those who experienced sepa-
ration (DELS) later in life (Fig. 7). In addition, we observed differences in the pattern of changes in behavioral
tendencies between males and females across groups, with the largest differences between the sexes observed in
the SH group compared to the DELS and IELS groups. Future studies focusing on the effects of IELS as well as
DELS with respect to sex will provide insights into the underlying stressors or factors behind the development of
anxiety or stress-related behaviors in social animals, which in turn will contribute to the development of animal
welfare measures of domestic animals, laboratory animals, zoo animals, and livestock.

Methods

Animals and housing conditions. The degus were bred as a colony at the Miyazaki University Environ-
mental Control Laboratory, Faculty of Agriculture, sources from a colony at the Miyazaki University Frontier
Science Research Center. The colonies were maintained by pairing offspring from different parents to obtain lit-
ters. The groups used in the present experiment were produced in the same way, except for one of the SH groups
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(A) Short-term effects
No DELS groups DELS groups
Social housing (SH) Consecutive separation (CS)
No separation (NS) Intermittent separation (IS)

(B) Long-term effects
No ELS group IELS and DELS groups

No separation (NS)
Social housing (SH) Consecutive separation (CS)
Intermittent separation (IS)

Figure 7. Diagram of grouping by trends in the results found in this study. The trends of short-term effects
were divided by the degus experienced DELS or not (A), but the trends of long-term effects indicated that
individuals in the NS (IELS) group exhibited changes in behavioral trends similar to those who experienced
separation (DELS) later in life (B).

(a control group) that had pups born from the same littermate for the purpose of another experiment, and these
were included in the observations. The influence of the family group was examined by statistical analysis. The
degus were bred at the Environmental Control room 1 (room 1), Faculty of Agriculture, University of Miyazaki.
Room 1 was maintained at 22+2 °C, with a 14:10 h light/dark cycle from January 26, 2017, to May 26, 2019, and
a 12:12 h light/dark cycle from May 27, 2019, to November 07, 2019, with the light on starting at 08:00 JST (Japan
Standard Time: UTC+9). A female and a male were paired in a plastic cage (34.5 cm 1x40.3 cm wx17.7 cm h)
with wood chips for bedding, which is defined as a home cage. Commercial rodent diets (Labo MR Stock and
Labo G Standard, Nosan Corporation, Kanagawa, Japan) and water were provided ad libitum. Each breeding
couple was checked for a new litter daily, and the male was removed from the home cage after the presence
of a litter was confirmed. Litter size was not standardized (three to seven pups per litter), and the degus were
maintained as a family group composed of one mother and her pups before weaning on PND35. Their siblings
were reared in the same cage until PND50, after which up to three siblings of the same sex were reared in the
same cage. For example, the litter member was composed of three individuals: two males and a female divided
between two male cages and only one female cage. In another pattern, the litter consisted of seven individuals,
comprising two males and five females, divided into two male cages and two, and three female cages. In the SH
group, the animals were kept with other SH groups of the same sex. In the other three groups, no more than
two individuals from the same group were included in the same cage. Four experimental groups (Fig. 2) were
considered in this study: (i) the SH group (a control group); a whole litter that did not experience any separation
treatment. Conversely, the litters were randomly assigned to three groups formed among the siblings to avoid
the influence of bias in temperament and characteristics of each dam among the families and according to the
following treatments (for the number of animals and litters used at each age, see Supplementary Table S1): (ii)
NS group; the pups did not experience separation from their mother, but their siblings did, (iii) CS group; the
pups were removed from their mother and home cage for 1-h every day, (iv) IS group; the pups were removed
from their mother and home cage for 1-h on PND3, PND8, and PND14. To minimize the stresses from direct
handling, the pups were identified by ear punching when they experienced the first handling treatment; the
animals in the CS and IS groups were ear-punched after the separation on PND3, and the animals in the SH and
NS groups were ear-punched after the OFT on PND21.

