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A B S T R A C T

Post-traumatic stress disorder (PTSD) is a severe stress-dependent psychiatric disorder characterized by
impairment of fear memory extinction; however, biological markers to determine impaired fear memory
extinction in PTSD remain unclear. In male mice with PTSD-like behaviors elicited by single prolonged stress
(SPS), 19 differentially expressed proteins in the hippocampus were identified compared with controls. Among
them, a biological macromolecular protein named deleted in colorectal cancer (DCC) was highly upregulated.
Specific overexpression of DCC in the hippocampus induced similar impairment of long-term potentiation (LTP)
and fear memory extinction as observed in SPS mice. The impairment of fear memory extinction in SPS mice was
improved by inhibiting the function of hippocampal DCC using a neutralizing antibody. Mechanistic studies have
shown that knocking down or inhibiting μ-calpain in hippocampal neurons increased DCC expression and
induced impairment of fear memory extinction. Additionally, SPS-triggered impairment of hippocampal LTP and
fear memory extinction could be rescued through activation of the Rac1–Pak1 signaling pathway. Our study
provides evidence that calpain-mediated regulation of DCC controls hippocampal LTP and fear memory
extinction in SPS mice, which likely through activation of the Rac1–Pak1 signaling pathway.

1. Introduction

Post-traumatic stress disorder (PTSD) is a serious psychiatric illness
triggered by catastrophic or stressful events. Fear memory abnormal-
ities, trauma stimulation avoidance, increased alertness, anxiety, and
irritability are the core symptoms of PTSD. A study published in the
Lancet reported that the prevalence of PTSD was 15.3% in people living
in conflict area settings (Charlson et al., 2019). Clinical and experi-
mental studies agree that impairment of fear memory extinction is the
core feature of PTSD (Richter-Levin et al., 2018; Stein et al., 2021). The
hippocampus plays a critical role in the acquisition and storage of
contextual fear memory (Hallock et al., 2020; Oh and Han, 2020).
Furthermore, neurons may weaken the existing fear memory in the
hippocampus through remodeling, promoting removal of the fear
memory. This is thought to be the basic principle of exposure therapy for

PTSD (Frankland and Josselyn, 2016). Therefore, exploring the key
targets related to the fear memory extinction in the hippocampus is of
great significance for the treatment of PTSD.

Deleted in colorectal cancer (DCC) is a single transmembrane protein
consisting of a signal peptide motif and 11 domains, including multiple
immunoglobulin-like domains, a transmembrane domain, and several
fibronectin type 3 domains. As a netrin-1 receptor, the role of DCC has
been extensively investigated in axonal growth and development
(Mehlen and Mazelin, 2003; Morcom et al., 2021; Robinson et al., 2021;
Zang et al., 2022). However, DCC expression in the brain tends to
decrease during adulthood (Osborne et al., 2005). Thus, abnormal DCC
expression might be harmful for the mental or emotional health of
adults. A genome-wide association study (GWAS) analysis suggests that
the DCC gene is associated with emotional instability, which can lead to
depression and other mental disorders (Ward et al., 2017). However,
whether and how DCC participates in the occurrence of PTSD has not
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been directly reported. The RAS-related C3 botulinum toxin substrate 1
(RAC1)–P21-activated kinase 1 (PAK1) pathway is a crucial signaling
cascade involved in various biological processes, including cytoskeletal
reorganization, cell migration, proliferation, survival, and synaptic
plasticity (Zhang et al., 2021). Activity-regulated cytoskeleton-asso-
ciated protein (ARC) is a protein that plays a pivotal role in synaptic
plasticity; its expression and regulation are closely linked to learning
and memory. The absence of ARC can result in memory deficits, making
it an important marker for assessing synaptic function (Chen et al.,
2023). Interestingly, DCC can mediate netrin-1 signaling to activate
downstream RAC1, thereby regulating actin membrane extension and
influencing cell motility (Shekarabi and Kennedy, 2002). Therefore, we
hypothesize that DCC may contribute to the onset of PTSD through the
RAC1–PAK1 pathway.

In this study, we delivered single prolonged stress (SPS) in male mice
to explore the mechanism underlying impaired fear memory extinction
in PTSD. Initially, we screened the SPS-induced differentially expressed
proteins (DEPs) in the hippocampus. Second, based on the results of the
proteomics, we further confirmed the critical function of DCC in the
impairment of fear memory extinction in SPS mice. Finally, mechanistic
studies were performed to determine the causation of hippocampal DCC
upregulation. The results of this study will provide new insights into the
pathogenesis of PTSD, prompting future drug development studies.

2. Materials and methods

2.1. Animals and modeling

Male C57BL/6 mice (3 months old, 20–25 g) were purchased from
Hangzhou Ziyuan Experimental Animal Technology Co., Ltd (produc-
tion license number: SCXK (Zhe) 2019-0004). The animal feeding con-
ditions were as follows: temperature of 22 ± 2 ◦C, relative humidity
45–65%, a 12 h light/12 h dark cycle, and water and food ad libitum.
After 7 days of adaptation, the SPS model was replicated according to
the method described in previous publications (Feng et al., 2020; Gao
et al., 2023). In brief, the mice were subjected to forced swim stress for
20 min following 2 h of restraint. After a 15 min rest, the mice were
anesthetized with 5% isoflurane. Upon regaining consciousness, the
mice were placed in a shock box and administered a single foot shock (2
mA, 2 s) without a conditioned context. The Control group underwent
food and water deprivation during the SPS modeling period. The animal
modeling and treatment procedure of this study was approved by the
Experimental Animal Ethics Committee of Anhui University of Chinese
Medicine (Animal Ethics No.: AHUCM-mouse-2022014).

2.2. Animal groups and experimental procedures

Experiment 1: After 7 days of adaptation, mice were randomly
divided into the Control group and SPS group. The mice in SPS group
received the SPS regime. After 14 days, the hippocampal tissues of the
two groups underwent proteomic differential protein analysis (n= 6 per
group). In a separate experiment, after 14 days, behavioral tests

(described below) were performed for the Control and SPS group (n= 6,
per group). Following the behavioral tests, the hippocampus was
extracted, and western blotting and immunofluorescence staining were
conducted. In addition, the dynamic detection of DCC in the hippo-
campus of SPS mice was divided into four time points: day 0 (D0), day 1
(D1), day 7 (D7), and day 14 (D14), and the expression level of DCC was
detected by western blotting (n = 5 per group) (Fig. 1A).

