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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Tallie Z Baram Social hierarchy greatly impacts physical and mental health, but the relationship between social hierarchy and

depression/anxiety and the underlying neural mechanism remain unclear. The present study used the tube test to

Keywords: determine the social hierarchy status of mice and then performed several behavioral tests to evaluate depression-
Social h}erarChy like and anxiety-like behaviors. Electrophysiological techniques were used to record the firing activities of
D;[;rgssmn glutamatergic pyramidal neurons and local field potentials in the medial prefrontal cortex (mPFC). The results
m.

suggested that the mice in each cage (4 per cage) established a stable social hierarchy after 2 weeks. Subordinate
mice displayed significantly fewer pushing and advancing behaviors, and more retreat behaviors compared with
dominant mice. Furthermore, subordinate mice had significantly more immobility durations in the TST, but
significantly fewer distances, entries, and time into the center in the OFT, as well as significantly less percent of
distances, entries, and time into the open arms in the EPMT, compared with dominant mice, which indicated that
subordinate mice displayed depression- and anxiety-like behaviors. In addition, chronic restraint stress (CRS)
significantly induced depression- and anxiety-like behaviors in mice and altered social dominance behaviors in
the tube test. CRS mice displayed significantly fewer pushing and advancing behaviors, and more retreat be-
haviors compared with control mice. Furthermore, low social rank and CRS significantly decreased the firing of
pyramidal neurons and y-oscillation activity in the mPFC. Taken together, the present study revealed an inverse
relationship between social hierarchy and depression/anxiety, and the neural basis underlying this association
might be the excitability of pyramidal neurons and y oscillation in the mPFC. These findings established an
important foundation for a depression/anxiety model based on social hierarchy and provided a new avenue for
the development of therapies for stress-related mood disorders.

Pyramidal neurons
y oscillation

1. Introduction

Social hierarchy is a ubiquitous principle of social organization and
characterizes the group structure of many species, from fish to primates
(Byrne and Bates, 2010; Grosenick et al., 2007; Paz et al., 2004). The
social hierarchy has extensive effects on individuals’ survival and
physical and mental health (Johnson et al., 2012; Sapolsky, 2005).

Specifically, recent preclinical evidence suggests that social dominance
relates to autism spectrum disorder (Harris et al., 2021), but it remains
unclear how social hierarchy status interacts with other psychiatric
disorders, such as depression and anxiety. Depression and anxiety are
highly comorbid concurrently and both related to stressful life events
(Gorman, 1996). In addition, depression and anxiety-like behaviors
appear simultaneously in rodent models of chronic stress (Chiba et al.,
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2012). Therefore, elucidating the role of social hierarchy status in the
pathogenesis of depression and anxiety is very important.

However, there is little evidence of a relationship between social
hierarchy and depression/anxiety due to a paucity of studies. An early
epidemiological study revealed that the prevalence of depression was
higher in individuals with lower socioeconomic status (SES) (Murphy
et al., 1991). In addition, investigating the neural mechanisms under-
lying the potential relationship between social hierarchy and depres-
sion/anxiety in humans might be complicated. Fortunately, laboratory
rodents are a useful model organism for investigating social hierarchies
because they are social animals; thus, they can be used to investigate the
neuronal basis underlying dominance behaviors (Wang et al., 2014).
The tube test was first developed to investigate differences in the social
hierarchy between inbred strains (Lindzey et al., 1961) and was a
standard behavioral test of social hierarchy in laboratory mice (Fan
et al., 2019). Social dominance is determined based on an individual’s
hierarchical rank in the tube test (Wang et al., 2011). However, few
reports have investigated whether low social rank leads to depressio-
n-/anxiety-like behaviors in rodents.

Chronic stress might play an important role in social hierarchy and
depression/anxiety. Indeed, several depression/anxiety models have
been established based on chronic stress, such as chronic restraint stress
(CRS). In addition, it is generally accepted that chronic stress greatly
contributes to the pathogenesis of depression and anxiety (Liu et al.,
2020; Seo et al., 2017), and several studies have also revealed that
chronic stress has marked effects on social behaviors and dominance
hierarchies (Krishnan et al., 2007; Park et al., 2018). It was previously
reported that prior acute stress exposure renders rats prone to be in a
long-term subordinate status in the food competition test (Cordero and
Sandi, 2007). Interestingly, a recent study also suggested that CRS was
associated with decreased social dominance behaviors in the tube test
(Park et al., 2018), providing hints of a potential relationship among
chronic stress, depression/anxiety, and social hierarchy.