All procedures adhered to national and institutional guidelines and were approved by the Institutional Animal
Experimentation Committee at the University of Miyazaki (Permission Nos. 2017-025-1 to 3 and 2020-012-1)
and were performed in accordance with the ARRIVE guidelines*.

Separation treatments and open-field tests (Fig. 2). The separation was defined as when a subject
was housed alone for 1-h in a novel white opaque plastic rodent cage (34.5 cm 1x40.3 cm wx17.7 cm h). On
PND3, PND8, and PND14, the CS and IS pups were separated and placed in the Environmental Control room
2 (room 2) maintained at 22 +2 °C, and under light conditions. Thus, during the separation, the separated pups
could communicate with separated siblings using acoustic and olfactory cues; however, no visual or social con-
tact (touching) could be established with separated siblings in room 2, or with their siblings and parents in their
home cages in room 1. On PND4-7, PND9-13, and PND15-20, the CS group pups were kept individually in a
novel white opaque plastic cage for 1-h daily in room 1. Thus, during the separation, the pups had acoustic and
olfactory, but no visual or social contact with their siblings and parents. After 24-h separation, the pups were
returned to their home cages and left undisturbed until the next separation. All groups were tested using the
OFT in a novel cage (34.5 cm 1% 40.3 cm wx 60.0 cm h) in room 2 for 1-h on PND21 and PND50, and for 20 min
on PND245. The behaviors of the animals were recorded with a digital video camera (Panasonic HX-A1H). All
experimental procedures were carried out between 10:00 and 16:00 during the peak activity phase of this day-
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active species. All subjects were selected randomly at different times to control for any possible sequence effects
of sex and treatment.

Bodyweight measuring. Bodyweights, recorded to the nearest 0.1 g, were used as a general indicator of
stress responsivity after the animals of CS and IS were separated on PND3, PND8, and PND14. All animals were
separated and weighed on PND21, PND50, and PND245 for behavioral observations. NS was performed on
PND35 and PND64, but their weights were measured.

Observation of behavior (PND21, PND50, and PND245). In OFT, to observe the stress responses
of animals when introduced into a novel environment, behavioral analysis was conducted during the first 2 min
after the animal was introduced into a novel cage. The recorded videos of the animal behaviors were visually
examined, and using the previously described method®, the following three parameters that may indicate a
stress response were recorded: (1) freezing: time the animals spent being immobile >2 s; (2) rearing: number of
instances where the animals stood on their hind legs, with or without contacting the sides of the box; and (3)
grooming: number of self-grooming behaviors.

Statistical analyses. All statistical analyses were performed using R version 4.1.0 (Core Team, 2021). Fac-
tors affecting freezing behavior and rearing behavior and bodyweight were analyzed with a generalized linear
mixed model (GLMM) using the GLMM function of the Ime4 package 1.1-27-1%. In the analysis of bodyweight,
separation treatments (SH, NS, CS, and IS), PND (from PND21-PND245), and sex and the interactions between
the separation treatments and PND, separation treatments and sex, PND and sex, separation treatments, and
PND and sex were treated as fixed effects. First, in the analysis of behavior, we analyzed the separation treat-
ments (SH, NS, CS, and IS) and PND (PND21, PND50, and PND245), and the interactions between the sepa-
ration treatments and PND were treated as fixed effects to compare the trends of each PND. The results of the
analysis of the models were analyzed using the multiple comparison method with the least squares averaging to
compare the values between the separated conditions at each age®'. All pairwise comparisons were Bonferroni
corrected. In addition, the NS, CS, and IS groups were pooled into the IELS and DELS groups and compared to
the SH group using the same procedure. Second, we analyzed the separation treatments (SH, NS, CS, and IS) and
PND (PND21, PND50, and PND245), and the interactions between the separation treatments and PND, separa-
tion treatments and sex, PND and sex, separation treatments, and PND and sex were treated as fixed effects to
consider the sex effects. The NS, CS, and IS groups were pooled into the IELS and DELS groups and compared
to the SH group using the same procedure. The statistical analyses accounted for repeated observations of the
same individuals and potential family-level effects by including “individual” and “family” as random effects. In
advance, the effects of the number of litter mates and the number of cohabitants after weaning were analyzed
and excluded because those did not affect the trend of results. We selected the simplest models with the lowest
Akaike’s information criterion. For all statistical tests, the level of significance was set at p < 0.05.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

