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Background: Depression, a leading cause of disability worldwide, is characterized by dysfunction of immature neurons, resulting in
dysregulated calcium homeostasis and impaired structural plasticity. Jujuboside A (JuA), a biologically active compound derived from
Semen Ziziphi Spinosae, has demonstrated anti-anxiety and anti-insomnia properties. Recent studies suggest that JuA may be
a promising antidepressant, but its underlying mechanisms remain unclear.

Methods: Sprague-Dawley rats were subjected to chronic unpredictable mild stress (CUMS) to induce a depression model. JuA
(12.5 mg/kg, 25 mg/kg, 50 mg/kg) was administered orally for 4 weeks. Emotional and cognitive function were assessed. Monoamine
neurotransmitter levels were measured using enzyme-linked immunosorbent assay (ELISA). The number of immature neurons and
calcium homeostasis were evaluated by immunofluorescence. Western blotting and immunofluorescence were employed to detect the
expression of Sonic hedgehog (Shh) signaling proteins. Additionally, lentiviral vector expressing Shh shRNA (LV-Shh-RNAi) were
infused intracerebrally to investigate the role of Shh in JuA’s antidepressant effects.

Results: JuA significantly ameliorated depressive-like behavior and cognitive dysfunction in CUMS rats, increased monoamine
neurotransmitter levels in serum and hippocampal tissue, reduced the number of BrdU/DCX (bromodeoxyuridine/doublecortin)-
positive immature neurons, and attenuated calcium ion (Ca®") concentration and Ca*'/calmodulin-dependent protein kinase II
(CaMKII) levels in immature neurons. JuA also markedly elevated synaptic density and prominence complexity, upregulated Shh,
Gli family zinc finger 1 and 2 (Gli1/2), synaptophysin (Syn) and postsynaptic density protein-95 (PSD-95) expression in the ventral
dentate gyrus (vDG). However, knockdown of Shh in the vDG counteracted JuA’s therapeutic effects.

Conclusion: These findings collectively suggest that JuA improves depressive-like behavior in CUMS rats by modulating calcium
homeostasis and synaptic structural plasticity in immature neurons through the Shh signaling pathway.
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Introduction

Depression is one of the leading causes of disease burden worldwide, which is expected to be a major cause of disability
by 2030." Despite the progress made in recent years in exploring the molecular and subcellular levels of depression, the
pathogenesis of the disease remains unclear.” Hippocampal neuronal abnormalities are reportedly closely associated with
the development of depression. While most research has concentrated on mature hippocampal neurons, accumulating
evidence suggests that immature neurons, characterized by higher excitability, plasticity, and distinct neurotransmission
profiles, may play a potential role in depression.”’ It has been shown that chronic stress can lead to the development of
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depressive-like behaviors by reducing the number and altering the morphology of immature neurons.* Notably, the
effects of stress on immature neurons were more pronounced in the ventral hippocampus (vHip), suggesting that the
immature neurons plays a pivotal role in the formation of vHip functionality, such as emotional regulation.’ Therefore,
investigation of immature neurons within the vHip in depression may offer novel avenues for therapeutic intervention.

Calcium ions (Ca*") control a wide range of signals for the physiological function of neuronal cells and can transmit
depolarization states and synaptic activity to neurons in response to adaptive structural and functional changes in
neuronal networks. Restoration of calcium homeostasis attenuates the activation of neuronal destructive pathways and
has a favorable neuroprotective potential.® Previously, it has been reported that verbascoside can exert antidepressant-like
effects by regulating calcium homeostasis.” Therefore, regulating calcium homeostasis to improve neuronal dysfunction
may be a potential mechanism of action for antidepressants.

Synapses are the fundamental structural units that facilitate neuronal information transmission. A growing body of
research supports the critical role of synaptic plasticity in depression.® Synaptic structural plasticity is considered to be
the physiological basis of synaptic plasticity. Alterations in synapse number, dendritic spine structure, postsynaptic
density, and spine morphology can lead to changes in synaptic structural plasticity.” There is an increasing consensus
suggesting that synaptic structural plasticity is abnormal in patients with depression, and alterations in the morphology of
immature neurons can contribute to functional integration disorders. In this respect, studies have reported that prometha-
zine ameliorates depressive symptoms by blocking changes in dendritic spine structure in mice.'® Hence, maintaining
synaptic structural plasticity might help generate novel therapeutic targets for antidepressants.

Sonic hedgehog (Shh) is reportedly implicated in neuronal survival and encourages the development of newborn
neurons.'' A study suggested that inhibition of Shh in the ventral dentate gyrus (vDG) resulted in delayed maturation of
immature neurons and impaired neuronal activity.'> Further studies have found that the knockdown of Shh resulted in
multiple developmental defects in neurons, indicating that the effective integration of newborn neurons is dependent on
Shh signaling.'® Earlier studies have also reported that Shh modulates hippocampal neuronal circuit formation and
adaptive plasticity throughout life by regulating axon growth and synaptogenesis.'* However, it has not been reported
whether Shh can modulate calcium homeostasis and synaptic structural plasticity in immature neurons.

