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A B S T R A C T   

Post-traumatic stress disorder (PTSD) is a severe, long-term psychological disorder triggered by distressing 
events. The neural basis and underlying mechanisms of PTSD are not completely understood. Therefore, it is 
important to determine the pathology of PTSD using reliable animal models that mimic the symptoms of patients. 
However, the lack of evidence on the clinical relevance of PTSD animal models makes it difficult to interpret 
preclinical studies from a translational perspective. In this study, we performed a comprehensive screening of the 
behavioral, neuronal, glial, and electroencephalographic (EEG) profiles in the single prolonged stress and electric 
foot shock (SPS&S) mouse model. Based on the clinical features of PTSD, we observed fearful and excessive 
responses to trauma-related environments in the SPS&S mouse model that lasted longer than 14 days. The mice 
exhibited a defective and strong resistance to the extinction of fear memories caused by auditory cues and also 
showed enhanced innate fear induced by visual stimuli with concomitant phobias and anxiety. Furthermore, 
neurons, astrocytes, and microglia in PTSD-related brain regions were activated, supporting abnormal brain 
activation and neuroimmune changes. EEG assessment also revealed decreased power and impaired coupling 
strength between cortical regions. These results demonstrated that the SPS&S mouse model recapitulates the 
behavioral symptoms as well as neural and EEG profiles of PTSD patients, justifying the preclinical use of this 
mouse model.   

1. Introduction 

Post-traumatic stress disorder (PTSD) is a severe mental health 
condition that often occurs following distressing events (Johnson et al., 
2021). Over half the global population may experience a natural disaster 
or other traumatic events in their lifetime with the possibility of trig
gering PTSD development (Yabuki and Fukunaga 2019). Besides the 
disaster victims, rescue workers have been shown to exhibit PTSD 
symptoms (Schlenger et al., 2002). Thus, PTSD is a profound public 
health issue that affects numerous populations throughout the world. 
PTSD patients are characterized by an exaggerated response to contex
tual memory, impairment of fear extinction, and sometimes cognitive 
and learning deficits (Yehuda 2002). However, treatments for PTSD are 

limited in clinical practice due to its unknown pathogenesis (Zhou et al., 
2021). 

Current knowledge of the multifaceted pathogenesis of PTSD relies 
on preclinical studies performed in a diverse array of rodent models 
(Johnson et al., 2021), which play a pivotal role in delineating the 
functions of neural circuits and underlying PTSD molecular mecha
nisms. However, PTSD is heterogeneous due to the variety of triggering 
events (Yehuda 2002), and its heterogeneity in humans is a challenge in 
selecting an appropriate rodent model for preclinical studies. Especially, 
the development of state-of-the-art research tools relying on transgenic 
animals, mouse models have gained increasing importance. Currently, 
there are no systematic evaluations to assess whether mouse models 
recapitulate all aspects of human PTSD. 
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Single prolonged stress (SPS) has been widely employed in animals 
to develop PTSD models. SPS-stressed rats have shown enhanced 
conditioned fear responses (Imanaka et al., 2006), sensitized fear re
sponses (Iwamoto et al., 2007), exaggerated acoustic startle responses 
(Khan and Liberzon 2004), and anxiety-like behaviors (Fan et al., 2021) 
in multiple studies. However, relevant studies in mice are limited. Our 
previous studies modified the SPS stress protocol by introducing a single 
inescapable electric foot shock after the SPS procedure (Wang et al., 
2008; Feng et al., 2020). This single prolonged stress and electric foot 
shock (SPS&S) mouse model demonstrated hyperarousal, another core 
symptom of PTSD, in addition to other core symptoms. However, the 
fear-related behavioral phenotypes of this model, such as impaired fear 
extinction, innate fearful behaviors, as well as a phobia to the environ
ment and social communications, have not been fully characterized. 
Also, patients with PTSD show altered functional magnetic resonance 
imaging (fMRI) and electroencephalography (EEG) results, which could 
be used for PTSD diagnosis and evaluation of interventions (Bryant 
et al., 2021; Schlumpf et al., 2021). Whether PTSD animal models 
display similar functional readouts is still unclear. Moreover, the 
excessive immune state is one of the critical alterations in PTSD patients 
in the peripheral immune system and in the brain (Bhatt et al., 2020). 
Therefore, testing the alterations of glial cells in certain brain regions 
would be critical to demonstrate the significance of PTSD mouse models 
in preclinical neuro-immunological research studies. Thus, a systematic 

assessment of PTSD-relevant behavioral phenotypes, screening of 
changes in specific brain regions, and measurement of EEG profiles in 
PTSD animal models are significant from a translational perspective. 
Also, understanding correlations between neurobiology observations 
and behaviors is critical for employing these animal models in preclin
ical research. 

In this study, we systematically screened PTSD-relevant fearful be
haviors, observed alterations in neurons and glia in PTSD-vulnerable 
brain regions, and monitored EEG changes following PTSD stress in 
SPS&S mice. We found that SPS&S mice showed typical PTSD-like 
behavioral abnormalities, including excessive responses to trauma- 
related contexts, impaired fear extinction, enhanced innate fear, as 
well as concomitant phobias and anxiety. Besides these behavioral 
phenotypes, the mouse model also demonstrated neural and glial acti
vation in PTSD-related brain regions, altered EEG power, and impaired 
coupling relationships between cortical regions. Our findings provide 
systematic experimental data for SPS&S mouse model phenotypes, 
including its behavioral, neural, and EEG phenotypes, and demonstrate 
the translational relevance of the model to bridge the gap between 
preclinical research and clinical practice. 

Fig. 1. SPS&S mice show excessive fear responses to traumatic environments. A Diagram of the experimental procedure. B Compared with control mice, SPS&S mice 
exhibited longer freezing times in Context A (Two-tailed unpaired separate variance estimation t-test, t = 2.399, df = 12.41, P = 0.0330, n = 10 per group). C SPS&S 
mice and control mice exhibited similar freezing times in Context B (Two-tailed unpaired t-test, t = 0.7689, df = 18, P = 0.4519, n = 10 per group). D Diagram of the 
experimental procedure. Mice were exposed to Context A, which is related to the traumatic event, on days 7 and 14 after model establishment. E Compared with 
control mice, SPS&S mice exhibited longer freezing times in Context A on day 7 (Two-tailed unpaired t-test, t = 3.008 df = 18, p = 0.0076, n = 10 per group). F 
Compared with control mice, SPS&S mice exhibited longer freezing times in Context A on day 14 (Mann-Whitney U test, U = 20, P = 0.0232, *P < 0.05, n = 10 per 
group). *P < 0.05, **P < 0.01. 
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2. Methods 

2.1. Animals 

All procedures were approved by the Institutional Animal Care and 
Use Committee of the Fourth Military Medical University (FMMU) and 
conformed to the Guide for the Care and Use of Laboratory Animals 
published by the National Institutes of Health (NIH). Mice were housed 
in a room maintained at a constant temperature and on a 12-h light/dark 
cycle. Water and food were available ad libitum. C57BL/6 male mice 
aged 2–6 months old were used in the experiments. 