Experiment 2: Mice were randomly divided into the Scramble group,
Scramble + SPS group, overexpression DCC (OE-DCC) group, and OE-
DCC + SPS group (n = 11 per group). The designed control null-loaded
virus LV-CaMKIIa- 3xFlag-WPRE (BrainVTA Co., Ltd.) was injected into
the bilateral hippocampal CA1 regions (bregma: 2.3 mm, LR: ±2.0 mm,
H: 1.55 mm) of mice in scramble group and Scramble + SPS group. A
DCC overexpression virus LV-CaMKIIa- DCC-3xFlag-WPRE (BrainVTA
Co., Ltd.) was injected into the bilateral hippocampal CA1 regions of
mice in the OE-DCC group and OE-DCC + SPS group at the same coor-
dinate position. The injection volume of both viruses was 500 nL/side.
After 14 days of virus expression, the Scramble + SPS group and OE-
DCC + SPS group were treated with the SPS paradigm. On day 28,
behavioral tests were performed. In addition, to ascertain whether the
upregulation of DCC was responsible for the disruption of long-term
potentiation (LTP), electrophysiological experiments were conducted
to examine the changes in LTP in Schaffer collateral-CA1 synapses in
both the Scramble and OE-DCC mice. Additionally, the expression of
DCC was confirmed by western blotting (Fig. 2A).

Experiment 3: Mice were randomly divided into the Control + Anti-
DCC(− ) group, SPS + Anti-DCC(− ) group, Control + Anti-DCC(+)
group, and SPS + Anti-DCC(+) group (n = 6 in each group). We modi-
fied the method reported in the reference with the addition of a pre-
experimental neutralizing antibody to determine this research scheme
(Lu et al., 2022). On day 11, mice in the Control + Anti-DCC(+) group
and SPS + Anti-DCC(+) group were injected with a mouse-derived DCC
monoclonal antibody (sc-515834, Santa Cruz Biotechnology) into the
CA1 area (bregma: 2.3 mm, LR: ±2.0 mm, H: 1.50–1.65 mm) on both
sides of the hippocampus (1.5 μL/side). The mice in the Control +

Anti-DCC(− ) group and SPS + Anti-DCC(− ) group were injected with
the same amount of DCC inactivated antibody at the same location. On
day 14, the behavior of the mice in each group was tested (Fig. 3A).

Experiment 4: After 7 days of adaptation, the mice were randomly
divided into the Scramble group, μ-calpain knockdown (KD) group, and
μ-calpain KD + SPS group (n = 4 in each group). The designed control
null-loaded virus rAAV-CMV- (EGFP-U6)-shRNA(scramble)-WPRE-pA
(BrainVTA Co., Ltd.) was localized and injected into the hippocampus of
Scramble mice. The injection location and virus injection volume were
consistent with our previous report (Gao et al., 2023). μ-calpain KD virus
rAAV-CMV-(EGFP-U6)-shRNA(μ-calpain)-WPRE-pA was localized and
injected into the hippocampus of mice in the μ-calpain KD group and
μ-calpain KD+ SPS group using the same method. After 28 days, the SPS
model was replicated in the μ-calpain KD + SPS group. After 14 days of
modeling, hippocampal tissue was taken for western blotting analysis (S
1A).

Experiment 5: Mice were randomly divided into the Control group,
SPS group, Control+ Calpeptin group, and SPS+ Calpeptin group (n= 7
in each group). Mice in the SPS + Calpeptin group and Control + Cal-
peptin group were injected intraperitoneally with calpeptin (2.0 mg/kg,
≥98%, SJ-MX0984, Sparkjade). The dose of calpeptin was selected
based on our previous publication, in which we showed that hippo-
campal calpain activity was inhibited by this dose (Song et al., 2020).
Mice in the Control group and SPS group were injected with the same
amount of saline. Intraperitoneal injection was administered once a day
for 14 days. After 14 days, the behavior of the mice in each group was
tested. At the end of the behavioral tests, hippocampal tissue was taken
for western blotting analysis (Fig. 4A).

Experiment 6: Mice were randomly divided into the Control group,
SPS group, and SPS + NSC23766 group (n = 10 in each group). The SPS
+ NSC23766 group were injected intraperitoneally with the RAC1

Abbreviations

PTSD post-traumatic stress disorder
DCC deleted in colorectal cancer
SPS single prolonged stress
GWAS genome-wide association study
NMDAR N-methyl-D-aspartate receptor
LTP long-term potentiation
PFC prefrontal cortex
LTD long-term depression
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Fig. 1. The expression of DCC and Rac1-PAK1 signaling pathway is abnormal in the hippocampus of SPS mice. (A) Experiment 1 protocol; (B–C) Open arm
time and closed arm time of EPM (n = 6); (D–G) Total distance, center distance, center time and center entries of OFT (n = 6); (H–J) The freezing time of FMT in re-
exposure period and extinction period, and extinction coefficient (n = 6); (K) Volcanic diagram of total protein count and its increase and decrease in SPS group and
Control group; (L) Heat map of differential proteins in the SPS group and Control group; (M) DCC protein levels in D0, D1, D7 and D14 during SPS modeling (n = 5);
(N–P) DCC, p-Rac1 and p-PAK1 protein levels in Control group and SPS group (n = 3, repeat twice); (Q–R) Immunofluorescence images of DCC protein and the
number of DCC puncta and the total area of DCC puncta (n = 3, repeat twice); (S) GO analysis of total differential protein; (T) KEGG analysis of total differential
protein; (U) 3D structure of DCC. Data were expressed as means ± SEM. #p < 0.05 vs. D0 (One-way ANOVA), *p < 0.05 vs. the Control group (Tukey’s test or t-test).
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Fig. 2. Overexpression of DCC impairs fear memory extinction and hippocampal LTP. (A) Experiment 2 protocol; (B–C) Open arm time and closed arm time of
EPM (n = 7); (D–G) Total distance, center distance, center time and center entries of OFT (n = 7); (H–J) The freezing time of FMT in extinction session and after
extinction, and extinction coefficient (n = 7); (K–M) Western blot analysis of protein expression of DCC, p-Rac1 and p-PAK1 (n = 3, repeat twice); (N) Immuno-
fluorescence was used to verify the localized injection of virus in hippocampal CA1 region of mice; (O–P) LTP analysis and comparison of the results at the 40th min
after TBS (indicated by arrow) (n = 4). The insertions were the traces of the baseline and the 40th min time points (0.5 mV/10 ms). Data were expressed as means ±
SEM. *p < 0.05 vs. the Scramble group, #p < 0.05 vs. the Scramble + SPS group (Tukey’s test or t-test).

