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The social behavior mechanisms have not been thoroughly reported
in the solitary female stripeddwarf hamster (Cricetulus barabensis). In
this study, the handling bag test and neutral arena measurements
were used to detect the changes of aggression in the face of rivals of
di ferent genders of wild striped dwarf hamsters. We found that fe-
male hamsters had the highest aggressive performance in proestrus,
followed by estrus, and the lowest in metestrus and the dioestrus,
and the increased aggression during the proestrus or estrus period
was low-intensity aggression such as intimidation, shock, boxing
and counterattack, or even ritualized non-harmful behaviors to drive
away opponents. When confronted with male individuals, aggres-
sion in females decreased significantly during estrus. The concentra-
tion of plasma estradiol was the highest in estrus and the lowest in
metestrus and dioestrus. In contrast, estrogen receptor 2 relative ex-
pression in the hypothalamus is the lowest in proestrus and highest
in metestrus and dioestrus. Besides, both estradiol levels in plasma
and estrogen receptor 2mRNA in the hypothalamuswere associated
with aggression. These results will broaden our understanding of
themolecularmechanismofhowbreedingphenotype is an essential
driver in changing the social behavior of female Cricetulus barabensis.
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1. Introduction
Aggressive behavior is an evolutionarily conserved, her-

itable trait essential for survival and fitness [1]. One pos-
sible factor determining the fitness of these different strate-
gies is population density. A study on the natural population
of Microtus pennsylvanicus found that female aggression lev-
els increased significantly at relatively low densities [2]. As
population density increases, social pressures may limit sub-
ordinate age and sex groups’ access to concentrated food sites
[3]. Populationswith high diffusion efficiency tend to exhibit
boldness and high aggression [4].

Aggression is an essential social behavior that promotes
survival and reproductive fitness across animal systems [5].
Individualswith intense aggression can occupy a higher social
class and increase the individual’s fitness. However, in vari-
ous intraspecial-sexual stimulation and endocrine environ-

ments, femaleswill display ferocious aggression, which is also
the result of adaptation to their living environment and long-
term evolution. In a broader sense, female aggression’s func-
tion seems to suppress the rivals’ reproductive success [6].
While research on the neuroendocrine mechanisms under-
lying this complex behavior has traditionally focused on the
classic neuroendocrine model, circulating gonadal steroids
are transported to the brain and act on neural circuits closely
related to aggression [5].

Estradiol is the primary circulating estrogen hormone
and can regulate many tissue functions in physiology. The
estradiol receptor, estrogen receptor 2 (ESR2), which was
identified in 1996 [7], is proven to be critical in mediat-
ing estradiol signaling in the ovary, prostate, lung, cardio-
vascular and central nervous systems [8]. It is predom-
inantly found with high concentrations in the hippocam-
pus and cerebral cortex in rodents and humans [9]. Studies
have reported that ESR2-knockout mice were more aggres-
sive than wild-type mice, indicating ESR2-mediated actions
of gonadal steroids are critical in inhibiting the aggressive
behaviors of pubertal and young adult mice [10]. Also, as
aggression is an energy-consuming physiological behavior,
monitoring mice’s metabolic rate may reflect fitness-related
behavioral traits (e.g., estrus) in different animal models.

Differences between results from different settings em-
phasize the role of environmental and social factors in mod-
ulating hormones’ effects [11]. However, recent studies have
suggested that this paradigm is oversimplified [1, 3, 12]. Lab-
oratory research has described detailed descriptions of ag-
gression and defense patterns in the rat, mouse, and hamster.
These results showed many similarities and differences be-
tween these species [12]. It is still necessary to provide more
materials to explore the regulation mechanisms of periodic
changes in aggressive female behaviors. Therefore, our study
aims to clarify the relationship between intra-species aggres-
sive behaviors and the plasma estradiol concentrations or rel-
ative expression of ESR2 mRNA and offer new experimental
data to explain how breeding phenotype changes social be-
havior.
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2. Methods
2.1 Animals

Live traps caught wild striped dwarf hamsters from the
Qufu region in the Shandong Province of China (35◦ 46’ N
117◦ 0’ E). The region belongs to a continental monsoon cli-
mate, with four distinct seasons and noticeable temperature
changes with the seasons. The primary vegetation is wheat,
corn, peanut and other crops. Animal sampling was com-
pleted in the spring of 2016.

After capture, hamsters were domesticated in an animal
house at the School of Life Science, Qufu Normal University.
Polyethylene (PE) plastic feeding boxes were raised in single
cages (290 × 188 × 125 mm). Food (standard rat chow, Ji-
nan Pengyue experimental animal breeding Co. LTD) and
water were provided ad libitum. All animals were housed in a
pathogen-free environment and were provided free access to
food andwater under a 12-hour light/dark cycle in the testing
center. After two weeks of acclimatization, 60 adult female
hamsters and 20 males (20-30 g) were selected for the study.
Specifically, 10 female hamsters were used to determine fe-
male hamster’s estrous cycle by vaginal smears, and the other
50 female hamsters were used for the aggressive behavior as-
sessment. All procedures used in this study were approved by
the Institutional Animal Care and Use Committee of Qufu
Normal University. All efforts were made to minimize the
number of animals used and animals’ suffering in accordance
with the ARRIVE guidelines.