2.2. SPS&S stress protocol 

The SPS&S stress procedure was performed as previously described 
(Feng et al., 2020). Briefly, four stressors used in this study were re
straint stress, forced swim, deep anesthesia, and unconditioned foot 
shock. First, we used the mouse fetter to constraint the experimental 
group of mice for 4 h in their own home cage. Second, the mice were 
forced to swim in a plastic tub filled with water (25 ◦C) for 20 min. Next, 
mice were exposed to an appropriate amount of ether until they were 
totally anesthetized. Finally, an unconditioned foot shock (0.8 mA, 5 s) 
was delivered in a context box, Context A, and the mice were subse
quently returned to their home cage and left undisturbed. The control 
group mice were also put in the same context box Context A for 5 s 
without shock to experience environmental stimuli. 

2.3. Fear conditioning and extinction test 

We performed a contextual and cued fear test as described in pre
vious reports (Shoji et al., 2014; Feng et al., 2020); the experiments are 
depicted in Fig. 1 & 2. These tests were conducted simultaneously be
tween 1 h after the onset of the light phase (8:00 a.m. to 6:00 p.m.) and 

1 h before the dark phase. The fear conditioning tests used commercial 
equipment (Vanbi, China). The animals were habituated in the experi
mental room for at least 2 h with the light on before the tests. Before and 
after each trial, all devices were cleaned with 75% alcohol and paper 
towels and air-dried. All animals were returned to their home cage after 
each trial. 

For the contextual fear test, we designed two sets of experiments. To 
test fear responses to the traumatic environment., SPS&S animals were 
placed on day 14 in Context A for 300-s exploration. After a 2-h break in 
their home cage, the animals were placed in a new environment Context 
B (distinct wall and floor compared to Context A) for another 300-s 
exploration. For the other set of experiments, we explored the time 
courses of fear behaviors; on day 7 the mice were placed in the condi
tioning chamber Context A and were allowed to freely explore the 
chamber for 300 s. Subsequently, they were returned to their home cage 
and left undisturbed after the exploration. On day 14, the animals were 
placed in Context A for 300-s exploration and were then returned to 
their home cage. 

The conditioning and cued fear test protocols were performed, as 
shown in Fig. 2. Briefly, on day 14 after SPS&S, the animals were placed 
in Context A, and the fear conditioning training was performed as pre
viously reported (Hartley et al., 2019). Each animal was allowed to 
explore the chamber freely for 120 s, then an auditory cue, comprising a 
tone of 75 dB, 4500 Hz was presented for 30 s as a conditioned stimu
lation (CS) and a foot shock (0.8 mA) performed in the last 2 s of the tone 
as an unconditioned stimulation (US). This presentation of CS-US pair
ing was repeated for 10 rounds with 60 s of inter-trial interval (ITI). On 
day 15, the animals were placed in Context B for the cued test and were 
allowed to explore the new environment for 3 min following which the 
same tone (75 dB, 4500 Hz) was introduced for 3 min. On day 16, the 
extinction test was performed in Context B as previously described 
(Hartley et al., 2016). The mice were placed in Context B, and a short 
120-s baseline was used to test initial freezing as a measure of fear 

Fig. 2. SPS&S mice show enhanced fear responses to sound cues and impaired fear extinction. A Diagram of the training, extinction, and retrieval procedures. B 
Freezing times of SPS&S mice and control mice during the fear conditioning training on day 14. SPS&S mice exhibited a longer freezing time baseline and final 
freezing time after the sound cue stimulation session (Repeated measurement ANOVA, Fbetween group = 5.204, df1 = 1, df2 = 18, Pbetween group = 0.035; Fwithin group =

23.371, df1 = 5, df2 = 90, Pwithin group < 0.0001; n = 10 per group). C Compared with control mice, SPS&S mice exhibited longer freezing times in Context B during 
the sound cue stimulation (Two-tailed unpaired t-test, t = 4.067, df = 18, P = 0.0007, n = 10 per group). D Compared with control mice, SPS&S mice exhibited a 
longer freezing time baseline before and after extinction of fear memory in Context B (Repeated measurement ANOVA, Fbetween group = 34.411, df1 = 1, df2 = 18, 
Pbetween group < 0.0001; Fwithin group = 27.781, df1 = 1.539, df2 = 27.708, Pwithin group < 0.0001, n = 10 per group). *P < 0.05, ****p < 0.0001. 
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generalization to the new context. Next, mice were presented with the 
same CS without US for 30 s, following which a 60-s ITI was presented. 
This CS-ITI pairing was presented for 30 rounds. On day 17, the retrieval 
test was performed to recall the extinction. The animals were placed in 
Context B and the CS paired with a 60-s ITI was conducted for 6 rounds 
after a short 120-s baseline. 

2.4. Odor-evoked innate fear test 

We performed the odor-evoked innate fear test as described in a 
previous report (Xu et al., 2012; Paolini 2014). Briefly, the animals were 
placed in the experimental environment for 2 h before the experiments. 
The experiment was performed in a cubic chamber (50cm × 50 cm × 40 
cm) and cat litter with 400 μL bobcat urine (LegUp Enterprises, US) and 
clean cat litter with saline were collected on the morning of the exper
iment. The experimental site was divided into 25 equal parts and the cat 
litter with fresh urine and clean cat litter with saline were put on the 
cubic chamber diagonally. Before the experiment, the cubic chamber 
was cleaned with 75% alcohol. Each animal was put in the center of the 
chamber after the chamber was dried and then recorded it for 10 min. 
Entries into cat litter were measured to investigate the level of 
odor-invoked innate fear. 