Received: 23 August 2022; Accepted: 8 June 2023
Published online: 12 June 2023

References

1. Spear, L. P. The adolescent brain and age-related behavioral manifestations. Neurosci. Biobehav. Rev. 24, 417-463. https://doi.org/
10.1016/s0149-7634(00)00014-2 (2000).

2. Andersen, S. L. Trajectories of brain development: Point of vulnerability or window of opportunity?. Neurosci. Biobehav. Rev. 27,
3-18. https://doi.org/10.1016/S0149-7634(03)00005-8 (2003).

3. Lehmann, J. & Feldon, J. Long-term biobehavioral effects of maternal separation in the rat: Consistent or confusing?. Rev. Neurosci.
11, 383-408. https://doi.org/10.1515/revneuro.2000.11.4.383 (2000).

4. Sanchez, M. M., Ladd, C. O. & Plotsky, P. M. Early adverse experience as a developmental risk factor for later psychopathology:
Evidence from rodent and primate models. Dev. Psychopathol. 13, 419-449. https://doi.org/10.1017/s0954579401003029 (2001).

5. Gutman, D. A. & Nemeroff, C. B. Neurobiology of early life stress: Rodent studies. Semin. Clin. Neuropsychiatry 7, 89-95. https://
doi.org/10.1053/scnp.2002.31781 (2002).

6. McCormick, C. M., Kehoe, P. & Kovacs, S. Corticosterone release in response to repeated, short episodes of neonatal separation:
Evidence of sensitization. Int. J. Dev. Neurosci. 16, 175-185. https://doi.org/10.1016/s0736-5748(98)00026-4 (1998).

7. Braun, K., Lange, E., Metzger, M. & Poeggel, G. Maternal separation followed by early social deprivation affects the development
of monoaminergic fiber systems in the medial prefrontal cortex of Octodon degus. Neuroscience 95, 309-318. https://doi.org/10.
1016/50306-4522(99)00420-0 (2000).

8. Ziabreva, L, Poeggel, G., Schnabel, R. & Braun, K. Separation-induced receptor changes in the hippocampus and amygdala of
Octodon degus: Influence of maternal vocalizations. J. Neurosci. 23, 5329-5336. https://doi.org/10.1523/JNEUROSCI.23-12-05329.
2003 (2003).

9. Bale, T. L. & Epperson, C. N. Sex differences and stress across the lifespan. Nat. Neurosci 18, 1413-1420. https://doi.org/10.1038/
nn.4112 (2015).

10. Heck, A. L. & Handa, R. J. Sex differences in the hypothalamic-pituitary-adrenal axis’ response to stress: An important role for
gonadal hormones. Neuropsychopharmacology 44, 45-58. https://doi.org/10.1038/s41386-018-0167-9 (2019).

11. Oyola, M. G. & Handa, R. J. Hypothalamic-pituitary-adrenal and hypothalamic-pituitary-gonadal axes: Sex differences in regula-
tion of stress responsivity. Stress 20, 476-494. https://doi.org/10.1080/10253890.2017.1369523 (2017).

12. Mumtaz, E, Khan, M. I, Zubair, M. & Dehpour, A. R. Neurobiology and consequences of social isolation stress in animal model—A
comprehensive review. Biomed. Phar. 105, 1205-1222. https://doi.org/10.1016/j.biopha.2018.05.086 (2018).

