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Sortilin deletion in the prefrontal cortex and hippocampus
ameliorates depressive-like behaviors in mice via regulating
ASM/ceramide signaling
Shu-jian Chen1, Cong-cong Gao1, Qun-yu Lv1, Meng-qi Zhao1, Xiao-ying Qin1 and Hong Liao1

Major depressive disorder (MDD) is a common psychiatric disorder characterized by persistent mood despondency and loss of
motivation. Although numerous hypotheses have been proposed, the possible pathogenesis of MDD remains unclear. Several
recent studies show that a classic transporter protein, sortilin, is closely associated with depression. In the present study, we
investigated the role of sortilin in MDD using a well-established rodent model of depression. Mice were subjected to chronic
unpredictable mild stress (CUMS) for 6 weeks. We showed that the expression levels of sortilin were significantly increased in the
prefrontal cortex and hippocampus of CUMS mice. The depressive-like behaviors induced by CUMS were alleviated by specific
knockdown of sortilin in the prefrontal cortex and hippocampus. We revealed that sortilin facilitated acid sphingomyelinase (ASM)/
ceramide signaling, which activated RhoA/ROCK2 signaling, ultimately causing the transformation of dendritic spine dynamics.
Specific overexpression of sortilin in the prefrontal cortex and hippocampus induced depressive-like behaviors, which was
mitigated by injection of ASM inhibitor SR33557 (4 µg/μL) into the prefrontal cortex and hippocampus. In conclusion, sortilin
knockdown in the prefrontal cortex and hippocampus plays an important role in ameliorating depressive-like behavior induced by
CUMS, which is mainly evidenced by decreasing the trafficking of ASM from the trans-Golgi network to the lysosome and reducing
the ceramide levels. Our results provide a new insight into the pathology of depression, and demonstrate that sortilin may be a
potential therapeutic target for MDD.
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INTRODUCTION
Depression, a potentially devastating psychiatric disorder, has
become a serious public health problem with high prevalence.
Depression is estimated to affect over 16% of the global
population, with an associated annual cost of over $200 billion
[1]. However, available antidepression therapies are not suffi-
ciently effective; almost one third of major depressive disorder
(MDD) patients do not respond to these therapies, which
significantly impedes the treatment of depressive disorders.
Therefore, clarifying the detailed mechanisms underlying depres-
sion is an important public health goal [2].
Sortilin, a 95-kDa type-1 transmembrane protein, is widely

expressed in many mammalian cell types in most tissues and highly
expressed in neurons in the central nervous system (CNS) [3, 4]. After
synthesis on the endoplasmic reticulum in precursor form, sortilin is
trafficked to the trans-Golgi network (TGN) and then cleaved by the
enzyme furin to its mature form [5, 6]. Mature sortilin is transported
onto the cell membrane, where it functions as a receptor, binding
with several proteins such as lipoproteins, neuropeptides [7, 8], and
cytokines [9], or forming a co-receptor with p75NTR [7], GPCR, or ion
channels [10] to mediate downstream signaling events. Mature
sortilin can also combine with several adaptor proteins within cells
to participate in the sorting and transport of numerous proteins

such as neurotrophins [8], prosaposin [8], cathepsin D, cathepsin H
[11], and progranulin [12] to contribute indirectly to other
physiological or pathological processes. Numerous studies have
shown that abnormal sortilin expression is closely associated with
the onset and progression of many diseases, including hypercho-
lesterolemia [13], obesity and insulin resistance [14, 15], Huntington’s
disease [16], Alzheimer’s disease [17], frontotemporal lobar degen-
eration [18], B cell lymphoma [19], and especially depression [20].
The latest clinical research has shown significant increases in

serum sortilin levels in MDD individuals compared with controls
[21]. Preclinical research has shown that sortilin knockout mice are
less likely to exhibit depressive-like behavior, and the underlying
mechanism indicates that sortilin deficiency leads to the inhibition
of TREK-1 expression and function, which strengthens dorsal
raphe nucleus 5-hydroxytryptamine (5-HT) neuronal firing activity
[22]. In another study, ablation of sortilin in mice did not alter their
cognitive functions and depressive-like behavior; however, the
mice exhibited anxiety-like behavior [23]. This evidence indicates
that sortilin may participate in the pathological course of
depression, although its precise role and molecular mechanism
in depression remains to be determined.
Several studies have reported an association between sortilin

and acid sphingomyelinase (ASM). Sortilin-deficient hepatocytes
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appear to have lower ASM enzyme activity [23]. Sortilin in
macrophages mediates ASM trafficking from the TGN to the
lysosome [24]. These findings suggest that sortilin may mediate
ASM trafficking within cells and is important for maintaining ASM
enzyme activity. Therefore, whether sortilin contributes to
depression pathogenesis by modulating ASM enzyme activity
requires further exploration.
In the present study, we investigated the role of sortilin in the

pathogenesis of depression. The results of this study will provide a
novel potential target for MDD treatment.