2.5. Looming-evoked innate fear test 

A shelter (diameter = 8 cm, length = 10 cm) was placed in the home 
cage of the mice for habituation for 3 d before the tests. The animals 
were kept in the experimental room for 2 h before the experiments. The 
looming test equipment was homemade as previously described (Zhou 
et al., 2019). We placed the animals into a transparent Plexiglas cubic 
chamber (50cm × 50 cm × 50 cm) with the bedding from their home 
cage at the bottom. A video encoded to display an expanding black circle 
was positioned on top of the cubic chamber. We set the stimulus 
expanded to 50◦ over 250 ms and the code to repeat the stimulus 10 
times with an interval of 1 s. First, we placed the animal in the center of 
the cubic chamber and habituated it for at least 10 min. After the 
habituation, when the mouse was exploring the environment in the 
center of the chamber, we began to display the video. We measured the 
time from the mice discovering the looming to hiding in the shelter to 
evaluate the innate fear level evoked by looming. 

2.6. Novel object phobia test 

We performed the novel object phobia test as previously reported 
(Chauke et al., 2012). The two groups of mice were kept in the experi
mental environment for 2 h before the experiments to habituate. The 
same novel object (2cm × 2 cm × 2 cm, rough surface) was placed in the 
same location of the home cage and the trajectory of each mouse in the 
observation area was recorded for 10 min. We measured the bouts, la
tency of approach, and time of investigation to evaluate the phobia. 

2.7. Social phobia test 

The social phobia test was carried out as described in a previous 
report (Lukas et al., 2011). The animals were placed in the experimental 
room for 2 h before the experiment to habituate. The social phobia test 
device (Noldus, Netherlands) consisted of a fan-shaped space (10cm ×
8cm × 7 cm) in the fenced isolation bar of organic glass and the rest 
space for mice to explore freely. The device was cleaned before the 
experiment. An age-matched male mouse unfamiliar to the experimental 
mice was placed in the isolation bar and the experimental mice were in 
the middle of the device. The behavior of the experimental mice was 
recorded for 10 min. After each trial, the device was cleaned with 75% 
alcohol and air-dried. 

2.8. Open field test 

The open-field test was performed as described by (Feng et al., 2015) 
The two groups of mice were placed in the experimental room for 2 h 
and were allowed to habituate for 3–5 min before the experiment. 
Subsequently, each mouse was moved from the home cage to the center 
of the cubic chamber (50 cm × 50 cm × 50 cm) and the behavior was 
recorded for 10 min. After each trial, the chamber was cleaned to repeat 
the experiment for the rest of the animals. 

2.9. Elevated plus-maze test 

We performed the elevated plus-maze test as previously reported 
(Guo et al., 2019). Animals were placed in the experimental room for 2 h 
and were allowed to habituate for 3–5 min before the experiment. The 
elevated plus-maze consisted of two black Plexiglas arms, two opposing 
closed arms, two opposing open arms (50 cm × 10 cm), and a central 
area (10 cm × 10 cm) made up the maze; the walls of the closed arms 
were composed of black acrylic. After habituation, the mouse was held 
in the central area, making the animal face open arms, and the behavior 
was recorded for 5 min. The maze was cleaned between the experiments 
for the rest of the animals. 

2.10. Immunofluorescence histochemistry 

Mice were placed into Context A and explored for 5 min freely. Then 
we put the mice back to their home cages. Following a 1.5-h break, mice 
were anesthetized with isoflurane and transcardially perfused with 0.01 
M phosphate-buffered saline (PBS), pH 7.4 followed by 4% para
formaldehyde in 0.2 M PBS, pH 7.4. Brains were rapidly removed and 
fixed using the same fixative for 4 h at 4 ◦C. After dehydrating twice with 
30% sucrose for 48 h at 4 ◦C, brain sections (50 μm) were sliced on a 
freezing microtome. The sections from each group (3–6 sections from 
each region) were rinsed in a blocking solution for 2 h and incubated 
overnight (4 ◦C) with primary antibodies: c-Fos (1:1500, CST), glial 
fibrillary acidic protein (GFAP) (1:250, Gene Tex), ionized calcium- 
binding adaptor molecule 1 (IBA1) (1:500, WAKO). Sections were 
then washed with PBS and probed with secondary antibodies: Alexa 
Fluor 594-conjugated anti-rabbit secondary IgG (Invitrogen) or Alexa 
Fluor 594-conjugated anti-goat IgG (Invitrogen) for 4 h. All images were 
captured with a confocal microscope (FV3000, Olympus, Japan), and 
processed with the Imaris software (v.7.7.1, Bitplane, Switzerland). For 
cell counting, 3–6 sections per region were counted per animal with the 
Imaris software by experimenters blinded to the groups. 

2.11. EEG recording 

We performed EEG surgery on 8- to 12-week-old mice after they were 
anesthetized with 1%–2% isoflurane. One electrode screw each for 
intracranial frontal and parietal EEG and a common ground/reference 
above the cerebellum were implanted with the stereotaxic device. 
Electrodes were soldered to EEG/EMG headmount (Pinnacle Technol
ogy Inc., #8402-SS, USA), and dental acrylic was used to encase the 
connection. Mice had at least 2 weeks to recover from the EEG surgery. 
For the postoperative pain management, 1 mg/kg Buprenorphine SR 
(Every 72 h) and 1 mg/kg Meloxicam (Every 12 h) were subcutaneously 
injected. Any pain signs of mice were monitored during the recovery 
week following the surgeries. After the recovery, spontaneous EEG sig
nals were recorded for 4 h in the light cycle. One week after the first 
round of recording, mice were exposed to the SPS&S procedure and then 
recovered for 2 weeks in their home cage. After the recovery, sponta
neous EEG signals for 4 h were recorded similarly. All signals were 
digitized at a sampling frequency of 1000 Hz, filtered (1–100 Hz 
bandpass for EEG), and acquired by using the Sirenia Acquisition pro
gram (Pinnacle Technology Inc.). Data collected during wake episodes 
were analyzed offline by using Matlab (Math Works, R2016a). Before 
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the analysis, we performed EEG cleaning procedure as described in our 
previous report (Liu et al., 2016) to exclude potential artifacts. The 
spectral power was calculated in 0.5-Hz bins (fast Fourier transform 
with Hamming window) with artifact-free 4-h EEG signals from each 
animal. The power spectra in the EEG different frequency band were 
calculated for each animal and averaged across all animals with the 
same treatment. 

