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Background: Indirectly experiencing traumatic events either by witnessing or

learning of a loved one’s suffering is associated with the highest prevalence

rates of epidemiological features of PTSD. Social species can develop fear by

observing conspecifics in distress. Observational fear learning (OFL) is one of

the most widely used paradigms for studying fear contagion in mice. However,

the impact of empathic fear behavior and social hierarchy on fear transfer in

mice is not well understood.

Methods: Fear emotions are best characterized in mice by using

complementary tests, rather than only freezing behavior, and simultaneously

avoiding behavioral variability in different tests across time. In this study,

we modified the OFL model by implementing freezing (FZ), open field

(OF), and social interaction (SI) tests in a newly designed experimental

facility and applied Z-normalization to assess emotionality changes across

different behaviors.

Results: The integrated emotionality scores revealed a robustly increased

emotionality of observer mice and, more importantly, contributed to

distinguishing susceptible individuals. Interestingly, fos-positive neurons were

mainly found in the interoceptive network, and mice of a lower social rank

showed more empathy-like behaviors.

Conclusion: Our findings highlight that combining this experimental model

with the Z-scoring method yields robust emotionality measures of individual

mice, thus making it easier to screen and differentiate between empathic fear-

susceptible mice and resilient mice, and refining the translational applicability

of these models.
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observational fear, emotionality, integrated Z-score, susceptibility, social hierarchy

Introduction

Fear is often indirectly acquired by social observation in groups (Olsson and
Phelps, 2007). Witnessing or even hearing about others’ suffering can also be deemed
traumatic, which may lead people to post-traumatic stress disorder (PTSD) (Yehuda
et al., 2015). Like humans, rodents demonstrate affective sensitivity to their conspecifics’
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pain (Langford et al., 2006; Gonzalez-Liencres et al., 2014).
Observational learning of unpleasant events has also been
studied in non-mammalian models, such as bird species; when
approached by a potential predator, fear contagion appears
in flocks (Griffin, 2004). Studying empathic fear may provide
significant insights into neural mechanisms of social transfer
of fear and related mental disorders. The most commonly used
paradigm is observational fear learning (OFL) (Keum and Shin,
2019). Most previous studies have recognized OFL as a useful
behavioral model for assessing fear contagion in mice (Kim
et al., 2019). In this model, the observer mice are vicariously fear
conditioned by viewing cagemates suffering from repetitive foot
shocks (Jeon et al., 2010) or enemy attacks (Sial et al., 2016). The
freezing behavior displayed by the observer mouse is measured
with or without a demonstrator in distress for assessing their
social fear transfer (Jeon and Shin, 2011).

However, whether the observer mouse truly recognizes how
the demonstrator mouse feels and whether fear contagion can
be assessed by only measuring the freezing behavior remains
unclear. Even though freezing behavior in rodents is a direct,
behavioral readout of fear (Ledoux, 2000), emotionality is not
unidimensional. Empathic fear may vary in animals even under
the same stimuli (Panksepp and Lahvis, 2011). Thus, ascribing
a particular behavior to empathy is difficult. In animals, the
evaluation of emotion-related behaviors is typically measured
with a series of tests (Cryan and Holmes, 2005).

Empathic fear can be comprehensively understood in
animals by combining different behavioral tests. Nevertheless,
mice can be in different emotional states when exposed to
multiple behavioral tests over several days (Ramos, 2008).
To reduce intra-individual variation, the same animal
should be introduced to different tests simultaneously,
but not successively. For this purpose, some researchers
have developed an integrated system by combining
different test apparatuses. In the study of Ramos et al.
(2008) and Fraser et al. (2010), three popular anxiety test
apparatuses were physically combined so that an animal
could freely explore all apparatuses during one single
trial. This integrated system may provide more reliable
information in the study of emotion. Hence, in our study,
we modified the widely used OFL model in Jeon et al.
(2010) study and designed an easier experimental setup to
assess observational fear behavior by combining passive
defensive (freezing), active avoidance (escape), and social
interaction behaviors.

Convergent rather than consistent behaviors are the core of
the clinical characterization of human mental illness. Behavioral
parameters obtained from these triple tests that reflect fear
response in animals may also have a large degree of individual
differences. Here, we further introduced Z-normalization,
a numerical measurement that standardizes observations at
different times and from different cohorts (Van Steensel and
Heeman, 2017), to assess the emotionality dimension of mice

(Guilloux et al., 2011). This method allows us to compare
multiple ethological variables with a single integrated Z-score.