2.2 Determination of the estrous cycle

First, the stage of the estrous cycle can be roughly judged
by vulva observation. 10 adult female hamsters were contin-
uously for 16 days. Vaginal smears were used to determine
the exact estrous cycle according to the type of cells and the
percentage of keratinocytes in the vaginal smear. The time
points of the behavioral and physiological tests were deter-
mined. Under laboratory domestication conditions, female
hamsters have a stable estrous cycle, generally about 4 days.
Each estrous cycle goes through four stages. Therefore, the
following points are selected for the follow-up behavioral and
physiological experiments: Day1 (20:30~21:30, proestrus),
Day2 (18:30~20:00, estrus), Day3 (13:00~14:30, metestrus),
Day4 (16:00~17:30, dioestrus).

2.3 Quantification of aggressive intraspecific behavior

The aggressive behavior of hamsters is determined by
handling bag test and neutral arena measurements. The han-
dling bag test is used as an index to measure rodents’ docil-
ity/ferocity [13]. In this study, the other 50 hamsters were
used to assess female hamsters’ aggressive behaviors at each
estrous stage. After the hamster was transferred to a mesh
bag, the length of the animal biting and struggling for 1 min
was counted as a measure of its ferocity [13, 14].

Intraspecific aggression of female hamster was observed
in 15-minute paired encounters in a neutral arena. A trans-
parent plexiglass observation box was set up in the experi-
ment, with a size of 40 cm × 40 cm × 40 cm. The obser-

vation box was divided into two same parts. The bottom of
the box is paved with sawdust as cushion material. A red in-
candescent lamp and the video monitoring system are sus-
pended 1.5 m above the arena for behavioral observation. In
this test, same-sex or different-sex aggressive encounters of
female hamsters were staged, recorded and analyzed. Female
hamsters in different estrous cycles were placed on one side
of the neutral arena. A weight difference of less than 5% fe-
male or male hamster based on the weight matching prin-
ciple was placed on the other side of the neutral arena [15].
After 2-3 minutes of adaptation, the partition was removed,
and the encounter behavior was recorded in the night vision
mode for 15 minutes.The experiments in female vs female
and female vs male groups were carried out alternately. The
same hamsters were used discontinuously for the target fe-
male hamsters. For the target female hamster, the same op-
ponent hamster is used discontinuously. Numbers and du-
rations of threat, plunge, boxing, hit back, bites, wrestle, as
well, as chases were quantified using our suite for monitor-
ing aggressive behaviors.

Meanwhile, numbers and durations of escape, flee, good
defensive and side defensive were named defensive behavior
[16, 17]. Social behaviors include the numbers and durations
of investigation, approach, intimacy, and grooming. Video
analysis adopts focus sampling. JWatcher 1.0 software is used
to input detailed behavioral indicators.

2.4 Resting metabolic rate (RMR)

RMR of the females was qualified as the rate of oxygen
consumption, using an open-flow respirometry system (Q-
Box RP2LP, Qubit, Canada). Each animal was placed indi-
vidually in a 650mLPlexiglass cylindricalmetabolic chamber.
The chamber temperature was controlled at 29 ◦C,which lies
within the thermal neutral zone for C. barabensis [18]. Body
mass was recorded before and after each measurement. Air
was pumped at a 490-650 mL/min rate through a cylindri-
cal sealed Perspex chamber with rubber stoppers, immersed
in a water bath (± 0.5 ◦C). Gases leaving the chamber were
dried (silica gel) and directed through CO2 and the O2 ana-
lyzer at a 145-150 mL/min flow rate. The data were aver-
aged and collected every 10 s (within 0.5 h), and the lowest
rate of oxygen consumption over 5minwas taken to estimate
RMR. Because animals were probably not post-absorptive
during the measurement, we classified metabolic measure-
ments as RMR rather than the basal metabolic rate (BMR).
Thus, like many recent metabolic studies on small, wild-
caught endotherms [19, 20], our RMR measures include a
non-quantified metabolic contribution from the heat incre-
ment of feeding.

2.5 Blood sampling, estradiol quantification and tissue collection

After the behavioral and physiological experiments, 15
hamsters in each estrous cycle were killed by CO2 asphyx-
iation. Blood samples were processed, and plasma estradiol
concentrations were quantified using a commercially avail-
able enzyme immunoassay system (Multiskan MS 352). Hy-
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pothalamus were removed and frozen in liquid nitrogen, and
then stored at -80 ◦C for the subsequent fluorescence quan-
titative PCR experiments.