2.12. Envelope-to-signal correlation 

Envelope-to-signal correlation (ESC) is a cross-correlation between 
the envelope of high-frequency EEG signal at one recording location and 
raw low-frequency EEG signal at another location that can evaluate the 
large-scale cortical cross-frequency interactions across brain regions. A 
high ESC indicates that the amplitude envelope peaks more reliably at a 
particular frequency of the amplitude signal (Bruns and Eckhorn 2004). 
The ESC measure calculates the correlation between the amplitude en
velope of the filtered high-frequency signal of FCx (Afamp), and the 
filtered low-frequency signal of the piriform cortex (PCx) (Yfph).  

ESCfph, famp = r (Afamp, Yfph)                                                            (1) 

Afamp denotes the instantaneous amplitude envelope of the higher- 
frequency signal. Yfph denotes the instantaneous amplitude of the low- 
frequency signal. r denotes cross-correlation (Onslow et al., 2011). 

2.13. Statistical analyses 

All statistical analyses were performed in Prism v.6.0 (GraphPad 
Software, Inc.) and SPSS v.21.0. The normality test was performed by 
the Shapiro-Wilk test. The homogeneity of variance test was performed 
by Levene’s test. Data that met these two conditions were analyzed using 
a two-tailed unpaired or paired t-test, one-factor analysis of variance 
(ANOVA) and repeated-measures ANOVA followed by Tukey’s multiple 
comparisons test. Normally distributed data sets were analyzed with a 
nonparametric test. Details of particular statistical analyses are pre
sented in Supplementary Table 1. 

3. Results 

3.1. Fear responses to trauma-related environments in the SPS&S mouse 
model 

According to the Diagnostic and Statistical Manual of Mental Dis
orders Criteria, Fifth Edition (DSM-V), patients with PTSD tend to have 
flashbacks to traumatic events and impaired extinction of fear memory 
related to experienced trauma (Fenster et al., 2018). Therefore, we 
explored whether SPS&S mice have difficulty in extinguishing fear 
memory aroused by a trauma-related environment. Numerous studies 
have shown that mouse freezing time can be used as an important in
dicator of fear performance (Milad et al., 2009). Therefore, we 

conducted the final step of the SPS&S procedure, an inescapable foot 
electrical stimulation, in Context A (Fig. 1A). Five seconds after the foot 
shock, SPS&S mice were returned to their cages. Control group mice 
were placed in Context A but did not receive a foot shock and were 
returned to their cages after 5 s. On day 14 after model formation, SPS&S 
mice displayed significantly longer freezing time during a 5-min 
exploration of Context A than control mice (Fig. 1B). Moreover, when 
the animals were placed in a novel environment, Context B, SPS&S mice 
showed no significant difference in fear performance compared with 
control mice (Fig. 1C). These results suggested that SPS&S mice had 
impaired extinction of the fear memory associated with the 
trauma-related environment, relevant to the diagnostic criteria of 
DSM-V (Fenster et al., 2018). 

3.2. Time course of trauma-related fear memory in the SPS&S mouse 
model 

According to previous reports, PTSD model mice have impaired fear 
memory extinction generated by environmental stimuli (Borghans and 
Homberg 2015). We explored whether there were obvious behavioral 
abnormalities in the extinction of fear memory in SPS&S mice. The 
experimental and control group mice were generated as described above 
(Fig. 1D). On day 7 after model formation, fear memory extinction of 
SPS&S mice in response to the trauma-related environmental cue was 
significantly impaired compared with control mice (Fig. 1E). Next, we 
explored whether this alteration could be observed at a later timepoint. 
With the same protocols, the fear memory generated by the 
trauma-related environmental cue in SPS&S mice was slightly higher on 
day 14 than day 7. In comparison, the fear level of control mice was still 
relatively low (Fig. 1F). Thus, in this set of short- and long-term memory 
experiments, SPS&S model mice demonstrated impaired fear memory 
extinction observed in PTSD patients. 

3.3. Fear memory formation and extinction in the SPS&S mouse model 

Since SPS&S mice showed abnormal fearful responses to the trauma- 
related context, we explored possible fear memory formation and 
extinction problems in SPS&S model mice. We applied a classic cue-plus- 
contextual fear conditioning paradigm, coupling the memory of audi
tory cues and foot shocks different from the contextual fear condition
ing, to assess the formation and extinction of fear memory (Fig. 2A). 
During the first day of training, the baseline freezing time of SPS&S mice 
was significantly higher than control mice. After each auditory cue and 
simultaneous foot shock, the fear level of SPS&S mice was also higher 
than control mice, indicating that SPS&S mice were more likely to 
establish fear memory during auditory cue-related fear training 
(Fig. 2B). On the second day of training, we placed the mice in a novel 
context and used the same auditory cue to evaluate fear performance 
after 3 min of adaptation. The freezing time of SPS&S mice during the 3- 
min period was significantly higher than control mice (Fig. 2C), 

Fig. 3. SPS&S mice show increased visual cue-related innate fear and object phobia. A Diagram of the timeline of the odor-evoked innate fear and cue-related innate 
fear experiment. B Diagram of the odor-evoked innate fear experiment. C Representative heat maps of SPS&S and control mice during the odor-evoked innate fear 
experiment. D SPS&S mice and control mice exhibited similar interactions with cat urine odor (Mann-Whitney U test, U = 41, P = 0.5122, n = 10 per group). E There 
was no significant difference in the preference score for cat urine odor between SPS&S mice and control mice (Mann-Whitney U test, U = 47, P = = 0.8172, n = 10 
per group). F Diagram of the looming-evoked innate fear experiment. G Compared with control mice, SPS&S mice exhibited a significantly shorter latency time 
between identifying the dangerous visual stimulation and escaping to shelter (Two-tailed unpaired t-test, t = 2.717, df = 18, P = 0.0141, *P < 0.05, n = 10 per 
group). H Diagram of the timeline of the object phobia and social phobia experiment. I Diagram of the object phobia experiment. J Compared with control mice, 
SPS&S mice exhibited fewer explorations of the novel object (Mann-Whitney U test, U = 14, P = 0.0013, **P < 0.01, n = 11 per group). K Compared with control 
mice, SPS&S mice exhibited a longer latency time to first exploring the novel object (Two-tailed unpaired separate variance estimation t-test, t = 2.267, df = 12.02, P 
= 0.0427, *P < 0.05, n = 11 per group). L Compared with control mice, SPS&S mice spent less time investigating the novel object (Mann-Whitney U test, U = 17, P =
0.0032, **P < 0.01, n = 11 per group). M Diagram of the social phobia experiment. N There was no significant difference in the number of times the social target was 
explored between control mice and SPS&S mice (Two-tailed unpaired t-test, t = 0.6124, df = 14.79, P = 0.5496, n = 11 per group). O The latency time for 
approaching the social target of SPS&S mice and control mice was not significantly different (Mann-Whitney U test, U = 49.50, P = 0.4809, n = 11 per group). P The 
interaction time with the social target was not significantly different between control mice and SPS&S mice (Two-tailed unpaired t-test, t = 0.4144, df = 22, P =
0.6830, n = 11 per group). *P < 0.05, **P < 0.01. 
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indicating a higher level of auditory cue-induced fear. These results 
indicated that the animals established fear memory more easily after 
SPS&S stress. 