In human society, social hierarchy affects interpersonal
relationships and plays a key role in emotion contagion.
Subordinate individuals tend to display higher basal
corticosterone levels and increased anxiety-like behavior
(Bartolomucci, 2007). For animals living in the same cage, the
social hierarchy may also be a major factor in the regulation
of emotional behavior (Karamihalev et al., 2020). However,
the role of social hierarchy in mice fear transfer in the OFL
paradigm remains unclear.

In the present study, we modified the OFL mouse model and
calculated the emotional score of each mouse after observational
fear. Subsequently, we assessed the neuronal activation of
emotionally susceptible mice using c-fos as a maker and
further investigated the relationship between social hierarchy
and social fear transfer.

Materials and methods

Animals

All procedures were approved by the Beijing Institute of
Basic Medical Science. Laboratory animal care was conducted in
accordance with the Chinese Veterinary Medicine Association
Guidelines and the International Association for the Study of
Fear Conditioning. Unless otherwise specified, adult C57BL6/J
male mice (8 weeks, 25–30 g) were used in this experiment. Mice
were housed in groups of four per cage in 12-h light–dark phases
(from 7 a.m. to 7 p.m.) and provided with a standard chow diet
(Beijing Si Bei Fu Co.) and water ad libitum. All behavioral tests
were conducted during the light cycle.

Modified observational fear learning
paradigms

Apparatuses
The chamber consisted of a white Plexiglas box

(40 cm × 40 cm × 45 cm, long × wide × high) enclosed
in a metallic chamber to reduce external sensory disturbance.
The floor consisted of an unmovable stainless-steel grid
connected to a foot-shock delivery unit. The chrome, steel, and
pencil cup of 8 cm (diameter) × 10 cm (height), with ∼1 cm
gaps between the bars, was sufficient for animal interactions
and sniffing. A white Plexiglas board was covered on the top of
the stainless-steel grid, and a hole was made at the corner to fit
the size of the cup. This could ensure that only the mouse in
the cup can access the electrodes. A digital camera was placed
on the top of the apparatus to record and subsequently rescore
the animals’ behavior in different areas, including interaction,
corner, and side zones.
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Observational fear procedure
On day 1, each observer (OB) mouse was placed in

the chamber (with an empty cup) and allowed to freely
explore for 4 min. After the habituation period, a partner
male demonstrator (DM) mouse was placed in the cup, and
the OB mouse was allowed to explore the DM mouse for
4 min. Then, during the observational fear period, the DM
mouse was given an electric foot shock (2 s, 1 mA every
10 s for 4 min), allowing the OB mouse to observe and
explore. Control mice underwent the same procedure but
witnessed a no-shock DM mouse. Freezing, the side and
corner time, and social interaction behavior were scored during
this 4-min period. After training, the mice were returned
to their home cages. On day 2, the OB mice were placed
back into the chamber and tested for 4 min in this retrieval
period (Figure 1).

Open field test

The time and distance ratio spent in the corner and side
of the same chamber were recorded to evaluate avoidance
behaviors (the width of the corner and side was 10 cm).
Here, we report the time in the center of the open field
and the ratio of the distance traveled in the center (distance
traveled in the corner and side divided by the total distance
traveled× 100). The total distance traveled was used as an index
of locomotor activity.

Social interaction test

The cumulative times and entry times in the interaction
zone were calculated from the video data of each trial. The social
index is calculated as: time spent with the DM mouse during

the interaction stage/time spent with the empty cup during the
habituation stage.

Social Index (SI) =
Interaction zone time of “target′′ trial

Interaction zone time of “no target′′ trial

Then, the Z-score of social interaction was averaged by the
Z-head time spent and Z-head entry times in the interaction
zone during the training or test stage. These are two different
behavioral measures. One represents the total time spent with
the head in the zone, the other is the number of head
entries in the zone.

Z − Social interaction = (Z − Head time spent + Z − Head Entries)/2

Tube test

The test was performed as previously described (Wang et al.,
2011). Briefly, the mice were housed together for at least 4 weeks.
Before training, mice were habituated to the Plexiglas tube
(diameter, 3 cm; length, 30 cm) for 2 consecutive days. The size
of the tube sufficed to allow an adult mouse to pass through
without reversing its direction. During the training stage, two
mice were grabbed by the tail and placed at each end of the
tube until they reached the middle of the tube. Then, the tail
was released and we recorded the situation in which one mouse
pushes another mouse out of the tube. The mouse that retreated
from the tube was defined as the “loser” and the other one as
the “winner.” Each mouse fought against the other in the daily
test trial. After each trial, the tube was cleaned with 70% ethanol
to remove odor, urine, or feces. At the end of the 6-day test, the
four mice raised in the same cage were ranked according to the
number of wins by ranking the most dominant mice 1 and 2 and
the most subordinate mice 3 and 4.

