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mPFC DCC coupling with CaMKII™ neuronal excitation
participates in behavioral despair in male mice
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A longed lack of control over harmful stimuli can lead to learned helplessness (LH), a significant factor in depression. However, the
cellular and molecular mechanisms underlying LH, and eventually behavioral despair, remain largely unknown. The deleted in
colorectal cancer (dcc) gene is associated with the risk of depression. However, the therapeutic potential and regulation mechanism
of DCC in behavioral despair are still uncertain. In this study, we showed that depressive stimulators, including LH,
lipopolysaccharide, and unpredictable chronic mild stress, triggered an elevation in DCC expression in the medial prefrontal cortex
(mPFCQ). Additionally, elevated DCC expression in the mPFC was crucial in inducing behavioral despair, as evidenced by the
induction of behavioral despair in normal mice and exacerbation of behavioral despair in LH mice upon DCC overexpression. By
contrast, neutralizing DCC activity ameliorated LH-induced behavioral despair. Importantly, we elucidated that pathological DCC
expression was attributable to the excessive excitation of CaMKII™ neurons in a manner dependent on the calpain-mediated
degradation of SCOP and aberrant phosphorylation of the ERK signaling pathway. In addition, the increase in DCC expression led to
a decreased excitability threshold in CaMKII* neurons in the mPFC, which was supported by the observation that the ligand netrin 1
increased the frequency of action potential firing and of spontaneous excitatory postsynaptic currents in CaMKII™ neurons. In
conclusion, our data indicate that LH triggers the excessive excitation of CaMKII™ neurons and activation of calpain-SCOP/ERK
signaling to promote DCC expression, and DCC represents a crucial target for the treatment of LH-induced behavioral despair in

male mice.
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INTRODUCTION

Depression is one of the most common neuropsychiatric
disorders. Its main symptoms are characterized by a persistent
low mood and lack of pleasure, often accompanied by sleep
disorders and abnormal appetite, and can even lead to suicide in
severe cases [1-5]. With the COVID-19 pandemic, the incidence of
depression has increased significantly [6-8]. At present, the
mechanisms of depression are still unclear, and clinically,
difficulties occur with using medications for the condition, such
as poor adherence, low efficiency, slow onset of action, and high
relapse rates after discontinuation. A lack of control over harmful
stimuli may lead to learned helplessness (LH), which is similar to
depression and post-traumatic stress disorder in the symptoms. In
chronic pain and cancer patients especially, the psychological
stress caused by LH can exacerbate pain or even enhance tumor
growth [9]. However, only a few molecular targets in the brain that
are involved in the process of psychological stress-induced
depression have been revealed.

The deleted in colorectal cancer (DCC) interacts with the
classical axon guidance molecule netrin 1 (NT-1) to mediate
neuronal axon growth, and DCC plays pivotal roles in neurogen-
esis, the morphogenesis of neuronal structures, as well as neural
circuit formation [10-13]. Reportedly, the aberrant expression of

DCC and its ligand NT-1 are involved in a variety of neuropsy-
chiatric disorders, including brain injury [14] and schizophrenia
[15]. A research team demonstrated that dcc is a risk gene for
depression and multiple allele genotypes related to depression
risk are associated with high DCC expression in the medial
prefrontal cortex (mPFC) [16, 17]. Additionally, experimental
evidence suggested that the miR-218 regulation of DCC expres-
sion participated in depression or depression-like syndrome in a
chronic social defeat stress mouse model [18, 19]. There have
been no further updates on research into the role of DCC, leaving
the therapeutic potential and regulation mechanism of DCC still
uncertain.

The mPFC and its associated neural circuits play an important
role in the pathophysiology of depression. Research has shown
that stress causes changes in neuronal activity, leading to either
excitation or inhibition in the mPFC [20-22]. Generally, distur-
bances in the excitatory/inhibitory network of the mPFC have
been deemed important for the development of depression-like
syndrome, and chronic stress is thought to trigger excessive
neuronal excitement and disturb the balance between excitement
and inhibition [23]. However, the molecular mechanisms under-
lying impaired neuronal function in the mPFC and the pathogen-
esis of depression-like syndrome are still unknown. Calpain is a
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member of a class of Ca?"-dependent cysteine proteases that can
be activated by high concentrations of Ca®>" and is essential for
controlling the activation state of neurons. The excessive
activation of calpain is involved in the development of metabolic
diseases and cardiac diseases [24, 25], neurodegenerative diseases
[26, 27], and depression-like syndrome [28]. Given that calpain
plays a crucial role in initiating neuronal excitability, it is possible
that it is involved in the regulation of impaired neuronal function
in the mPFC and thus mediates the onset of depression.

In this study, we applied LH stress in an animal model and
focused on investigating the role of mPFC DCC in LH and LH-
induced behavioral despair, an important feature of depression-
like syndrome in male mice. Therapeutic targets of DCC were
investigated using the lentiviral overexpression of DCC, a DCC-
neutralizing antibody, and the classical rapid antidepressant
ketamine. Later, pathological DCC expression was investigated
from the perspective of neuronal excitation and related signaling
pathways. Finally, the effects of DCC on CaMKII™ neuronal
excitation were further investigated. The findings of study suggest
that DCC is a potential target for the treatment of LH-induced
behavioral despair in male mice.

MATERIALS AND METHODS

Animals and groups

All experimental animals used in this study were 8- to 10-week old male
C57BL/6 mice provided by the Experimental Animal Center of Anhui
Medical University. The mice were housed in groups of four in cages kept
at a stable temperature and humidity (ambient temperature: 22 +2°C,
humidity 45-65%), and light cycle (8:00 am to 8:00 pm), unlimited water
and food supplies, and good ventilation. Animals were acclimatized and
fed for one week prior to the experiments, and all animal experiments in
this study were complied with National Institutes of Health (NIH) guidelines
for the Care and Use of Laboratory Animals and approved by the Animal
Ethics Committee of Anhui University of Chinese Medicine (AHUCM-
mouse-2022014).