Following training completion, we assessed the extinction and 
retrieval of fear memory. Before the memory extinction experiments, the 
fear memory level generated by auditory cues in SPS&S mice was higher 
than in control mice. During the extinction process, the freezing time of 
both SPS&S and control mice decreased. However, during the retrieval 
experiment on the following day, the freezing time of SPS&S mice was 
still higher than control mice (Fig. 2D). These results demonstrated that 
SPS&S mice had a strong resistance and showed defects in fear memory 
extinction caused by auditory cues. 

3.4. Innate fearful behaviors in the SPS&S mouse model 

Besides the learned fear, PTSD patients show increased instinctive 
fear of certain clinical stimuli (Braquehais and Sher 2010; Taylor et al., 
2020). To investigate whether the model mice also show alterations in 
innate fearful behaviors following SPS&S stress, we measured the fear 
performance induced by cat urine odor and visual looming (Fig. 3A). For 
the odor-induced fearful behaviors (Fig. 3B), control mice spent less 
time exploring the cat urine odor area than the saline odor area, as 
shown in the heat map in Fig. 3C, consistent with their physiological 
condition (Schutz et al., 2014). There was no significant difference in 
bouts of sniffing and preference score between SPS&S and control mice 
(Fig. 3D and E). We conducted a looming test to assess visual 
cue-induced innate fear that investigates the fearful responses caused by 
the appearance of a predator’s rapidly approaching shadow above the 
mouse (Fig. 3F). The time between the mouse realizing the potential 

danger and entering shelter to avoid the attack could reflect its fear 
level, with a shorter time indicating higher fear (Zhou et al., 2019). We 
found that the flight latency was significantly shorter for SPS&S mice 
than control mice (Fig. 3G), showing that the SPS&S mouse model could 
mimic the enhanced innate fear induced by visual stimuli observed in 
PTSD patients. 

3.5. Phobia behaviors in the SPS&S mouse model 

PTSD and phobias commonly co-occur in clinical practice, and 
phobias aggravate the core PTSD symptoms (Orsillo et al., 1996). We 
tested their phobia of novel objects and social targets to assess whether 
SPS&S mice also show relevant phobia behaviors (Fig. 3H). In the object 
phobia test, we found that the number of mice exploring the novel object 
was significantly lower, the latency of approaching was higher, and the 
exploration time was significantly less in SPS&S mice than control mice 
(Fig. 3J-L). In the social phobia test, there was no significant difference 
in the number of social contacts, the latency of approaching the social 
target, or overall social time between the experimental and control mice 
(Fig. 3N-P). These results indicated that the SPS&S stress could reca
pitulate the concomitant object phobia of PTSD patients but not the 
social phobia behaviors. 

3.6. Anxiety behaviors in the SPS&S mouse model 

Anxiety disorders have shown high morbidity in PTSD patients 
compared with healthy people (Kalin 2021). To assess whether the 
model mice also display anxiety-like behaviors after SPS&S stress, we 
used open field assays and the elevated plus maze to measure anxiety 

Fig. 4. SPS&S mice show increased anxiety. A Diagram of the timeline of the open field test and elevated plus maze test. B Representative heat maps of open field 
test. C Compared with control mice, SPS&S mice spent less time in the central area (Two-tailed unpaired t-test, t = 2.558, df = 18, P = 0.0198, n = 10 per group). D 
Compared with control mice, SPS&S mice entered the central area less frequently (Two-tailed unpaired t-test, t = 2.883, df = 18, P = 0.0099, n = 10 per group). E 
Compared with control mice, SPS&S mice traveled less distances in the central area (Two-tailed unpaired t-test, t = 2.625, df = 18, P = 0.0172, n = 10 per group). *P 
< 0.05, **P < 0.01. F Representative heat maps of elevated plus maze test. G Compared with control mice, SPS&S mice spent significantly less time in the open arms 
(Two-tailed unpaired separate variance estimation t-test, t = 2.561, df = 12.88, P = 0.0238, n = 10 per group). H Compared with control mice, SPS&S mice entered 
the open arms of the elevated plus maze less frequently (Two-tailed unpaired t-test, t = 3.666, df = 18, P = 0.0018, n = 10 per group). I Compared with control mice, 
SPS&S mice traveled significantly shorter distances in the open arms (Two-tailed unpaired t-test, t = 2.605, df = 18, P = 0.0179, n = 10 per group). 
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levels (Fig. 4A). In the open field test, the control mice widely explored 
the central area, whereas the SPS&S mice mostly stayed in the corner of 
the open field. The SPS&S mice spent less time, traveled less distance in 
the central area, and entered the central area less often (Fig. 4C–E). In 
the elevated plus-maze test, control mice spent abundant time exploring 
the open arms, closed arms, and central area. In contrast, SPS&S mice 
spent less time exploring the open arms, showed fewer entries, and 
traveled shorter distances in the open arms (Fig. 4G–I). Based on these 
results, we concluded that SPS&S mice showed significant anxiety-like 
behaviors, meeting the relevant diagnostic criteria of PTSD from DSM-V. 

3.7. Neural and glial activation in the SPS&S mouse model 

Malfunction of some brain regions, including the hippocampus and 
amygdala, has been implicated in PTSD-related core symptoms., We 
used c-Fos, an immediate early gene rapidly induced by a broad range of 
stimuli, to assess the PTSD-related function in brain regions in model 
mice. Following stimulation of the traumatic context, the number of c- 
Fos-expressing neurons was widely increased in fear-related regions. In 
the frontal association cortex (FrA), anterior cingulate cortex (ACC), and 
basolateral amygdala (BLA), the number of c-Fos-positive neurons was 
significantly higher than in control mice. However, in the ventral hip
pocampus (vHC), there was no difference between SPS&S and control 
mice (Fig. 5). 