Jujuboside A (JuA), a triterpene saponin isolated from Semen Ziziphi Spinosae, has been shown to possess numerous positive
effects, including antioxidant, anti-inflammatory, anti-apoptotic, and neuroprotective properties.'> '’ Studies have demonstrated
that JuA significantly upregulates the expression of proteins such as brain-derived neurotrophic factor (BDNF), tropomyosin
receptor kinase B (TrkB), and cyclic-AMP response binding protein (CREB) in the hippocampus of corticosterone-induced
depressed mice. Additionally, JuA markedly enhances the survival of hippocampal neuronal cells (HT22) in vitro.'®
Furthermore, as a neuroprotective agent, JuA has been shown to partially activate the Wnt/p-catenin signaling pathway, thereby
promoting proliferation and neuronal differentiation of amyloid precursor protein-overexpressing neural stem cells (APP-NSCs)
and enhancing hippocampal neurogenesis.'® According to the above report, JuA demonstrates good potential antidepressant
efficacy. However, whether JuA yields antidepressant effects through Shh signaling remains to be elucidated.

Herein, we investigated the beneficial effects of JuA on calcium homeostasis and synaptic plasticity in immature
neuron of rats subjected to chronic unpredictable mild stress (CUMS), which contributing to the elucidation of its
mechanisms of action. Notably, our findings provide valuable insights for future research in exploring the antidepressant
properties and mechanisms of JuA.

Material and Methods

Experiment Design
This study was divided into the following two parts.

Experiment 1: Rats were randomly divided into six groups (n = 6 rats/group): Control, CUMS, Flu (Fluoxetine), JuA-
H, JuA-M, and JuA-L. Except for the control group, all rats underwent a CUMS regimen for 28 days. Flu, a classic
antidepressant, served as the positive control.?’ Rats in the Flu group received an oral dose of 10 mg/kg. JuA-H, JuA-M,
and JuA-L groups were administered orally at doses of 50 mg/kg, 25 mg/kg, and 12.5 mg/kg, respectively. The
experimental procedures are depicted in Figure 1A.
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Figure | Experiment Design. (A) The experimental procedure used to investigate the JuA on depression-like behavior; (B) The experimental procedure used to investigate the effect
of Shh on the treatment of JuA.
Abbreviations: BrdU, bromodeoxyuridine; CUMS, chronic unpredictable mild stress; SPT, sucrose preference test; NSFT, novelty-suppressed feeding test; FST, forced
swimming test; MWM, Morris Water Maze; LV-NC-RNAI/LV-NC, lentiviral vector normal control shRNA; LV-Shh-RNAIi/LV-Shh, lentiviral vector expressing Shh shRNA.
Experiment 2: Thirty-six rats were divided into six groups (n = 6 rats/group): (a) Control (non-stressed), (b) CUMS,
(c) CUMS treated with JuA at 50 mg/kg (CUMS+JuA), (d) CUMS treated with JuA at 50 mg/kg but subjected to a sham
procedure (CUMS+JuA+Sham), (¢) CUMS treated with JuA at 50 mg/kg and lentiviral vector normal control shRNA
(CUMS+JuA+LV-NC), and (f) CUMS treated with JuA at 50 mg/kg and lentiviral vector expressing Shh shRNA (CUMS

+JuA+LV-Shh). The experimental procedures are illustrated in Figure 1B.

Animals

Two batches of eight-week-old male Sprague-Dawley (SD) rats (n = 72), weighing 180-220 g, were obtained from
Hunan SJA Laboratory Animal Co., Ltd. The study protocol was approved by the Experimental Animal Ethics
Committee of Hunan University of Chinese Medicine (Approval No.: LLBH-202011040002). All animal experiments
adhered strictly to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the Hunan
University of Chinese Medicine animal guidelines. All rats were housed in specific pathogen-free (SPF) animal facilities
under a temperature-controlled environment (25 + 1°C) and humidity (50 + 5%). A 12-hour light-dark cycle was
maintained, with food and water available ad libitum.

Drugs and Reagents

Fluoxetine hydrochloride capsules (20 mg/capsule; lot number 2019024) were obtained from Lilly Suzhou
Pharmaceutical Co., Ltd. Jujuboside A (JuA; MUST-22073110) was acquired from Chengdu Manchester
Biotechnology Co., Ltd. Bromodeoxyuridine (BrdU; #B5002) was purchased from Sigma (St. Louis, MO, USA) and
dissolved in 0.9% sodium chloride solution. BrdU was administered intraperitoneally at a final dosage of 50 mg/kg, given

at 12-hour intervals during the first three days and with six injections.

Chronic Unpredictable Mild Stress Protocol

The sample size for animal experiments was calculated using the Resource Equation Method.?' Based on the formula n =
10/(k+1) (where k is the number of groups and n is the number of subjects per group), a minimum of three rats per group
was determined. To ensure sufficient experimental data, the sample size was increased to six rats per group. Due to
variations in sample handling across experiments, a minimum sample size was utilized in some cases. Model rats
underwent a 28-day CUMS protocol, consisting of daily exposure to one of seven stressors: (1) 24-hour fasting, (2) 24-
hour water deprivation, (3) 24-hour damp bedding, (4) 3-minute electrical shocks, (5) 1-minute tail nip, (6) 3-minute cold
water soak (4°C), or (7) 4-hour noise exposure. The same stressor was not repeated within a three-day period.
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Stereotaxic Injection of the Lentivirus

Rats were anesthetized, immobilized in a stereotactic brain injector, and underwent aseptic preparation of the cranial
region. A small incision was made, and the meninges were removed using a cotton swab soaked in hydrogen peroxide.
A skull incision was then made. Lentiviral vector expressing Shh shRNA (LV-Shh-RNAi) (Shanghai GeneChem
Corporation, China) was used to inhibit Shh expression in the vDG, and lentiviral vector normal control shRNA (LV-
NC-RNAI) served as a control. Coordinates referenced from bregma were used to bilaterally inject 2 pL of lentivirus into
the vDG using a microsyringe pump (ZS Dichuang, Beijing, China) at AP: —4.5 mm, ML: £3.0 mm, and DV: —4.0 mm.
Rats were allowed a three-day recovery period post-surgery. Only data from rats with accurately placed injections within
the vDG were included in the analyses.