MATERIALS AND METHODS
Animals
C57BL/6J male mice (7–8-week-old; Beijing Vital River Laboratory
Animal Technology Co., Beijing, China) were used for all
experiments. The mice were housed in cages and maintained in
a standard animal room (12-h light/12-h dark cycles; 24 ± 2 °C;
food and water ad libitum). The mice were acclimated to the new
environment for 1 week before the start of all experiments. All
procedures were performed in accordance with the guidelines of
the Animal Research Ethics Committee of China Pharmaceutical
University.

Chronic unpredictable mild stress (CUMS) procedure
The depression model was established using chronic unpredict-
able mild stress (CUMS) as previously described, with slight
modifications [23]. Briefly, mice were individually housed and
randomly exposed to the following stressors daily: cage shaking (1
time/s, 5 min); 45° cage tilting (8 h); tail pinching (2 min); tail
pinching (5 min); warm water swim (37 ± 2 °C, 10 min); cold water
swim (10 ± 2 °C, 5 min); moist bedding (24 h); empty cage without
bedding (24 h); overnight illumination (12 h); restraining (4 h); food
deprivation (24 h); water deprivation (24 h); no stress. Each
individual stressor could not be repeated the next day. The
procedure lasted 6 weeks.

Stereotactic surgeries
For stereotaxic delivery of AAV9-Sort1-shRNA (Hanbio Biotechnol-
ogy Co. Ltd., Shanghai, China) or AAV9-Sort1 (Vigene Biosciences,
Jinan, China), mice were anesthetized with isoflurane (2%
induction, 1.5% maintenance) and affixed in a stereotaxic
apparatus (RWD Life Science, Shenzhen, China). After exposing
the skull, four small holes were made to allow bilateral
microinjection (1 μL per side over 5 min) into the prefrontal cortex
or hippocampus using a 1 μL Hamilton syringe. Coordinates were
as follows: left and right prefrontal cortex (AP+ 1.8 mm; ML ± 0.3
mm; DV− 2.0 mm from the bregma) or left and right hippocam-
pus (AP− 2.3 mm; ML ± 1.8 mm; DV− 2.0 mm from the bregma).
After every injection, the needle was left in place for an additional
5 min before withdrawal. Mice were left to recover for 4 weeks.
Blank control adeno-associated virus vectors for AAV9-Sort1-
shRNA and AAV9-Sort1 were injected in Ctrl AAV1 and Ctrl AAV2
group mice, respectively.

Drug administration
For ASM inhibitor (SR33557, MCE, 4 µg/μL) infusion in the
prefrontal cortex and hippocampus, mice were anesthetized with
isoflurane (2% induction, 1.5% maintenance) and affixed in a
stereotaxic apparatus (RWD Life Science). After exposing the skull,
mice were bilaterally microinjected (2.5 μL per side over 10min)
either with SR33557 or vehicle (10% DMSO+ 90% corn oil) into the
prefrontal cortex or hippocampus using a 10 µL Hamilton syringe.
Coordinates were as follows: left and right prefrontal cortex (AP+
1.8 mm; ML ± 0.3mm; DV− 2.0mm from the bregma) or left and
right hippocampus (AP− 2.3 mm; ML ± 1.8mm; DV− 2.0mm from
the bregma). After every injection, the needle was left in place for
an additional 5 min before withdrawal.

Behavioral tests
Open-field test (OFT). The open-field test (OFT) was performed as
previously described [25]. Briefly, the mice were gently placed in
the center of a cube chamber (45 cm × 45 cm × 45 cm) and left to
explore the area for 6 min. An overhead camera recorded all
behavior. The locomotor activity data including the trackpath,
total distance traveled, and time spent in the center were
analyzed using ANY-maze software (Stoelting Co., Wood Dale,
IL, USA).

Tail suspension test (TST). The tail suspension test (TST) was
performed as previously described [26]. Briefly, mice were
individually tail-suspended with an adhesive tape that was placed
1 cm from the tip of the tail. The distance from the mouse head to
the experiment table was 20 cm. Immobility time was measured
manually during a 6-min test period.

Forced swimming test (FST). The forced swimming test (FST) was
performed as previously described [27]. Briefly, mice were placed
into a clear plastic cylinder (diameter 16 cm; height 30 cm) filled
with 15 cm of water (23 ± 2 °C) for 6 min. Immobility time was
measured manually during the last 4 min of the 6-min trial.