S. Yang et al.



Neurobiology of Stress 32 (2024) 100666

5

Fig. 3. Impairment of fear memory extinction in SPS mice is improved by neutralizing DCC function. (A) Experiment 3 protocol; (B) Without the use of Triton
X-100 to permeate the cell membrane, DCC antibody could still bind to DCC on the membrane; (C–D) Open arm time and closed arm time of EPM (n = 6); (E–H) Total
distance, center distance, center time and center entries of OFT (n = 6); (I–K) The freezing time of FMT in re-exposure period and extinction period, and extinction
coefficient (n = 6). Data were expressed as means ± SEM. *p < 0.05 vs. the Control + Anti-DCC(− ) group, #p < 0.05 vs. the SPS + Anti-DCC(− ) group (Tukey’s test or
Dunn’s test).
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inhibitor NSC23766 (2.5 mg/kg, ≥97%, S8031, Selleck). The dose of
NSC23766 was selected based on a previous reference (Sha et al., 2022).
Mice in the Control group and SPS group were injected with the same
amount of normal saline. Intraperitoneal injection was administered
once a day for 14 days. After 14 days, behavioral tests were executed. At

the end of the behavioral tests, hippocampal tissue was taken for elec-
trophysiological experiments, western blotting, and immunofluores-
cence staining (Fig. 5A).

Fig. 4. Chronic administration of calpeptin promotes induces impairment of fear memory extinction. (A) Experiment 5 protocol; (B–C) Open arm time and
closed arm time of EPM (n = 7); (D–G) Total distance, center distance, center time and center entries of OFT (n = 7); (H–J) The freezing time of FMT in re-exposure
period and extinction period, and extinction coefficient (n = 7); (K) Representative western blots of DCC, μ-Calpain and β-actin; (L–M) Quantitative data for μ-Calpain
and DCC (n = 3, repeat twice). Data are expressed as means ± SEM. *p < 0.05 vs. the Control group, #p < 0.05 vs. the SPS group (Tukey’s test or Dunn’s test).
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Fig. 5. NSC23766 improves the fear memory extinction and anxiety-like behavior, and inhibits the activation of the Rac1-PAK1 signaling pathway in the
hippocampus of SPS mice. (A) Experiment 6 protocol; (B–C) Open arm time and closed arm time of EPM (n = 6); (D–G) Total distance, center distance, center time
and center entries of OFT (n = 6); (H–J) The freezing time of FMT in re-exposure period and extinction period, and extinction coefficient (n = 6); (K–L) Western blot
analysis of protein expression of p-Rac1 and p-PAK1 (n = 3, repeat twice); (M–O) Immunofluorescence images of p-PAK1 protein and the number of p-PAK1 puncta
and the total area of p-PAK1 puncta (n = 3, repeat twice); (P–Q) LTP analysis and comparison of the results at the 40th min time point (n = 4). The insertions were
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2.3. Behavioral tests

The time table of behavioral tests included the following: open field
test (OFT) (D1), elevated plus maze test (EPM) (D2), and the fear
memory test (FMT) (D3–6). Each behavioral experiment was conducted
with a 24 h interval. Similarly, the four periods of the FMT were spaced
with 24 h intervals. The specific protocols for each behavioral test are
detailed below.

OFT: The mice were adapted to the environment before the test.
During the test, the mice were placed in the central area of the open field
device. The Super Maze software was used to record the total distance,
center distance, center time, and center entries in 5 min.

EPM: The mice were adapted to the environment before the test.
During the test, the mice were placed in the direction of the open arm in
the central area of the elevated plus maze. The time spent in the open
and closed arms in the elevated plus maze in 5 min was recorded using
Super Maze software (Shanghai Xinruan Information Technology).

FMT: The experiment on the extinction of fear memory is divided
into four phases: an adaptation period, a training period, a re-exposure
period, and an extinction period with a 24 h interval between each. D1
was the adaptation period; mice were kept in the fear box (UgoBasile,
Gemonio, Italy) for 5 min without foot shock. D2 was the training
period; mice were kept in the fear box for 5 min and were given three-
foot shocks (1.0 mA, 2 s, at 73–74 s intervals). D3 was the re-exposure
period; mice were kept in the fear box without foot shock for 15 min.
Each 3 min was set as a unit, and the ANY-Maze software was used to
record the freezing time of the mice in the 15 min. D4 was the extinction
period; mice were kept in the fear box without foot shock for 5 min to
test the freezing time. The extinction coefficient was calculated as pre-
viously described: [Extinction coefficient = (1 − (Fear test after 24
(freezing time)/first 3 min block (freezing time))) × 100%] (Gao et al.,
2023; Lonsdorf et al., 2019).

2.4. Proteomics analysis

Experiment 1 was used to detect the DEPs in the hippocampus of
mice in the Control and SPS groups. This test was completed by
Shanghai OE Biotech Co., Ltd (China). In short, 14 days after estab-
lishment of the SPS model, the hippocampal tissues of two groups of
mice were extracted and the protein concentration was detected.
Trypsin-TPCK was added to hydrolyze the hippocampal proteins. The
protein samples after enzymatic hydrolysis were labeled. The processed
protein samples were analyzed by liquid chromatography (LC)-mass
spectrometry (MS)/MS and searched in the database to obtain the
original data of the experiment. The DEPs were identified and functional
enrichment analysis was performed based on Uniprot, Kyoto Encyclo-
pedia of Genes and Genomes (KEGG), and Gene Ontology (GO)
databases.

2.5. Electrophysiology

The experimental method refers to a previous study (Zhu et al.,
2018). Following 5% isoflurane anesthesia, the brain was quickly
removed and transferred to oxygenated pre-cold cutting fluid (1.25 mM
KH2PO4, 5 mM MgSO4, 26 mM NaHCO3, 10 mM D-glucose, 3 mM KCl,
124 mM NaCl, and 1.5 mM CaCl2). Hippocampal transversal slices (350
μm thick) were prepared using a vibratome (Leica, Germany), followed
by transfer to an interface recording chamber, exposure to a warm and
humidified atmosphere with 95% O2/5% CO2, and continuous perfusion
with oxygen and preheated aCSF (1.5 mM MgSO4, 5 mM KCl, 2.5 mM
CaCl2, 110 mMNaCl, 1.24 mM KH2PO4, 10 mMD-glucose, and 27.4 mM
NaHCO3) at the flow speed of 1.6 mL/min.