2.6 Total RNA extraction and real-time fluorescent quantitative
PCR

Total RNA was isolated from the hypothalamus accord-
ing to Trizol Reagent Kit (Takara) instructions. The pu-
rity was assesed by the OD260/OD280 value using ultraviolet
spectrophotometer (Germany Eppendorf). The integrity was
detected by agarose gel electrophoresis. RT-PCR amplifica-
tion was performed in triplicate using an SYBR Green PCR
Reagent system, with β-actin as an internal control. The
primer sequences are listed below: ESR2: F: GAGCATCC-
CTCTTTGAACT, R: CTCTCCTTTAGCAACCCATT (5’-
3’); β-actin: F: GAGACCTTCAACACCCCAGC, R: ATGT-
CACGCACGATTTCCC (5’-3’). The fabrication of the stan-
dard curves, the product specificity and the validation of am-
plification efficiency are described previously [21].

2.7 Statistical analysis

SPSS 20.0 (SPSS Inc., Chicago, USA) and GraphPad Prism
7 (GraphPad Software, Inc., La Jolla, CA, USA) were used for
data processing and analysis. Shapiro-Wilk and Levene, re-
spectively, were used to test data normality and homogene-
ity of variance. One-way analyses of variances (ANOVAs)
were used to examine the estrous cycle’s effects on aggres-
sion variables, RMR, circulating estradiol and ESR2 relative
expression. Tukey’s HSD posthoc analyses were conducted
to analyze the interaction of photoperiod and week. Pearson
correlations were used to quantitatively assess relationships
between aggression and estradiol concentrations or ESR2 rel-
ative expression. Data are expressed as means± standard er-
ror of themean (means± SEM). P< 0.05 indicate a statistical
difference.

3 Results
3.1 The estrous cycle of hamster

The percentage of keratinocytes in the vaginal smear
shows regular changes. The time of proestrus and estrus was
relatively short, while the metestrus period was the longest
(Fig. 1). The duration of the whole estrous cycle may fluctu-
ate irregularly. This fluctuation has a certain compensation;
if the previous estrous cycle is prolonged, the next estrous
cycle will be shortened. This change is mostly caused by the
extension or shortening of the metestrus.

3.2 Duration of handling bag struggling

In different stages of the estrous cycle, the female ham-
sters showed extreme differences in the duration of biting
and struggling within 1 min (F(3,156) = 23.433, P < 0.001).
Among them, the duration of biting and struggling in estrus
was significantly higher than that in proestrus. The duration
in proestrus was significantly higher than that in metestrus
and dioestrus (Fig. 2).

Fig. 1. The vaginal smear shows changes in the estrous cycle of Crice-
tulus barabensis. Tukey’s HSD posthoc analyses indicated that the percentage
of keratinocytes have significant differences between the days of 1d, 5d, 9d
and 13d (F(3,36) =4.471, P =0.009), and they were all in the proestrus range.
However, there was no significant difference between the days of 2d, 6d,
10d and 14d (F(3,36) = 0.707, P = 0.554), also the days of 3d, 7d, 11d and 15d
(F(3,36) = 0.221, P = 0.881), and the days of 4d, 8d, 12d and 16d (F(3,36)
= 0.812, P = 0.596). Data are expressed as means ± SEM. Significance was
determined by ANOVA, followed by Tukey’s HSD posthoc analyses.

Fig. 2. Duration of handling bag struggling in the estrous cycle of
Cricetulus barabensis. The duration of biting and struggling in estrus was
significantly higher than that in proestrus, and the duration in proestrus was
significantly higher than that in metestrus and dioestrus. Data are expressed
as means ± SEM. *: P < 0.05, and **: P < 0.01. P < 0.05 indicates a sig-
nificant difference. Significance was determined by ANOVA, followed by
Tukey’s HSD posthoc analyses.

3.3 Behavior changes in a neutral arena

In the neutral arena, the attack time and numbers of fe-
male C. barabensis on female and male hamsters showed sig-
nificant difference in estrous cycle (F(3,196) = 8.2, P < 0.001;
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F(3,196) = 5.236, P = 0.002; F(3,196) = 6.491, P < 0.001;
F(3,196) = 5.021, P = 0.002). The attack time was highest
at proestrus when placing a female with a female or a male,
while the attack time was higher at estrus than metestrus and
diestrus when placing a female with another female (Fig. 3A).
Interestingly, there was no significant difference in attack
time among estrus, metestrus, and diestrus when placing fe-
males with males (Fig. 3A). The attack number was highest
at proestrus when placing a female with a female or a male.
The attack number was lower at estrus versus proestrus, but
estrus was higher than metestrus and diestrus when plac-
ing a female with another female. Simultaneously, there
were no significant differences in attaching numbers at es-
trus, metestrus and diestrus when placing a female with an-
other male (Fig. 3B).

Moreover, the defense time and numbers of female C.
barabensis against females and males were shown significant
differences in the estrous cycle (F(3,196) = 2.721, P = 0.046;
F(3,196) = 4.206, P = 0.07; F(3,196) = 4.178, P = 0.07). The
defense time was lowest at proestrus when placing a female
with a female, while it was highest at estruswhen placing a fe-
malewith amale (Fig. 3C). Similarly, the defense numberwas
highest at estrus when placing a female with a male. How-
ever, there was no significant difference in defense number at
four estrous cycle stages when placing females with females
(Fig. 3D).