Novelty-suppressed feeding test (NSFT). The novelty-suppressed
feeding test (NSFT) was performed as previously described [28].
Briefly, mice were deprived of food for 24 h before the test. Fresh
mice chow covered with bedding was placed in the center of a
cube chamber (45 cm × 45 cm × 45 cm) and the mouse was placed
into the cube chamber for free activity for 5 min. The first time the
mouse began eating the chow was recorded as latency to
feed time.

Sucrose preference test (SPT). The sucrose preference test (SPT)
was performed as previously described [29]. Briefly, mice were first
habituated to drink from two bottles, one filled with water and the
other with 1% sucrose solution, for 2 days, the side of the sucrose
bottle being alternated each day. Then, after 24-h deprivation of
water, the two bottles were presented again to allow mice to drink
freely, and the water and 1% sucrose solution consumed over a
4-h period were measured. The sucrose preference index is
defined as (sucrose consumed) / (sucrose consumed+water
consumed) × 100 percentage index.

ASM activity measurement
Different brain regions were removed, flash-frozen, and lysed in
250mM sodium acetate (pH 5.0), 1% NP40, and 1.3 mM EDTA for
15min. The tissues were then homogenized using a tissue
homogenizer at 1500 r/min and 30 s/cycle for four cycles at 4 °C.
The homogenate was centrifuged at 12,000 r/min for 10 min at
4 °C. Aliquots of the supernatant were used for subsequent ASM
activity measurement using the Fluorometric Acidic Sphingomye-
linase Assay Kit (AAT Bioquest, Sunnyvale, CA, USA) following the
manufacturer’s instructions. Briefly, the testing samples were
mixed with equal volumes of sphingomyelin working solution and
incubated at 37 °C for 3 h. Then, we added equal volumes of
sphingomyelinase working solution to each well and incubated
the wells at room temperature for 1.5 h. Finally, the fluorescence
intensity of each well was monitored using a fluorescence
microplate reader at Ex/Em= 540/590 nm [30].

Total ceramide ELISA measurement
The different brain regions were removed, flash-frozen, and lysed
in 0.01 M phosphate-buffered saline (PBS) (pH 7.4) for 10min. The
tissues were then homogenized using a tissue homogenizer at
1500 r/min, 30 s/cycle, 4 cycles, 4 °C. The homogenate was
centrifuged at 3000 r/min, 20 min, 4 °C. Aliquots of the super-
natant were used in subsequent total ceramide measurements
using a mouse ceramide ELISA kit (Tongwei Co., Shanghai, China)
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following the manufacturer’s instructions. Briefly, the standards or
samples were mixed with horseradish peroxidase-conjugate
reagent and incubated at 37 °C for 60 min. The liquid was
discarded and dried by swinging, and then washing buffer was
added to the mixed solution to wash each well thoroughly. The
solution was drained and the same washing procedure was
repeated five times. Each well was patted dry, and chromogen
solution A and chromogen solution B were added to each well;
the wells were then left in the dark at 37 °C for 15min. Finally, the
stop solution was added and the absorbance of each well was
read at 450 nm within 15 min.

Tissue preparation
Mice were anesthetized with isoflurane and perfused with 0.9%
saline followed by cold 4% paraformaldehyde. The whole brain
tissues were fixed in 4% paraformaldehyde at 4 °C overnight and
then dehydrated in a gradient of 20% sucrose and 30% sucrose at
4 °C. When the brain tissues were fully dehydrated, they were
sliced on a Leica1950 cryostat (Leica Instruments, Wetzlar,
Germany) into 12-µm sections and stored at −20 °C for immuno-
fluorescence staining.

Immunofluorescence staining
Brain sections were permeabilized with 0.3% Triton X-100 in PBS,
blocked with 10% goat serum in 90% PBS at room temperature for
1 h, and then incubated with primary antibody at 4 °C overnight.
The following primary antibodies were used: goat anti-Sortilin
(1:200, R&D Systems, Inc., Minneapolis, MN, USA); rabbit anti-NeuN
(1:300, Abcam, Cambridge, MA, USA); rabbit anti-ASM (1:200,
Abcam); mouse anti-TGN38 (1:100, R&D); mouse anti-LAMP1
(1:100, R&D). After the sections were rinsed with PBS three times,
they were incubated with Alexa Fluor 488 conjugated donkey anti-
goat IgG (1:500, Invitrogen, Waltham, MA, USA), Alexa Fluor 633
conjugated donkey anti-rabbit IgG (1:500, Invitrogen), Alexa Fluor
633 conjugated donkey anti-mouse IgG (1:500, Invitrogen), Alexa
Fluor 488 conjugated goat anti-rabbit IgG (1:500, Invitrogen), or
Alexa Fluor 633 conjugated goat anti-mouse IgG (1:500, Invitro-
gen) at room temperature for 1 h with Hoechst 33342 (1:1,000,
Invitrogen). The images were captured using an Olympus FV1000
confocal microscope and processed with Image J software.