However, the precise neural mechanisms regulating social hierarchy
and depression/anxiety remain unclear. Previous evidence suggested
that several brain regions, such as the amygdala, hippocampus, stria-
tum, intraparietal sulcus, ventromedial prefrontal cortex, and lateral
prefrontal cortex (Singer, 2012), were involved in the perception and
learning of social hierarchy. Specifically, the medial prefrontal cortex
(mPFC) has been implicated in many behaviors and is highly important
for social dominance behaviors. Recent studies have also shown that
social hierarchy regulates the neural activity of mPFC projections to the
basolateral amygdala (Dulka et al., 2018), and the dominant rats display
significantly greater c-fos immunoreactivity in the prelimbic and infra-
limbic subcortex of the mPFC, indicating that the mPFC was involved in
social dominance behaviors. Many studies have demonstrated that the
mPFC also played an essential role in depression (Seo et al., 2017; Xu
et al., 2019) and anxiety (Chocyk et al., 2013; Déziel and Tasker, 2018).
Importantly, synaptic activity in the mPFC might mediate core symp-
toms of depression and anxiety induced by chronic social stress (Cov-
ington et al., 2010). Therefore, the mPFC might be a crucial brain region
for chronic stress, depression/anxiety, and social hierarchy.

Nevertheless, direct electrophysiological evidence reflecting the ef-
fects of social hierarchy and chronic stress on neural activity, such as
that of single neurons and local field potentials (LFPs) in the mPFC, is
scarce. In particular, excitatory glutamatergic pyramidal neurons, the
predominant neurons in the mPFC (accounting for ~80-90% of the total
population in the mPFC) (Xu et al., 2019), greatly contribute to
depression/anxiety (Adams, 2009; Larsen et al., 2022). In addition,
y-oscillation activity in the mPFC, the generation and regulation of
which depends on the interaction between excitatory glutamatergic
pyramidal neurons and inhibitory GABAergic interneurons (Sohal,
2012), might be implicated in depression (Fitzgerald and Watson,
2018). However, little is known about how the firing activities of py-
ramidal neurons and y-oscillation activity in the mPFC are altered dur-
ing social dominance and depression-/anxiety-like behaviors. More
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importantly, elucidating these issues could suggest a new avenue for
developing preventions and interventions for depression/anxiety caused
by social factors.

To investigate the relationship between social hierarchy and
depression/anxiety, the present study used several behavioral tests to
explore the effects of social hierarchy on depression- and anxiety-like
behaviors in a rodent model. Furthermore, in vivo electrophysiological
techniques were used to record the firing activities of single neurons and
the magnitude of LFPs in the mPFC and clarify the mechanistic links
among chronic stress, depression/anxiety, and social hierarchy.

2. Materials and methods
2.1. Animals

Male C57BL/6 J mice weighing 22-28 g (purchased from Beijing SPF
Laboratory Animal Technology Company, Beijing, China) were used in
the present study. The mice were housed in groups under standard
conditions at a controlled temperature (23 + 1 °C), humidity (50 +
10%), and a 12-h light/dark cycle. Food and water were available ad
libitum. All procedures followed the current laws of China and the
guidelines of the National Institutes of Health Guide for the Care and Use
of Laboratory Animals (NIH publication No. 86-23, revised 2011) and
were approved by the Institutional Animal Care and Use Committee of
the Beijing Institute of Pharmacology and Toxicology. All efforts were
made to minimize animal suffering and reduce the number of animals
used.

2.2. Tube test

The tube test was performed as previously described (Fan et al.,
2019; Zhou et al., 2017) and was applied to mice that had been living
together for 2 weeks. In the training session, each mouse was trained to
go through a clear plexiglass tube (diameter: 3 cm; length: 30 cm) for 5
trials from each end of the tube for 7 consecutive days, and the social
hierarchy in each cage was evaluated for the following 14 consecutive
days in the testing session (Fig. 1B). Six tube tests were performed in
each cage of 4 mice according to a round-robin design. In the test ses-
sion, a pair of mice were released (at each end of the tube) and met in the
middle; the mouse that retreated outside the tube was recorded as the
loser, and the other mouse was recorded as the winner. The number of
winnings was calculated as an index of social dominance, and the four
mice in a cage were ranked from 1 to 4. The mice ranked 1 and 2 were
labeled dominant mice, and the other two (ranked 3 and 4) were labeled
subordinate mice (Fig. 1D). The tube was cleaned with 70% ethanol
solution to remove odor, urine, and feces before each trial. A represen-
tative confrontation between two mice in the tube test is illustrated in
Video #1 (see Supplementary Materials). The pushing, advancing, and
retreat behaviors in the tube test were recorded and analyzed by the
VisuTube Rodent Behavior Analysis system (Shanghai XinRuan Infor-
mation Technology Co., Ltd., Shanghai, China). The other behavioral
tests and electrophysiological recordings were performed after that a
stable social hierarchy was established in each cage of 4 mice was
established, and the detailed experimental procedures are illustrated in
Fig. 1A.