Also, the social behavior duration time and numbers of
female C. barabensis with male showed significant differences
in the estrous cycle (F(3,196) = 5.538, P = 0.01; F(3,196) =
4.706, P = 0.03). The social behavior duration time and num-
ber were highest at estrus when placing a female with a male.
Simultaneously, there were no significant differences in the
social behavior duration time and number at the other three
stages of the estrous cycle when placing a female with a male
(Fig. 3E-F). The social behavior duration time and number
were shown no differences at four estrous cycle stages when
placing a female with a female (Fig. 3E-F).

3.4 RMR

RMR of female hamsters in different stages of the estrous
cycle showed significant differences (F(3,196) = 12.897, P <
0.01). Among them, RMR in estrus was significantly higher
than that in the other three stages, and in metestrus was sig-
nificantly lower than that in the other three stages. How-
ever, there was no significant difference between the stages
of proestrus and dioestrus (Fig. 4).

3.5 The levels of estradiol in plasma and ESR2 in hypothalamus
among estrous cycle

The estradiol levels in the plasma of female hamsters
showed significant differences in different estrous cycle
stages, and the significance was determined by ANOVA, fol-
lowed by Tukey’s HSD posthoc analyses. Among them, the
content in estrus is the highest (P < 0.05), and the proestrus
was also significantly higher than the metestrus and the
dioestrus (P < 0.05). Estradiol content was lowest in the

metestrus and the dioestrus, and there was no significant dif-
ference between the two stages (Fig. 5). However, there were
significant differences in the relative expression of ESR2 in
the hypothalamus of female hamsters at each stage of the
estrous cycle. Among them, the relative expression in the
metestrus is the highest, and the expression in the proestrus
is significantly lower than that in the other three periods.

3.6 Relationships between aggression and plasma estradiol or
relative expression of ESR2

Pearson correlations were performed to assess relation-
ships between aggression and estradiol concentrations or
ESR2 relative expression. It showed that the levels of aggres-
sion were near related to plasma estradiol levels and the ESR2
mRNA in the hypothalamus in female C. barabensis. More-
over, the plasma estradiol level displayed positive associations
with the handling bag struggling time, attack time vs female,
and RMR. In contrast, relative expression of ESR2 mRNA in
hypothalamus females displayed negative associations with
handling bag struggling time, attack time vs female, attack
time vs male and attack number vs male (Table 1).

4. Discussion
4.1 Aggressive behaviors and RMR changed with the estrous cycle

Hamsters have been proven to have sex differences in re-
sponse to social behavior [22]. Both male and female ham-
sters will spontaneously display aggressive behavior, and they
exhibit similar HPA-axis responsivity [23]. When not in be-
havioral estrus, female hamsters will readily attack a male or
female conspecific. Female hamsters are described as more
aggressive than males. Aggressiveness in female encounters
depends on the stable 4-day sexual cycle stage, with a decrease
on the day of receptivity, i.e., estrus [24]. Striped dwarf ham-
ster (Cricetulus barabensis), also known as Chinese hamster,
is a solitary species [25]. Females are highly aggressive and
dominant over males. Their presence seemed to inhibit ag-
gression between males. During their first pregnancy, young
females became aggressive towards any resident adult male
of littermate and forced them out of the nest so far shared,
where they subsequently gave birth to their litter [26]. Thus,
we used female hamsters as the animal model to investigate
the mechanism of aggression.

In this study, through the tests in handling bags and the
observations of behavior changes in a neutral arena, we found
that the aggression of female C. barabensis was remarkably
different in the estrous cycle. Several studies have investi-
gated aggression in cycling female hamsters. Some conflict-
ing reports have revealed that during the stages of dioestrus,
proestrus or estrus, the levels of aggression may be higher
[22, 27]. A previous study found that female hamsters’ intra-
sexual aggression reached the highest levels on dioestrus days
1 and 2 and gradually decreased during proestrus and estrus
[28]. However, our study found the higher levels of aggres-
sion occurred during proestrus.

The struggling time of female hamsters in the handling
bag experiment showed a similar trend to female opponent

80 Volume 20, Number 1, 2021



Fig. 3. Behavior changes in the estrous cycle of Cricetulus barabensis. In the neutral arena, the durations of attack time and numbers of female C. barabensis
on female and male hamsters showed a significant difference in the estrous cycle (A, B). (C, D) showed the differences in defense time and the numbers of
female C. barabensis against females and males in the estrous cycle. Moreover, the social behavior time and numbers of female C. barabensis against a male in the
estrous cycle were shown (E, F). Data are expressed as means± SEM. *: P < 0.05, and **: P < 0.01. P < 0.05 indicates a significant difference. Significance
was determined by ANOVA, followed by Tukey’s HSD posthoc analyses.