Western blot analysis
Different brain regions were lysed in radio immunoprecipitation
assay lysate (Beyotime, Haimen, China) with complete protease
inhibitor cocktail added (Roche, Indianapolis, IN, USA). Equal
amounts of protein were separated on SDS polyacrylamide gels,
transferred to polyvinyl-difluoride membranes (Millipore, Burling-
ton, MA, USA), and blocked with 3% (w/v) bovine serum albumin.
The membranes were incubated with the following primary
antibodies: goat anti-sortilin (1:500, R&D); mouse anti-PSD95
(1:1,000, CST, Danvers, MA, USA); mouse anti-SYP38 (1:1,000,
Abcam); rabbit anti-ROCK2 (1:500, ABclonal, Wuhan, China); rabbit
anti-p-cofilin (1:500, CST); rabbit anti-cofilin (1:1,000, CST); rabbit
anti-ASM (1:500, Abcam); mouse anti-β-actin (1:2,000, Santa Cruz
Biotechnology, Santa Cruz, CA, USA); mouse anti-GAPDH (1:2,000,
Sino Biological, Beijing, China), at 4 °C overnight. After rinsing in
Tris-buffered saline and Tween 20 (TBST) three times, the
membranes were incubated with the corresponding secondary
antibody at room temperature for 1 h. After rinsing with TBST four
times, the labeled proteins were detected using the Bio-Rad
System (Bio-Rad, Feldkirchen, Germany).

RhoA activity measurement
Activated RhoA was determined using the RhoA Pulldown
Activation Assay Kit (#BK036, Cytoskeleton Inc., Denver, CO,
USA). Briefly, different brain regions were homogenized using a
pellet pestle in 10mg tissue/200 μL lysis buffer. Homogenates
were centrifuged and supernatants were incubated with Rhotekin-

RBD Beads to pull down active RhoA. After appropriate processing,
the samples were analyzed using Western blot.

Golgi staining
Golgi staining was performed using the FD Rapid GolgiStain Kit
(FD NeuroTechnologies, Inc., Columbia, MD, USA), following the
manufacturer’s instructions. Mice were anesthetized with isoflur-
ane and the whole brains were quickly removed and rinsed with
double-distilled water. After removing the olfactory bulb and
cerebellum with a blade, the brain tissues were immersed in Golgi
impregnation solution (solutions A and B) overnight and then
stored in fresh solution for 2 weeks in the dark at room
temperature. Brains were transferred into solution C overnight
and then stored in fresh solution for 3 days in the dark at room
temperature. The brain tissues were sliced into 100-μm-thick
sections on a Leica1950 cryostat (Leica Instruments) and each
section was mounted in solution C on a gelatin-coated
microscope slide. When the sections had dried naturally, the
staining procedure was performed following the manufacturer’s
instructions. Images of dendritic spines within the prefrontal
cortex and hippocampus were captured using a 100× oil objective
lens using an Olympus FV1000 confocal microscope [31, 32].

Statistical analysis
Data were presented as mean ± standard error of the mean (SEM)
with individual data points overlaid. All statistical tests were
performed in GraphPad Prism 6.0 (La Jolla, CA, USA). Individual
comparisons were assessed using an two-sided Student’s t-test
and multiple comparisons were performed using one-way analysis
or two-way analysis of variance with Holm–Sidak’s post hoc tests
or Bonferroni’s post hoc tests. All tests were considered statistically
significant at P < 0.05.

RESULTS
Increased sortilin expression and ASM/ceramide levels in the
prefrontal cortex and hippocampus in mice exposed to CUMS
To explore whether sortilin is involved in the pathogenesis of
depression, the CUMS model, a classical rodent model of
depression, was used in this study. After performing CUMS, the
CUMS mice showed significant loss in body weight, less time
spent in the central zone in the OFT, more immobility time in the
TST and FST, and less sucrose preference in the SPT (Supplemen-
tary Fig. S1a–e). These results showed the CUMS was successful in
inducing depressive-like behaviors in the mice. Then, the sortilin
protein expression in the four brain regions highly relevant for
depression (prefrontal cortex, hippocampus, nucleus accumbens,
and amygdala) was examined. Western blot analysis showed that
sortilin protein expression increased in the prefrontal cortex and
hippocampus of CUMS mice (F3,40= 11.54, P < 0.0001; Fig. 1a, b);
however, statistical differences were not observed in the nucleus
accumbens and amygdala of CUMS mice compared with stress-
naive mice (Fig. 1a, b). Subsequent immunofluorescence staining
results verified further that sortilin was highly expressed in the two
brain regions of CUMS mice (F1,14= 37.77, P < 0.0001; Fig. 1c–e).
Because ASM/ceramide abnormality is highly associated with