FIGURE 1

Modified observational fear learning in the mouse. (A,B) Diagram of the apparatus used for observational fear conditioning and the scheme of
the behavioral assay.
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Emotionality Z-score calculation

To obtain comprehensive and integrated behavioral
measures, emotionality-related data were normalized using a
Z-score methodology, as previously described (Guilloux et al.,
2011). Briefly, the behavioral parameters of each mouse were
calculated using the following formula to calculate the Z-scores.
µ and SD are, respectively, the mean and standard deviations of
the control group. X is the observational data for each mouse in
the OB group.

Z =
X − µ

SD

Individual emotionality scores were then calculated by
averaging Z-scores within tests: Z-Openfield = (Z-Corner and

Sidetime + Z-DistanceRatio)/2, ZSI = (Z-Headtimespent + Z-Head

Entries)/2, subsequently calculating an emotionality Z-score for
each animal based on three different tests on the training or
testing day according to the following formula:

Emotionality score =
|ZFZ| + |ZOF| + |ZSI |

Nmuberof test

Last, the total emotion score was calculated by averaging the
emotionality score on training and testing days.

Total emotionality score =
Ztraining + Ztest

2

Immunohistochemistry

After the retrieved memory behavioral tests, mice were
transcranial perfused under anesthesia with 50 ml PBS followed
by 20 ml cold 4% w/v paraformaldehyde (PFA). The brains
were postfixed for 8–12 h and dehydrated with 30% sucrose.
The brains were then sectioned into 40-µm thick coronal
slices using a vibratome (VT1000S, Leica). To confirm c-fos
expression, the brain slices were rinsed in PBS and incubated
in a blocking solution (0.1% Triton X-100, 1% bovine serum
albumin, and 5% normal goat serum in PBS) for 1 h at room
temperature, followed by overnight incubation with primary
antibody at 4◦C. The primary antibodies were rabbit anti-c-
fos (#2,250, cell signaling, 1:500). The secondary antibodies
were Alexa Fluor 488 goat anti-rabbit IgG (Thermo Fisher
Scientific, 1:1,000).

Quantification of Fos staining was performed on every
6th slice in the following area: Anterior cingulate cortex
(ACC) from Bregma 1.34 to −0.22 mm (six sections per
mice), anterior insular cortex (AIC) from Bregma −0.7 to
−1.92 mm (six sections per mice), basolateral amygdala
(BLA) from Bregma −0.58 to −1.34 mm (six sections
per mice), hippocampus (HIP) from Bregma −1.46 to
−2.30 mm (five sections per mice), perirhinal cortex (PRh)
from Bregma −2.46 to −2.70 mm (five sections per mice),

and paraventricular nucleus (PVN) from Bregma −0.58
to −1.22 mm (three sections per mice). All images were
subsequently overlaid with the corresponding atlas section to
anatomically define the regions of interest. Positive cells lying
on the boundary were excluded. A cell was considered positive
only if it displayed an intensity value above the intensity
threshold of the background. Seven brains were used for
each experiment. Quantification was performed using the cell
counter tool in ImageJ.

Statistical analysis

All data were shown as mean ± SEM unless otherwise
specified. All data analyses were performed using the statistical
software, Prism 8.1 (GraphPad). Comparisons were conducted
with the one- and two-way analysis of variance (ANOVA),
student’s t-test, and the Mann-Whitney U-test to identify
significant differences at p-value of < 0.05.

Both substantively significant (p-value) and significant
(effect size) results were reported (Fritz et al., 2012). Cohen’s
d effect size coefficients were calculated to estimate the relative
magnitude of the differences in the comparisons. Cohen’s d is
simply a measure of the distance between two means. According
to the absolute values of Cohen’s d (d), the following cutoffs
corresponding to the magnitude of the differences were used:
d ≤ 0.5 (small effect), 0.5 < d < 1.0 (moderate effect),
1.0 ≤ d < 1.5 (large effect), and d ≥ 1.5 (very large effect)
(Labots et al., 2016).