Behavioral Tests

Sucrose Preference Test (SPT)

Rats underwent adaptive training with both pure water and a 1% sucrose solution. Two days prior to testing, each rat was
presented with a choice between 50 mL of pure water and 50 mL of 1% sucrose solution. The bottle positions were
switched daily to prevent bias from side preferences. The testing period was four hours, with bottle positions alternated
every two hours. Sucrose preference was calculated as a percentage using the formula: sucrose preference (%) = sucrose
solution consumption (mL)/(sucrose solution consumption (mL) + water consumption (mL)) X 100%.

Novelty-Suppressed Feeding Test (NSFT)

The NSFT measured the latency of rats to ingest food after a 24-hour food deprivation period, while water continued to
be provided ad libitum. Rats were placed in a black open field box (100x100x20 cm) under bright light, and the time
taken to begin chewing a standard food pellet in the center was recorded within 6 minutes. Following the test, rats were
returned to their cages, and their food intake was monitored for 6 minutes.

Forced Swimming Test (FST)

Rats were subjected to a forced swimming test in a plexiglass cylinder (height: 45 cm; diameter: 25 cm) filled with water
at a temperature of 22-25°C to a depth of 30 cm. The test duration was 6 minutes, with a 2-minute acclimatization
period. Immobility, defined as floating effortlessly to keep the head above water, was recorded for the subsequent
4 minutes. Following each trial, rats were dried and returned to their original cages.

Morris Water Maze (MWM)

The rats underwent Morris water maze testing in a circular pool (120 cm height, 40 cm diameter) filled with
22-25°C water to a depth of 30 cm. A hidden platform (28 cm height, 10 cm diameter) was submerged 2 cm below
the water surface in one quadrant. Rats received daily 2-minute of platform search training per day. Successful
platform location allowed for a 30-second rest, while unsuccessful attempts resulted in gentle guidance to the
platform for 30 seconds. On fifth day, the time taken to find the platform within 2 minutes was recorded. On
sixth day, the platform was removed, and the time spent in the original platform quadrant within 120 seconds was
measured. A data acquisition system (ZS-001, Beijing Zhongshidichuang Company) was used to collect and analyze
all data.

Enzyme-Linked Immunosorbent Assay (ELISA)

Following the trial, rats were anesthetized, and whole blood was collected from the abdominal aorta using a vacuum
blood collection tube. The blood was gently shaken, mixed thoroughly, and centrifuged at 4°C for 10 minutes at 3000
revolutions per minute after a 30-minute standing period. The upper serum layer was extracted.”” After euthanasia, the
hippocampus of rats were rapidly dissected, and tissue homogenates were prepared according to the kit instructions.
ELISA kits for 5-hydroxytryptamine (5-HT, Cat. E-EL-0033c), dopamine (DA, E-EL-0046¢), and norepinephrine (NE,
Cat. E-EL-0047c) were obtained from Elibscience (Wuhan, China). The manufacturer’s guidelines were followed, and
absorbance values were measured at the specified wavelengths.
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Measurement of Intracellular Calcium lon Concentration in the Hippocampus
Fura-2/AM, at a final concentration of 5 pulL/L, was added to a cell suspension of 10° cells/mL, which was then incubated
for 45 minutes in a 37°C incubator with 5% CO, as previously described.”® Fluorescence intensity measurements were
acquired using a fluorescence microscope with excitation wavelengths ranging from 340 to 380 nm and an emission
wavelength of 510 nm. The ratio of fluorescence intensities at 340 nm and 380 nm (R) was calculated. The intracellular
Ca”" concentration in the hippocampus was calculated according to the following equation, [Ca®'1= K (R-Rin )/ (R pax-
R,...), where K, denotes the effective dissociation constant of Fura-2, R, denotes the fluorescence intensity value
measured after the addition of Triton X-100, and R,,,;,, denotes the fluorescence intensity value measured after the addition
of EDTA.

Golgi Staining

Fresh brain tissue blocks were subjected to Golgi staining according to the manufacturer’s instructions. The morphology
and density of pyramidal neurons and dendrites in the vDG of rats were examined using light microscopy. Dendritic
spines were counted and measured in length with Image J 6.0 software, and the total density of dendritic spines was
calculated.

Western Blotting Analysis

Following the euthanasia of the rats, their brains were promptly removed, and the ventral hippocampal region,
specifically located between —5.30 and —6.1 mm from bregma, was identified using a three-dimensional localization
coordinate map. The vDG was then carefully isolated under a stereomicroscope at a magnification of 10x.'? To quantify
protein concentrations in the tissue samples, commercial kits were employed according to the manufacturer’s protocols.
Subsequently, 20 pg of protein from each sample was separated using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene fluoride (PVDF) membrane. The membrane was
subsequently blocked with 5% skim milk for 1-2 hours. Primary antibodies, including anti-Shh (Proteintech, 20697-
1-AP, 1:1000), anti-Gli family zinc finger 1 (Glil, Zeye, ZY-3098Ab, 1:1500), anti-Gli family zinc finger 2 (Gli2,
Proteintech, 18989-1-AP, 1:1000), anti-postsynaptic density protein-95 (PSD-95, Proteintech, 20665-1-AP, 1:5000), anti-
synaptophysin (Syn, Proteintech, 17785-1-AP, 1:2000), and anti-p-actin (Servicebio, GB15003, 1:3000) at 4°C overnight.
The membranes were then incubated with the corresponding secondary antibody (Eliascience, E-AB-1001, 1:10,000,) at
37°C for 1 hour. After washing, gray-scale values of protein electrophoresis bands were visualized by the ChemiDoc
XRS imaging system (Bio-Rad, Hercules, CA, USA).