After incubation in the recording chamber for 1 h, twisted nichrome
wires (single bare wire diameter, 50 μm) were placed in CA1 stratum
radiatum, and the field excitatory postsynaptic potentials (fEPSPs) eli-
cited by stimulation of Schaffer collateral pathway were recorded with a
single glass pipette filled with 2 MNaCl. The responses were recorded by
a differential amplifier (DAM 50, World Precision Instruments, USA)
with 10 kHz low-pass and 0.1 Hz high-pass filters. Before each experi-
ment, the input/output (I/O) relationship was checked by changing the
stimulus intensity. The data were collected and digitized with Clampex
software, and the slope of fEPSP was analyzed. The LTP level was
normalized to the average slope of the response recorded during the 10
min baseline, and the responses were recorded at least 40 min after LTP
induction.

2.6. Western blot

The hippocampal tissue was placed in an Eppendorf (EP) tube, and
100 μL of RIPA lysate (including 1% phenylmethylsulfonyl fluoride
(PMSF)) was added to extract the protein at 4 ◦C. After loading 5 μL of
the protein sample into each well of the gel, protein samples were
separated by sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel electrophoresis (5% concentrated gel: 75 V/15 min,
10% separation gel: 115 V/75 min). The proteins were then transferred
to a nitrocellulose membrane at 400 mA for 40 min. Thereafter, the
membrane was blocked with 5% skim milk at room temperature. The
membrane was incubated with the primary antibodies overnight at 4 ◦C:
β-actin (1:1000, 3700S, Cell Signaling Technology), μ-calpain (1:1000,
10538-1-AP, Proteintech), p-RAC1 (1:500, 310221, ZEN BIO), RAC1
(1:500, 600573, ZEN BIO), p-PAK1 (1:500, 310208, ZEN BIO), PAK1
(1:500, R26170, ZEN BIO), DCC (1:1000, 67203-1-Ig, Proteintech), ARC
(1:1000, 66550-1-Ig, Proteintech), and GAPDH (1:1000, 380626, ZEN
BIO). The next, the membrane was washed with phosphate-buffered
saline with tween (PBST) (3 × 10 min) and incubated with the second
antibody (1:10000, peroxidase-conjugated goat anti-rabbit/mouse IgG,
ZB-2301/2305, ZSGB-BIO) at room temperature for 2 h. After washing
with PBST (3 × 10 min), enhanced chemiluminescence (ECL) chromo-
genic reagent (Tanon) was applied to detect the proteins. The protein
images were analyzed by ImageJ software. After normalization, statis-
tical analysis was conducted.

2.7. Immunofluorescence

The brain tissue was fixed with 4% paraformaldehyde (PFA) and
dehydrated. The coronal section was cut into 20 μm slices (bregma:
− 2.3 mm ± 100 μm, two slices). The brain slices were washed with PBS
(3 × 10 min), blocked with 10% goat serum for 1 h, and incubated with
the primary antibodies overnight at 4 ◦C: DCC (1:50) and p-PAK1 (1:50).
Thereafter, the brain slices were washed with PBS (3 × 15 min), and the
secondary antibody (TRITC-labeled anti-mouse/FITC-labeled anti-rab-
bit IgG) was incubated at room temperature for 2 h. Finally, the sections
were stained for 10 min with 4′,6-diamidino-2-phenylindole (DAPI).
After washing with PBS (3 × 15 min), the slices were attached to glass
slides, sealed with cover slides, and preserved away from light. The
immunofluorescence specimens were observed and photographed by a
laser confocal microscope (FV3000, OLYMPUS, Japan). The immuno-
fluorescence images were analyzed using ImageJ software.

2.8. Statistical analysis

The experimental data were analyzed using Graphpad Prism 9.0
software (GraphPad Inc., San Diego, CA, USA). The data were expressed
as means ± standard error of the mean (SEM). The independent sample

the traces of the baseline and 40th min time points (0.5 mV/10 ms); (R) Western blot analysis of protein expression of ARC (n = 3, repeat twice). Data are expressed
as means ± SEM. *p < 0.05 vs. the Control group, #p < 0.05 vs. the SPS group (Tukey’s test or Dunn’s test).
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t-test was used to compare the data of two groups, one-way or two-way
ANOVAwas used to compare more than two groups of data, and Tukey’s
test or Dunn’s test was used for multiple comparative analysis. When p
< 0.05, the experiment was considered to be statistically significant.

3. Results

3.1. Hippocampal DCC is elevated in SPS mice

In this study, we first used behavioral tests to confirm the reliability
of the SPS model. The EPM results revealed that the open arm time of
SPS mice was significantly shorter than that of Control mice (p < 0.05, t
= 4.922, df = 10), and the closed arm time of SPS mice was longer than
that of Control mice (p< 0.05, t= 4.884, df= 10) (Fig. 1B and C). In the
OFT, the center distance (p < 0.05, t = 2.851, df = 10), center time (p <
0.05, t = 3.199, df = 10), and center entries (p < 0.05, t = 2.379, df =
10) of SPS mice were significantly lower than those of Control mice
(Fig. 1D–G). The results of FMT indicated that the freezing time of SPS
mice during the extinction session was higher than that of Control mice
(p < 0.05, t = 3.406, df = 10), which remained at a high level after
extinction (p < 0.05, t = 3.309, df = 10). In addition, the extinction
coefficient showed that the fear memory extinction in SPS mice was
lower than that in Control mice (p < 0.05, t = 3.239, df = 10)
(Fig. 1H–J). These data indicate that the PTSD-like behavior was suc-
cessfully established in these mice. The follow-up experiments were
carried out based on the stability of the SPS model.

After retrieving the original data from the database, the trusted
proteins were screened according to the condition of Score Sequest HT
> 0 and unique peptide ≥1, and the blank value was removed. Based on
trusted proteins, the screening conditions of DEPs were set as follows:
fold change (FC) > 1.2 or < 0.83, and p-value <0.05. The screening
results are shown in Table 1. There were 19 DEPs (10 upregulated and 9
downregulated) between group B (SPS group) and group A (Control
group) (Fig. 1 K). A cluster heat map was used to visually display the
standardized DEP data (Fig. 1 L).

According to the proteomic analysis of the DEPs, DCC attracted our
attention because of its role in regulating synaptic function and
emotional disorders (Horn et al., 2013; Popa et al., 2022). Firstly, the
changes in the expression of DCC in the hippocampus of SPS mice were
verified by western blotting at D0, D1, D7, and D14 in the process of SPS
modeling. The results indicated a significant increase in DCC at D14
compared to D0 (p < 0.05, F [3, 16] = 4.410) (Fig. 1 M). After confirming
the dynamic changes in DCC, the expression of the downstream
Rac1–Pak1 proteins, which are regulated by DCC, in the hippocampus of
mice in Control group and SPS group was detected by western blotting

(Li et al., 2002). Dephosphorylation of Rac1 is known to indicate the
activation of Rac1 (Kwon et al., 2000). The results revealed that when
the hippocampal DCC expression was increased in SPS mice (p < 0.05, t
= 3.903, df = 10) (Fig. 1 N), the level of downstream p-Rac1 decreased
significantly (p < 0.05, t = 4.609, df = 10) (Fig. 1 O), and p-Pak1
increased (p < 0.05, t = 3.706, df = 10) (Fig. 1 P). The immunofluo-
rescence results showed that the DCC level in the CA1 region (p< 0.05, t
= 5.769, df = 10) was higher in the SPS group than in the Control group
(Fig. 1Q and R). Together, these data suggest that DCC was highly
expressed in the hippocampus of SPS mice.