Scientific Reports |

(2023) 13:9518 | https://doi.org/10.1038/s41598-023-36745-6 nature portfolio


https://doi.org/10.1016/s0149-7634(00)00014-2
https://doi.org/10.1016/s0149-7634(00)00014-2
https://doi.org/10.1016/S0149-7634(03)00005-8
https://doi.org/10.1515/revneuro.2000.11.4.383
https://doi.org/10.1017/s0954579401003029
https://doi.org/10.1053/scnp.2002.31781
https://doi.org/10.1053/scnp.2002.31781
https://doi.org/10.1016/s0736-5748(98)00026-4
https://doi.org/10.1016/s0306-4522(99)00420-0
https://doi.org/10.1016/s0306-4522(99)00420-0
https://doi.org/10.1523/JNEUROSCI.23-12-05329.2003
https://doi.org/10.1523/JNEUROSCI.23-12-05329.2003
https://doi.org/10.1038/nn.4112
https://doi.org/10.1038/nn.4112
https://doi.org/10.1038/s41386-018-0167-9
https://doi.org/10.1080/10253890.2017.1369523
https://doi.org/10.1016/j.biopha.2018.05.086

www.nature.com/scientificreports/

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Marco, E. M. et al. The maternal deprivation animal model revisited. Neurosci. Biobehav. 51, 151-163. https://doi.org/10.1016/j.
neubiorev.2015.01.015 (2015).

Sandi, C. & Haller, J. Stress and the social brain: Behavioural effects and neurobiological mechanisms. Nat. Rev. Neurosci. 16,
290-304. https://doi.org/10.1038/nrn3918 (2015).

Niwa, M., Matsumoto, Y., Mouri, A., Ozaki, N. & Nabeshima, T. Vulnerability in early life to changes in the rearing environment
plays a crucial role in the aetiopathology of psychiatric disorders. Int. J. Neuropsychopharmacol. 14, 459-477. https://doi.org/10.
1017/S1461145710001239 (2011).

Benner, S., Endo, T,, Endo, N., Kakeyama, M. & Tohyama, C. Early deprivation induces competitive subordinance in C57BL/6
male mice. Physiol. Behav. 137, 42-52. https://doi.org/10.1016/j.physbeh.2014.06.018 (2014).

Colonnello, V., Tacobucci, P,, Fuchs, T., Newberry, R. C. & Panksepp, J. Octodon degus. A useful animal model for social-affective
neuroscience research: basic description of separation distress, social attachments and play. Neurosci. Biobehav. Rev. 35, 1854-1863.
https://doi.org/10.1016/j.neubiorev.2011.03.014 (2011).

de Souza Teixeira, O. et al. Behavioural and physiological responses of male and female beef cattle to weaning at 30, 75 or 180 days
of age. Appl. Anim. Behav. Sci. 240, 105339. https://doi.org/10.1016/j.applanim.2021.105339 (2021).

Latham, N. R. & Mason, G. J. Maternal deprivation and the development of stereotypic behaviour. Appl. Anim. Behav. Sci. 110,
84-108. https://doi.org/10.1016/j.applanim.2007.03.026 (2008).

Clubb, R. et al. Compromised survivorship in zoo elephants. Science 322, 1649-1649. https://doi.org/10.1126/science.1164298
(2008).

Siciliano-Martina, L. & Martina, J. P. Stress and social behaviors of maternally deprived captive giraffes (Giraffa camelopardalis).
Zoo biol. 37, 80-89. https://doi.org/10.1002/200.21405 (2018).

Okanoya, K., Tokimoto, N., Kumazawa, N., Hihara, S. & Iriki, A. Tool-use training in a species of rodent: the emergence of an
optimal motor strategy and functional understanding. PLOS ONE 3, 1860. https://doi.org/10.1371/journal.pone.0001860 (2008).
Quirici, V., Faugeron, S., Hayes, L. D. & Ebensperger, L. A. Absence of kin structure in a population of the group-living rodent
Octodon degus. Behav. Ecol. 22, 248-254. https://doi.org/10.1093/beheco/arq196 (2011).