Immunofluorescence (IF) Staining

After antigen retrieval, the sections were blocked with 3% BSA for 1 hour. Next, the sections were incubated with
primary antibodies: mouse-anti-BrdU (CST, #5292, 1:1000) following pretreatment, rabbit-anti-Shh (Proteintech, 20697-
1-AP, 1:100), rabbit-anti-Glil (Bioss, bs-1206R, 1:500), rabbit-anti-Gli2 (Proteintech, 18989-1-AP, 1:500), goat-anti-
doublecortin (DCX, Proteintech, 13925-1-AP, 1:100), rabbit-anti-Ca**/calmodulin (CaM)-dependent protein kinase II
(CaMKII, Abcam, ab134041, 1:300), rabbit-anti-C-fos proto-oncogene protein (C-fos, Affinity, AF0132, 1:100), anti-
PSD-95 (Proteintech, 20665-1-AP, 1:100) and rabbit-anti-Syn (Proteintech, 67864-1-1g, 1:100) at 4°C overnight. After
washing with PBS, the sections were treated with the corresponding secondary antibodies (goat anti-rabbit 594 [Abcam,
ab150080, 1:600] and donkey anti-goat 488 [Abcam, ab150129, 1:800]) at room temperature for 1 hour, followed by
another PBS rinse. Panoramic MIDI (Servicebio) was used to capture tissue immunofluorescence images. Image
J software was then used to quantify the number of positive cells.

Statistical Analysis

All collected data were analyzed with IBM SPSS Statistics 25.0 software. Data were presented as mean + SD. Each
experiment for each group was independently repeated at least three times. To assess the normality of data distribution,
the Shapiro—Wilk test was applied, and all data passed the normality test. Two-way ANOVA with Bonferroni correction
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or one-way ANOVA with Tukey’s post-hoc test was employed for statistical analysis. For datasets with a sample size of
n=3, data were analyzed using the permutation test. A p-value of less than 0.05 (p < 0.05) was considered statistically
significant.

Results
JuA exerted an antidepressant effect by ameliorating depression-like behavior and

monoamine neurotransmitter levels

Following four weeks of CUMS modeling, the effect of JuA on depression was investigated by behavioral tests. To
determine the optimal dose of JuA, doses of 12.5, 25, and 50 mg/kg were administered, and behavioral impairment was
evaluated using SPT, NSFT, FST, and MWM tests. In our results, rats exposed to CUMS exhibited a significant reduction in
sucrose consumption percentage in the SPT compared to controls (Figure 2A; p < 0.07). However, in rats treated with
a high dosage of JuA, sucrose consumption increased (p < 0.07). Similarly, in the NSFT, CUMS-exposed rats displayed an
increased latency to feed compared to controls (Figure 2B; p < 0.05). Flu and high dosages of JuA reversed this increase in
latency (p < 0.05, p < 0.05), with no observed changes in home food consumption. Furthermore, CUMS rats exhibited
a dramatic increase in immobility time in the FST (Figure 2C; p < 0.01), which was significantly improved by treatment
with both the high and medium dosages of JuA (p < 0.01, p < 0.0]). In the MWM, CUMS rats displayed an increased
escape latency and decreased swimming time in the target quadrant (Figure 2D and E p < 0.01 for both), effects reversed by
treatment with 50 mg/kg JuA (p < 0.01 for both). In addition, our investigation explored the impact of JuA on monoamine
neurotransmitter levels of serum and hippocampus, as depicted in Figure 2F and G. In comparison to the control group,
CUMS rats exhibited a significant reduction in the serum and hippocampal levels of 5-HT, DA, and NE (p; < 0.01).
Conversely, 50 mg/kg JuA effectively restored the attenuated levels of 5-HT, DA, and NE in both serum and hippocampus
(ps < 0.01).

JuA Countered CUMS-Induced Inhibition of Shh Signaling and Deficits in Immature
Neurons Within vHip

To evaluate the effects of JuA on immature neurons of the vHip, the co-expression of BrdU with DCX was investigated
(Figure 3A and C). JuA treatment improved the number of BrdU/DCX-positive immature neurons in the vDG compared
with the CUMS group (p < 0.05). This confirmed that JuA’s effects in promoting neural stem cell (NSC) differentiation
may contribute to the increase in DCX-positive cells. Immunofluorescence results revealed that the expression levels of
Shh, Glil, and Gli2 in the vDG were markedly higher in the JuA treatment (50 mg/kg) group than that in the CUMS
group (p < 0.05 for all; Figure 3B and D). Western blotting supported these findings, demonstrating that JuA treatment
increased Shh expression in the vDG, especially at the 50 mg/kg dose (p < 0.05; Figure 3E and F). JuA also promoted the
levels of Glil and Gli2 (p < 0.05, p < 0.05; Figure 3E and F), proteins associated with Shh signaling. Notably, JuA
treatment at 12.5 mg/kg did not induce these changes (p > 0.05; Figure 3E and F).