Besides neuronal activation, an abnormal neuroimmune state 
reflecting glial activation has also been observed in postmortem PTSD 
patients. We used GFAP and IBa1 as markers for mature astrocytes and 
microglia. The expression level of GFAP was increased in the ACC, BLA, 
and vHC of SPS&S mice compared with control mice, indicating that 
astrocytes were significantly activated in these regions (Fig. 6B–F). Also, 
the number of microglia labeled by IBa1 in the FrA and ACC was 
significantly increased in SPS&S mice relative to control mice, denoting 
activation of microglia in these regions (Fig. 6G–K). These results sug
gested that the SPS&S mouse model showed wide neural and glial 
activation induced by the trauma-related environment, recapitulating 
the dysfunction of fear-associated brain regions in PTSD patients. 

3.8. EEG power spectra and coupling relationships of frontal and PCx) in 
the SPS&S mouse model 

It was previously reported that the delta, theta, and alpha power 
spectra in PTSD patients were suppressed compared to healthy people 
during eye-open states (Newson and Thiagarajan 2018). We investigated 
whether SPS&S mice exhibited the same suppressed power spectra by 
recording power spectra with the screw implanted on the skull above the 
FCx or PCx while mice were freely moving. The EEG signals of SPS&S 
mice showed widely decreased power spectra compared with control 
mice at both FCx and PCx recording sites. At the FCx site, while the delta, 
theta, and alpha power spectra were weaker in SPS&S mice than control 
mice, there was little difference in the beta and gamma power spectra 
(Fig. 7B). Interestingly, at the PCx site, SPS&S mice showed significantly 
decreased delta and theta power spectra than control mice and displayed 
little changes in the alpha, beta, and gamma power spectra (Fig. 7D). 

Furthermore, we investigated whether there was a change in the 
correlation between FCx and PCx with SPS&S stress. Cross-frequency 
coupling was examined using a comodugram to determine the extent 
to which a high-frequency (30–80 Hz) amplitude envelope was modu
lated by a low-frequency (0–30 Hz) raw signal. The envelope-to-signal 
correlation (ESC) was employed to quantify the cross-frequency 
coupling strength (Bruns and Eckhorn 2004; Onslow et al., 2011). We 
found that the gamma bands (40–70 Hz) at PCx were strongly coupled 
with low-frequency (4–10 Hz) oscillations at FCx (Fig. 7E and F). 
However, in SPS&S mice, ESC values were lower than the control mice 
(Fig. 7E and F). The mean ESC strength as a function of envelope fre
quency or amplitude signal frequency was also calculated. The average 
ESC of envelope frequency in SPS&S mice was significantly lower than 
control mice in both low frequency and high frequency (Fig. 7G and H). 
These results indicated that SPS&S mice were a good mimic of patients 
with PTSD in terms of their altered EEG power spectra. Additionally, the 
weak FCx–PCx coupling might contribute to PTSD symptoms. 

4. Discussion 

Dissecting the mechanisms of PTSD in animal models is challenging 
because of the complexity of the processes underlying its initiation and 
manifestation. Appropriate animal models are expected to display crit
ical aspects of PTSD etiology, symptomatology, and treatment response 
(Daskalakis et al., 2013). So far, diverse PTSD stress rodent models have 
been generated (Ferland-Beckham et al., 2021). SPS is one of the most 
well-established stress models and is especially stable in rats (Fan et al., 
2021). Other stress protocols have also been applied in many studies, 
each with its own advantages. For example, predator-based psychosocial 
stress (PPS) induces significant PTSD-like anxiety behaviors and 
impaired fear extinction. PPS uses environmental stressors, including 
constant changing of housing pairs, exposure to the risk of predators, 
and immobilization (Zoladz et al., 2012). 

In recent years, genetically modified animals have been used since 
the homogeneity of these models can facilitate mechanistic studies. In 
this context, 5-HT1A receptor knockout mice show severe anxiety and 
enhanced fear extinction phenotypes (Parks et al., 1998), and Pet-1 
knockout mice display anxiety, aggression, and excessive fear response 
(Hendricks et al., 2003). Though these animal models exhibit PTSD-like 
behaviors and are useful tools to help understand the relationship be
tween PTSD and various genes, the lack of interplay with environmental 
and stress factors makes it hard to translate the preclinical data to 
complex clinical practice. 

Herein, we used a modified SPS&S protocol to induce PTSD-like 
behaviors in mice. We found that SPS&S mice exhibit robust PTSD 
symptoms, including enhanced fear response to traumatic and specific 
non-traumatic cues, elevated anxiety behaviors, object phobias, and 
enhanced fear retrieval. Notably, social phobia is commonly observed in 
PTSD patients (Santiago et al., 2013); however, SPS&S mice with the 
current behavioral paradigm did not display abnormal social phobia. 
This could be due to the selection of stimulus animals and the social 
hierarchy of test animals (Zhou et al., 2017). Interpretation of this set of 
data necessitates caution and needs further exploration. Besides these 

Fig. 5. SPS&S mice show wide neuronal overactivation in fear-related brain regions. A Diagram of the timeline of the perfusion the animals. B Representative 
confocal images of FrA, ACC, BLA, and vHC sections stained for c-Fos in SPS&S mice and control mice. Images on the right of each brain region are high- 
magnification images of the boxed area. Scale bar for low-magnification images = 200 μm, Scale bar for high-magnification images = 50 μm. C Compared with 
control mice, SPS&S mice exhibited a higher density of cells immunoreactive for c-Fos in the FrA (Two-factor ANOVA, Fbetween group = 4.928, df1 = 1, df2 = 12, 
Pbetween group = 0.0465; Fbetween animal = 2.725, df1 = 2, df2 = 12, Pbetween animal = 0.1058; n = 10 slices from 3 mice (Control), n = 7 slices from 3 mice (SPS&S)). D 
Compared with control mice, SPS&S mice exhibited a higher density of cells immunoreactive for c-Fos in the ACC (Two-factor ANOVA, Fbetween group = 16, df1 = 1, 
df2 = 23, Pbetween group = 0.0006; Fbetween animal = 3.315, df1 = 2, df2 = 23, Pbetween animal = 0.0625; n = 12 slices from 3 mice (Control), n = 17 slices from 3 mice 
(SPS&S)). E Compared with control mice, SPS&S mice exhibited a higher density of cells immunoreactive for c-Fos in the BLA (Two-factor ANOVA, Fbetween group =