hamsters’ aggressive behavior in the neutral arena experi-
ment. As a result, female hamsters exhibited similar aggres-
sive behavior patterns in the face of capture pressure and
same-sex competitors. Handling bag test was first used to
detect small rodents’ personalities under the pressure of cap-
ture. Personality characteristics are a series of comprehen-
sive behavioral expressions for animals to be adapted to the
habitat environment, reflecting the differences in behavioral
expressions of different individuals under specific environ-
mental conditions [29]. The expression of animal behav-
iors is closely related to how individuals live, and individu-

als can adjust their behavioral strategies according to their
fitness. Therefore, personality characteristics have environ-
mental constraints [30]. Many studies have shown that the
same species’ personality is significantly different due to dif-
ferent environmental conditions [31, 32]. Our results con-
firmed that female C. barabensis had different estrous person-
ality, which indicated that hamsters could take different be-
havioral strategies to adapt to the environmental conditions
to have the maximum fitness.

The occurrence of aggressive behaviors is generally re-
stricted by competitive mate, food, population density and
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Table 1. Relationships between aggression, RMR, plasma estradiol and relative expression of ESR2
mRNA in hypothalamus of female Cricetulus barabensis.

Item
Plasma estradiol Relative expression of ESR2

R P R P

Handling bag struggling time 0.647 0.000 -0.299 0.039
Attack time vs female 0.468 0.002 -0.409 0.004
Attack time vs male -0.099 0.541 -0.302 0.037
Attack number vs female -0.222 0.168 -0.091 0.538
Attack number vs male 0.156 0.335 -0.342 0.017
RMR 0.317 0.046 -0.234 0.109

Bold values indicated statistical significance using Pearson correlations (P < 0.05).

Fig. 4. Restingmetabolic rates in the estrous cycle ofCricetulus baraben-
sis. RMR in estrus was significantly higher than that in the other three
stages and was significantly lower in metestrus than that in the other three
stages. However, there was no significant difference between proestrus and
dioestrus. Data are expressed asmeans± SEM. *: P< 0.05, and **: P< 0.01.
P < 0.05 indicates a significant difference. Significance was determined by
ANOVA, followed by Tukey’s HSD posthoc analyses.

domain behavior. As solitary hamster, female individuals
change into fierce and aggressive in proestrus, which is con-
ducive to defeat potential same-sex competitors and over-
come external unfavorable environmental conditions, thus to
improve their fitness andwinmoremating opportunities and
pass on their genes to their offspring [33]. In the metestrus
and dioestrus periods, the need for mating became less ur-
gent. The essential awareness of intraspecies and territorial
fights with other individuals was maintained, which resulted
in the lowest attack frequency throughout the estrus cycle.
In estrus, female hamsters were more aggressive when their
opponents were female and less aggressive when their oppo-
nents were male. Simultaneously, female hamsters showed
the highest defensive and social behaviors when faced with
males during estrus, further suggesting that the strategy was
an adaptation for mating. It was reported RMR correlates
with a range of fitness-related behavioral traits [34], e.g., per-

sonality [35]. Female C. barabensis had the highest RMR dur-
ing estrus, which suggested that estrus was also an energy-
consuming physiological process.

In most cases, the enhanced aggression during the
proestrus or estrus period is low-intensity, such as intimi-
dation, shock, boxing and counterattack, or even ritualized
non-harmful behaviors to drive away opponents. This situ-
ation indicates that in the estrous stage, the primary task is
mating and reproduction, and the focus of energy consump-
tion and behavior pattern is more inclined to reproductive
activities [36]. It is undoubtedly not in line with a life-history
strategy to engage in a fierce fight with other individuals. On
the other hand, the significant decrease of aggressive behav-
iors in metestrus is due to estrus’ end and a large amount of
female hamsters’ energy consumption through breeding ac-
tivities [37]. Therefore the energy is not enough to support
too much vigorous sports such as biting, wrestling and pur-
suing.

4.2 Estradiol level and relative expression of ESR2 mRNA changed
with the estrous cycle

The estrous cycle is the recurring physiological changes
induced by reproductive hormones in most mammalian the-
rian females. Based on the classic neuroendocrinemodel, sex-
ual and aggressive behavior is mainly dependent on estradiol.
Therefore, the estradiol level may be positively correlated
with the breeding aggression of females. The estradiol re-
ceptor ESR2 can also mediate estradiol signaling in the ovary,
prostate, lung, cardiovascular, and central nervous systems.
In this study, we found that the estradiol level in plasma and
the expression level of ESR2 mRNA in the hypothalamus of
female C. barabensis were consistently changed with the es-
trous cycle, implying the aggression behavior during the es-
trous cycle may be regulated by the estradiol/ESR2 in the
female C. barabensis. Studies have been revealed that estro-
gens initiate signaling cascades via ESR2 in the hippocampus
[38], thus enhancing synaptic plasticity and performance on
hippocampal-dependent cognitive behaviors and physiolog-
ical relevance of these effects in animals [39]. In the brain,
estrogen can pass through the blood-brain barrier and bind
to its receptor, such as ESR2. Then ESR2 translocates to the
nucleus and binds to the estrogen response element (ERT) to
regulate gene expression (Fig. 6). The estradiol/ESR2 can also
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Fig. 5. Plasma estradiol concentrations in the estrous cycle of Crice-

tulus barabensis. The estrus period’s plasma estradiol level was the highest,
followed by the proestrus stage, and was lowest in the metestrus and the
dioestrus stages. Data are expressed as means± SEM. *: P < 0.05, and **: P
< 0.01. P < 0.05 indicates a significant difference. Significance was deter-
mined by ANOVA, followed by Tukey’s HSD posthoc analyses.