JuA Reversed CUMS-Induced Dysregulation of Calcium Homeostasis in Immature

Neurons

Immunofluorescence double staining of immature neurons (DCX-positive) and calmodulin (CaMKII-positive) was used
to further elucidate whether JuA protects immature neurons by regulating calcium homeostasis. As shown in Figure 4A
and B, compared with the control group, the number of DCX'/CaMKII" cells was significantly elevated in CUMS rats
(p < 0.05). JuA-H treatment dramatically reduced the number of DCX"/CaMKII" cells in immature neurons (p < 0.05;
Figure 4A and B), while JuA-M and JuA-L tended to reduce the number of DCX'/CaMKII® cells, although the
difference was not statistically significant (p > 0.05). In addition, the Ca®>" concentration assay showed that JuA
significantly reversed the CUMS-induced elevation in vHip (p < 0.05; Figure 4C).
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Figure 2 JuA exerts antidepressant-like effects in CUMS-induced depression rat model. (A) The sucrose preference in the SPT; (B) Latency to feed in the NSFT; Total food
consumption in the home-cage in the NSFT. (C) Immobility time in the FST; (D) Latency of escape in the MWM; Swimming time in the target quadrant in the MWM; (E)
Trace plot in the MWM. (F) Serum levels of 5-HT, DA, NE in rats. (G) Hippocampus levels of 5-HT, DA, and NE in rats. n = 6 in each group; the data are presented as the
mean % SD. *p < 0.05, ¥p < 0.0 vs. the control group. “p < 0.05, *p < 0.01 vs. the CUMS group.
Abbreviations: CUMS, chronic unpredictable mild stress; Flu, Fluoxetine; JuA-H, Jujuboside A high-dose (50mg/kg); JuA-M, Jujuboside A medium-dose (25 mg/kg); JuA-L,

Jujuboside A low-dose (12.5 mg/kg); 5-HT, 5-hydroxytryptamine; DA, dopamine; NE, norepinephrine.
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Figure 3 JuA increases the number of immature neurons and activates Shh signaling in the CUMS rats. (A) Representative fluorescence images of BrdU"/DCX" cells; (B)
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Figure 4 JuA improves dysregulated calcium homeostasis in immature neurons in the vHip. (A) Representative fluorescence images of calcium homeostasis in immature
neurons; (B) The ratio of CaMKII/DCX-positive cells in the vDG; (C) Intracellular calcium concentration in the vHip. n = 3 in each group; the data are presented as the
mean + SD. *» < 0.05 vs control group. #p < 0.05 vs CUMS group.

Abbreviations: CUMS, chronic unpredictable mild stress; Flu, Fluoxetine; JuA-H, Jujuboside A high-dose (50mg/kg); JuA-M, Jujuboside A medium-dose (25 mg/kg); JuA-L,
Jujuboside A low-dose (12.5 mg/kg); DAPI, 4',6-diamidino-2-phenylindole; DCX, doublecortin; CaMKII, the Ca**/calmodulin (CaM)-dependent protein kinase II.

Knockdown of Shh Eliminated the Antidepressant Effect of JuA

The above results revealed that JuA at a dosage of 50 mg/kg exhibited notable antidepressant properties and appreciably
elevated the expression of Shh and its downstream signaling molecules Glil and Gli2. To further validate whether JuA
exerts its antidepressant effects via Shh signaling pathway, a lentiviral vector engineered to express Shh shRNA (LV-Shh-
RNAI) was constructed and bilaterally injected into the vDG to effectively knockdown Shh. Subsequent to the LV-Shh-
RNAI injection, rats underwent CUMS modeling and received a 50 mg/kg dose of JuA, followed by behavioral testing
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Figure 5 Knockdown of Shh in the vDG eliminates the antidepressant effect of JuA. (A) The sucrose preference in the SPT; (B) Latency to feed in the NSFT; Total food
consumption in the home cage in the NSFT. (C) Immobility time in the FST; (D) Latency of escape in the MWM; Swimming time in the target quadrant in the MWM. (E)
Trace plot in the MWM. n = 6 in each group; the data are presented as the mean * SD. **p < 0.0/ vs the Control group. *p < 0.0/ vs the CUMS group. @@p < 0.0 vs the
LV-NC group. %%p < 0.01 vs the CUMS+JuA group.

Abbreviations: LV-NC-RNAI/LV-NC, lentiviral vector normal control shRNA; LV-Shh-RNAI/LV-Shh, lentiviral vector expressing Shh shRNA; CUMS, chronic unpredictable
mild stress; CUMS+JuA, CUMS treated with JuA at 50 mg/kg; CUMS+JuA+Sham, CUMS treated with JuA at 50 mg/kg but subjected to a sham procedure.

(Figure 1B). The results showed that knockdown of Shh significantly decreased sucrose consumption (p < 0.01) and
swimming time in the target quadrant (p < 0.01), while increasing latency to feed (p < 0.01), immobility times (p < 0.01),
and latency of escape (p < 0.01; Figure 5), compared to the CUMS + JuA group.

Knockdown of Shh Altered the Effect of JuA on Shh Signaling
To verify the specificity and efficacy of knocking down Shh in vivo, we analyzed the level of Shh in the vDG and found
that Shh expression was significantly suppressed in the LV-Shh-RNAi group (p < 0.05; Figure 6A and B). Importantly,
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Figure 6 Knockdown of Shh counters the therapeutic effect of JuA on Shh signaling in vDG. (A) Representative immunoblotting bands of Shh in each group; (B) Expression
levels of Shh in the vDG; (C) Representative fluorescence images of DCX"/Shh* cells in rats; (D) Number of DCX*/Shh™ cells in the vDG; n = 3 in each group; the data are
presented as the mean % SD. *p < 0.05 vs the Control group. *p < 0.05 vs the CUMS group. @p < 0.05 vs the LV-NC group. %p < 0.05 vs the CUMS+JuA group.
Abbreviations: CUMS, chronic unpredictable mild stress; CUMS+JuA, CUMS treated with JuA at 50 mg/kg; CUMS+JuA+Sham, CUMS treated with JuA at 50 mg/kg but
subjected to a sham procedure; LV-NC-RNAI/LV-NC, lentiviral vector normal control shRNA; LV-Shh-RNAI/LV-Shh, lentiviral vector expressing Shh shRNA; Shh, sonic
hedgehog; DAPI, 4’,6-diamidino-2-phenylindole; DCX, doublecortin.