The animals used in each experiment were randomly assigned to each
group and the investigators were blinded to the group allocation during
the experiments. According to the preliminary experimental results, the
number of animals required to achieve significant behavioral differences is
no fewer than 5. In line with the principle of reducing animal usage and
considering the relative stability of biochemical and staining experiments,
each group in these experiments consisted of 3 or 4 animals, with each
animal’s experiment being repeated at least 3 times to obtain an average
value. The details of the N values have been included in the figure legends.

Preparation of animal models

Learned helplessness. The method used for recreating the LH model was
as described previously [29]. After 1 week of acclimatization, mice in the
model group were given unavoidable plantar electric shocks (stimulus
current strength of 0.8 mA, 20 s per shock, 10 s interval) 30 times in a shock
box for 3 consecutive days, and mice in the control group were placed in
the same environment without plantar shocks. After a sustained period of
time under uncontrollable and unavoidable stress, the animals eventually
developed behavioral despair, as evidenced by their lack of stimulus
avoidance and interference of subsequent adaptive responses. Behavioral
tests were performed 24 h later.

Lipopolysaccharide (LPS)-induced mouse model. LPS is an inflammatory
substance that can cross the blood-brain barrier after intraperitoneal
injection and induce an inflammation model of depression [30]. After one
week of adaptation, mice in the model group were given intraperitoneal
injections of LPS (Sigma, L2630) at a dose of 2 mg/kg. LPS was dissolved in
saline, and the mice in the normal control group were given intraper-
itoneal injections of saline.

Unpredictable chronic mild stress. The unpredictable chronic mild stress
(UCMS) experiment was performed as described previously [31]. Mice were
randomized into a control and UCMS group, and the UCMS model was
established 1 week after acclimatization. Animals were exposed to mild
unpredictable stresses of different types and time frames for 35 days,
including food or water deprivation, a crowded environment, cage tilting,
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wet bedding, intermittent light, odor stimulation, electric shocks to the
soles of the feet, noise, restraint, etc. Several different stresses were applied
in the modeling process in a randomized order, so that the animals could
not anticipate the stimuli. The behavioral tests were conducted 24 h after
the end of modeling.

Behavioral tests

Open field test. Mice were individually placed in the center zone of a
chamber (50 x 50 cm) with dim light for 5 min. Movement was tracked by a
camera, which was positioned directly above the arena. The total distance
of each mouse traveled was analyzed.

Tail suspension test. Mice that had been acclimatized to the test
environment for 24 h were gently removed from the cages, and their tails
were quickly secured with medical tape 2 cm from the tip without causing
unnecessary pain or stress to the mice. During a total of 6 min of video
recording, the immobile time in the last 4 min was recorded by referring
previous literature [32]. After the recording, the mice were returned to the
transition cage, and the apparatus was cleaned of urine and feces in a
timely manner.

Forced swim test. The forced swim test was performed in cylinders (12 cm
diameter and 25 cm height) filled with water (24 °C). Mice that had been
acclimatized to the test environment for 24 h were gently taken out of the
cage, grasped by the tail at a position between 1/3 and 2/3 of the length
and slowly placed in the water. During 5 min of video recording, the time
when the animals gave up struggling and remained still for the last 4 min
was recorded. For each animal, the water was the temperature was
brought up to 24 °C again before the experiment, and the cylinder was
washed once with fresh water and refilled with water. At the end of the
experiment, the mice were dried with paper towels.

Surgery and viral injection

To increase DCC expression, the viral LV-CaMKlla-DIO-DCC-3XFlag-WPRE
(titer: 1.50x 10° vector genome [v.g.)/mL, 0.3 L) and rAAV-hSyn-CRE-
WPRE-hGH-pA (titer: 5.18 x 10'? vector genome [v.g.J/mL, 0.1 uL) were
mixed at a 3:1 ratio and injected into the bilateral mPFC of mice. A LV-
CaMKlla-DIO-3XFlag-WPRE (titer: 5.00 x 107 vector genome [v.g.]/mL,
0.3 yL) virus was used in the control group. To label different types of
neurons in the mPFC, the viruses AAV2/9-CaMKlla-mcherry-WPRE-hGH-pA
(titer: 5.29x 10'? vector genome [v.g./mL, 0.2uL) and AAV2/9-GAD67-
mcherry-WPRE-hGH-pA (titer: 5.36 x 10'? vector genome [v.g.J/mL, 0.2 uL)
were injected into the bilateral mPFC of mice. For chemical genetics
experiments, the virus rAAV-CaMKlla-hM4Di-EGFP-WPRE-hGH  (titer:
2.75x 10'? vector genome [v.g.l/mL, 0.2 uL) was injected into the bilateral
mPFC, and the rAAV-CaMKlla-EGFP-WPRE-hGH (titer: 5.00 x 10'? vector
genome [v.g.}/mL, 0.2 pL) virus was used in the control group.

Before stereotaxic positioning, the mice were placed in a gas anesthesia
machine and anesthetized rapidly with isoflurane (RWD, Shenzhen, China).
Thereafter, using a calibrated glass microelectrode connected to an
infusion pump (RWD), 200-300 nL (depending on the titer and expression)
of the virus was injected into the mPFC (AP, +1.80 mm from bregma; ML,
+0.35 mm; DV, —2.4 mm from the brain surface) at a rate of 50 nL/min. To
prohibit virus leakage, the electrode was left at the injection site for 15 min
after the virus injection was completed.