2.3. Warm spot test

The warm spot test in the present study (Fig. 1E) was adapted from
previous methods (Sabanovi¢ et al., 2020; Zhou et al., 2017). First, each
group of 4 mice was habituated to the cold cage (28 cm x 20 cm), and
the floor of the cold cage was cooled to 0 °C by ice (without a warm spot)
for 30 min. Second, mice were placed into a cold test cage with a round
warm spot (diameter: 3 cm) heated to 34 °C; mice then competed for the
warm spot for 20 min. Notably, the warm spot was located in one corner
and was only large enough for one adult mouse. The warm spot test for



Y.-Y. Yin et al.

A

D4 D, D,
B

Acclimatization Training

Testing

i Do

< N =

(Tl

Neurobiology of Stress 24 (2023) 100536

Fig. 1. A social hierarchy was established in each
E cage of four mice. A) Schematic drawing of the
experimental timeline. B) Training and testing ses-
sions of the tube test. C) Establishment and mainte-
nance of the social hierarchy in each cage of four
mice. D) Mice were divided into dominant mice and
subordinate mice according to their ranks in the tube
test. E) Schematic cartoon illustrating the warm spot
test. F) Duration of warm spot occupation by domi-
nant and subordinate mice. G, H, and I) Pushing,
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each cage was videotaped, and the time that each mouse occupied the
warm spot was recorded. After each test, the test cage was cleaned with
70% ethanol solution to remove odor, urine, and feces. The details
regarding the exploratory behaviors of mice in each cage are illustrated
in Fig. S2 and Video #2 (see Supplementary Materials).

2.4. Chronic restraint stress (CRS)

CRS was performed as previously described (Chiba et al., 2012).
Mice were restrained in a 50-ml centrifuge tube (diameter: 3 cm, length:
10 cm) with some small holes in the periphery for 6 h per day
(10:00-16:00) for 28 consecutive days. Mice could freely breathe in the
tube but could not move forward or backward. The tail suspension test
(TST), forced swim test (FST), elevated plus-maze test (EPMT), and open
field test (OFT) were then carried out. The detailed timeline of behav-
ioral tests is illustrated in Fig. 6A.

2.5. Open field test (OFT)

The open field apparatus consisted of a plexiglass box (60 x 60 x 16
cm), and the central area (30 x 30 cm) of the field was defined as the
central zone. Mice were individually placed into a corner of the box, and
their locomotor activities in the open field apparatus were videotaped
for 5 min and analyzed by a video tracking system (Labmaze V3.0,
Zhongshi Technology).

2.6. Elevated plus-maze test (EPMT)

The present study performed the EPMT as previously reported
(Komada et al., 2008). Each mouse was placed into the center of the
maze facing an open arm. The exploratory behavior of each mouse in the
maze was recorded for 5 min and analyzed by a video tracking system

(Labmaze V3.0, Zhongshi Technology). The maze was cleaned with 70%
ethanol solution to remove odor, urine, and feces after each test.

2.7. Tail suspension test (TST)

The present study performed the TST according to previously re-
ported methods (Cryan et al., 2005). Mice were suspended from the top
of an apparatus (55 cm x 60 cm x 11.5 cm) using adhesive tape, which
was placed approximately 1 cm from the tip of the tail. Mice were
considered immobile only when they hung passively without moving
(completely motionless). The total immobility duration in the last 4 min
of a 6-min test session was recorded.

2.8. Forced swimming test (FST)

The present study performed the FST according to previously re-
ported methods (Slattery and Cryan, 2012). Mice were placed individ-
ually into glass cylinders (height: 25 cm, diameter: 10 cm) containing
18 cm of water maintained at 24 + 1 °C for 6 min. The total immobility
duration in the last 4 min of a 6-min test session was recorded.

2.9. Novelty-suppressed feeding test (NSFT)

The present study performed the NSFT as previously described
(Bodnoff et al., 1988). Each mouse was placed into one corner of an open
plastic box (40 x 40 x 30 cm) with 8 pellets in the center after 24 h of
food deprivation. The exploratory behavior of each mouse in the plastic
box was observed for 5 min, and the latency to feed was recorded.
Chewing and biting were defined as eating behaviors, and new food
pellets were placed into the center after each test.
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2.10. Single-unit (in vivo) recording