5.353, df1 = 1, df2 = 14, Pbetween group = 0.0364; Fbetween animal = 0.4939, df1 = 2, df2 = 14, Pbetween animal = 0.6205; n = 10 slices from 3 mice (Control), n = 10 slices 
from 3 mice (SPS&S)). F SPS&S mice and control mice exhibited similar densities of cells immunoreactive for c-Fos in the vHC (Two-factor ANOVA, Fbetween group =

0.9632, df1 = 1, df2 = 11, Pbetween group = 0.3475; Fbetween animal = 0.3539, df1 = 2, df2 = 11, Pbetween animal = 0.7097; n = 7 slices from 3 mice (Control), n = 11 slices 
from 3 mice (SPS&S)). *P < 0.05, ***P < 0.001. 
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behavioral symptoms, SPS&S mice also showed neural activation in 
PTSD-vulnerable brain regions, neuroimmune responses, and abnormal 
EEG phenotypes. These profiling studies provide a clearer picture of the 
mouse model and evidence for its future use in screening effective 
therapeutic strategies and investigating the underlying PTSD 

mechanisms. However, to recapitulate the cognitive impairments 
observed in patients with PTSD, the development of primate models 
might be necessary for future research. Additionally, in this study, all 
data were collected from male animals. Since the gender difference 
might lead to distinct behavioral and neurobiological phenotypes, 

Fig. 6. SPS&S mice show glial activation in fear-related brain. A Diagram of the timeline of the perfusion the animals. B Representative confocal images of sections 
stained for GFAP from SPS&S mice and control mice. C The density of cells immunoreactive for GFAP in the FRA was similar between SPS&S mice and control mice 
(Two-factor ANOVA, Fbetween group = 2.644, df1 = 1, df2 = 8, Pbetween group = 0.1426; Fbetween animal = 1.347, df1 = 2, df2 = 8, Pbetween animal = 0.3131; n = 8 slices 
from 3 mice (Control), n = 6 slices from 3mice (SPS&S)). D Compared with control mice, SPS&S mice exhibited a higher density of cells immunoreactive for GFAP in 
the ACC (Two-factor ANOVA, Fbetween group = 13.96, df1 = 1, df2 = 13, Pbetween group = 0.0025; Fbetween animal = 1.291, df1 = 2, df2 = 13, Pbetween animal = 0.3097; n =
11 slices from 3 mice (Control), n = 8 slices from 3 mice (SPS&S)). E Compared with control mice, SPS&S mice exhibited a higher density of cells immunoreactive for 
GFAP in the BLA (Two-factor ANOVA, Fbetween group = 7.77, df1 = 1, df2 = 13, Pbetween group = 0.0154; Fbetween animal = 1.548, df1 = 2, df2 = 13, Pbetween animal =

0.2495; n = 11 slices from 3 mice (Control), n = 8 slices from 3 mice (SPS&S)). F Compared with control mice, SPS&S mice exhibited a higher density of cells 
immunoreactive for GFAP in the vHC (Two-factor ANOVA, Fbetween group = 8.173, df1 = 1, df2 = 11, Pbetween group = 0.0155; Fbetween animal = 1.902, df1 = 2, df2 = 11, 
Pbetween animal = 0.1952; n = 9 slices from 3 mice (Control), n = 8 slices from 3 mice (SPS&S)). G Representative confocal images of sections stained for IBA1 from 
SPS&S mice and control mice. H Compared with control mice, SPS&S mice exhibited a higher density of cells immunoreactive for IBA1 in the FrA (Two-factor 
ANOVA, Fbetween group = 8.717, df1 = 1, df2 = 14, Pbetween group = 0.0105; Fbetween animal = 1.115, df1 = 2, df2 = 14, Pbetween animal = 0.3553; n = 12 slices from 3 mice 
(Control), n = 8 slices from 3 mice (SPS&S)). I Compared with control mice, SPS&S mice exhibited a higher density of cells immunoreactive for IBA1 in the ACC 
(Two-factor ANOVA, Fbetween group = 7.351, df1 = 1, df2 = 27, Pbetween group = 0.0115; Fbetween animal = 0.1202, df1 = 2, df2 = 27; Pbetween animal = 0.8872; n = 19 
slices from 3 mice (Control), n = 14 slices from 3 mice (SPS&S)). J The density of cells immunoreactive for IBA1 in the BLA was similar in SPS&S mice and control 
mice (Two-factor ANOVA, Fbetween group = 4.694, df1 = 1, df2 = 11, Pbetween group = 0.0531; Fbetween animal = 0.466, df1 = 2, df2 = 11; Pbetween animal = 0.6394; n = 10 
slices from 3 mice (Control), n = 7 slices from 3 mice (SPS&S)). K Compared with control mice, SPS&S mice exhibited a higher density of cells immunoreactive for 
IBA1 in the vHC (Two-factor ANOVA, Fbetween group < 0.001, df1 = 1, df2 = 22, Pbetween group = 0.9941; Fbetween animal = 2.514, df1 = 2, df2 = 22; Pbetween animal =