Chemogenetic manipulation

For chemogenetic manipulation of mPFC neurons, C57BL/6 J mice were
injected bilaterally into the mPFC with viral AAV-CaMKlla-hM4Di-EGFP or
viral AAV-CaMKlla-EGFP. After 4 weeks infection, the mice were subjected
to LH modeling, and the CaMKIl* neurons of the mPFC was silenced by
intraperitoneal injection of clozapine N-oxide (CNO) (3 mg/kg, Brain VTA)
30 min before modeling for 3 consecutive days. Behavioral tests were
performed the day after modeling.

In vivo pharmacological methods

The mice were fixed on a brain stereotaxic apparatus (RWD) and, after
leveling the mouse brain with the stereotaxic apparatus, a cannula
(internal diameter 0.25 mm, RWD) was slowly inserted into the mPFC, with
the cannula position determined using the brain atlas, and fixed with
dental cement. The mice were allowed to recover for 2 weeks after surgery
for cannula insertion before the experiments began. The drug-
administration experiments were started 2 h after modeling and continued
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every day for 3 consecutive days. The mice were maintained under
anesthesia with a gas anesthesia machine, then the catheter cap was
unscrewed to expose the drug delivery cannula. The inner injection tube
was connected to a microsyringe via PE tubing, and the microsyringe was
assembled with a microsyringe pump to aspirate the drug solution, which
was injected into the mPFC at a flow rate of 100 nL/min with either
calpeptin (0.5 pg/300 nL/day, Selleck) or artificial cerebrospinal fluid
(300 nL/day). After the injection, the pressure was held for 5 min to allow
the drug to fully diffuse, and administration was concluded by slowly
removing the inner injection tube, reinserting the catheter cap and
screwing it tightly closed. Behavioral tests were performed 24 h after the
end of the modeling.

Electrophysiology

Mice were anesthetized with isoflurane and decapitated. The whole brain
was rapidly removed and fixed in ice-cold oxygenated (95% O, and 5%
CO,) cutting solution (88 mM NaCl, 7 mM MgCl,, 0.5 mM CaCly, 2.5 mM KCl,
1.25 mM NaH,PO,4, 25 mM NaHCOs, 75 mM sucrose). Coronal brain slices
(300 pm thickness) were sectioned with a vibratome (VT1200S, Leica,
Germany) and incubated in oxygenated artificial cerebrospinal fluid
containing: 126 mM NaCl, 2.5 mM KCl, 1.25 mM NaH,PO,, 25 mM NaHCOs,
2 mM CaCl,, 2 mM MgSO,, 10 mM glucose. Slices were allowed to recover
at 32°C for at least 1 h.

Whole-cell patch-clamp recordings were conducted on visually identified
neurons under a fluorescence microscope (BX51WI, Olympus, Japan) equipped
with a 403 Olympus water immersion lens and differential interference
contrast optics. Slices were continuously superfused with artificial cerebrospinal
fluid at 2-3 mL/min. Patch electrodes (4-5MQ) were pulled with a pipette
puller (P2000; Sutter Instrument, USA) from borosilicate glass capillaries. Whole-
cell recordings were obtained with an internal solution containing: 130 mM K-
gluconate, 5 mM NaCl, 10 mM HEPES, 1 mM EGTA, T mM Na-GTP, 2 mM Mg-
ATP. To assess the effects of NT-1 on neurons, whole-cell recordings were
conducted following a 20-min incubation of the brain slices in 200 ng/mL of
NT-1, during which NT-1 remained present in the bath solution. Electro-
physiological recordings were acquired with a MultiClamp 700B amplifier
(Axon-700B, MD, USA) and Clampex 10.6 software.

Immunofluorescence staining

Mice were anesthetized with isoflurane and sequentially perfused with
saline and 4% PFA. Brains were incubated in PBS containing 30% sucrose
until they sank to the bottom. Cryostat sections (40 um) were collected
(Leica, VT1200S) and incubated with blocking solution (PBS containing 5%
goat serum and 0.5% Triton X-100) for 2h at room temperature, then
treated with primary antibodies, including anti-DCC (1:400, mouse,
#515834, Santa Cruz), anti-c-Fos (1:1500, rabbit, #2250S, Cell Signaling
Technology), anti-Flag (1:400, mouse, #66008-4-lg, Proteintech), anti-NeuN
(1:800, rabbit, #24307 T, Cell Signaling Technology) diluted with blocking
solution for 48 h at 4 °C. The sections were washed three times with PBS
before incubation with secondary antibodies (tagged with Alexa-Fluor 405,
Alexa-Fluor 594, FITC; dilution 1:400; Zenbio) for 2 h at room temperature.
Investigators were blind to group allocation when counting cells. The
number of cells in the mPFC was recorded as the average of one set of
brain slices. Analysis of average fluorescence intensity entailed the use of
imaging software to measure the fluorescence intensity in the positive area
of each brain section while employing standardized parameter settings.
The average fluorescence intensity represented the mean fluorescence
intensity value across a cohort of brain sections.