Mice were anesthetized with urethane (1.2 g/kg i.p.) before elec-
trophysiological recording, and supplementary doses were given as
required to maintain full general anesthesia. The mice were placed in a
stereotaxic frame for implantation with a 16-channel recording elec-
trode in the mPFC (AP: 2.43 mm; ML: 0.4-0.6 mm; DV: 1.2-1.4 mm).
Spontaneous extracellular action potentials of the putative pyramidal
neuron in the mPFC were recorded by using 16-channel amplifiers with
500xgain and 220-5900-Hz bandpass filters (Plexon, Dallas, TX), and
the signal amplified from each electrode was digitized at a 40-kHz
sampling rate. Spike sorting was performed with Offline Sorter soft-
ware (Plexon, Dallas, TX) using a combination of previously described
automatic and manual sorting techniques (Homayoun and Moghaddam,
2007), and all electrophysiological data were imported into Neuro-
Explorer (Plexon) for subsequent analysis. Spikes were identified when a
minimum waveform reached an amplitude threshold of 3 standard de-
viations (SDs) higher than the noise amplitude (SNR >3). The
valley-to-peak span of the potential waveform was calculated with
MATLAB code.

2.11. Local field potential (LFP) recording

LFPs were also recorded using the data acquisition system (Plexon,
Dallas, TX, USA) with a sampling rate of 1 kHz. A 16-channel silicon
electrode was implanted in the mPFC (AP: 2.43 mm; ML: 0.4-0.6 mm;
DV: 1.2-1.4 mm) to record the LFPs with bandpass filtering (0.1-200
Hz). All LFP data were saved and then analyzed with Neuroexplorer
(Nex Technologies), and a 50-Hz notch filter was applied to remove the
powerline artifact and the baseline drifts. Power spectral density (PSD)
describes how the power of an LFP was distributed over frequency, the
PSD was calculated using Neuroexplorer with 4096 points and Hanning
(64) in the present study. The mean of all y power recorded from 16
channels was analyzed. In addition, the y power (30-80 Hz) was
expressed as a percent of the total PSD (the sum of all powers). After in
vivo recordings, electrode placement was verified by sectioning the
mouse brain, and mouse data were excluded if the implantation site was
incorrect.

2.12. Statistical analysis

All data in the present study were presented as the mean + S.E.M.
and were analyzed with GraphPad Prism 8.0 software. Statistical dif-
ferences between the two groups were analyzed by Student’s t-test (two-
tailed). For all tests, p < 0.05 was considered to be statistically
significant.

3. Results
3.1. Establishment and maintenance of social hierarchy status in mice

We first used the tube test to determine the social hierarchy of mice
(Fig. 1B), and the results showed that a stable social hierarchy was
established in each cage after 2 weeks of competition in the tube
(Fig. 1C). To investigate the effects of social hierarchy status on be-
haviors, the present study classified the mice ranked 1 and 2 as domi-
nant mice and the other two mice (ranked 3 and 4) as subordinate mice
(Fig. 1D). In the tube test, dominant mice showed significantly more
pushing (t(3s) = 2.617, p < 0.05) and advancing behaviors (t(3g) = 2.802,
p < 0.01) than subordinate mice (Fig. 1G-H). Subordinate mice showed
significantly more retreat behaviors than dominant mice (¢3s) = 3.380,
p < 0.01) (Fig. 11). In the warm spot test, dominant mice spent signifi-
cantly more time occupying the warm spot (t3g) = 2.961, p < 0.01)
(Fig. 1F) than subordinate mice, indicating that the social hierarchy
status in each cage was established and maintained after 2 weeks of tube
tests.
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3.2. Correlations between social rank with dominance behaviors

We performed a simple linear regression analysis to investigate the
relationship between social rank and dominance behaviors. Pushing
(Fa,38) = 8.079, p < 0.01, Fig. 2A) and advancing behaviors (F(,3g) =
6.032, p < 0.05, Fig. 2B) were positively correlated with social rank.
Retreat behaviors were negatively correlated with social rank (F(,3g) =
13.56, p < 0.001, Fig. 2C). In addition, social rank was positively
correlated with duration of warm spot occupation (F;,3g) = 11.08, p <
0.01, Fig. 2D). These results indicated that there was an inverse rela-
tionship between social rank and dominance behaviors.

3.3. Involvement of firing activities of pyramidal neurons in the mPFC in
social hierarchy

We then investigated the neural mechanism underlying social hier-
archy in mice. Neuronal firing activity in the mPFC was recorded after a
stable social hierarchy was established in each cage (Fig. 3A). The
electrophysiological data showed that single units classified as putative
pyramidal neurons in the mPFC had slow firing rates (0.4 Hz ~ 3 Hz)
and wide spike waveforms (Fig. S3), and the average valley-to-peak
width of waveforms of the pyramidal neurons was approximately
0.5309 + 0.01354 ms. The average value of the valleys was —4.084 +
0.4465 mV, and the average value of the peaks was 2.829 + 0.2128 mV
(Table S1). Social hierarchy and CRS had no significant effect on the
valley-to-peak width of waveforms of pyramidal neurons in the mPFC
(Fig. S4). The firing rates and inter-spike intervals of action potentials
described the excitability of putative pyramidal neurons in the mPFC
and were analyzed in the following experiments.