Ebensperger, L. A. et al. Ecological drivers of group living in two populations of the communally rearing rodent Octodon degus.
Behav. Ecol. Sociobiol. 66, 261-274. https://doi.org/10.1007/s00265-011-1274-3 (2012).

Ebensperger, L. A, Hurtado, M. J., Soto-Gamboa, M., Lacey, E. A. & Chang, A. T. Communal nesting and kinship in degus (Octodon
degus). Naturwissenschaften 91, 391-395. https://doi.org/10.1007/s00114-004-0545-5 (2004).

Long, C. V. Vocalisations of the Degu Octodon degus, a social caviomorph rodent. Bioacoustics 16, 223-244. https://doi.org/10.
1080/09524622.2007.9753579 (2007).

Ebensperger, L. A., Veloso, C. & Wallem, P. K. Do female degus communally nest and nurse their pups?. J. Ethol. 20, 143-146.
https://doi.org/10.1007/s10164-002-0063-x (2002).

Reynolds, T. J. & Wright, J. W. Early postnatal physical and behavioural development of degus (Octodon degus). Lab. Anim. 13,
93-99. https://doi.org/10.1258/002367779780943576 (1979).

Ebensperger, L. A. & Bozinovic, E. Communal burrowing in the hystricognath rodent, Octodon degus: a benefit of sociality?. Behav.
Ecol. Sociobiol. 47, 365-369. https://doi.org/10.1007/s002650050678 (2000).

Quirici, V., Castro, R. A., Oyarzun, ]. & Ebensperger, L. A. Female degus (Octodon degus) monitor their environment while foraging
socially. Anim. Cogn. 11, 441-448. https://doi.org/10.1007/s10071-007-0134-z (2008).

Fuchs, T., Tacobucci, P., MacKinnon, K. M. & Panksepp, J. Infant-mother recognition in a social rodent (Octodon degus). J. Comp.
Psychol. 124, 166-175. https://doi.org/10.1037/a0018704 (2010).

Braun, S. & Scheich, H. Influence of experience on the representation of the “mothering call” in frontoparietal and auditory cortex
of pups of the rodent Octodon degus: FDG mapping. J. Comp. Physiol. A 181, 697-709. https://doi.org/10.1007/s003590050151
(1997).

Gruss, M., Westphal, S., Luley, C. & Braun, K. Endocrine and behavioural plasticity in response to juvenile stress in the semi-
precocial rodent Octodon degus. Psychoneuroendocrinology 31, 361-372. https://doi.org/10.1016/j.psyneuen.2005.08.017 (2006).
Bauer, C. M., Correa, L. A., Ebensperger, L. A. & Romero, L. M. Stress, sleep, and sex: A review of endocrinological research in
Octodon degus. Gen. Comp. Endocrinol. 273, 11-19. https://doi.org/10.1016/j.ygcen.2018.03.014 (2019).

Cuenca-Bermejo, L. et al. Octodon degus: a natural model of multimorbidity for ageing research. Ageing Res. Rev. 64, 101204.
https://doi.org/10.1016/j.arr.2020.101204 (2020).

Bock, J., Riedel, A. & Braun, K. Differential changes of metabolic brain activity and interregional functional coupling in prefronto-
limbic pathways during different stress conditions: Functional imaging in freely behaving rodent pups. Front. Cell. Neurosci. 6, 19.
https://doi.org/10.3389/fncel.2012.00019 (2012).

Bock, J., Breuer, S., Poeggel, G. & Braun, K. Early life stress induces attention-deficit hyperactivity disorder (ADHD)-like behavioral
and brain metabolic dysfunctions: Functional imaging of methylphenidate treatment in a novel rodent model. Brain Struct. Funct.
222, 765-780. https://doi.org/10.1007/s00429-016-1244-7 (2017).