CUMS+JuA

JuA treatment did not reverse the decrease in Shh signaling observed in the CUMS +LV-Shh-RNA:i rats (p < 0.05). Next,
we examined the abundance of double-positive cells expressing both DCX (immature neuron marker) and Shh in the
vDG. As shown in Figure 6C and D, LV-Shh-RNAI treatment notably decreased the number of Shh-positive cells in
immature neurons (p < 0.05). Interestingly, we observed that LV-Shh-RNAIi injection significantly countered the
therapeutic effect of JuA (p < 0.05).

Knockdown of Shh Impeded the Protective Effect of JuA on Calcium Homeostasis and

Neuronal Activation

Immunofluorescence assay results showed that Shh inhibition in the vDG by LV-Shh-RNAi markedly increased the
number of DCX"/CaMKII" cells (p < 0.05; Figure 7A and B). As shown in Figure 7C, LV-Shh-RNAIi counteracted the
regulatory effect of JuA on Ca®" concentration. In addition, calcium homeostasis is closely related to neuronal activation,
and calcium homeostasis can modulate neuronal activation by affecting cell membrane polarization.”* We investigated
whether Shh inhibition affected the activity of immature neurons by quantitatively examining the number of DCX/C-fos-
positive cells. The results confirmed that administration of JuA increased the number of DCX/C-fos-positive cells in the

Drug Design, Development and Therapy 2024:18 htps: 4575

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhong et al Dove

A B

CUMS+JuA

Control CUMS CUMA+JuA Sham LV-NC LV-Shh

x
g2
=0
E o
DAPI 2 fzj
oG
g3
&
. ...-..
0\5 —_—
CUMS+JuA
6001
8
Lo
EE 4004
2E
[
§§ 200-
= o
Merge B
od
&
S o
© CUMS+JuA
D CUMS+JuA
Control CUMS CUMA+JuA Sham LV-NC LV-Shh
o .....-
8 200-
o
DCX ~
(S #
[a] 8 o1y @
Y ary q -
52 o0q| [ *1P] £
o=
52 501
[
[
o=
-
S P® ¥ S
()
o CUMS+JuA
Merge

Figure 7 Knockdown of Shh counters the therapeutic effect of JuA on calcium homeostasis in vDG. (A) Representative fluorescence images of calcium homeostasis in
immature neurons; (B) The ratio of CaMKII/DCX-positive cells in the vDG; (C) Intracellular calcium concentration in the vHip; (D) Representative fluorescence images of
DCX*/C-fos* cells in rats; (E) Number of DCX*/C-fos” cells in the vDG. n=3 in each group; the data are presented as the mean % SD. *p < 0.05 vs the Control group. #p <
0.05 vs the CUMS group. @p < 0.05 vs the LV-NC group. ¥p < 0.05 vs the CUMS+JuA group.

Abbreviations: CUMS, chronic unpredictable mild stress; CUMS+JuA, CUMS treated with JuA at 50 mg/kg; CUMS+JuA+Sham, CUMS treated with JuA at 50 mg/kg but
subjected to a sham procedure; LV-NC-RNAI/LV-NC, lentiviral vector normal control shRNA; LV-Shh-RNAI/LV-Shh, lentiviral vector expressing Shh shRNA; DAPI,
4 6-diamidino-2-phenylindole; DCX, doublecortin; CaMKII, the Ca**/calmodulin (CaM)-dependent protein kinase Il; C-fos, c-fos proto-oncogene protein.

vDG of CUMS rats (p < 0.05), indicating that JuA can enhance the activation of immature neurons. However, LV-Shh-
RNAI led to a significantly lower number of DCX/C-fos- positive cells in the vDG compared to the CUMS+JuA group
(p < 0.05; Figure 7D and E).
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Knockdown of Shh Mitigated the Improvement Effect of JuA on Synaptic Structural
Plasticity

Activated neurons are now understood to continuously replenish synaptic vesicles to maintain normal synaptic function
and structure.”> To further assess the impact of Shh knockdown on synaptic structural plasticity of immature neurons in
the vDG, Golgi staining was used to observe the density, length, and complexity of dendritic spines in the vDG of rats.
The results showed that the density, maximum length, total length, and number of intersections of dendritic spines were
significantly decreased in CUMS rats (p; < 0.05). Treatment with JuA significantly increased the density, maximum
length, total length, and number of intersections of dendritic spines in the vDG of CUMS rats (p; < 0.05; Figure 8A-E),
while the effect diminished after administration of LV-Shh-RNAi. Furthermore, we examined protein levels at the
synaptic interface using immunofluorescence. Specifically, we studied Syn and PSD-95. JuA treatment significantly
increased the double-positive cells for DCX/Syn and DCX/PSD-95 (p < 0.05 for both). Conversely, LV-Shh-RNAi
significantly reduced the number of DCX/Syn" and DCX/PSD-95" cells compared to the CUMS+JuA group (p < 0.05
for both; Figure 9A-D). Consistent with this, Western blotting results revealed that inhibition of Shh significantly
decreased the expression of Syn and PSD-95 in the vDG of JuA-treated rats (p < 0.05 for both; Figure 9E-G).