Furthermore, we investigated the changes in the firing rates and
inter-spike intervals of pyramidal neurons in the mPFC. The super-
imposed composite of all waveforms for the same pyramidal neurons
was depicted in Fig. 3B. These electrophysiological results suggested
that social hierarchy significantly altered the firing activities of pyra-
midal neurons in the mPFC. Compared with subordinate mice, dominant
mice had significantly greater firing rates of pyramidal neurons (t;18) =
2.317,p < 0.05) (Fig. 3E) and significantly lower inter-spike intervals of
pyramidal neurons (t1g) = 2.663, p < 0.05) (Fig. 3F).

3.4. Associations between social hierarchy and depression-/anxiety-like
behaviors

To investigate the associations between social hierarchy and
depression-/anxiety-like behaviors, we performed behavioral tests after
establishing a stable social hierarchy in each cage through 2 weeks of
tube tests (Fig. 4A). The behavioral data suggested that social hierarchy
had significant effects on depression-like behaviors in mice. Specifically,
compared with dominant mice, subordinate mice had significantly
greater immobility durations in the TST (t3g = 2.517, p < 0.05)
(Fig. 4B), and had slightly greater latency to feed in the NSFT (t(3g) =
1.998, p = 0.0529) (Fig. 4C), which indicated that subordinate mice
showed significant depression-like behaviors. In addition, the social
hierarchy had significant effects on anxiety-like behaviors in mice. The
OFT data showed that social hierarchy did not influence the total dis-
tances (t(sg) = 0.07876, p > 0.05) (Fig. 4D). However, compared with
dominant mice, subordinate mice exhibited significantly more distances
into the center area (t(3g) = 2.062, p < 0.05) (Fig. 4E), entries into the
center area (t;3g) = 2.441, p < 0.05) (Fig. 4F), and time spent in the
center area (t(zg) = 2.618, p < 0.05) (Fig. 4G). The EPMT data showed
that social hierarchy did not influence the total distances into the open
and closed arms (t(3g) = 0.9133, p > 0.05) (Fig. 4H). However, compared
with dominant mice, subordinate mice exhibited significantly lower
percent of distances into the open arms (t(3g) = 2.273, p < 0.05) (Fig. 4I),
percent of entries into the open arms (t(3g) = 2.094, p < 0.05) (Fig. 4J),
and percent of time spent in the open arms (t(3g) = 2.477, p < 0.05)
(Fig. 4K). All the above results indicated that lower social hierarchy
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status led to depression-like and anxiety-like behaviors.

3.5. Correlations between social dominance behaviors with depression-
and anxiety-like behaviors

To further investigate the relationship between dominance behaviors
and depression-/anxiety-like behaviors, we performed a simple linear
regression analysis between pushing behaviors and depression- and
anxiety-like behaviors (Fig. 5). Notably, there was a negative correlation

between pushing behaviors and immobility durations in the TST (F(y 1)
= 10.77, p < 0.01) (Fig. 5A). There was a weak negative correlation
between pushing behaviors and latency to feed in the NSFT (F(1,18) =
3.444, p = 0.0799) (Fig. 5B). Moreover, pushing behaviors were posi-
tively correlated with the time spent in the center area in the OFT
(F1,18)=7.244, p < 0.05) (Fig. 5C) as well as the percent of time spent in
the open arms in the EPMT (F(y,18) = 4.759, p < 0.05) (Fig. 5D). These
results indicated that social dominance behaviors were negatively
correlated with depression- and anxiety-like behaviors. Similarly, we
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found that dominance behaviors were also negatively correlated with
depression-/anxiety-like behaviors in the CRS model (see Fig. S7 in the
Supplementary Materials).