Rivera, D. S. et al. Effects of long-lasting social isolation and re-socialization on cognitive performance and brain activity: A
longitudinal study in Octodon degus. Sci. Rep. 10, 18315. https://doi.org/10.1038/s41598-020-75026-4 (2020).

Becker, K., Abraham, A., Kindler, J., Helmeke, C. & Braun, K. Exposure to neonatal separation stress alters exploratory behavior
and corticotropin releasing factor expression in neurons in the amygdala and hippocampus. Dev. Neurobiol. 67, 617-629. https://
doi.org/10.1002/dneu.20372 (2007).

Uekita, T., Ishibashi, A. & Sakamoto, T. Influence of pre-weaning social isolation on post-weaning emotion tendency and mother-
infant interactions in infant Octodon degus. Int. ]. Environ. Res. Public Health 16, 1824. https://doi.org/10.3390/ijerph16101824
(2019).

Colonnello, V., Tacobucci, P. & Panksepp, J. Analysis of the disruption of maternal social bonds in Octodon degus: Separation
distress in restricted reunion tests. Dev. Psychobiol. 53, 657-669. https://doi.org/10.1002/dev.20539 (2011).

Braun, K., Kremz, P., Wetzel, W., Wagner, T. & Poeggel, G. Influence of parental deprivation on the behavioral development in
Octodon degus: Modulation by maternal vocalizations. Dev. Psychobiol. 42, 237-245. https://doi.org/10.1002/dev.10096 (2003).
Shoji, H., Takao, K., Hattori, S. & Miyakawa, T. Age-related changes in behavior in C57BL/6] mice from young adulthood to middle
age. Mol. Brain. 9, 11. https://doi.org/10.1186/s13041-016-0191-9 (2016).

Yanai, S., & Endo, S. Functional aging in male C57BL/6] mice across the life-span: a systematic behavioral analysis of motor,
emotional, and memory function to define an aging phenotype. Front. Aging Neurosci. 13, 697621. https://doi.org/10.3389/fnagi.
2021.697621 (2021).

Hummer, D. L., Jechura, T. J., Mahoney, M. M., & Lee, T. M. Gonadal hormone effects on entrained and free-running circadian
activity rhythms in the developing diurnal rodent Octodon degus. Am. J. of Physiol. Regul. Integr. Comp. Physiol. 292, R586-R597.
https://doi.org/10.1152/ajpregu.00043.2006 (2007).

Endo, N. et al. Multiple animal positioning system shows that socially-reared mice influence the social proximity of isolation-reared
cagemates. Commun. Biol. 1, 225. https://doi.org/10.1038/s42003-018-0213-5 (2018).

Kunzler, J., Braun, K. & Bock, J. Early life stress and sex-specific sensitivity of the catecholaminergic systems in prefrontal and
limbic regions of Octodon degus. Brain Struct. Funct. 220, 861-868. https://doi.org/10.1007/s00429-013-0688-2 (2015).
Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M. & Altman, D. G. Improving bioscience research reporting: the ARRIVE
guidelines for reporting animal research. PLoS. Biol. 8, €1000412. https://doi.org/10.1371/journal.pbio.1000412 (2010)