Based on the Uniprot, KEGG, and GO databases, GO/KEGG enrich-
ment analysis were performed on the DEPs. The GO enrichment analysis
(including biological process, cellular component, and molecular func-
tion) of group A (Control group) and group B (SPS group) is shown in
Fig. 1 S. The results of the GO analysis suggested that the DEPs are
expressed in synapses and axons, which are related to the regulation of
biological processes, such as neuron projection. The bubble diagram of
the KEGG enrichment analysis of group A (Control group) and group B
(SPS group) is shown in Fig. 1 T. The KEGG analysis suggested that the
DEPs are involved in the processes of axon guidance and endocytosis.
The results of the proteomics revealed that DCC might be a highly
related target for PTSD (Fig. 1 U).

3.2. Increase expression of DCC controls fear memory extinction and
hippocampal LTP

A DCC overexpression virus was used to confirm that DCC was the
key target of fear memory extinction impairment and anxiety-like
behavior in male SPS mice. The results of the EPM showed that,
compared with the Scramble group, the open arm time of Scramble +

SPS group and OE-DCC group was significantly shorter, and the open
arm time (p < 0.05, F [3, 24] = 52.33) of the OE-DCC + SPS group was
also short compared with that of the Scramble + SPS group (Fig. 2B and
C). In the OFT, the center distance (p< 0.05, F [3, 24]= 11.65) and center
time (p< 0.05, F [3, 24]= 4.84) of the Scramble+ SPS group and OE-DCC
group were lower than those of the Scramble group, and the center
distance of the OE-DCC+ SPS group was significantly lower than that of
the Scramble + SPS group (Fig. 2D–G).

The FMT results showed that fear memory extinction in the
Scramble + SPS group and the OE-DCC group was impaired compared
with that in the Scramble group. The freezing time in the Scramble +

SPS group and the OE-DCC group was higher than that in the Scramble
group during the extinction session, and the freezing time in the OE-
DCC + SPS group was higher than that in the Scramble + SPS group
(group: p < 0.05, F [4, 30] = 45.48; time: p < 0.05, F [2.538, 76.13]= 18.84;

Table 1
Differentially expressed proteins in the hippocampus between control and SPS mice.

Accession Gene Name Protein Name groupA1 groupA2 groupB1 groupB2 p-value FC

P70211 Dcc Netrin receptor DCC 71.3 70.8 149.4 148.4 5.16E-05 2.095707
Q91X72 Hpx Hemopexin 78.2 87.2 111.3 108.4 0.029011 1.328295
P02088 Hbb-b1 Hemoglobin subunit beta-1 83.2 90.9 115.1 111.2 0.026269 1.299828
Q8C0Q2 Zhx3 Zinc fingers and homeoboxes protein 3 90.8 84.3 113.7 113.3 0.015382 1.296402
Q8CEE7 Rdh13 Retinol dehydrogenase 13 84.1 89.7 111.3 110.7 0.01338 1.27733
P07758 Serpina1a Alpha-1-antitrypsin 1-1 87.8 91.8 115.8 112.5 0.011149 1.271158
P01837 Igkc Immunoglobulin kappa constant 87.2 85.6 111.8 104.4 0.029109 1.251157
Q8R1L4 Kdelr3 ER lumen protein-retaining receptor 3 92 86.1 109.3 111.3 0.020818 1.23863
Q8VCM7 Fgg Fibrinogen gamma chain 87.6 89.3 107.6 106.9 0.002382 1.212549
Q99J09 Wdr77 Methylosome protein 50 85 92.8 107.1 106.9 0.043452 1.2036
P59823 Il1rapl1 Interleukin-1 receptor accessory protein-like 1 114.5 111 96.2 90.3 0.029574 0.827051
Q8C2E7 Washc5 WASH complex subunit 5 114.4 107.1 88.7 92 0.036459 0.815801
P56183 Rrp1 Ribosomal RNA processing protein 1 homolog A 110.7 119.7 91.6 94.3 0.041809 0.806858
Q6ZWY8 Tmsb10 Thymosin beta-10 117.9 123.3 92.8 89.5 0.011348 0.755804
P02802 Mt1 Metallothionein-1 102.4 100.1 79.8 68 0.045064 0.729877
Q9CY45 Eef1akmt1 EEF1A lysine methyltransferase 1 122.9 114.3 82 84.9 0.016262 0.703626
Q6ZPS6 Ankib1 Ankyrin repeat and IBR domain-containing protein 1 119.1 130.6 84.9 68.5 0.040644 0.614337
P28184 Mt3 Metallothionein-3 133.8 115.6 68.4 65.5 0.024528 0.536889
Q9Z2R6 Unc119 Protein unc-119 homolog A 140.1 145.8 71 81.4 0.0078 0.533054
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group × time: p > 0.05, F [12, 90] = 0.451). After extinction, the freezing
time in the Scramble + SPS group and the OE-DCC group was signifi-
cantly higher than that in the Scramble group (p < 0.05, F [3, 24] =

19.95). We also calculated the extinction coefficient, which was lower in
the Scramble + SPS group and OE-DCC group than that in the Scramble
group (p < 0.05, F [3, 24] = 88.83) (Fig. 2H–J).

The western blotting results revealed that the DCC level in the
Scramble + SPS group and the OE-DCC group were significantly higher
than that in the Scramble group, and the DCC level in the OE-DCC+ SPS
group was higher than that in the Scramble + SPS group (p < 0.05, F [3,

20] = 13.19) (Fig. 2 K). Furthermore, the virus-induced high expression
of DCC corresponded to the decrease in p-Rac1 (p < 0.05, F [3, 20] =

27.23) and the increase in p-Pak1 (p < 0.05, F [3, 20] = 39.79) (Fig. 2L
and M). The injection location of the virus was verified by immunoflu-
orescence (Fig. 2 N). Furthermore, we found that DCC overexpression
impaired the LTP in the CA1 region and the 40-min LTP values returned
to the baseline level (LTP level at 40 min: vs. Scramble, p < 0.05, t =
2.994, df = 6) (Fig. 2O and P). These results suggest that the over-
expression of hippocampal DCC could damage fear memory extinction
and hippocampal LTP in mice.