3.6. Effects of chronic restraint stress on depression- and anxiety-like
behaviors

We then performed a new experiment to investigate whether the
social dominance behaviors were altered in the rodent model of
depression. Specifically, we restrained mice for 6 h each day for 28
consecutive days for 4 weeks and then performed the tube test. Before
the tube test, the depression- and anxiety-like behaviors were first
evaluated in CRS mice and control mice. The behavioral data suggested
that CRS had significant effects on depression-like behaviors in mice.
Compared with control mice, CRS mice exhibited significantly more
immobility durations in the TST (t(24) = 2.247, p < 0.05) (Fig. 6B) and in
the FST (tr24) = 2.088, p < 0.05) (Fig. 6C), indicating that the CRS mice
showed significant depression-like behaviors. In addition, the present
results suggested that CRS also had significant effects on anxiety-like
behaviors in mice. The OFT data showed that CRS did not affect the
total distances (tz4) = 0.777, p > 0.05) (Fig. 6D). However, compared
with control mice, CRS mice exhibited significantly more distances into
the center area (t(24) = 2.379, p < 0.05) (Fig. 6E), entries into the center
area (tcz4) = 2.318, p < 0.05) (Fig. 6F), and time into the center area
(tz9) = 2.702, p < 0.05) (Fig. 6G). The EPMT data showed that CRS did
not influence the total distances into the open and closed arms (t;24) =
0.7722,p > 0.05) (Fig. 6H). However, compared with control mice, CRS
mice exhibited significantly lower percent of distances into the open
arms (t4) = 3.635, p < 0.01) (Fig. 61), percent of entries into the open
arms (tg24) = 2.410, p < 0.05) (Fig. 6J), and percent of time spent in the
open arms (t24) = 3.103, p < 0.01) (Fig. 6K).

3.7. Effects of chronic restraint stress on dominance behaviors and firing
activities of pyramidal neurons in the mPFC

To investigate the effects of CRS on social dominant behaviors and
neuronal activities, we performed the tube test and then recorded the
firing activities of pyramidal neurons in the mPFC in mice exposed to 28
consecutive days of CRS (Fig. 7A). The tube test data suggested that CRS
had significant effects on social dominance behaviors. Specifically,
compared with control mice, CRS mice exhibited significantly fewer
pushing (tr22) = 2.940, p < 0.01) and advancing behaviors (t22) = 2.925,
p < 0.01) and significantly more retreat behaviors (t;22) = 3.013, p <
0.01) (Fig. 7B-D). More importantly, the electrophysiological data
suggested that CRS significantly decreased the spontaneous firing ac-
tivities of pyramidal neurons in the mPFC. Specifically, compared with
control mice, CRS mice exhibited significantly lower firing rates of py-
ramidal neurons (t;;9) = 3.309, p < 0.01) (Fig. 7F) and significantly
greater inter-spike intervals of pyramidal neurons (t;;9) = 2.919, p <
0.01) (Fig. 7G), which indicated that CRS decreased social dominance
behaviors and the excitability of pyramidal neurons in the mPFC.

3.8. Effects of social hierarchy and chronic restraint stress on y-oscillation
activity in the mPFC

To further investigate the neural mechanism linking social hierarchy
and depression/anxiety-like behaviors, we extracted the y oscillations
from the LFP in the mPFC and examined the effects of social hierarchy
and CRS on y oscillations. Surprisingly, the electrophysiological results
suggested that social hierarchy significantly affected y-oscillation ac-
tivity in the mPFC, and subordinate mice had significantly lower percent
of y out of the total power spectral density (t;2 = 2.752, p < 0.05,
Fig. 8C) compared with dominant mice. In addition, CRS significantly
decreased y-oscillation activity in the mPFC, and CRS mice had signifi-
cantly lower percent of y out of the total power spectral density (t;10) =
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Fig. 7. Effects of chronic restraint stress (CRS) on
- pyramidal neurons in the mPFC. A) Schematic
drawing of the experimental timeline. B, C, and D)
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2.919, p < 0.05, Fig. 8E) compared with control mice. Moreover, to
investigate the relationship between neural activities in the mPFC and
dominance behaviors in the CRS study, we performed a linear regression
between y oscillations and dominance behaviors. Interestingly, pushing
(F1,100 = 10.10, p < 0.01, Fig. 8F) and advancing (F(1,109) = 7.747,p <
0.05, Fig. 8G) behaviors were positively correlated with y oscillations,
and retreat behaviors were negatively correlated with y oscillations
(F1,100 = 5.446, p < 0.05, Fig. 8H). These results suggested that there
was an inverse relationship between neural activities in the mPFC and
dominance behaviors in the tube test.

4. Discussion

The present study demonstrated that there were inverse relationships
between social hierarchy and depression-like and anxiety-like behav-
iors. In addition, both low social hierarchy status and CRS decreased the
firing activities of glutamatergic pyramidal neurons and y-oscillation
activity in the mPFC, which might be implicated in interactions between
social hierarchy and depression/anxiety.