depression [33–36], ASM enzyme activity was tested using a
Fluorometric Acidic Sphingomyelinase Assay Kit and total
ceramide levels were tested using a ceramide ELISA kit separately
in the four brain regions mentioned above. The results showed
upregulated ASM enzyme activity in the prefrontal cortex and
hippocampus of CUMS mice (F1,16= 47.17, P < 0.0001), and
upregulated total ceramide levels were observed in the prefrontal
cortex, hippocampus, and nucleus accumbens of CUMS mice
(F1,24= 67.53, P < 0.0001; Fig. 1f, g). Overall, these results indicated
that sortilin and ASM/ceramide levels were significantly increased
in the prefrontal cortex and hippocampus of mice exposed to
CUMS. The coincident upregulation of sortilin and ASM/ceramide
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levels indicates that sortilin and ASM/ceramide signaling may be
involved in the pathogenesis of depression.

Specific knockdown of sortilin in the prefrontal cortex and
hippocampus of mice ameliorates CUMS-induced depressive-like
behaviors
To examine the potential role of sortilin in depression, AAV9-Sort1-
shRNA or AAV9-Ctrl was stereotaxically injected into the prefrontal
cortex and hippocampus to construct specific sortilin knockdown
mice. AAV9-Sort1-shRNA was confirmed to reduce sortilin protein
expression effectively in the prefrontal cortex and hippocampus
(Supplementary Fig. S2a, b). After achieving specific knockdown of
sortilin, these mice were subjected to CUMS. After completing
CUMS, a series of tests were performed to detect depressive-like
behaviors. In the OFT, sortilin knockdown mice did not show
significant differences in total distance traveled compared with
AAV9-Ctrl-injected mice in the CUMS and stress-naive models
(F1,31= 0.02072, P= 0.8865; Fig. 2b). However, sortilin knockdown
mice showed less immobility time (F1,29= 5.238, P= 0.0296) and

significantly increased time spent in the central zone than did
AAV9-Ctrl-injected mice in the CUMS model but not in the stress-
naive model (F1,34= 3.711, P= 0.0625; Fig. 2b). The sortilin
knockdown mice showed no significant difference in body weight
gain compared with AAV9-Ctrl-injected mice in the CUMS and
stress-naive models, although sortilin knockdown mice showed a
minimally increased trend in body weight gain compared with
AAV9-Ctrl-injected mice in the CUMS model (F1,36= 1.527, P=
0.2245; Fig. 2a). Sortilin knockdown mice exhibited reduced
immobility time compared with AAV9-Ctrl-injected mice in the
CUMS model but not in the stress-naive model in the TST (F1,36=
5.741, P= 0.0219; Fig. 2c) and in the FST (F1,34= 8.794, P= 0.0055;
Fig. 2d). In accordance with the above results, latency to feed time
was less in sortilin knockdown mice than in AAV9-Ctrl-injected
mice in the CUMS model but not in the stress-naive model (F1,35=
2.6, P= 0.1159; Fig. 2e). In addition, sortilin knockdown mice
showed greater preference for sucrose water than AAV9-Ctrl-
injected mice after CUMS, however, the stress-naive mice did not
show a preference (F1,42= 10.11, P= 0.0028; Fig. 2f). Collectively,

Fig. 1 Increased sortilin expression and ASM/ceramide levels in the prefrontal cortex and hippocampus in mice exposed to CUMS.
a, b Western blot analysis of sortilin protein expression in the prefrontal cortex (PFC), hippocampus (Hipp), nucleus accumbens (NAcc),
amygdala (Amyg) of mice. n= 4–5 per group. ***P < 0.001 compared with control. c, d Representative images of immunostaining for sortilin
in the PFC (c) and Hipp (d) of mice. Scale bars = 200 μm. e Quantitative of relative fluorescence intensity (RFI) in the PFC and Hipp of mice.
n= 3–4 per group. ***P < 0.001 compared with control. f, g Levels of acid sphingomyelinase (ASM) activity (f) and quantitative ELISA analysis
of total ceramide (g) in the PFC, Hipp, NAcc, Amyg of mice. n= 3–4 per group. **P < 0.01, ***P < 0.001 compared with control. One-way
ANOVA, Holm–Sidak’s multiple comparisons test. All data are represented as mean ± SEM.
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these results demonstrated that specific knockdown of sortilin in
the prefrontal cortex and hippocampus ameliorates depressive-
like behaviors under the CUMS condition. However, when mice
were not subjected to CUMS, sortilin knockdown mice and AAV9-
Ctrl-injected mice did not show significant differences in any
depressive-like behavior test.