Results

Freezing behavior and Z-scores during
observational fear training

In this apparatus, the observer (OB) mouse was allowed
to observe the demonstrator (DM) mouse being subjected
to repetitive foot shocks in the corner pencil cup. It clearly
showed a significantly increased freezing behavior as he saw
the distressed DM mouse in comparison with the control group
[training phase: t(30) = 3.408, p = 0.0019, n = 16, unpaired t-test;
Figures 2A,B] during the observational fear training phase.
On day 2 of the fear memory retrieval phase, the OB mouse
also showed significantly increased freezing when returning to
the environment in which the traumatic events had occurred
[test phase: t(30) = 2.094, p = 0.0448, n = 16, unpaired t-test].
Freezing parameters of the observational training phase were
then normalized to the Z-score by transforming absolute values
to numbers of SDs above or below the mean of the control.
This step yielded a same p-value as that before normalization
[t(30) = 3.408, p = 0.0019, n = 16, unpaired t-test; Figure 2C].
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FIGURE 2

Freezing behavior and emotionality Z-score in FZ. (A,B) A significant difference in the level of freezing behavior was apparent during the
observational fear training and retrieval phase. (C) Normalization of data using the Z-score method was performed for the freezing time of each
mouse in the training phase. Control group: OB mouse paired with a no-shock DM mouse. Model group: OB mouse paired with a foot-shock
DM mouse. Data are expressed as mean ± SEM (n = 16) and compared by unpaired t-test (B,C) or two-way ANOVA followed by Bonferroni’s
multiple comparison test (A). *p < 0.05, **p < 0.01.

Avoidance behavior and Z-scores
during observational fear training

In the open field (OF) test, the OB mice spent more time
in the corner and side than controls while witnessing their
partner in distress [t(30) = 3.517, p = 0.0014, n = 16, unpaired
t-test; Figures 3A,B]. Observational fear stress exposure did
not affect the relative travel distance in the corner and side
area [t(30) = 0.1128, p = 0.9109, n = 16, unpaired t-test;
Figure 3C]. The respective behavioral parameters were then
converted into normalized Z-values, and this process did not
change the significant differences (Figures 3D,E). Last, the
Z-score per OF mouse was averaged to calculate a single OF
Z-score, showing that the OB mice spent significantly more
time in the corner and side than controls during observational
fear training [t(30) = 3.160, p = 0.0036, n = 16, unpaired t-test;
Figure 3F].

Social behavior and Z-scores during
observational fear training

In the social interaction (SI) test, both groups exhibited
clear social preferences for a familiar partner than for the
empty pencil cup during the first two stages, with no differences
in social index values [t(30) = 0.0299, p = 0.9763, n = 16,
unpaired t-test; Figures 4A,B]. In the observational fear training
phase, the OB group exhibited more social avoidance behaviors
than the control group with significantly decreased head time
[t(30) = 2.725, p = 0.0106, n = 16, unpaired t-test; Figure 4C]
and entries in the interaction zone [t(30) = 2.090, p = 0.0452,
n = 16, unpaired t-test; Figure 4D]. Using the same Z-score
standardization, the time and entries Z-scores were calculated,
respectively (Figures 4E,F), and then averaged to determine

the Z-score of social interaction [t(30) = 2.550, p = 0.0161,
n = 16, unpaired t-test; Figure 4G]. Based on the statistical
results of the Z-Social interaction between two groups, social
avoidance behavior was significantly increased in the OB mouse
that witnessed a partner in stress.

Integrated emotionality Z-scores in
mice exposed to observational fear
training

Single Z-scores were calculated per mouse and per
behavioral test. Analyses of test-specific Z-scores indicated a
significant effect of observational fear training on freezing,
avoidance, and social behaviors, with the OB group displaying
higher Z-scores than the control group (Figure 5A). All
three tests were weighted similarly, and a single “emotionality
score” was calculated for each mouse on the observation fear
training day, described as the integrated output of emotionality.
The results of each test Z-scores were compared, with the
combined normalized measures of emotionality resulting in
the augmented statistical significance of the observational fear
main effect [t(30) = 3.907, p = 0.0005, n = 16, unpaired t-test;
Figure 5B].

Integrated total emotionality Z-scores
on observation fear training and
testing day

In the 24-h retrieval test, single Z-scores were also calculated
per mouse and per behavioral test, as described above. Some OB
mice did not show fear-like behavior and exhibited decreased
differences in FZ [t(30) = 2.094, p = 0.0448, unpaired t-test]
and OF [t(30) = 2.024, p = 0.0520, unpaired t-test, n = 16;
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FIGURE 3

Avoidance behavior and emotionality Z-scores in open field (OF) test. (A) Representative locomotor path of mice in the two groups in the
observational fear training stage. (B) Mice in the model group spent significantly more time in the corner and side than the control group. (C) No
significant difference in distance moved in the corner and side area (%). (D,E) Normalization of Z-score for the two parameters with the same
statistical P-values. (F) Z-OF calculated by averaging Z-scores of the two OF parameters showed a significant difference between the two
groups. Data are expressed as mean ± SEM (n = 16) and compared by unpaired t-test. **p < 0.01.