regulate glucose transport, mitochondrial function, and aer-
obic glycolysis to generate ATP [9]. Therefore, in this study,
the aggressive behaviors of the female Cricetulus barabensis in
the estrous cycle may attribute to their expression levels of
estradiol/ESR2 to mediate the hippocampal-dependent cog-
nitive and physiological behaviors as well as brain and body
metabolism.

However, recent studies have suggested that this paradigm
is oversimplified. Some animals display elevated aggression
levels during the non-breeding season, despite gonadal re-
gression and reduced circulating androgens levels. Experi-
mental elevation of gonadal steroids (i.e., estradiol) does not
reduce females’ aggression, showing that aggression is not
suppressed by high hormone levels [40, 41]. Further, aggres-
sion is not reduced when estradiol is virtually depleted via
ovariectomies, providing vital support that female aggression
regulation may be independent of gonadal steroids [41]. Ac-
cording to some studies, low hormone levels could be accom-
modated by extra-gonadal hormonal precursors. For exam-
ple, Adrenal dehydroepiandrosterone (DHEA) likely serves
as an essential precursor for neural androgen synthesis during
the non-breeding season [5]. On the other hand, increased
site-specific ERα may function as a compensatory mecha-
nism to allow increased responsiveness to estradiol in reg-
ulating aggression in place of high circulating concentrations
of hormones [42]. In other words, the dynamic changes in
estrogen receptors are one of the compensatory mechanisms
regulating aggression during reproductive quiescence.

We found that the plasma estradiol levels of female C.
barabensis were positively correlated to handling bag strug-

Fig. 6. Mechanismof estrogen and receptor in the estrous cycle. Estro-
gens affect reproduction and behavioral regulation by binding to receptors
of the hypothalamic in the estrous cycle. E, estrogen; ER, estrogen recep-
tor; H, hypothalamus; Kp, kisspeptin; O, ovary; P, the pituitary body; Pro,
protein; RFRP, RFamide-related peptid.

gling time & attack time to female opponents. Simultane-
ously, the relative expression of ESR2 in the hypothalamus
was negatively related to handling bag struggling time & at-
tack time to both female and male opponents. As a result,
the highest aggression of female hamsters in proestrus could
be attributed to elevated estradiol in plasma and the lowest
ESR2 in the hypothalamus. In contrast, the decrease of es-
trus aggression might associate with the higher estradiol in
plasma and ESR2 in the hypothalamus. Besides, in metestrus
& dioestrus, the lowest estradiol and the highest ESR2 co-
occurred with the lowest aggression.

In summary, we explored the aggression, personality,
RMR andmolecular regulation mechanism in the estrous cy-
cle of female striped dwarf hamsters. We firstly demonstrated
that aggression tracked phenotype over the estrous cycle.
Moreover, we found that both the estradiol level in plasma
and the expression level of ESR2 mRNA in the hypothalamus
were associated with the aggression of female C. barabensis
during the estrous cycle, which indicates an estradiol/ESR2-
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dependent mechanism for regulation of aggressive behavior
throughout the estrus cycle. These results are intriguing,
which will broaden our understanding of how breeding phe-
notype is an essential driver of associated changes in social
behavior mechanisms.

Author contributions
JHX, HLX and LXX conceived and designed research;

JHX, HLX and CF performed experiments; JHX and ZW an-
alyzed data, interpreted results of experiments, prepared fig-
ures; JHX and ZW drafted manuscript; HLX and MW, pro-
vided experimental guidance and suggestions for revision;
JHX and LXX edited manuscript and approved final version
of manuscript. All authors contributed to editorial changes
in the manuscript. All authors read and approved the final
manuscript.

Ethics approval and consent to participate
All procedures used in this study were approved by the In-

stitutional Animal Care and Use Committee of Qufu Normal
University.

Acknowledgment
We thank two anonymous reviewers for excellent criti-

cism of the article.

Funding
This workwas supported by funds from the National Nat-

ural Science Foundation of China (Nos. 31670385, 31570377,
31770455).

Conflict of interest
No conflicts of interest, financial or otherwise, are de-

clared by the authors.

References
[1] Zhang-James Y, Fernàndez-Castillo N, Hess JL, Malki K, Glatt SJ,

Cormand B, et al. An integrated analysis of genes and functional
pathways for aggression in human and rodent models. Molecular
Psychiatry. 2018; 24: 1655-1667.