ASM distribution between the TGN and lysosome regulated by
sortilin affects ASM/ceramide levels
In previous studies, sortilin was shown to mediate ASM trafficking
from the TGN to the lysosome in several types of cells [24, 37]. In
the present study, the effects of sortilin knockdown on ASM
transport and ASM/ceramide levels in the prefrontal cortex and
hippocampus were examined. Using the Fluorometric Acidic
Sphingomyelinase Assay Kit, sortilin knockdown mice had lower
ASM enzyme activity than AAV9-Ctrl-injected mice in the
prefrontal cortex (F1,8= 156.8, P < 0.0001) and hippocampus
(F1,8= 40.45, P= 0.0002) in the CUMS and stress-naive models
(Fig. 3a). Next, the ceramide levels were examined using a mouse
ceramide ELISA kit. The results also showed sortilin knockdown
mice had lower total ceramide levels than AAV9-Ctrl-injected mice
in the prefrontal cortex (F1,8= 107.1, P < 0.0001) and hippocampus
(F1,8= 114.3, P < 0.0001) in the CUMS and stress-naive models
(Fig. 3b), which exhibited a trend similar to the ASM enzyme
activity outcome. These results proved, preliminarily, that sortilin
plays a critical role in regulating ASM/ceramide signaling.
To determine the mechanism by which sortilin regulates ASM/

ceramide signaling, an immunofluorescence co-localization tech-
nique was used to detect ASM distribution between the TGN and
the lysosome. In the prefrontal cortex of stress-naive mice,
knockdown of sortilin increased ASM and TGN38 (TGN marker)

co-localization levels (F1,13= 24.44, P= 0.0003; Fig. 3c, g) but
decreased ASM and LAMP1 (lysosome marker) co-localization
levels (F1,15= 31.51, P < 0.0001; Fig. 3d, h). Furthermore, in the
CUMS model, knockdown of sortilin increased ASM and TGN38 co-
localization levels (F1,13= 24.44, P= 0.0003; Fig. 3c, g) but
decreased ASM and LAMP1 co-localization levels (F1,15= 31.51,
P < 0.0001; Fig. 3d, h). These results confirmed knockdown
of sortilin hindered ASM trafficking from the TGN to the
lysosome under normal and CUMS conditions. In addition, the
CUMS paradigm decreased ASM and TGN38 co-localization levels
(F1,13= 20.54, P= 0.0006; Fig. 3c, g) and increased ASM and
LAMP1 co-localization levels (F1,15= 13.83, P= 0.0021; Fig. 3d, h),
indicating CUMS facilitated ASM trafficking from the TGN to the
lysosome. The representative hippocampus pictures showed
similar outcomes with the prefrontal cortex (Fig. 3e, f, i, j). Taken
together, our data demonstrated that sortilin facilitates ASM
trafficking from the TGN to the lysosome, which promotes ASM
maturation in the lysosome, ultimately leading to upregulation of
ASM enzyme activity and total ceramide levels.

Sortilin overexpression induces depressive-like behaviors by
promoting ASM/ceramide levels
To verify the role of sortilin in depression, AAV9-Sort1 was injected
into the prefrontal cortex and hippocampus to construct specific
sortilin overexpression mice and sortilin was confirmed to
be overexpressed in the two brain regions (Supplementary
Fig. S2c, d). The body weight gain was not significantly different
between AAV9-Sort1-injected mice and AAV9-Ctrl-injected
mice (P= 0.6733; Fig. 4a). Next, the depressive-like behaviors in
AAV9-Sort1-injected mice and AAV9-Ctrl-injected mice were
compared. The AAV9-Sort1-injected mice did not show any