FIGURE 4

Social behavior and emotionality Z-scores in social interaction (SI). (A) Representative locomotor path of mice in the two groups in habituation
and interaction stage. (B) No significant difference in the social index between the two groups during the first two stages. The social index is
calculated as: time spent with the DM mouse during interaction/time spent with the empty cup during habituation. (C,D) Head time and entries
in the interaction zone of the model group were both lower than that of the control during the observational fear stage. (E,F) Normalization of
Z-score for the two parameters with the same statistical P-values. (G) Z-SI calculated by averaging Z-scores of the two SI parameters showed a
significant difference between the two groups. Data are expressed as mean ± SEM (n = 16) and compared by unpaired t-test. *p < 0.05.

Figure 6A] test. However, the combined Z-scores of 24 h
emotionality also showed a more noticeable increase in OB
group [t(30) = 3.520, p = 0.0014, n = 16, unpaired t-test,

compared with control group; Figure 6B]. Last, to determine
a single “total emotionality score” for each mouse in this
experiment, Z-scores of emotionality on training and testing
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FIGURE 5

Integrated emotionality Z-scores in mice exposed to observation fear training on day 1. (A) FZ, OF, and SI test Z-values were calculated by
averaging individual Z-scores as described above and (B) averaged to obtain an integrated emotionality Z-score. Data are expressed as
mean ± SEM (n = 16) and compared by unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001.

days were averaged. The results suggested that integrated
Z-scores provide a more robust overall effect when evaluating
the observational fear behavior of mice across complementary
behavioral dimensions [t(30) = 4.451, p = 0.0001, n = 16,
unpaired t-test; Figure 6C].

Analyses of the integrated Z-scores
and identifying the susceptible mice

Effect size is a quantitative measure of the magnitude of
the experimental effect. A significant p-value informs us that an
intervention works, whereas an effect size expresses how much
it works. In this study, the final total emotionality Z-scores of
the OB group, as a single indicator, augmented the statistical
significance, with effect sizes advancing to a “very large effect”
(d ≥ 1.5), as verified using the Pearson’s correlation coefficients
(Figure 7A). Nevertheless, not all mice showed significant
learned fear after integrating Z-scores. Some intra-individual
variation remained in the OB group. Then, we used Stanine
(an abbreviation of STAndard NINE), which is a method for
scaling test scores on a nine-point standard scale, to select better
susceptible mice for further research. The distribution is divided
into nine categories. Each category is 0.5 SD wide (except for the
1st and 9th stanine). Scores higher than 0.75 are considerably
above average. Ultimately, 7 of the 16 OB mice were chosen as
susceptible mice in the 7th to 9th stanine section (Figure 7B) for

the next experiments, with the control group composed of seven
randomly selected control mice.

Activated neurons in different brain
regions of susceptible mice after
observational fear

To further explore the involvement of brain regions in
processing fear contagion, we used Fos, an immediate early gene
with a well-characterized activity-dependent expression pattern
(Dragunow and Faull, 1989) to identify neurons activated in
selected (7 out of 16; Figure 7B) susceptible OB mice (OB-
S). In comparison with the control group, we observed Fos+

neurons expression in several brain regions, including the ACC,
the anterior insular cortex (AIC), the basolateral amygdale
(BLA), the hippocampus (HIP), the perirhinal cortex (PRh),
and the paraventricular thalamic nucleus (PVN) (Figure 8A),
which are partly involved in observational fear (Ito et al., 2015;
Pisansky et al., 2017; Allsop et al., 2018). The density of Fos+

neurons was significantly higher in ACC, AIC, and PVN in
OB-S group than in control group [two-way ANOVA, ACC,
F(1,72) = 3.913, p = 0.0012; AIC, F(1,72) = 3.754, p = 0.0021; BLA,
F(1,72) = 1.821, p = 0.3645; HIP, F(1,72) = 1.901, p = 0.3160; PRh,
F(1,72) = 1.725, p = 0.4277; PVN, F(1,72) = 2.715, p = 0.0487,
n = 7; Figure 8B], and a rising trend was also detected in
BLA, HIP, and PRh. Together, our imaging data indicate that
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FIGURE 6