Knockdown of Shh Counteracted the Regulatory Effect of JuA on Glil and Gli2

We further elucidated the expression of Glil and Gli2 in immature neurons to investigate whether Shh downstream
signaling was involved in the antidepressant effects of JuA. Immunofluorescence showed that the number of DCX'/Glil*
and DCX'/Gli2" cells in the LV-Shh-RNAi group was significantly reduced compared to the CUMS+JuA group (p <
0.05 for both; Figure 10A-D). Then, the levels of Glil and Gli2 were examined by Western blotting. Knockdown of Shh
significantly decreased the expression of Glil and Gli2 in the vDG compared to the JuA treatment (p < 0.05 for both;
Figure 10E-G).

Discussion
Depression is a mood disorder with high morbidity, mortality, and disability rates, posing a significant threat to human
health.*® While JuA’s neuroprotective and antidepressant effects have been documented, the underlying mechanisms
remain unclear. This study aimed to identify the mechanisms by which JuA exerts its neuroprotective and antidepressant
effects. Mechanistically, JuA improved CUMS-induced depressive-like behavior by ameliorating the calcium home-
ostasis, neuronal activation, and synaptic structural plasticity of the immature neurons. Furthermore, the study showed
that JuA exerted these effects mainly through activating the Shh signaling pathway, and the study further confirmed the
direct target of JuA and the detailed mechanism of JuA by in vivo injection of LV-Shh-RNAIi virus. These findings
collectively contribute to a deeper comprehension of the underlying mechanisms governing JuA’s antidepressant proper-
ties, thereby providing a robust preclinical justification for its potential therapeutic utility in the treatment of depression.
Depression is a complex mood disorder characterized by persistent feelings of sadness, hopelessness, and lack of interest in
activities. It is often accompanied by cognitive deficits, such as difficulties with concentration, memory, and decision-
making.?” Behavioral tests like SPT, FST, and NSFT are standard procedures for assessing depression-like behaviors in
animal models.”® The SPT measures anhedonia, a core symptom of depression, with reduced intake indicating decreased
reward motivation.”” The NSFT assesses stress coping mechanisms by measuring the latency to feed in a novel environment;
faster feeding indicates a better ability to adapt to challenges, a behavior inversely related to depression.*® In the FST,
increased immobility time reflects a state of despair, another hallmark of depression.®' Consistent with previous research,*”
our results showed that CUMS rats exhibited reduced sucrose consumption, increased feeding latency, and immobility time.*
In addition, a study reported that the MWM assessed cognitive function related to adult hippocampal neurogenesis.**
Consistent with the literature, our results showed that CUMS rats exhibited significantly increased avoidance latency,
which JuA treatment effectively reversed. JuA administration significantly ameliorated the depressive-like behaviors observed
in CUMS rats, supporting its antidepressant activity as seen in a prior study.'® Moreover, JuA was observed to concurrently
modulate the levels of monoamine neurotransmitters, the primary targets of contemporary antidepressant medications,
further providing a rationale for JuA’s antidepressant effects.
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Figure 8 The morphological changes of synapses in vDG by Golgi staining. (A) Representative graphs of synapses in the vDG neurons stained by Golgi (200x); (B) The
density of dendritic spines in each group; (C) The longest dendrite length in each group; (D) The total length of dendrites in each group; (E) The number of dendritic
intersections in each group. n=3 in each group; the data are presented as the mean * SD. * < 0.05, **p < 0.0/ vs the Control group. *p < 0.05, *p < 0.0/ vs the CUMS
group. @p < 0.05 vs the LV-NC group. %p < 0.05, %p < 0.0/ vs the CUMS+JuA group.

Abbreviations: CUMS, chronic unpredictable mild stress; CUMS+JuA, CUMS treated with JuA at 50 mg/kg; CUMS+JuA+Sham, CUMS treated with JuA at 50 mg/kg but
subjected to a sham procedure; LV-NC-RNAI/LV-NC, lentiviral vector normal control shRNA; LV-Shh-RNAI/LV-Shh, lentiviral vector expressing Shh shRNA.
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Figure 9 Knockdown of Shh mitigates the improvement of synaptic structural plasticity induced by JuA in immature neurons of vHip. (A) Representative fluorescence
images of DCX*/Syn" cells in rats; (B) Number of DCX"/Syn" cells in the vDG; (C) Representative fluorescence images of and DCX"/PSD-95" cells in rats; (D) Number of
DCX*/PSD-95" cells in the vDG; (E) Representative immunoblotting bands of Syn and PSD-95 in each group; (F) Expression levels of Syn in the vDG; (G) Expression levels
of PSD-95 in the vDG. n=3 in each group; the data are presented as the mean # SD. *p < 0.05 vs the Control group. #p < 0.05 vs the CUMS group. @p < 0.05 vs the LV-NC
group. ¥p < 0.05 vs the CUMS+JuA group.