Fig. 2 Specific knockdown of sortilin in the prefrontal cortex and hippocampus of mice ameliorates CUMS-induced depressive-like
behaviors. a Body weight changes from the beginning to the end of the experiment in the mice. n= 8–16 per group. b Total distance,
immobility time, time spent in central zone in the OFT. n= 8–16 per group. c Immobility time in the TST. n= 8–16 per group. d Immobility
time in the FST. e Latency to feed time in the NSFT. n= 8–16 per group. f Percentage of sucrose preference in the SPT. n= 8–16 per group.
*P < 0.05, **P < 0.01, ***P < 0.001 compared with CUMS+ Ctrl AAV. One-way ANOVA, Holm–Sidak’s multiple comparisons test. All data are
represented as mean ± SEM.
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Fig. 3 ASM distribution between the TGN and lysosome regulated by sortilin affects ASM/ceramide levels. a, b Levels of ASM activity (a)
and quantitative ELISA analysis of total ceramide (b) in the PFC and Hipp of mice. n= 5 per group. c, d Representative images of
immunostaining for ASM, TGN38, Hoechst (c) and ASM, LAMP1, Hoechst (d) in the PFC of mice. e, f Representative images of immunostaining
for ASM, TGN38, Hoechst (e) and ASM, LAMP1, Hoechst (f) in the Hipp of mice. Scale bars = 5 μm. g, h Quantitative of ASM/TGN38 (g) and
ASM/LAMP1 (h) co-localization Pearson’s correlation coefficient in the PFC of mice. n= 3–4 per group. i, j Quantitative of ASM/TGN38 (i) and
ASM/LAMP1 (j) co-localization Pearson’s correlation coefficient in the Hipp of mice. n= 3–4 per group. #P < 0.05, ##P < 0.01 compared with Ctrl
AAV; *P < 0.05, **P < 0.01, ***P < 0.001 compared with Ctrl AAV or CUMS+ Ctrl AAV. One-way ANOVA, Holm–Sidak’s multiple comparisons test.
All data are represented as mean ± SEM.
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change in total distance traveled (P= 0.8068), immobility time
(P= 0.8283), or time spent in the central zone (P= 0.2313)
compared with AAV9-Ctrl-injected mice (Fig. 4b). The AAV9-
Sort1-injected mice displayed longer immobility time compared
with AAV9-Ctrl-injected mice in the TST (P < 0.0001; Fig. 4c) and
FST (P= 0.0003; Fig. 4d). Consistent with the above results, AAV9-
Sort1-injected mice also showed increased latency to feed time
compared with AAV9-Ctrl-injected mice in the NSFT (P= 0.0065;
Fig. 4e). Anhedonia, the core symptom of depression, was tested
using the SPT. The AAV9-Sort1-injected mice drank less sucrose
water than AAV9-Ctrl-injected mice (P < 0.0001; Fig. 4f). These
results confirmed that sortilin overexpression in the prefrontal
cortex and hippocampus is sufficient to induce depressive-like
behaviors in stress-naive mice.
To investigate how specific sortilin overexpression affects

depressive-like behaviors, the changes in ASM/ceramide levels
were examined. ASM enzyme activity was upregulated in the
prefrontal cortex (P= 0.0003) and hippocampus (P= 0.0232) in
AAV9-Sort1-injected mice (Fig. 4g). Total ceramide levels was
upregulated in the prefrontal cortex (P= 0.0093) and hippocam-
pus (P= 0.0416) in AAV9-Sort1-injected mice (Fig. 4h), which was
consistent with the ASM enzyme activity results. Then, using the
immunofluorescence co-localization technique, the effects of
sortilin overexpression on distribution of ASM in the TGN and
lysosome were determined. In the prefrontal cortex, sortilin
overexpression decreased ASM and TGN38 co-localization levels
(P= 0.0443; Fig. 4i, m) and simultaneously increased ASM and
LAMP1 co-localization levels (P= 0.0144; Fig. 4j, n). Similar results
were observed in the hippocampus, indicating that sortilin
overexpression promoted the transport of ASM from the TGN to
the lysosome (P= 0.0057 for ASM and TGN38 co-localization, P=
0.0223 for ASM and LAMP1 co-localization; Fig. 4k, l, o, p). In
addition, total ASM protein levels in the prefrontal cortex and
hippocampus of AAV9-Sort1-injected mice did not change
compared with AAV9-Ctrl-injected mice (Supplementary Fig. S4a,
b). These data indicated that the mechanism of specific sortilin
overexpression in the prefrontal cortex and hippocampus induced
depressive-like behaviors. Excessive sortilin promoted ASM
trafficking from the TGN to the lysosome and led to the
enrichment of activated ASM in lysosomes, which hydrolyzed
sphingomyelin to ceramide, finally resulting in ceramide upregu-
lation in the two brain regions.

Sortilin regulates dendritic spine dynamics
The above results indicated that sortilin-regulated ASM/ceramide
signaling influences depressive-like behaviors. The potential
mechanism of how ASM/ceramide signaling affects depressed
mood remains to be clarified. In a previous study, the abnormality
of dendritic spines was shown to be highly associated with
depression. In the present study, the influence of specific sortilin
knockdown on dendritic spine number and morphology was
investigated. Based on Golgi staining, sortilin knockdown restored
the loss of dendritic spines caused by CUMS in the prefrontal
cortex (F1,12= 22.99, P= 0.0004; Fig. 5a) and hippocampus
(F1,12= 26.35, P= 0.0002; Fig. 5b) but did not affect dendritic
spine number of mice not exposed to CUMS (Fig. 5a, b). Analysis of
dendritic spine dynamics showed that sortilin knockdown
reversed the reduction of mushroom spines and the increase of
thin spines caused by CUMS in the prefrontal cortex and
hippocampus but did not influence stubby spines (Fig. 5a, b).
Next, the effects of sortilin knockdown on the expression of