[2] Hofmann JE, Getz LL, Klatt BJ. Levels of female aggressiveness in
fluctuating populations of Microtus ochrogaster and Microtus penn-
sylvanicus. Acta Theriologica Sinica. 2004; 24: 125-131.

[3] Donohue RN, Hewitt DG, Fulbright TE, Deyoung CA, Litt AR,
Draeger DA. Aggressive behavior of white-tailed deer at con-
centrated food sites as affected by population density. Journal of
Wildlife Management. 2013; 77: 1401-1408.

[4] Fraser DF, Gilliam JF, Daley MJ, Le AN, Skalski GT. Explaining
leptokurtic movement distributions: intrapopulation variation in
boldness and exploration. American Naturalist. 2001; 158: 124-
135.

[5] Munley KM, Rendon NM, Demas GE. Neural androgen synthesis
and aggression: insights from a seasonally breeding rodent. Fron-
tiers in Endocrinology. 2018; 9: 136.

[6] Hurst JL. Behavioural variation in wild house mice Mus domesti-
cus Rutty: a quantitative assessment of female social organization.
Animal Behaviour. 1987; 35: 1846-1857.

[7] Kuiper GG, Enmark E, Pelto-HuikkoM,Nilsson S, Gustafsson JA.
Cloning of a novel receptor expressed in rat prostate and ovary.
Proceedings of the National Academy of Sciences of the United
States of America. 1996; 93: 5925-5930.

[8] Yaşar P, Ayaz G, User SD, Güpür G, Muyan M. Molecular
mechanismof estrogen-estrogen receptor signaling. Reproductive
Medicine and Biology. 2016; 16: 4-20.

[9] Rettberg JR, Yao J, Brinton RD. Estrogen: a master regulator of
bioenergetic systems in the brain and body. Frontiers in Neuroen-
docrinology. 2014; 35: 8-30.

[10] NomuraM, Durbak L, Chan J, Smithies O, Gustafsson JA, Korach
KS, et al.Genotype/age interactions on aggressive behavior in go-
nadally intact estrogen receptor beta knockout (betaERKO) male
mice. Hormones and Behavior. 2002; 41: 288-296.

[11] Michael RP, Zumpe D. A review of hormonal factors influencing
the sexual and aggressive behavior of macaques. American Journal
of Primatology. 1993; 30: 213-241.

[12] Blanchard RJ, Wall PM, Blanchard DC. Problems in the study of
rodent aggression. Hormones and Behavior. 2003; 44: 161-170.

[13] Martin JGA, Réale D. Temperament, risk assessment and habit-
uation to novelty in eastern chipmunks, Tamias striatus. Animal
Behaviour. 2008; 75: 309-318.

[14] Montiglio P,GarantD, Pelletier F, RéaleD. Personality differences
are related to long-term stress reactivity in a population of wild
eastern chipmunks, Tamias striatus. Animal Behaviour. 2012; 84:
1071-1079.

[15] Albers HE, Huhman KL,Meisel RL. Hormonal basis of social con-
flict and communication. Hormones, Brain and Behavior. 2002;
119: 393-433.

[16] Eklund A. The effects of inbreeding on aggression in wild male
house mice (Mus domesticus). Behaviour. 1996; 133: 883-901.

[17] Malange J, Izar P, Japyassú H. Personality and behavioural syn-
drome in Necromys lasiurus (Rodentia: Cricetidae): notes on dis-
persal and invasion processes. Acta Ethologica. 2016; 19: 189-195.

[18] Song Z,WangD.Metabolism and thermoregulation in the striped
hamster Cricetulus barabensis. Journal of Thermal Biology. 2003;
28: 509-514.

[19] Larivée ML, Boutin S, Speakman JR, McAdam AG, Humphries
MM. Associations between over-winter survival and resting
metabolic rate in juvenile North American red squirrels. Func-
tional Ecology. 2010; 24: 597-607.

[20] Burton T, Killen SS, Armstrong JD, Metcalfe NB. What causes
intraspecific variation in resting metabolic rate and what are its
ecological consequences? Proceedings of the Royal Society B: Bi-
ological Sciences. 2011; 278: 3465-3473.

[21] Zhao L, Zhong M, Xue H-L, Ding J-S, Wang S, Xu J-H, et al. Ef-
fect of RFRP-3 on reproduction is sex- and developmental status-
dependent in the striped hamster (Cricetulus barabensis). Gene.
2014; 547: 273-279.

[22] SolomonMB, KaromMC, Huhman KL. Sex and estrous cycle dif-
ferences in the display of conditioned defeat in Syrian hamsters.
Hormones and Behavior. 2007; 52: 211-219.

[23] HuhmanKL, SolomonMB, JanickiM,HarmonAC, Lin SM, Israel
JE, et al. Conditioned defeat in male and female Syrian hamsters.
Hormones and Behavior. 2003; 44: 293-299.

[24] Fritzsche P, Riek M, Gattermann R. Effects of social stress on be-
havior and corpus luteum in female golden hamsters (Mesocricetus
auratus). Physiology & Behavior. 2000; 68: 625-630.