The present study used the tube test to evaluate the social hierarchy
status in each cage; a 2-week period of inescapable confrontation in the
plexiglass tube (i.e., the tube test), which might be regarded as chronic
social defeat stress, seriously affected the social and mood-related be-
haviors of mice. Given that repeated defeat by dominant mice in the tube
test might induce depression-/anxiety-like behaviors in subordinate
mice, the present study performed the tube test in mice for 2 weeks. The

present data suggested the time course of the tube test might play an
important role in inducing depression-/anxiety-like behaviors. Intrigu-
ingly, a negative correlation was revealed between social hierarchy and
depression-/anxiety-like behaviors, consistent with previous findings in
humans that depression was more prevalent in individuals with lower
socioeconomic status SES (Murphy et al., 1991). Thus, these findings lay
an important foundation for establishing the depression/anxiety model
based on the social hierarchy. In addition, the present results suggested
that social hierarchy did not affect the weight of mice (see Fig. S1),
which excluded the influence of weight on the social hierarchy. All the
above results were of great importance for subsequent exploration of the
relationship between social hierarchy and depression/anxiety as well as
the underlying neural mechanisms.

On the one hand, social hierarchy status markedly affected mood-
related behaviors. Social hierarchy status might be regarded as one of
the most important risk factors for depression (Byrne and Bates, 2010),
and social factors might be one of the most important types of factors
affecting the occurrence and development of depression. In addition, a
nonhuman primate study suggested that there might be a close associ-
ation between social hierarchy status and huddling behaviors, a core
depression-like behavior in nonhuman primate models, in macaques
(Qin et al., 2013). Consistent with findings in nonhuman primates, in the
present study, subordinate mice showed longer immobility durations
and significantly depression-like behaviors in the TST. Interestingly, the
present results were supported by a study that found subordinate mice
showed significantly more depression-like behaviors in the FST (Horii
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Fig. 8. Effects of social hierarchy and chronic re-
straint stress (CRS) on y-oscillation activity in the
mPFC. A) Raw local field potential (LFP) recorded
from the mPFC and v oscillations (30-80 Hz) extrac-
ted from the raw LFP. B) and C) Effects of social hi-
erarchy on y oscillations in the mPFC. D) and E)
Effects of CRS on y-oscillation activity in the mPFC.
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et al., 2017). The present results also suggested that subordinate mice
exhibited significantly more anxiety-like behaviors in the OFT and
EPMT. Interestingly, a behavioral study in rodents also observed an
inverse relationship between social hierarchy and anxiety-like behav-
iors, and subordinate mice spent significantly less time in the open arms
in the EPMT and showed significantly more anxiety-like behaviors than
dominant mice (Horii et al., 2017). However, the relationship between
anxiety and social hierarchy seemed complicated. Another study re-
ported that dominant mice showed significantly more anxiety-like be-
haviors than subordinate mice in the EPMT and OFT (Larrieu et al.,
2017). As the repeated sessions involving inescapable confrontation in
the plexiglass tube might have induced chronic stress, the different time
courses of the tube test might account for discrepancies between the
results of these two studies. Overall, we found inverse correlations be-
tween social hierarchy and depression-/anxiety-like behaviors, paving
the way for future investigations of the sociobiological mechanisms
underlying depression/anxiety.

On the other hand, chronic stress might be an important factor that
seriously affects social behaviors. In particular, chronic stress exerts
numerous pathophysiological effects on brain functions and behaviors
(Sandi and Haller, 2015). In the present study, 4 weeks of CRS decreased
social dominance behaviors. In addition, mice exposed to CRS for 4
weeks showed significant depression-like behaviors in the TST and FST
and significant anxiety-like behaviors in the OFT and EPMT, consistent
with previous studies that suggested mice exhibited depression- and
anxiety-like behaviors after 4 weeks of CRS (Chiba et al., 2012; Lin et al.,
2021; Liu et al., 2020). In the present study, after 4 weeks of CRS, mice
showed significantly fewer pushing and advancing behaviors and more
retreat behaviors than control mice, indicating that CRS significantly
reduced dominance behaviors in the tube test. Consistent with these
findings, another study reported that 3 weeks (3 h/day) of CRS
decreased winning points in the tube test (Park et al., 2018). Similarly,
chronic social defeat stress (CSDS), which was based on
resident-intruder aggression, increased defensive and submissive

behaviors in test mice, which behaved similarly to subordinate mice in
the tube test (Krishnan et al., 2007).