Western blotting

mPFC tissue was homogenized in lysis buffer (RIPA) (#0010, Solarbio)
containing 1% PMSF (#P0100, Solarbio) on ice and subsequently
centrifuged. Supernatants were transferred to a 2.5 mL tube, and proteins
were separated using 10% SDS-PAGE gels (Tanon). The proteins were
electrotransferred onto nitrocellulose membranes in ice-cold buffer
(25 mM Tris HCl, 2 mM glycine, and 20% methanol), and the membranes
were blocked with 5% nonfat milk powder dissolved in PBST and
incubated overnight at 4°C with antibodies. The following primary
antibodies were used: anti-DCC (1:1000, #515834, Santa Cruz Biotechnol-
ogy); anti-NT-1 (1:400, #20235-1-lg, Proteintech); anti-GAPDH (1:1000,
#200306-7E4, Zenbio), and anti-B-actin (1:1000, #200068-8F10, Zenbio).
Horseradish peroxidase-conjugated goat anti-mouse and goat anti-rabbit
secondary antibodies were purchased from Zenbio. Protein bands were
visualized by chemiluminescence and quantified using ImageJ software.
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Statistical analysis

All data presented in this work were obtained from experimental
replicates, i.e.,, multiple animal cohorts from different litters, with at least
three experimental repeats for each micrograph. GraphPad Prism 9
(GraphPad Software, Inc, USA) was used for statistical analyses and
generating plots. Data are expressed as mean+SEM and had normal
distribution and homogeneity of variances. Student’s t-test was used for
statistical comparisons between two groups, and the one-way ANOVA test
followed by Tukey test was used for comparisons among different
experimental groups. Significance levels were expressed as * p < 0.05, **
p<0.01, *** p<0.001, and **** p <0.0001.

RESULTS
Learned helplessness causes increased expression of DCC in
the mPFC
Initially, we examined the expression of DCC and its ligand NT-1 in
LH mice and control mice. The results showed that DCC and its
ligand NT-1 were significantly up-regulated in the mPFC of mice
24 h after LH compared with those in control mice, but the levels
of the two proteins had not changed in the mPFC 15 min and 3 h
after LH (Fig. 1A-F). DCC in the mPFC was co-labelled with mature
neurons using a mature neuronal marker, NeuN (Fig. 1G). To
further clarify the specific neuron types, we performed co-labeling
of DCC with tracer viruses from different neuronal promoters, and
the results showed that DCC was highly expressed in CaMKII™
neurons (86.3%) but not GABAergic neurons (9.9%) (Fig. TH, I).
To clarify the association between behavioral despair and DCC,
we classified the mice into stress-susceptible and stress-resilient
groups according to the results of the behavioral tests in
comparison to those of the control mice [33]. The results showed
that DCC was significantly up-regulated in the mPFC of the stress-
susceptible mice but not that of the stress-resilient mice compared
with the control mice (Figures STA-S1B). Finally, to confirm that the
aberrant expression of DCC is universal in behavioral despair, we
used UCMS to generate a well-established model that mimics
several psychopathological dimensions of behavioral despair
(Figure S1C). Western blotting (WB) analysis showed that DCC
and NT-1 proteins were significantly increased in the mPFC of
UCMS mice compared with that of control mice (Figures STD-S1F).
We next evaluated the changes to DCC expression in LPS-treated
mice (Figure S1G). Our data showed that mice with LPS (2 mg/kg/
day, ip.) also had a significant increase in DCC and NT-1 levels in
the mPFC (Figures S1H-S1J). These results indicate that DCC
expression was up-regulated in CaMKII™ neurons of the mPFC in
male mice with behavioral despair.

DCC overexpression in the mPFC respectively induces and
promotes behavioral despair in normal and LH-triggered
male mice

To determine the roles DCC plays in behavioral despair, we used a
DCC-overexpressing LV virus and control LV virus to observe the
effect of DCC on behavioral despair. LV-CaMKlla-DCC virus or
control virus was bilaterally injected into the mPFC (Fig. 2A, B).
Immunofluorescence staining showed that neurons were success-
fully transfected with the DCC-overexpression virus 3 weeks later
(Fig. 2C). The WB results also verified the expression efficiency of
the DCC-overexpression virus (Fig. 2D-F). The results of the open
field experiment showed no difference in the total distance
traveled among the groups, indicating that the voluntary move-
ment ability of the mice was not affected (Fig. 2G). In the tail
suspension test and forced swim test, LH mice given mPFC
injections of LV-OECon had significantly longer immobility times
than control mice injected with the LV-OECon virus. Control mice
that received LV-OEDCC had significantly longer immobility times
than those that received the LV-OECon virus. Importantly, LH mice
injected with LV-OEDCC had significantly longer immobility times
than LH mice injected with LV-OECon (Fig. 2H, I).

SPRINGER NATURE
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Learned helplessness causes increased DCC expression in the mPFC
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Neutralizing DCC activity alleviates behavioral despair in LH-
triggered male mice

We further determined whether DCC played a role in
modulating behavioral despair in LH mice. After LH modeling,
the mice were randomly divided into DCC-neutralizing anti-
body (anti-DCC) and isotype control (inactivated anti-DCC)
groups (Figures S2A-S2C). The open field test and movement
trajectory graphs showed that there was no significant
difference in the total distance travelled between the groups
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(Figures S2D and S2QG). In the tail suspension and forced swim
tests, LH mice infused with the isotype control had significantly
increased immobility times than normal mice infused with the
isotype control treatment. LH mice continuously infused with
DCC-neutralizing antibodies showed a significantly shorter
immobility time than LH mice infused with the isotype control
treatments (Figures S2E-S2F). Our findings suggest that
neutralizing DCC activity can alleviate behavioral despair in
LH mice, but not in control mice.
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Intraperitoneal injection of ketamine reduces the expression
of DCC in the mPFC

To further assess the relationship between the expression level of
DCC and behavioral despair, we examined DCC expression in LH
mice that received ketamine (10 mg/kg), a fast-acting antidepres-
sant that has been shown to have a long-lasting effect [34, 35].
The control group was given saline, and behavioral tests were
performed 1h later (Figure S3A). The results showed that
ketamine-treated LH mice spent a significantly shorter time
immobile in the forced swim test than the saline-treated LH mice,
suggesting ketamine improved the behavioral despair (Figure
S3B). WB results showed that the expression level of DCC in the
mPFC of ketamine-injected LH mice was significantly reduced
compared with that of the saline-injected mice (Figures S3C-S3D).
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These results suggest that DCC has the potential to be a new
target for antidepressant therapy.