3.3. Immunotherapy against DCC improves fear memory extinction in
SPS mice

Considering the high level of hippocampal DCC in SPS mice, we
verified whether neutralizing antibodies could play a functional inhib-
itory effect. We first performed immunofluorescence staining without
membrane penetration by Triton-100 and confirmed that the antibody
could bind to the extracellular domain of hippocampal CA1 pyramidal
cells (Fig. 3 B). The results of the behavioral tests showed that the SPS +
Anti-DCC(− ) group had a significantly shorter open arm time in the EPM
compared to the Control + Anti-DCC(− ) group. The DCC antibody
significantly increased the open arm time (p < 0.05, F [3, 20] = 12.25) in
SPS mice (Fig. 3C and D). In the OFT, the central distance (p< 0.05, F [3,

20]= 5.888) and center entries (p< 0.05, F [3, 20]= 15.98) in SPS+ Anti-
DCC(− ) group were lower than those in Control + Anti-DCC(− ) group.
Following the inhibition of DCC, the center distance and center time of
SPS mice were enhanced (Fig. 3E–H). The FMT also showed that inhi-
bition of DCC could also improve fear memory extinction in SPS mice
(group: p < 0.05, F [4, 25] = 41.87; time: p < 0.05, F [2.30, 57.52] = 27.56;
group × time: p > 0.05, F [12, 75] = 0.41). After extinction, the freezing
time in the SPS + Anti-DCC(− ) group was significantly higher than that
in the SPS + Anti-DCC(+) (p < 0.05, F [3, 20] = 43.56). The results of the
extinction coefficient further supported that inhibiting DCC could
improve fear memory extinction in SPS mice (p< 0.05, F [3, 20] = 43.89)
(Fig. 3I–K). Additionally, the DCC antibody did not affect the anxiety-
like behavior and fear memory extinction in Control mice. These data
suggest that the immunotherapy against DCC improves PTSD-like
behavior in SPS mice.

3.4. SPS-induced increase in DCC is likely caused by the weakening of
μ-calpain cleavage

We used a μ-calpain KD virus and the calpain inhibitor calpeptin to
further investigate the causation of DCC elevation in male SPS mice. The
Western blot results revealed that μ-calpain expression was decreased in
the μ-calpain KD group and μ-calpain KD + SPS group compared to the
in Scramble group (S 1 B-C), DCC expression was increased in the
μ-calpain KD group and μ-calpain KD + SPS group compared to the
Scramble group, and that DCC expression was increased in the μ-calpain
KD + SPS group compared to the μ-calpain KD group (S 1 D).

Chronic administration of calpeptin caused anxiety-like behavior in
Control mice, as shown in the OFT but not in the EPM (Fig. 4B–G). The
results of the FMT revealed that in the extinction session, the freezing
time ion the SPS group was higher than that in the Control group, and
calpeptin could also significantly increase the freezing time in the

Control group (p < 0.05, F [3, 24] = 6.699). Furthermore, the extinction
coefficient in Control mice was reduced after calpeptin administration
(p < 0.05, F [3, 24] = 7.459) (Fig. 4H–J). The Western blot results of
experiment 5 revealed that the levels of μ-calpain in the SPS group and
Control + Calpeptin group were lower than that in the Control group (p
<0.05, F [3, 20] = 95.51) (Fig. 4K and L); however, the level of DCC in
the SPS group and SPS + Calpeptin group was higher than that in the
Control group, and the level of DCC in the SPS + Calpeptin group was
higher than that in the SPS group (p < 0.05, F [3, 20] = 36.28) (Fig. 4 M).
These data indicate that the level of DCC increased after calpain inhi-
bition. Therefore, biochemical and behavioral test together indicate that
chronic inhibition of μ-calpain can contribute to the increased expres-
sion of DCC and PTSD-like behaviors in mice.

3.5. NSC23766 rescues fear memory extinction and regulates synaptic
function in SPS mice

The RAC1–PAK1 signaling pathway is a well verified to occur
downstream of DCC (Li et al., 2002). To confirm that DCC is the key
mechanism for fear memory extinction of SPS mice, we further inves-
tigated whether antagonizing the Rac1-Pak1 signaling pathway with
NSC23766 could improve the behavioral changes. The results of the
EPM revealed that NSC23766 significantly increased the open arm time
(p< 0.05, F [2, 15]= 24.01) and decreased the closed arm time (p< 0.05,
F [2, 15] = 25.86) in SPS mice (Fig. 5B and C). In the OFT, NSC23766
significantly increased the center distance (p < 0.05, F [2, 15] = 6.229),
center time (p< 0.05, F [2, 15]= 7.656), and center entries (p< 0.05, F [2,

15] = 4.976) in the SPS group (Fig. 5D–G). In the FMT, NSC23766
improved fear memory extinction of SPS mice (after extinction: vs SPS, p
< 0.05, F [2, 15] = 9.993; extinction coefficient: vs SPS, p < 0.05, F [2, 15]
= 40.80) (Fig. 5H–J). These data suggest that the inhibition of Rac1 with
NSC23766 rescues the impairment of fear memory extinction in SPS
mice.

The results showed that the level of p-Rac1 in the SPS group was
lower than that in Control group, and the level of p-Pak1 was higher
than that in Control group. NSC23766 increased the level of p-Rac1 (p <
0.05, F [2, 15]= 16.31) and decreased the expression of p-Pak1 (p< 0.05,
F [2, 15] = 9.456) in the hippocampus of SPS mice (Fig. 5K and L). The
immunofluorescence results showed that the number of p-Pak1 puncta
and the total area of p-Pak1 puncta in the SPS group were higher than
those in the Control group; however, NSC23766 reduced the number of
p-Pak1 puncta (p < 0.05, F [2, 15] = 13.75) and the total area of p-Pak1
puncta (p < 0.05, F [2, 15] = 9.192) in SPS mice (Fig. 5M–O). The result
was consistent with the expression of p-Pak1 detected by western blot-
ting. Electrophysiological results showed that hippocampal LTP was
impaired in the SPS group, which was prohibited by administration of
NSC23766 (p < 0.05, F [2, 9] = 8.091) (Fig. 5P and Q). The expression of
Arc protein also indicated that the damaged synaptic function of SPS
mice was rescued by the administration of NSC23766 (p < 0.05, F [2, 15]
= 23.40) (Fig. 5 R).