[25] Skirrow MH, Ryšan M. Observations on the social behaviour of
the Chinese hamster, Cricetulus griseus. Canadian Journal of Zool-
ogy. 1976; 54: 361-368.

[26] Dasser V. Dispersal tendencies and social behaviour of young Chi-
nese hamsters (Cricetulus Griseus). Behaviour. 1981; 78: 1-20.

[27] Yang YW, Liu Z, Liu JK. Effect on aggressive behavior of reed
voles Microtus fortis by food, predation and interspecific compe-
tition. Acta Ecologica Sinica. 2007; 27: 3983-3992.

[28] GiordanoAL, Siegel HI, Rosenblatt JS. Intrasexual aggression dur-
ing pregnancy and the estrous cycle in golden hamsters (Mesocrice-
tus auratus). Aggressive Behavior. 2010; 12: 213-222.

[29] Penke L, JokelaM. The evolutionary genetics of personality revis-
ited. Current Opinion in Psychology. 2016; 7: 104-109.

84 Volume 20, Number 1, 2021



[30] Wilson DS. Adaptive individual differences within single popula-
tions. Philosophical Transactions of the Royal Society of London.
Series B: Biological Sciences. 1998; 353: 199-205.

[31] Bell AM, Hankison SJ, Laskowski KL. The repeatability of be-
haviour: a meta-analysis. Animal Behaviour. 2009; 77: 771-783.

[32] Koolhaas JM, de Boer SF, Coppens CM, Buwalda B. Neuroen-
docrinology of coping styles: towards understanding the biology
of individual variation. Frontiers in Neuroendocrinology. 2010;
31: 307-321.

[33] DeFries JC,McClearnGE. Social dominance and darwinian fitness
in the laboratorymouse. AmericanNaturalist. 1970; 104: 408-411.

[34] Biro PA, Stamps JA. Do consistent individual differences in
metabolic rate promote consistent individual differences in behav-
ior? Trends in Ecology & Evolution. 2010; 25: 653-659.

[35] Sih A, Bell A, Johnson JC. Behavioral syndromes: an ecological
and evolutionary overview. Trends in Ecology & Evolution. 2004;
19: 372-378.

[36] Clipperton Allen AE, Cragg CL,Wood AJ, Pfaff DW, Choleris E.
Agonistic behavior in males and females: effects of an estrogen re-
ceptor beta agonist in gonadectomized and gonadally intact mice.
Psychoneuroendocrinology. 2010; 35: 1008-1022.

[37] Bronson FH. The reproductive ecology of the housemouse. Quar-

terly Review of Biology. 1979; 54: 265-299.
[38] Fester L, Prange-Kiel J, Zhou L, Blittersdorf BV, Böhm J, Jarry

H, et al. Estrogen-regulated synaptogenesis in the hippocampus:
sexual dimorphism in vivo but not in vitro. Journal of Steroid Bio-
chemistry and Molecular Biology. 2012; 131: 24-29.

[39] Spencer JL, Waters EM, Romeo RD, Wood GE, Milner TA,
McEwen BS. Uncovering the mechanisms of estrogen effects on
hippocampal function. Frontiers in Neuroendocrinology. 2008;
29: 219-237.

[40] Jasnow AM, Huhman KL, Bartness TJ, Demas GE. Short-day in-
creases in aggression are inversely related to circulating testos-
terone concentrations in male Siberian hamsters (Phodopus sun-
gorus). Hormones and Behavior. 2000; 38: 102-110.

[41] Scotti MA, Place NJ, Demas GE. Short-day increases in aggression
are independent of circulating gonadal steroids in female Siberian
hamsters (Phodopus sungorus). Hormones and Behavior. 2007; 52:
183-190.

[42] Rendon NM, Amez AC, Proffitt MR, Bauserman ER, Demas GE.
Aggressive behaviours track transitions in seasonal phenotypes of
female Siberian hamsters. Functional Ecology. 2017; 31: 1071-
1081.

Volume 20, Number 1, 2021 85


	1. Introduction
	2. Methods
	2.1 Animals
	2.2 Determination of the estrous cycle
	2.3 Quantification of aggressive intraspecific behavior
	2.4 Resting metabolic rate (RMR)
	2.5 Blood sampling, estradiol quantification and tissue collection
	2.6 Total RNA extraction and real-time fluorescent quantitative PCR
	2.7 Statistical analysis

	3 Results
	3.1 The estrous cycle of hamster
	3.2 Duration of handling bag struggling
	3.3 Behavior changes in a neutral arena
	3.4 RMR
	3.5 The levels of estradiol in plasma and ESR2 in hypothalamus among estrous cycle
	3.6 Relationships between aggression and plasma estradiol or relative expression of ESR2

	4. Discussion
	4.1 Aggressive behaviors and RMR changed with the estrous cycle
	4.2 Estradiol level and relative expression of ESR2 mRNA changed with the estrous cycle

	Author contributions
	Ethics approval and consent to participate
	Acknowledgment
	Funding
	Conflict of interest
	References