Overexcitation of CaMKII" neurons in the mPFC participates in
DCC expression

Impairment of neuronal function in the mPFC contributes to the
onset of depression-like syndrome [36]. Thus, we examined how
neuronal activity in the mPFC changed during LH modeling. First,
we performed immunofluorescence staining of c-Fos and found
significantly more c-Fos-positive neurons in the mPFC 1.5 h after
LH modeling than in that of the control mice (Figures S4A-S4B). To
further clarify the types of neuronal populations that were
activated in this process, we co-labeled c-Fos with tracer viruses
from different neuronal promoters. The results showed that mPFC
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CaMKII* neurons were more highly activated in LH mice than
normal mice (Figures S4C-S4E).

To confirm the effects of CaMKII™ neurons on DCC expression,
we used chemical genetics to inhibit the activity of mPFC CaMKII™
neurons (Fig. 3A, B). Immunofluorescence co-staining showed that
CaMKlla-hM4Di-EGFP was strongly expressed in CaMKII* neurons
(Fig. 30) and that administration of CNO to reduce CaMKII*
neuron activity decreased c-Fos expression, indicating the
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efficiency and reliability of inhibiting CaMKII™ neuronal activity
by chemical genetics (Fig. 3D-F). Behavioral tests with LH mice
showed that, after chemogenetic inhibition of the activity of
CaMKII™ neurons, the mice did not have altered motor function,
but there was an attenuation of behavioral despair and shortening
of immobility times in the tail suspension test and forced swim
test (Fig. 3G, H). By contrast, chemogenetic inhibition of the
activity of CaMKII* neurons in normal mice did not affect their
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behavioral despair (Fig. 3G, H). WB further showed that the
expression level of DCC in the mPFC of the model group of mice
expressing hM4Di was significantly reduced compared with that
of the control group expressing EGFP (Fig. 3I). In conclusion,
inhibition of mPFC CaMKII* neuron activity by chemical genetics
before modeling blocked the development of behavioral despair
and the expression of DCC in the mPFC of mice. These results
suggest that overexcitation of CaMKII™ neurons in the mPFC leads
to the high expression of DCC, which may be an important cause
of behavioral despair.

Calpain-SCOP/ERK is involved in pathological DCC expression
Calpain is activated by increased calcium levels and is necessary
for neuronal activation processes and the regulation of neuronal
function [37]. To further investigate the molecular mechanisms of
impaired mPFC neuronal function involved in the development of
behavioral despair, we performed LH modeling by intraperitone-
ally injecting mice for 3 days with the calpain inhibitor calpeptin or
saline 2 h after LH modeling before subjecting the mice to the
next set of behavioral experiments (Fig. 4A). The open field test
showed that there was no significant difference in the total
distance traveled among the groups (Fig. 4B). In the tail
suspension and forced swim tests, calpeptin-treated LH mice
had a significantly shorter immobility time compared with saline-
treated LH mice, suggesting calpeptin lead to an improvement in
behavioral despair. Control mice injected with either saline or
calpeptin performed normally in the behavioral tests (Fig. 4C, D).
WB results showed that DCC and its ligand NT-1 were significantly
up-regulated in the mPFC of LH mice compared with that of
control mice, while the expression levels of DCC and NT-1 were
significantly lower in calpeptin-injected than saline-injected LH
mice (Fig. 4E-G). These data suggest that calpain activation may
induce the emergence of behavioral despair by modulating DCC
expression.

As described previously, we first randomly grouped C57 mice
and embedded a drug delivery cannula in the mPFC of each
mouse (Fig. 4K). After 3—-4 days of rest, the mice were subjected to
LH modeling and were catheterized to receive a continuous
infusion of calpeptin or artificial cerebrospinal fluid for 3 days, and
then subjected to the next behavioral experiments. There was no
significant difference in the total distance traveled among the
groups in the open field test (Fig. 4H). In the tail suspension and
forced swim tests, LH mice continuously infused with calpeptin
had significantly shorter immobilization times than artificial
cerebrospinal fluid -treated LH mice (Fig. 4l, J). Compared to
artificial cerebrospinal fluid -treated LH mice, the LH mice given a
continuous infusion of calpeptin levels exhibited significantly
reduced DCC expression in the mPFC (Fig. 4L, M). These results
suggest that calpain activation is an important cause of impaired
neuronal function and high DCC expression in the mPFC.

Calpain degrades SCOP and activates ERK, which mediates
protein synthesis and participates in changes to neuronal activity
[38]. We next determined the downstream molecular mechanisms
of calpain activation involved in the onset of behavioral despair
using pharmacological methods. First, we examined the expres-
sion of p-ERK and SCOP in the mPFC of mice 15 min, 3 h, and 24 h
after LH modeling. SCOP expression was down-regulated in the
mPFC at the 15min and 3 h time points after LH, and p-ERK was
significantly up-regulated in the mPFC 15min after LH. The
expression levels of both proteins returned to baseline levels by
24 h after modeling (Fig. 5A-C), at which point, the expression
level of DCC was increased. The above results indicate that the
calpain-SCOP/ERK signaling pathway may be important for
increasing the expression of DCC.