Integrated total emotionality of training and testing day. (A) Raw data are obtained from three behavioral tests (FZ, OF, and SI) performed on the
same animals. Normalization of data using the Z-score method was performed for each parameter. FZ, OF, and SI test Z-values were calculated
on a 24-h retrieval testing day. (B,C) Z-scores on training and testing days were averaged to obtain an integrated total emotionality Z-score.
Data are expressed as mean ± SEM (n = 16) and compared by unpaired t-test. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

FIGURE 7

Analyses of the integrated Z-scores and identify the empathy susceptible mice. (A) Cohen’s d-values for behavioral parameters, single test
Z-scores, and integrated Z-scores. (B) A stanine (“standard nine”) score to scale Z-scores on a nine-point scale. Error bars represent 95% CI of
Cohen’s d. *p < 0.05; **p < 0.01; ***p < 0.001 for the statistical significance in the corresponding unpaired t-test.
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FIGURE 8

Activation of neurons in different brain regions of susceptible mice. (A,B) Quantification of fos-like immunoreactivity in ACC, AIC, BLA, HIP, PRh,
and PVN. ACC anterior cingulate cortex, AIC anterior insular cortex, BLA basolateral amygdale, HIP hippocampus, PRh perirhinal cortex, PVN
paraventricular nucleus. n = 7 mice per group. Data are presented as means ± SEM. Sidask’s test analysis between each group as indicated
*p < 0.05, **p < 0.01. Scale bar, 100 µm.

susceptible mice show a robust neuronal activation in ACC,
AIC, and PVN in vivo.

Social hierarchy affects social fear
transfer in group mice

For both animals and humans who live in groups, social
bonds, such as kinship, familiarity, and social hierarchy, are
important for perceiving conspecifics’ emotions. Hierarchical
status greatly influences social interactions and vulnerability to
stress (Wang et al., 2014; Larrieu et al., 2017). In our study,
we also assessed whether preexisting dominance hierarchies
may affect social fear transmission during observational fear
training. To this end, we used the tube test (Wang et al.,
2011), a reliable paradigm for measuring dominant behavior
in rodents and validating social dominance in male mice
housed in pairs (Figure 9A). A group of four mice formed
a clear social hierarchy after 6 days of trials (Figure 9B).
In the next observational fear training, the most dominant
(Rank 1) and the most subordinate (Rank 4) mice were
assigned as demonstrator and observer mice, respectively.
The remaining middle-class (Rank 2–3) mice were subjected
to stress, as demonstrators. The Z-scores of emotionality
were calculated as described above, and the results of
individual tests are as follows (Figure 9C): in the FZ test,

both dominant and subordinate mice showed significantly
higher freezing times than controls [F(2,21) = 1.952, one-
way ANOVA, Rank 1 vs. control, p < 0.05 and Rank 4
vs. control, p < 0.01, n = 8], whereas no significant effects
were observed between Rank 1 and Rank 4 mice; in the
OF test, only Rank 4 group displayed increased corner and
side time compared to control mice [F(2,21) = 1.984, one-way
ANOVA, p < 0.01, n = 8]; in the SI test, Rank 4 mice also
spent significantly less head time into the interaction zone
than controls [F(2,21) = 2.563, one-way ANOVA, p < 0.05,
n = 8]. No significant effect was observed in entries in
the interaction zone. To assess a more stable underlying
trend, we performed Z-score normalization as described above
(Figure 9D). The results were then averaged to determine the
single value for each mouse and each behavioral test (Figure 9E).
Observational fear training had a significant main effect on
Z-scores in all three tests. Last, we averaged all values to
calculate a single “emotionality score,” thus identifying the
most significant difference between groups [F(2,21) = 0.5248,
one-way ANOVA, Rank 1 p < 0.001, Rank 4 p < 0.0001,
compared with the control group, n = 8]. The Rank 4 group
had a significantly higher emotionality score than the Rank
1 group (p < 0.05), which proved that social status has an
impact on emotion perception (Figure 9F). Thus, using Z-score
normalization, a robust underlying trend can be derived from
more variable individual measurements, critically confirming
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FIGURE 9

Social hierarchy affects social fear transfer. (A) Schematic of the tube test. (B) Overall rank stability shows the average rank of animals belonging
to each rank group (as determined at the end of the tube test) calculated for each day of testing. (C) Raw data are obtained from three
behavioral tests (FZ, OF, and SI; n = 8/group) performed on the same animals. (D) Normalization of data using the Z-score method was
performed for each parameter. (E) Test Z-values were then calculated by averaging individual Z-scores, and (F) averaged to obtain the
emotionality score. Data represent mean ± SEM (n = 8/group). *p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001 for effects of dominate
(Rank 1) and subordinate (Rank 4) group compared to the control group. #p < 0.05 for effects between Rank 1 and Rank 4 groups.

that lower social hierarchy may be associated with the higher
social fear transfer.