4. Discussion

In this study, we firstly assessed whether hippocampal DCC expres-
sion was elevated in mice receiving SPS based on proteomics. Later, we
confirmed that the increased level of hippocampal DCC contributed to
the impairment of fear memory extinction. This study also revealed that
the decrease in cleavage effect caused by μ-calpain inhibition might be
one reason for the elevation in the DCC level. Additionally, antagonizing
the Rac1-Pak1 signaling pathway downstream of DCC could remedy the
impairment of fear memory extinction and hippocampal LTP in male
mice receiving SPS. Our results provide novel ideas for the recognition of
PTSD, in addition to potential therapeutic targets.
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4.1. DEPs in the hippocampus provide therapeutic targets for PTSD

An excessively strong response to stressors may be associated with
abnormal activity in the CA1 region (Jimenez et al., 2020). The activity
of neurons in the hippocampal CA1 region is believed to be involved in
the encoding and retrieval of fear memory. Chronic stress, whether in
familiar or novel environments, can disrupt the acuity and specificity of
encoding in the CA1 region, altering hippocampal oscillations (Tomar
and McHugh, 2022). Animal models of PTSD exhibit a significant
reduction in the volume of the CA1 region and the number of pyramidal
cells, while the nuclear/cytoplasmic ratio of pyramidal cells increases
(Feng et al., 2020; Smith et al., 2019). Similarly, magnetic resonance
imaging (MRI) of the brains of PTSD patients shows a reduction in the
volume of the hippocampal CA1 region; this morphological change is
associated with an exacerbation of anxiety-like behaviors (Chen et al.,
2018). Previously, we identified structural and biochemical changes in
the hippocampus of the mice receiving SPS, including pyramidal
neuronal apoptosis, astrocyte atrophy, and dysregulation of synaptic
proteins (Wang et al., 2022). Therefore, this experiment continued to
focus on investigating the mechanism in the CA1 region. Since protein
function depends on post-translational modifications and varies with
protein localization, proteomics is of great significance to fully under-
stand the working principle of biological systems (Altelaar et al., 2013).
In this study, proteomic techniques were used to screen hippocampal
DEPs between SPS mice and Control mice. In total, 19 hippocampal
DEPs were identified in the mice receiving SPS, including 10 upregu-
lated and nine downregulated proteins. We speculate that those 19 DEPs
are key proteins determining hippocampal function in PTSD. Among the
DEPs was protein uncoordinated 119 (UNC119), which is required for G
protein transport in sensory neurons; UNC119 deletion could lead to
incorrect localization of G proteins (Zhang et al., 2011). Dendritic
structural defects are common in neuropsychiatric disorders; Il1rapl1 is
located at excitatory synapses and is involved in X-linked cognitive
impairment by regulating the function of dendrites (Montani et al.,
2017). Furthermore, we identified metallothionein-1 (MT-1), which has
neuroprotective effects (Miyazaki et al., 2013). Undoubtedly, a full
investigation of the DEPs will facilitate the understanding of the
cognitive function in patients with PTSD. Through GO and KEGG
enrichment analysis, we observed that the DEPs were enriched in the
synapse and axon of neurons, affecting the process of protein transport,
and regulating the function of molecular signal receptors. In the sub-
sequent experiments, we focused on DCC and synaptic function during
PTSD development.

4.2. DCC is a key potential target for controlling hippocampal LTP and
fear memory extinction in SPS mice

A study of postmortem brain tissue from patients with major
depression and depressed mice revealed that DCC overexpression was a
common feature of depression, and that upregulation of DCC led to
susceptibility in mice (Torres-Berrío et al., 2017). GWAS analysis of risk
genes for major depressive disorder based on large sample data also
revealed significant differences in DCC gene expression for depression in
different populations. Further analysis of the biological processes
showed that DCC also regulates synaptic plasticity, axonal guidance,
circadian rhythm, and LTP (Li et al., 2020). These data together suggest
that DCC may be one potential factor for the symptoms and impairment
of synaptic function in PTSD.

PTSD is a psychiatric disorder that occurs with a delay following a
stressful event (Amos et al., 2014). In this study, we found that the
expression levels of DCC were low in the hippocampus of mice when
they were not exposed to SPS or in the short term after stimulation (D0,
D1, and D7). However, 14 days after the stress stimulation, the mice
displayed obvious impaired fear memory extinction, which was
accompanied with an abrupt increase in DCC. Therefore, DCC may be an
important inducer for the delayed onset of PTSD. To validate this

hypothesis, this study further investigated the critical roles of DCC in the
hippocampal function. We localized injection of the virus into the hip-
pocampal CA1 region to overexpress DCC in the CaMKII+ cells, thus
confirming that the increased expression of DCC is an inducer of
impaired fear memory extinction and anxiety-like behavior. Indeed,
overexpression of DCC not only induced a similar behavior to SPS itself,
it also aggravated the action of SPS. Furthermore, we found that over-
expression of DCC activated the Rac1-Pak1 signaling pathway and
impaired hippocampal LTP. Based on previous publications (Cramer
et al., 2023; Horn et al., 2013), DCC was found to be expressed in both
excitatory and inhibitory neurons. Selective knockdown of DCC in
CaMKII+ neurons in the hippocampus reduced Src activation and thus
inhibited N-methyl-D-aspartate receptor (Nmdar) function, resulting in
impaired LTP in mice (Horn et al., 2013). In the present study, we first
reported that overexpression of DCC in hippocampal CaMKII+ neurons
could stimulate PTSD-like phenotypes, and even aggravate the detri-
ment effect of SPS. Importantly, overexpression of DCC also impaired
hippocampal LTP. Although DCC is important for LTP induction (Cramer
et al., 2023), a high level of DCC under pathological conditions could
also be detriment for hippocampal LTP. Electrophysiological data from
experiment 2 indicated that overexpression of DCC disrupts LTP in
normal mice; the values returned to baseline levels by 40min. Given that
DCC overexpression might obscure the effects of SPS, experiment 2 only
assessed the Scramble group and OE-DCC group. However, results from
experiment 6 demonstrated that SPS modeling also impairs LTP,
consistent with the LTP result of experiment 2. This corroborated our
conclusions.

Later, neutralizing antibody experiments used the mouse-derived
DCC monoclonal antibody to assess whether inhibition of DCC could
improve the behavioral changes in SPS mice. As expected, the impaired
fear memory extinction of SPS mice was improved following the inhi-
bition of DCC. The results of this study suggest, for the first time, that
DCC is a critical target responsible for impaired fear memory extinction
in SPS mice.