To further clarify that the calpain-SCOP/ERK signaling pathway
is necessary for the high expression of DCC, we injected the ERK
inhibitor SCH772984 or saline intraperitoneally 1 h prior to the LH
modeling for a period of 3 days to induce the suppression of ERK
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activity and then performed behavioral tests (Fig. 5D). The open
field test showed that there was no significant difference in the
total distance traveled by the mice among the groups (Fig. 5E). In
the tail suspension and forced swim tests, SCH772984-treated LH
mice had significantly shorter immobility times than saline-treated
LH mice. Control mice injected with either saline or SCH772984
performed normally in the behavioral tests (Fig. 5F, G). WB analysis
showed that the phosphorylation level of ERK was significantly
reduced in SCH772984-treated LH mice compared with saline-
treated LH mice, confirming the efficacy of using SCH772984 to
inhibit ERK activity (Fig. 5H, ). DCC and its ligand NT-1 were also
significantly up-regulated in the mPFC of LH mice compared to
that of control mice, and the expression levels of DCC and NT-1
were significantly lower in LH mice injected with SCH772984 than
mice injected with saline and modeled with LH (Fig. 5J-L). The
above findings suggest that calpain-SCOP/ERK is involved in
pathological DCC expression.

Overexpression of DCC or NT-1 perfusion promotes excitation
of mPFC CaMKII* neurons
We injected a stereotactic virus bilaterally into the mPFC of mice,
and after 3 weeks of infection, the mice were tested behaviorally
(Figures S5A-S5B). In the tail suspension test and forced swim test,
mice injected with the DCC-overexpressing virus showed a
significantly increased duration of immobility (Figures S5C-S5D).
It has been reported in the literature that the dysregulation of
neuronal excitatory homeostasis leads to the development of
neuropsychiatric disorders such as depression-like syndrome [39].
To verify the effect of DCC on mPFC CaMKII™ neuronal activity, we
first performed immunofluorescence staining of c-Fos. This
showed that the number of c-Fos-positive neurons in the mPFC
of mice injected with the DCC-overexpression virus was signifi-
cantly increased compared with that in mice injected with the
control LV virus, suggesting that mPFC CaMKII™ neuronal activity
was significantly increased in mice after overexpression of DCC
(Figures S5E-S5H).

We also used an ex vivo brain slice to compare the effects of NT-
1 on the action potentials and spontaneous excitatory post-
synaptic currents of pyramidal neurons in the mPFC (Fig. 6C). The
results showed that perfusion of the mPFC with NT-1 increased
the action potential firing frequency of pyramidal neurons
compared with those in ACSF-treated slices (Fig. 6A, B). In
addition, the frequency of spontaneous excitatory postsynaptic
currents in pyramidal neurons in the mPFC was significantly
increased after perfusion with NT-1 (vs control, p < 0.05, Fig. 6D-F).
By contrast, there was no significant difference in amplitude
between the groups (Fig. 6G, H). These data suggest that
overexpression of DCC in the mPFC increases the excitability of
CaMKII™ neurons.

DISCUSSION

In this study, we observed a significant increase in DCC expression
in the mPFC of male mice subjected to LH, LPS treatment, and
UCMS. Moreover, overexpression of DCC in the mPFC induced and
promoted behavioral despair in normal and LH mice, respectively.
By contrast, neutralizing DCC activity alleviated behavioral despair
in LH mice. Subsequent investigations revealed that the calpain-
SCOP/ERK signaling pathway mediated the pathological expres-
sion of DCC through its influence on the excitation of CaMKII™
neurons. The results of this study suggest that DCC is a key target
in behavioral despair in male mice that might provide new
strategies for treatment in the future.

mPFC DCC participates in the formation of behavioral despair
in male mice

The mainstream view of the pathogenesis of depression-like
syndrome includes the over-activation of the hypothalamic-
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p<0.05, ** p<0.01, *** p<0.0001.

pituitary-adrenal axis [40], an imbalance in excitatory and
inhibitory neurotransmission [41], and mitochondrial dysfunction
[42]. Previous studies have shown that neuronal activity [43],
energy metabolism [44], synaptic plasticity [45], and neural circuits
are altered in the mPFC of animals with depression-like syndrome
[46]. As a mediator and regulator of emotion control, the mPFC
has often been the focus of research [47, 48]. Previous findings
suggest that changes in neuronal activity in the mPFC control
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animal behavioral phenotypic outputs [49] such as the onset of
behavioral despair. The present study, which was based on those
research efforts, focused on the roles of DCC in the mPFC.

DCC and its ligand NT-1 participate in the activation of various
signaling pathways that regulate cell migration, axon guidance, and
neurogenesis, and they are considered critical regulatory factors in
neurodevelopment [50]. At the same time, NT-1 and DCC are involved
in pathological changes and contribute to the occurrence of diseases

Translational Psychiatry (2025)15:52



A

w

P. Cheng et al.

(@)

%k %k
P-ERK | e s s s | 42-44 KDa s . <
[ : — 5
©
ERK | S = ==|42-44K|3a“§8 2.0 d ¢
2 15 g2
SCOP | e s w=|140kDa &8 4, g8
23 05 23
B-actin| --——|45 KDa ¢ 00 5
o . o}
14
S XX SR
Oé \Q\/ n‘;‘\\, v‘(‘\l 00(&\ é‘\\(\\:b‘(\\/b:(\\/
S o 5 X
D 1 h before LH
Before 3 days 3 dlays D1 D2
Adaption ERK inhibitor LH OFT TST
i.p injection
£ 30000 ° 91509 — 3
£ 00 & © o g
3 25000 $ 2 100 ;
§ 20000 z g £
2 150004 O 3 50 3 50
[
3 g °
2 10000 E o £
> N
FSRVeMe S IR P
SERICS SRS
&N & &
9 OQ
C S