Discussion

Accurate perception of potential threats is essential for
survival. Empathy enables human and non-human primates
to recognize the emotional state of others. In rodents, some
studies have shown that exposure to social cues signaling
threat, such as the sight, sound, or smell of a scared
conspecific, may trigger or potentiate fear responses (Kim
et al., 2010; Inagaki et al., 2014), a process that is termed
fear contagion (Dezecache et al., 2015; Keum and Shin,
2016). Understanding the neural basis of empathy is crucial
for understanding the neural mechanisms of social behaviors
and related mental disorders (Decety and Moriguchi, 2007;
Thirioux et al., 2019), such as anxiety, autism, and vicarious
trauma (usually resulting from repeated exposure to other

people’s trauma). OFL is the most used behavior paradigm in
studying rodents’ fear contagion, in which an unconditioned
stimulus (US) is vicariously provided by observing conspecifics
receiving foot shocks (Jeon et al., 2010; Kim et al., 2012;
Twining et al., 2017). In this paradigm, observers’ fear
responses, such as freezing or immobility, are the most used
measurement parameters. Avoidance behavior is also tested
in other studies to measure fear contagion (Masuda and
Aou, 2009; Debiec and Sullivan, 2014). Indirectly acquired
fear responses are influenced by many factors and vary from
person to person. Facing a companion in distress, rodents may
exhibit different emotional behaviors, such as observational
fear (Jeon et al., 2010), social coordination of pain (Langford
et al., 2006), comfort (Burkett et al., 2016), avoidance (Masuda
and Aou, 2009), and interruption of innate behavior (Allsop
et al., 2018). Here, we modified the OFL assay system by
performing freezing, open-field, and social interaction tests in
a single trial, thereby minimizing the impact of emotional
fluctuation on the short-term assessment of emotionality.
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Observational fear can be “diagnosed” through a series of
variable symptoms. Thus, fear contagion is defined based
on a series of converging behavior, rather than a single
consistent behavior.

Subsequently in our study, Z-normalization and the
integrated Z-scores were introduced to interpret and compare
all aforementioned behavioral results. This method allows
us to standardize outcome data from all the results from
the various tests used in an investigation on the same
comparable scale. Z-scores are already in use or have been
proposed in various areas, such as clinical trials (Simpson
et al., 2018), neurocognitive tests (Bergemann et al., 2012),
cell profiling (Caicedo et al., 2017), and rodent emotionality
(Guilloux et al., 2011; Labots et al., 2018). In this study, we
propose using Z-score conversions for assessing the relative
sensitivity of different dependent measures, which could
facilitate the comparison of effect magnitudes and thus
contribute to the evaluation of test sensitivity. In the FZ
test, the freezing time of the OB group significantly increased
during observational fear training and the 24-h contextual
memory retrieval stage, in line with other studies (Jeon et al.,
2010; Jeon and Shin, 2011; Smith et al., 2021). In addition
to behavioral inhibition, active avoidance behaviors (escape
or social avoidance) are also primary defensive methods for
mice. In the OF and SI tests, both the OB groups showed
a significant preference for the non-demonstrator side (more
corner and side time and fewer head entries). However, these
two avoidance behaviors do not always change simultaneously.
We investigated the correlation of the integrated Z-scores
between these three behavioral tests on the observational fear
training day and found no significant correlation. However,
Z-OF may be inversely related to Z-SI (p < 0.1) (Supplementary
Material), suggesting a variation in behaviors between mice
even when facing the same stimulus. For example, we found
that some mice spent more time in the corner and side
zone, despite having a high level of social interaction, most
likely resulting from constantly shuttling between these two
areas. The mice may “hesitate” to help or not. Therefore, in
our experiments, we did not blindly seek a high correlation
between each test but hoped to obtain convergence of results
by integrating Z-scores. Ultimately, by using Z-normalization
in different behavioral tests, we assigned a single score to each
mouse, which can be used to quantitatively “diagnosis” their
emotionality. This procedure could be useful for objectively
evaluating the differential sensitivity of various metrics.
Therefore, the integrated total Z-score enhanced the overall
statistical significance of emotionality induced by observational
fear. Furthermore, by Cohen’s d comparison, the effect size
advanced from a “large effect” in a single test to a “very
large effect” in integrated emotionality Z-scores (Figure 7A).
Hence, for some behavioral tests subject to variability, positive
results are often difficult to reconcile across tests. The integrated
Z-score analysis is not only used to increase statistical

significance but also to extract potential trends from apparently
variable results.