Abbreviations: CUMS, chronic unpredictable mild stress; CUMS+JuA, CUMS treated with JuA at 50 mg/kg; CUMS+JuA+Sham, CUMS treated with JuA at 50 mg/kg but
subjected to a sham procedure; LV-NC-RNAI/LV-NC, lentiviral vector normal control shRNA; LV-Shh-RNAI/LV-Shh, lentiviral vector expressing Shh shRNA; DAPI,
4’,6-diamidino-2-phenylindole; DCX, doublecortin; Syn, synaptophysin; PSD-95, postsynaptic density protein-95.
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vHip plays a crucial role in motivation, social competence, and emotional behaviors associated with anxiety,
frustration, and depression.*® Studies have linked vHip to motivation, social interaction, lack of pleasure, despairing
behaviors, anxiety, sleep, and eating.®” The hippocampal dentate gyrus is a key region in synaptic circuits associated with
emotion and memory functions, which is also a major site of neurogenesis with immature neurons are continually
produced. New-born neurons remain in an immature state for an extended period before integrating into the adult
circuitry.*® DCX is a marker for immature neurons, and BrdU/DCX labeling is commonly used to quantify the number of
these cells.>® The experimental results indicate that pretreatment with JuA can significantly increase the number of
immature neurons in the vDG. Shh, a secreted protein critical for immature neurons and its neuroplasticity,*® exhibited
significantly increasing in the vDG of CUMS rats after being treated with JuA, along with its downstream effectors Glil
and Gli2. Therefore, we postulate that JuA increases the abundance of immature neurons in the vDG by upregulating
Shh. To investigate the role of Shh in JuA’s therapeutic effect, we employed LV-Shh-RNAI viruses to knock down Shh in
the vDG of rats. We observed that Shh knockdown not only induced depressive-like behaviors (lack of pleasure, appetite
loss, hopelessness, and learning memory deficits) but also reduced the abundance of immature neurons in rats given JuA
treatment. These findings strongly suggest that JuA’s antidepressant effects are mediated by Shh signaling.

In blood and cerebrospinal fluid, Ca* levels were elevated in depressed patients compared to healthy controls, which
is consistent with elevated hippocampal Ca®" levels in CUMS model rats, suggesting that calcium homeostatic
dysregulation is present in depression.“ Imbalances in calcium homeostasis can alter neuronal structure and function,
potentially leading to irreversible neuronal damage. While the mechanisms are less well-studied in depression, dysre-
gulation of calcium homeostasis in neurons is strongly implicated in many central nervous system diseases, including
Alzheimer’s and Parkinson’s diseases.**** CaMKII is the major calcium-regulated protein in neurons, suggesting it is
a major target of calcium homeostatic dysregulation.** Immunofluorescence and calcium content assays showed that
calcium homeostasis was dysregulated in immature neurons of the CUMS group, and JuA treatment maintained calcium
homeostasis in immature neurons. However, the knockdown of Shh eliminated the protective effect of JuA. Furthermore,
it has been shown that sustained neuronal activation depends on calcium homeostasis maintenance.*> The hallmark of
neuronal activation is C-fos, a calcium-dependent immediate-early gene and a regulator mediating neuronal excitability
and survival. Our research confirmed that JuA ameliorated CUMS-induced inhibition of activity in immature neurons,
whereas this effect did not occur after administration of LV-Shh-RNAi virus to knock down Shh. This result also
indirectly confirms that JuA regulates the calcium homeostasis of immature neurons through Shh signaling.

Structural synaptic plasticity is a prerequisite for immature neurons integrate into established neural networks,
involving changes in axons, dendrites, and dendritic spines.*® Dendritic spines are highly dynamic, and changes in
their density, size, and shape underlie structural synaptic plasticity in cognition and memory.*” Golgi staining showed that
the length, density, and complexity (represented by dendritic crossings) of dendrites were reduced in CUMS rats, which
is consistent with previous results.*® It was shown that the knockdown of Shh by viral injection blocked the protective
effect of JuA on dendritic spine morphology in CUMS rats. PSD-95, as an important factor in synaptic plasticity and
postsynaptic membrane stabilization, and Syn, as a marker of synaptic development and activity, are both major proteins
involved in synaptic structural plasticity.*” Immunofluorescence and immunoblotting results showed that the knockdown
of Shh blocked the effects of JuA on PSD-95 and Syn. Taken together, our findings suggest that JuA can improve
synaptic structural plasticity by altering dendritic spine morphology and regulating synaptic proteins.

Increased intracellular calcium levels activate CaMKII, triggering molecular events associated with synaptic struc-
tural plasticity, such as actin cytoskeleton remodeling and sporogenesis. At low Ca>" concentrations, actin binds to
CaMKII. When Ca®" concentration increases, CaMKII dissociates from actin, opening a window for actin remodeling.>”
More importantly, calcium homeostasis in neurons regulates postsynaptic AMPAR content by affecting calmodulin
binding to PSD-95. Further, AMPAR modulates the down- or up-regulation of postsynaptic strength, which is essential
for synaptic homeostasis.”" The relevance of synaptic structure can directly affect synaptic homeostasis.*® In summary,
JuA treatment may exert antidepressant-like effects by maintaining synaptic homeostasis through modulation of calcium
homeostasis and synaptic structural plasticity.

In conclusion, JuA could alleviate the emotional behavior of CUMS rats, and the mechanism is related to mediating
the calcium homeostasis and synaptic structural plasticity in immature neurons of vDG, through activation of the Shh
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pathway targeting the Glil/Gli2. JuA demonstrates potential as a natural, safe, and effective antidepressant. However, our
limitations of study include the use of a single animal model. To address this, we will extract primary immature neuronal
cells from the vHip of fetal rats for further validation. Moreover, advanced animal models, such as the primate tree shrew,
are necessary for in-depth elucidation of JuA’s therapeutic effects.

Conclusion

Our study suggests that JuA could be a promising therapeutic agent for mitigating CUMS-induced depressive-like
behaviors. We hypothesize that its mechanism of action involves modulating calcium homeostasis and synaptic structural
plasticity in immature neurons via the Shh signaling pathway. These findings elucidate a potentially novel neuroprotec-
tive mechanism of JuA for the treatment of depression and provide a strong theoretical basis for its use as a highly
promising antidepressant drug.
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