S I L
NN o
¢ &L
) %
&
(Q\
NS
Kk k
kkk
I & 1 — K £ 2.5
S < &g 20
% 2 1.0 8 @ 15
a @ 08 10
2 g 05 o % :
g° B 0.5
& 0.0 K
A
& B R
0(\ < x%
P L
N
6'\\(\
N

B-actin |— e — _|

Netrin-1 | — ——.—-|

B-actin | e — — i |

N
RS SIS SNIG S
& > 9

%

A%

C
%,

Relative Netrin-1/B-actin
expression

Fig. 5 ERK inhibition alleviates behavioral despair in LH mice and suppresses DCC expression in male mice. A-C DCC and Netrin-1 in the
mPFC of mice after LH establishment at different time points (n =3 mice per group). D Experimental paradigm for inhibitor administration,
modeling, and behavioral test. E Total distance in the open field test (n = 6 mice per group). F Total immobility time in the tail suspension test
(n =6 mice per group). G Total immobility time in the forced swim test (n =6 mice per group). H, I p-ERK protein in the mPFC after ERK
inhibition (n =3 mice per group). J-L DCC and Netrin-1 protein in the mPFC after ERK inhibition (n =4 mice per group). All data are

mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001.

such as Parkinson’s disease [51, 52]. Clinical study has also shown a
close association between genetic polymorphisms of NT-1 and DCC
and the occurrence of depression [53]. Although DCC expression
levels are known to be increased within the mPFC of depressed
patients, it remains unclear whether DCC is a key player in mediating
stress-induced behavioral despair or what the related mechanisms
are. Sustained stress often leads to adaptive and abnormal responses
in the brain, in which the dysregulation of neuronal function affects
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neuronal firing activity, which ultimately promotes the occurrence of
mood disorders such as depression [54, 55]. In the present study, we
applied several depressive stimuli, including UCMS, LPS, and LH, to
investigate the roles DCC performs in behavioral despair. The
psychological changes caused by pain and fear could also mimic
post-traumatic stress disorder. We are committed to studying the
mechanisms of traumatic psychological injury [56-58]. Therefore, we
focused on the LH model in subsequent experiments. Like social-

SPRINGER NATURE



P. Cheng et al.

10

Excitability
A B 60
Conitrol NT = -= CaMKiIl-Control n=13
= -+ CaMKII-NT-1 n=13 :I*
o 40
<
kS
: 2 3
s sl 2 207
100 ms 100 ms o
[T
_l—lw _‘,—l& 0- T T T T T T T T
-50 0 50 100 150 200 250 300 350 400
Current (pA)
Spontaneous EPSC
Recording Control NT-1
g
3 2 \_
9
C57 mice 1s 1s
E - G _
~ 67 ~ 501
2 s g
~ 404 A
8 A 8 40
a 44 A a A,
L W 30 A A
Y— [ [ )
5] % % ° E
g 2 A g 201 %o Al
g 2] A E *3 A
@ 'YX X A =
- 0 T 1 < 0 1 T
F CaMKII-Control CaMKII-NT-1 H CaMKIlI-Control CaMKII-NT-1
1201 1201
9 =
< 1004 — 100
S 804 S 801
54 g
L 601 — CaMKII-Control = 604 — CaMKII-Control
o ___CaMKI-NT-1 2 ___ CaMKII-NT-1
5 40- £ 40-
3 >
€ 204 E 204
@) O
0 T T T 1 T 1 0 T L] 1
0 1 2 3 4 5 6 0 50 100 150

Inter-event intervals (s)

Fig. 6 Perfusion of NT-1 enhanced the neuronal excitability of CaMKII™ neurons in the mPFC. A, B Sample traces and action potential data
of CaMKII* neurons in the mPFC (n = 13 neurons per group). C Schematic diagram of electrophysiological recording of excitability of CaMKII™
neurons in isolated brain slices. D Representative traces of the spontaneous excitatory postsynaptic current recorded from CaMKII™ neurons in
the mPFC. E, F Cumulative probability plots of the inter-event interval and average sEPSC frequency of CaMKII*™ neurons in the mPFC.
G, H Cumulative probability plots and average sEPSC amplitude of CaMKIlI* neurons in the mPFC. All data are mean +SEM. *p < 0.05,

**p < 0.01.

SPRINGER NATURE

sEPSCs Amplitude (pA)

Translational Psychiatry (2025)15:52



defeat stress, UCMS, LPS, and LH stimulated DCC expression in the
mPFC [59]. Importantly, we showed that DCC levels play a decisive
role in behavioral despair with the following evidence. First, DCC was
up-regulated in the mPFC of the stress-susceptible mice. Second,
neutralizing DCC activity alleviated behavioral despair in LH mice.
Third, the classical rapid anti-depressant drug ketamine also
attenuated DCC expression. Finally, specific overexpression of DCC
in CaMKII* neurons in the mPFC induced and promoted behavioral
despair in normal and LH mice, respectively. These data together
support the potential role of DCC in the pathogenesis and treatment
of behavioral despair. However, the hippocampus, amygdala, and
lateral habenula are also involved in the pathogenesis of behavioral
despair [60]. The function of DCC in those brain regions still requires
investigation. In addition to behavioral despair, anhedonia, a
phenotype with the impairment of reward system is also a typical
manifestation of depression-like syndrome [61]. The midbrain limbic
system is a well-known reward system, involving the ventricular
tegmental area and its projection target areas such as nucleus
accumbens. Interestingly, DCC is also extensively expressed in those
brain areas, which might explain its function in anhedonia.