0.1040; n = 10 slices from 3 mice (Control), n = 7 slices from 3 mice (SPS&S)). *P < 0.05, **P < 0.01. Scale bar = 100 μm. 
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Fig. 7. SPS&S mice show decreased EEG power spectra and FCx-PCx coupling. A Example power spectra in the FCx collected over 4 h with eyes open. b) Compared 
with control mice, SPS&S mice exhibited decreased delta (Two-tailed paired t-test, t = 0.5090, df = 3, P = 0.0147, n = 4 per group), theta (Two-tailed paired t-test, t 
= 4.664, df = 3, P = 0.0186, n = 4 per group), and alpha (Two-tailed paired t-test, t = 4.073, df = 3, P = 0.0267, n = 4 per group) power spectra in the FCx. There 
was little difference in the beta (Two-tailed paired t-test, t = 2.292, df = 3, P = 0.1058, n = 4 per group) and gamma (Two-tailed paired separate variance estimation 
t-test, t = 0.9475, df = 3, P = 0.4133, n = 4 per group). B Power spectra of SPS&S mice and control mice. C Example power spectra in the PCx collected over 4 h with 
eyes open. Both SPS&S mice and control mice showed peak power at theta (peak at 6 Hz), while SPS&S mice exhibited widely decreased power spectra compared 
with control mice. D Compared with control mice, SPS&S mice exhibited decreased delta (Two-tailed paired t-test, t = 5.174, df = 3, P = 0.0140, n = 4 per group) 
and theta (Two-tailed paired t-test, t = 10.77, df = 3, P = 0.0017, n = 4 per group) power spectra in the PCx. SPS&S mice and control mice exhibited similar alpha 
(Two-tailed paired t-test, t = 2.627, df = 3, P = 0.0785, n = 4 per group), beta (Two-tailed paired t-test, t = 1.892, df = 3, P = 0.1548, n = 4 per group), and gamma 
(Two-tailed paired separate variance estimation t-test, t = 0.4021, df = 3, P = 0.7146, n = 4 per group) power spectra. E Example envelope-to-signal comodulograms 
obtained from EEGs between envelopes of high-frequency signals (y-axis) at FCx and raw low-frequency signals at PCx (x-axis) at baseline. The pseudocolor scale 
represents the ESC values shown on the right; warm colors indicate stronger modulation. Note the prominent modulation of slow gamma (40–70 Hz) peaks. F 
Example envelope-to-signal comodulograms obtained from EEGs between envelopes of high-frequency signals (y-axis) at FCx and raw low-frequency signals at PCx 
(x-axis) in SPS&S mice. Note the prominent modulation of slow gamma (40–70 Hz) peaks. G Mean ESC strength (average ESC) as a function of envelope frequency. 
SPS&S mice exhibited significantly weaker ESC values than control mice (Repeated measurement ANOVA, Fbetween group = 6.545, df1 = 1, df2 = 4.022, Pbetween group 
= 0.001; Fwithin group = 6.515, df1 = 1, df2 = 6, Pwithingroup = 0.043; *P < 0.05, n = 4 per group). H Mean ESC strength (average ESC) as a function of amplitude signal 
frequency. SPS&S mice exhibited little difference from control mice (Repeated measurement ANOVA, Fbetween group = 16.206, df1 = 1, df2 = 14, Pbetween group <

0.0001; Fwithin group = 1.340, df1 = 1, df2 = 6, Pwithingroup = 0.277; n = 4 per group). *P < 0.05, **P < 0.01. . (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

K. Xi et al.                                                                                                                                                                                                                                        



Neurobiology of Stress 15 (2021) 100391

12

further characterization of different genders of animals is needed in the 
future. 

Evidence from human studies suggests that the vulnerable brain re
gions associated with PTSD symptoms are the ACC, amygdala, and 
hippocampus, involved in the formation and retrieval of emotion and 
fear memory (Stout et al., 2019; Belleau et al., 2020; Dark et al., 2021; 
Harnett et al., 2021). Using MRI to study structural changes in patients 
with PTSD, previous studies found reduced volumes of the hippocampus 
and ACC (Yamasue et al., 2003; Kitayama et al., 2005; Dark et al., 2021). 
fMRI studies reported hyperactivity in the amygdala (Koch et al., 2016), 
while ACC results were not consistent across different studies. Several 
groups reported excessive ACC activities in PTSD patients compared 
with healthy subjects (Hayes et al., 2012; Zweerings et al., 2018), but 
another study showed a hypo-functional ACC in fear conditions (Shin 
et al., 2001). Consistent with these clinical findings, we observed the 
neuronal activity of SPS&S mice in these brain regions and an increased 
number of c-Fos-expressing neurons, indicating that the SPS&S mouse 
model recapitulated the neuronal abnormalities in PTSD-vulnerable 
brain regions observed in patients. 

A pioneering human study found that exposure to traumatic events 
could also lead to inflammation in the peripheral immune system (Eraly 
et al., 2014). C-reactive protein, interleukin 6, interleukin 1β, and tumor 
necrosis factor α were found to be increased in blood samples from PTSD 
patients, indicating an excessive immune state in the peripheral system 
(Tursich et al., 2014; Friend et al., 2020). Furthermore, evidence from 
positron emission tomography and postmortem transcriptomic studies 
revealed that abnormal glial cells were related to neuroimmune acti
vation in the brain (Bhatt et al., 2020). Preclinical studies in PTSD ro
dent models also observed increased astrocyte- and microglia-specific 
proteins and cell-surface markers (Tynan et al., 2010; Xia et al., 2013; 
Feng et al., 2015), suggesting neuroimmune responses to PTSD-related 
stress. We also observed activation of astrocytes and microglia in 
PTSD-related brain regions, indicating that our mouse model could 
potentially mimic the neuroimmune pathophysiology and symptom
atology in the brain. 

EEG is used to inform clinical diagnosis and treatment effectiveness 
and could potentially serve as an unbiased biomarker for PTSD (Newson 
and Thiagarajan 2018). Multiple studies have assessed the absolute 
power of various frequency bands (alpha, beta, gamma, theta, and delta 
waves) in PTSD patients during resting state conditions (eyes open and 
closed) (Shankman et al., 2008; Kemp et al., 2010; Todder et al., 2012; 
Imperatori et al., 2014). In these studies, all frequency bands were 
decreased under eyes open conditions with delta, theta, and alpha bands 
displaying significant differences. Significantly, we found similar results 
in SPS&S mice. The powers of the delta, theta, and alpha bands were 
reduced after stress, while the beta and gamma bands did not signifi
cantly change. Also, previous functional imaging studies have found that 
the connectivity between cortical regions was abnormal in PTSD pa
tients (Philippi et al., 2021). Consistent with these observations, EEG 
data collected from the frontal and piriform areas revealed an impaired 
EEG coupling relationship, which could be a potential clinical readout 
for future therapeutic evaluations. These results suggested that the PTSD 
mouse model also mimicked the EEG phenotypes observed in the clinic, 
indicating the possibility of using EEG as an additional assessment to 
study PTSD in rodents. 

In conclusion, we systematically explored the translational relevance 
of a modified SPS&S mouse model for PTSD. We found that this mouse 
model recapitulated PTSD-like behavioral abnormalities, including 
elevated fear responses to traumatic and specific non-traumatic cues, 
aberrant innate fear behaviors, phobias, and anxiety behaviors. Addi
tionally, this model showed increased neural activation in PTSD- 
vulnerable brain regions, excessive neuroimmune responses, and 
reduced EEG powers of the delta, theta, and alpha bands. These results 
indicated that the SPS&S mouse model has translational significance for 
preclinical studies, especially for developing biomarkers and effective 
pharmacotherapy strategies for PTSD. 
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