Herein, the firing activities of pyramidal neurons and y-oscillation
activities in the mPFC were implicated in the mechanistic links among
chronic stress, depression/anxiety, and social hierarchy. Depression and
anxiety shared neural mechanisms, and the dysfunction of pyramidal
neurons in the mPFC was involved in depression and anxiety (Xu et al.,
2019). Many studies have reported that glutamatergic pyramidal neu-
rons in the mPFC were involved in social and mood-related behaviors
(Larsen et al., 2022; Oh et al., 2012). In the present study, the sponta-
neous action potentials of putative pyramidal neurons in subordinate
mice significantly decreased. Similarly, another recent study found that
increased firing activities of pyramidal neurons in the mPFC occurred
during resistance and pushing behaviors and that activating pyramidal
neurons led to more wins and reversed the social ranks of mice in the
tube test (Zhou et al., 2017). Second, the spontaneous action potentials
of putative pyramidal neurons significantly decreased in mice exposed
to 4 weeks of CRS in the present study. Consistent with the present
findings, several morphological studies suggested that chronic stress
could significantly decrease the apical and basal dendrites of pyramidal
neurons in the mPFC (Cook and Wellman, 2004; Radley et al., 2004).
Finally, the two electrophysiological results revealed that changes in the
firing of pyramidal neurons in the mPFC were similar in mice exposed to
CRS and those of lower social rank, which indicated that pyramidal
neurons in the mPFC might play an essential role in the social hierarchy
and depression-/anxiety-like behaviors (as illustrated in Fig. 8). These
findings provided promising insights into the neural mechanisms un-
derlying social hierarchy and depression/anxiety and might pave the
way for the development of pharmacological targets for addressing
stress-related mood disorders.

Interestingly, neural network activity in the mPFC (e.g., y oscilla-
tions), as found in this study, might greatly contribute to the relationship
between social hierarchy and depression/anxiety. Several studies have
reported that y oscillations were closely associated with the excitatory/
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inhibitory (E/I) functional balance in the mPFC (Byron et al., 2021;
Sohal, 2012), which is maintained by a balance of excitatory gluta-
matergic pyramidal neurons and inhibitory GABAergic interneurons.
The rhythmic firing of y oscillation could enhance communication be-
tween pyramidal neurons and interneurons, reinforcing the importance
of the E/I balance in the effects of antipsychotic drugs, such as antide-
pressants (Yin et al., 2021). Consistent with these changes in the firing of
pyramidal neurons in the mPFC, social hierarchy and CRS significantly
affected y-oscillation activity in the mPFC. Specifically, the y-oscillation
activity of mice with low social hierarchy status and mice exposed to
CRS both significantly decreased. Consistent with these findings, Ito and
his colleagues found that CRS also decreased y power in the anterior
cingulate cortex of the mPFC (Ito et al., 2020). A similar effect of chronic
stress on y power was observed in another brain region (Tomar et al.,
2021). Specifically, exposure to chronic immobilization stress (CIS) for
2 h per day for 10 d decreased vy oscillation in the hippocampal CA1
subregion. Overall, the present results of altered y oscillations and
altered excitability of pyramidal neurons in the mPFC (as illustrated in
the Graphical Abstract) have implications for the investigation of neural
mechanisms underlying the interaction of social hierarchy and
depression/anxiety.

There are a few limitations to the current work that should be
considered when interpreting the results. First, to measure the order of
immobility duration and social dominance, it’s necessary to investigate
the immobility duration in the FST before and after the tube test for the
next research. Second, the direction of causation between neuronal ac-
tivities in the mPFC and social hierarchy, which might be vital for the
hypothesis, needs to be determined. Promisingly, optogenetic manipu-
lation of pyramidal neurons in the mPFC and observation of whether
social hierarchy will be reversed might help address this issue. Third,
considering the structural similarity of the tube used for the chronic
restraint stress and for the tube test, in which mice were presented with
an inescapable situation and might exhibit learned helplessness (another
classic model of depression), the changes in social hierarchy in the tube
test after 4-week CRS could not entirely be attributed to chronic stress.
To address this issue, further studies should use other rodent models,
such as chronic mild unpredictable stress (CUMS) and chronic social
defeated stress (CSDS), to investigate the effects of chronic stress on
social hierarchy. In addition, dichotomizing in social rank in the present
study might limit the explanation for the hypothesis (Altman and Roy-
ston, 2006), and mice with intermediate rank might convey a different
view to investigate the neural mechanism underlying social hierarchy.
Dividing mice in each cage into more ranks, and investigating neuronal
firing activities in the mPFC in each rank might provide insights into
understanding the neural mechanism of social hierarchy. Further elec-
trophysiological studies are needed to collect more data to elucidate the
relationship between social rank with neuronal activity in the mPFC.
Finally, due to the reversible effects of CRS, further studies are needed to
investigate the changes in social dominance, depression-/anxiety-like
behaviors, and neuronal firing activities in the mPFC at later time points
after CRS in the future.

In conclusion, the present study sheds light on the interactions be-
tween social hierarchy and depression-/anxiety-like behaviors, and
these data might provide an important reference for understanding the
sociobiological mechanism underlying depression/anxiety. Under-
standing the neural circuitry of the social hierarchy might provide new
insight into the development of therapies for social stress-related clinical
mood disorders.
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