Calpain-SCOP/ERK contributes to pathological DCC expression
due to increased excitability of CaMKIl™ neurons

The mPFC consists of different neuronal populations, of which
approximately 80% are excitatory pyramidal neurons, and the rest
are inhibitory interneurons. Given the complexity of local micro-
circuit connections in the mPFC, it is reasonable to hypothesize that
an imbalance between local excitatory and inhibitory microcircuits
in the mPFC leads to the excitation of glutamatergic neurons, which
in turn drives the onset and development of behavioral despair. It is
therefore important to analyze how the different types of neurons
interact and function in the depressed state. Our results revealed the
abnormal activity patterns of CaMKII* neurons in the mPFC of
despaired mice and indicated that DCC in the mPFC might be able
to serve as a target for antidepressants.

Calcium ions play essential and important roles as indicators of
neural activity in neuron growth, synaptic plasticity, the regulation
of inflammatory responses, and learning memory [62]. Calpain is
one member of a class of Ca®>"-dependent cysteine proteases that
can be activated by high concentrations of Ca®" and is essential
for controlling the activation state of neurons. We have previously
shown that calpain activation is a key step in the development of
depression-like syndrome. SCOP is a pivotal molecule in the
regulation of hippocampus-dependent long-term memory, and it
is a degradation substrate of calpain. Study has shown that SCOP
modulates ERK and has a negative correlation with ERK
phosphorylation [63]. Given that calpain plays a crucial role in
initiating neuronal excitability, we further examined the function
of the calpain-SCOP/ERK signaling pathway in regulating DCC
expression in the present study. We found that SCOP levels
tended to decrease while the phosphorylation of ERK increased
after LH. However, the changes were only temporary, and they
returned to baseline 24 h later, retaining DCC at a high level of
expression. As previously reported, the calpain-SCOP/ERK signal-
ing pathway regulates new protein synthesis during synaptic
activation [64]. Inhibition of glutamatergic neurons, calpain
activity, and ERK phosphorylation during this process can
attenuate DCC levels, indicating that calpain-SCOP/ERK signaling
pathway activation probably contributes to pathological DCC
expression. Interestingly, the decrease in SCOP expression and
unaltered ERK phosphorylation 3 h after LH seems contradictory,
indicating other suppressors might inhibit ERK phosphorylation.

NT-1/DCC expression leads to the excitation of CaMKII™
neurons

It has been noted that chronic stress attenuates the claustrum
(CLA)-mPFC excitatory loop, enhances the levels of the k-opioid
receptor (KOR) and its ligand dynorphin, and boosts excitatory
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neuronal activity in the mPFC. Earlier hybridization experiments
showed that KOR is enriched in CLA excitatory neurons that
project into the mPFC. KOR and its antagonist were shown to
block chronic stress-induced depression-like syndrome. The ligand
for DCC, NT-1 is also widely distributed in several brain regions,
including the thalamus, amygdala, and hippocampus [65]. Given
that the thalamus and cortex share neural connections, it is
reasonable to speculate that NT-1, which is richly expressed in the
thalamus, may be involved in behavioral despair via its regulation
of neuronal plasticity in the mPFC.

Interestingly, DCC is expressed at low levels in the rodent brain
[66] but is elevated in many neurological disorders. The above
experiments demonstrated that excitatory CAMKII™ neurons can
activate the calpain-SCOP/ERK signaling pathway to increase DCC
expression. This finding points towards a potential mechanism
that regulates DCC levels in neurons. In our study, we also found
that the overexpression of DCC or stimulation of excitatory
CAMKII™ neurons with NT-1 may be an important mechanism
contributing to the reduction in the excitability threshold and
development of behavioral despair in susceptible animals. In
previous studies, we found that a single prolonged stressor that
stimulated post-traumatic stress disorder also promoted hippo-
campal DCC expression. Overexpression of DCC activated the RAS-
related C3 botulinum toxin substrate 1 (RAC1)-P21-activated
kinase 1 (PAK1) pathway and disrupted long-term potentiation
and learning memory [67, 68]. Therefore, further research is
needed to determine whether DCC promotes RAC1-PAK1 signal-
ing pathway activity to reduce the excitation threshold of neurons.

In our study, we employed chemogenetic inhibition of
excitatory CAMKII-positive neurons in the LH region and found it
effectively blocked the progression of behavioral despair. How-
ever, in a clinical setting, it is challenging to control stressors,
making it difficult to implement strategies that involve inhibiting
neuronal excitation. This poses a challenge for translating this
approach into clinical applications. To control this microcircuit, we
propose targeting the key molecule DCC and postulate that
interventions for behavioral despair can be achieved using
neutralizing antibodies against DCC. We believe that future
research should focus more on DCC as a potential target for the
development of antidepressant drugs.

Research perspectives and limitations of the study

One limitation of this study is that only male mice were included.
Future experiments should explore whether similar behavioral
phenotypes and underlying mechanisms exist in female mice.
Another limitation of the study is that this study exclusively
focused on elucidating how DCC impacts behavioral despair
through its regulation of the function of CaMKII™ neurons.
However, it is worth noting that DCC is also expressed in
GABAergic neurons. Therefore, the role of DCC in the function of
GABAergic neurons in the mPFC, as well as whether it is involved
in the regulation of behavioral despair, needs to be explored
in depth.

CONCLUSION

In conclusion, our data indicate that LH triggers the excessive
excitation of CaMKII™ neurons and activation of calpain-SCOP/ERK
signaling, which promotes DCC expression, and DCC is an
important target for treatments to ameliorate LH-induced
behavioral despair in male mice. This study has not only helped
us to understand the pathogenesis of behavioral despair but also
provided new intervention targets for the clinical treatment of
depression.
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