4.3. Elevation of DCC is likely caused by μ-calpain inhibition elicited by
SPS exposure

Although the inflammatory response and dysfunction of the hypo-
thalamic–pituitary–adrenal axis have been proposed as the main
mechanisms for the pathogenesis of PTSD, structural and function
modulation of synapses is the core mechanism for psychiatric disorders
(Sanacora et al., 2022). In a previous study, we found that the expression
of μ-calpain decreased 1 day after SPS modeling, which continued until
the appearance of abnormal behavioral function (Wang et al., 2022).
The function of calpain in synaptic plasticity has been well investigated,
especially in LTP and long-term depression (LTD) (Zhu et al., 2017).
Therefore, the reduction of μ-calpain may also have led to LTP impair-
ment. Additionally, it has been demonstrated that μ-calpain can cleave
DCC, resulting in the degradation of DCC (Duquette and
Lamarche-Vane, 2020). The prolonged inhibition of μ-calpain may be
one reason for the increase in the DCC level after SPS. This point of view
was further supported by the viral knockdown of μ-calpain and chronic
administration of calpeptin. Viral knockdown of μ-calpain resulted in
the elevation of DCC. Meanwhile, chronic administration of calpeptin,
an inhibitor of both μ-calpain and m-calpain, also led to an increase in
the DCC level. Therefore, both genetic and pharmacological methods
implicated that the abrupt elevation of DCC might be caused by calpain
inhibition. μ-calpain is required for neurodevelopment in mammals, and
its deletion leads to cerebellar ataxia (Wang et al., 2016) and mental
disorders (Song et al., 2019). In our study, we found that chronic
administration of calpeptin (2 mg/kg) could impair fear extinction and
cause anxiety-like behavior. These data were consistent with previous
publications, which emphasizes the importance of calpain in fear
memory (Nagayoshi et al., 2017). Additionally, although calpain in-
hibitors are potential medications for neurological disorders, long-term
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application might also cause PTSD-related symptoms.
The level of biological proteins is regulated by both synthesis and

degradation pathways (Raffeiner et al., 2023). In addition to μ-cal-
pain-mediated degradation of DCC, elevated DCC expression may also
be associated with increased protein synthesis. It was shown that
miR-218, a post-transcriptional repressor of DCC, was co-expressed with
DCC in pre-frontal cortex (PFC) pyramidal neurons, and decreased
miR-218 levels could upregulate the expression of DCC in the PFC
(Torres-Berrío et al., 2017). The cause of elevated DCC in SPS mice re-
mains an unsolved mystery. In subsequent studies, we will continue to
reveal the reasons for the rise of DCC from an epigenetic perspective and
provide more evidence for DCC as a therapeutic target for PTSD.

4.4. DCC regulates hippocampal synaptic function through the
Rac1–Pak1 signaling pathway

Synaptic plasticity, especially LTP, has been recognized as an
important component of learning and memory (Neves et al., 2008). It
has been suggested that the maintenance of contextual fear memory is
regulated by hippocampal brain regions and that the strength of the
therapeutic effect of PTSD exposure therapy is critically dependent on
the role of the hippocampus (Chaaya et al., 2018). Our previous study
found that hippocampal synaptic dysfunction was directly related to the
occurrence of PTSD. The Bdnf–TrkB signaling pathway and synapse
related proteins (Psd95, GluA1, and p-Mtor) were reduced in the hip-
pocampus of SPS mice compared to normal mice, in addition to a
reduction in the GluN2A/GluN2B ratio (Wang et al., 2022). The changes
in these synaptic proteins led to impairment of hippocampal LTP in the
SPS model (Diering and Huganir, 2018). Similarly, the occurrence of
PTSD has been shown to be associated with hippocampal synaptic
function in several other studies by our team (Ji et al., 2023).

It has been reported that DCC can independently activate RAC1 to
reconstruct the actin cytoskeleton (Shekarabi and Kennedy, 2002).
Furthermore, RAC1 plays a critical role in regulating neuronal structure,
synaptic plasticity, and memory (Hayashi-Takagi et al., 2015). During
the maintenance period of LTP, RAC1 can be activated by an
adeno-associated virus carrying the transgene, resulting in an acceler-
ated decline of hippocampal LTP (Liu et al., 2016). Another study re-
ported that excessive activation of Rac1 in hippocampal neurons
induced memory deficits in APP/PS1 mice; however, inhibition of Rac1
activity enhanced LTP and improved memory deficits (Wu et al., 2019).
This suggests that RAC1 could affect LTP to improve memory function.
Our study found that the Rac1-Pak1 signaling pathway was activated
following the increase in hippocampal DCC in SPS mice, while the in-
hibition of Rac1-Pak1 by NSC23766 not only improved the impaired
fear memory extinction in SPS mice, but also rescued the impaired LTP

in the hippocampus. Accordingly, our study proposes a hypothesis that
hippocampal DCC impairs synaptic function through activation of the
RAC1-PAK1 signaling pathway and is involved in fear memory abnor-
malities in PTSD (Fig. 6).

4.5. Research shortcomings and outlook

The neutralizing antibody method used in the experiment is effective
for the inhibition of DCC in mice; however, it is still difficult and chal-
lenging to apply in the clinical treatment of PTSD. Unfortunately, we did
not identify any DCC inhibitors and were unable to evaluate whether
DCC inhibitors could be used as potential therapeutic agents for PTSD.
Therefore, DCC inhibitors could be prodrugs for the treatment of PTSD,
which is of significance for the development of new drugs. In addition,
synaptic proteins are important bearers of synaptic function, and LTP is
the physiological basis of learning and memory (Nabavi et al., 2014).
Although this study has revealed that DCC regulates synaptic defects and
impairs LTP through activation of RAC1-PAK1, the regulatory effect of
DCC on LTP in other brain regions related to fear memory, such as the
amygdala and PFC, remain unclear, requiring future investigations.
Finally, whether DCC plays the same role in female mice needs to be
further verified, as female PTSD accounts most of the population.

5. Conclusions

In summary, our study reports that DCC regulated by calpain is
critical in the control of hippocampal LTP and PTSD-like behavior,
which is indicated to act through the RAC1-PAK1 signaling pathway.
This study provides a potential membrane target for the future thera-
peutics for PTSD.
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Fig. 6. A schematic illustrates the mechanism. Stress could inhibit the expression of μ-Calpain in hippocampus, thus reduce the cleavage effect of μ-Calpain on
DCC, activate downstream Rac1-PAK1 signaling pathway, damage LTP, and induce fear memory abnormality in SPS mice, but DCC antibody and Rac1 inhibitor could
improve the fear memory abnormality in SPS mice (Created with BioRender.com).
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