Although this method increased statistical significance
among groups, a large variation remained within groups. Stress
susceptibility or resilience are common phenomena in animal
(Sillivan et al., 2017) and human (Liu et al., 2018) research. Since
each mouse receives a final Z-score, we ranked all Z-scores from
the lowest to the highest to distinguish emotional susceptibility.
A stanine score, short for “standard nine” score, is a way to
rank test scores on a nine-point standard scale. Using this
method, we can convert every Z-score from the original score
to a number between 1 and 9. In general, we regard test
scores as: Stanines 1, 2, and 3: below average (Resilience);
Stanines 4, 5, and 6: average; Stanines 7, 8, and 9: above
average (susceptible). Mice have been characterized as either
susceptible or resilient to emotional stress. Subsequently, we
investigated changes in c-fos expression in susceptible mice
(OB-S group) after observational fear testing. Fos-positive cell
density shows the trend of incense in many brain regions in
comparison with the control group. Especially, in the ACC, the
anterior insular cortex (AIC), and the paraventricular nucleus
(PVN), we observed a significant increase in activated neurons,
in line with the results of some other studies (Pisansky et al.,
2017; Jhang et al., 2018; Rodriguez et al., 2019). So far, our
current understanding of fear contagion largely derives from
studies based on different classes of threats, including predator
fear, aggressive conspecifics, or physically harmful stimuli. In
conclusion, all classes of threats seem to interact with a common
memorization unit centered in the amygdala, the hippocampus,
and the cortex (Cho et al., 2017). No significant activation in
the amygdala and the hippocampus has been thought of as the
fear center or where fear engrams cell exists. In fact, a vigorous
debate concerning what is fear has been playing out across
the field of affective neuroscience. One of the scientists, Lisa
Feldman Barrett advanced a provocative “theory of constructed
emotion,” which proposes that the human brain constructs
instances of fear as a consequence of predicting and inferring the
cause of incoming sensory inputs from the body (Interoception)
and the outer world (Barrett, 2017). As domain-general regions
of the interoceptive system, ACC and AIC participate in
emotion, autonomic functions, or self-awareness (Craig, 2003;
Critchley, 2005). In our study, neural activity changes in these
two areas indicated that the interoceptive system might play a
role in the perception of others’ fear.

In our study, mice of the same strain and gender
were used as experimental subjects. In co-caged mice, the
social hierarchy may be a major determining factor for
vulnerability to witnessing fears. Many research studies
have proved that hierarchy moderates the effect of status
on stress and performance in humans (Sapolsky, 2005;
Knight and Mehta, 2017) and social animals (Karamihalev
et al., 2020). However, one study has shown that conditioned
fear may largely transfer to a subordinate cagemate by
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proxy (Jones and Monfils, 2016). How social dominance
hierarchy leads to emotional susceptibility differences is not
yet directly studied in an observational fear model. In our
study, we show that social dominance hierarchy predicts
the intensity of fear transmission and that subordinate mice
display significantly increased fear responses (p < 0.05,
compared with dominant mice) after interacting with
a shocked demonstrator. Moreover, we were able to
combine individual experiments by integrating emotionality
Z-scores. Overall, the results showed that subordinate
mice were more sensitive than dominant mice to indirect
emotional stress. These consolidate social hierarchy-related
differences in rodents.

Conclusion

We developed an observational fear animal model
to evaluate individual differences in fear contagion
with respect to the emotional variation observed in
human post-traumatic stress symptoms. The current
study suggests that using a Z-score-based method
is a useful procedure for objectively evaluating the
differential sensitivity of various metrics. Integrated
Z-normalization provides us with the advantage of
addressing inherent difficulties in “consistent” behavioral
phenotyping across tests and time, thereby simply and
intuitively summarizing results. Overall, our results pave
the roadway toward further studies in which susceptible
and resilient animals should be differentially manipulated
at the level of neural circuits and synaptic plasticity to
better understand the neurobiological underpinnings
of susceptibility and resilience to vicarious trauma
development, which may help bridge the gap between pre-
clinical and clinical studies and further provide effective
therapeutic interventions in animal models, subsequently
translated to humans.
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