Scientific Reports |

(2023) 13:9518 | https://doi.org/10.1038/s41598-023-36745-6 nature portfolio


https://doi.org/10.1016/j.neubiorev.2015.01.015
https://doi.org/10.1016/j.neubiorev.2015.01.015
https://doi.org/10.1038/nrn3918
https://doi.org/10.1017/S1461145710001239
https://doi.org/10.1017/S1461145710001239
https://doi.org/10.1016/j.physbeh.2014.06.018
https://doi.org/10.1016/j.neubiorev.2011.03.014
https://doi.org/10.1016/j.applanim.2021.105339
https://doi.org/10.1016/j.applanim.2007.03.026
https://doi.org/10.1126/science.1164298
https://doi.org/10.1002/zoo.21405
https://doi.org/10.1371/journal.pone.0001860
https://doi.org/10.1093/beheco/arq196
https://doi.org/10.1007/s00265-011-1274-3
https://doi.org/10.1007/s00114-004-0545-5
https://doi.org/10.1080/09524622.2007.9753579
https://doi.org/10.1080/09524622.2007.9753579
https://doi.org/10.1007/s10164-002-0063-x
https://doi.org/10.1258/002367779780943576
https://doi.org/10.1007/s002650050678
https://doi.org/10.1007/s10071-007-0134-z
https://doi.org/10.1037/a0018704
https://doi.org/10.1007/s003590050151
https://doi.org/10.1016/j.psyneuen.2005.08.017
https://doi.org/10.1016/j.ygcen.2018.03.014
https://doi.org/10.1016/j.arr.2020.101204
https://doi.org/10.3389/fncel.2012.00019
https://doi.org/10.1007/s00429-016-1244-7
https://doi.org/10.1038/s41598-020-75026-4
https://doi.org/10.1002/dneu.20372
https://doi.org/10.1002/dneu.20372
https://doi.org/10.3390/ijerph16101824
https://doi.org/10.1002/dev.20539
https://doi.org/10.1002/dev.10096
https://doi.org/10.1186/s13041-016-0191-9
https://doi.org/10.3389/fnagi.2021.697621
https://doi.org/10.3389/fnagi.2021.697621
https://doi.org/10.1152/ajpregu.00043.2006
https://doi.org/10.1038/s42003-018-0213-5
https://doi.org/10.1007/s00429-013-0688-2
https://doi.org/10.1371/journal.pbio.1000412

www.nature.com/scientificreports/

49. Popovi¢, N. et al. Aging and time-of-day effects on anxiety in female Octodon degus. Behav. brain res. 200, 117-121. https://doi.
0rg/10.1016/j.bbr.2009.01.001 (2009).

50. Bates, D., Maechler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models using Ime4. J. Stat. Softw. 67, 1-48 (2015).

51. Lenth, R. V. Emmeans: Estimated Marginal Means, Aka Least-Squares Means. R Package Version 1.8. 1-1 (2022). https://CRAN.R-
project.org/package=emmeans.

Acknowledgements

We would like to thank the Division of Bio-Resources, Department of Biotechnology, Frontier Science Research
Center, University of Miyazaki for giving us the degus. This work is supported by JST SPRING, Grant Number
JPMJSP210 and by JSPS KAKENHI, Grant Number JP20K15865.

Author contributions

R.U. conceived the project, contributed to experimental designs, performed experiments, interpreted the results,
generated Figs. 1, 2, 3, 4, 5, 6 and 7, and wrote the manuscript; S.H.S. conceived the project, contributed to experi-
mental designs, interpreted the results, and wrote the manuscript. A.S., CK., G.A.K,, S.I, and Y.T. interpreted
the results and wrote the manuscript. All authors approved the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-36745-6.

Correspondence and requests for materials should be addressed to S.H.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:9518 | https://doi.org/10.1038/s41598-023-36745-6 nature portfolio


https://doi.org/10.1016/j.bbr.2009.01.001
https://doi.org/10.1016/j.bbr.2009.01.001
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1038/s41598-023-36745-6
https://doi.org/10.1038/s41598-023-36745-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Long-term behavioral effects of social separation during early life in a social mammal, Octodon degus
	Results
	Effects of ELS on bodyweight gaining. 
	Effects of ELS and PND on behaviors. 
	Sex differences between the effects of ELS and PND on behaviors. 

	Discussion
	Effects of ELS on bodyweight gain. 
	Short-term effects of ELS and PND on behaviors. 
	Long-term effects of ELS and PND on behaviors. 
	Sex differences in the effects of ELS and PND on behaviors. 
	Summary. 

	Methods
	Animals and housing conditions. 
	Separation treatments and open-field tests (Fig. 2). 
	Bodyweight measuring. 
	Observation of behavior (PND21, PND50, and PND245). 
	Statistical analyses. 

	References
	Acknowledgements