synapse-associated proteins were investigated. SYP38 is a
presynaptic-related protein and PSD95 a postsynaptic-related
protein. Western blot analysis showed that CUMS could induce the
downregulation of SYP38 and PSD95, which is consistent with
previous research (Fig. 5c, d). After CUMS, sortilin knockdown mice
had increased SYP38 and PSD95 expression in the prefrontal
cortex (F1,12= 39.83, P < 0.0001 and F1,12= 20.65, P= 0.0007,

respectively; Fig. 5c) and hippocampus (F1,12= 12.21, P= 0.0044
and F1,12= 20.12, P= 0.0007, respectively; Fig. 5d) compared with
AAV9-Ctrl-injected mice. However, knockdown of sortilin in the
prefrontal cortex and hippocampus did not affect the SYP38 and
PSD95 expression in stress-naive mice (Fig. 5c, d). In addition,
AAV9-Sort1-injected mice had lower SYP38 and PSD95 expression
than AAV9-Ctrl-injected mice in the prefrontal cortex (P= 0.0124
and P= 0.0022, respectively; Fig. 5e) and hippocampus (P= 0.001
and P= 0.0088, respectively; Fig. 5f). The results demonstrated
that sortilin regulates depressive-like behaviors by affecting
dendritic spines, although the specific signaling pathway in this
process remains unknown.

Sortilin plays a regulatory role in RhoA/ROCK2 signaling
In previous studies, RhoA/ROCK signaling was shown to play an
important role in the regulation of dendritic spine dynamics in
depressive disorders [38–40]. In the present study, we investigated
the influence of sortilin on the RhoA/ROCK signaling pathway.
RhoA Pulldown Activation Assay Kit and subsequent Western blot
analysis results showed that CUMS increased the activation of
RhoA, and specific sortilin knockdown reversed this increase in the
prefrontal cortex (F5,18= 5.532, P= 0.0029; Fig. 6a). However,
specific sortilin knockdown did not affect RhoA activation in the
prefrontal cortex of stress-naive mice (Fig. 6a). In addition, specific
sortilin overexpression was sufficient to cause enhanced RhoA
activation in the prefrontal cortex (Fig. 6a), and similar results were
obtained in the hippocampus (F5,18= 6.943, P= 0.0009; Fig. 6b). In
the CNS, ROCK2 is the main form of the ROCK family and is often
activated simultaneously by RhoA [41]. Western blot analysis
showed that the pattern of changes in ROCK2 activation was
similar to those of activated RhoA in the prefrontal cortex (F5,24=
5.492, P= 0.0017; Fig. 6c) and hippocampus (F5,18= 4.679, P=
0.0065; Fig. 6d). Next, we investigated changes in the phosphor-
ylation levels of cofilin, a key downstream signaling molecule that
plays a critical role in dendritic spine dynamics. Western blot
analysis showed that CUMS decreased cofilin phosphorylation;
sortilin knockdown partially reversed this decrease in the
prefrontal cortex of mice, except stress-naive mice (F5,18= 17.06,
P < 0.0001; Fig. 6e). Sortilin overexpression also led to the
downregulation of cofilin phosphorylation in the prefrontal cortex
(Fig. 6e); similar results were obtained in the hippocampus (F5,18=
8.936, P= 0.0002; Fig. 6f). Collectively, these results demonstrate
that sortilin regulates dendritic spine dynamics via RhoA/
ROCK2 signaling in the prefrontal cortex and hippocampus.

ASM inhibitor reverses depressive-like behaviors induced by
sortilin overexpression
To further examine whether ASM/ceramide signaling is the main
pathway through which sortilin regulates depression, an ASM
inhibitor, SR33557, was injected into the prefrontal cortex and
hippocampus of mice to inhibit ASM enzyme activity. ASM
enzyme activity test and total ceramide ELISA results confirmed
that SR33557 (4 µg/μL) effectively reduced ASM/ceramide levels
triggered by specific sortilin overexpression in the prefrontal
cortex and hippocampus (Supplementary Fig. S5a, b). In the OFT,
AAV9-Sort1+SR33557-injected mice did not show any change in
total distance traveled (P= 0.1112), immobility time (P= 0.3786),
or time spent in the central zone (P= 0.9145) compared with
AAV9-Sort1+Solvent-injected mice (Fig. 7b). The body weight gain
was not significantly different between the two groups (P=
0.2123; Fig. 7a). In the TST, SR33557 reversed the increase
of immobility time induced by sortilin overexpression (F2,45=
39.3, P < 0.0001; Fig. 7c). In the FST, SR33557 similarly reversed the
increase of immobility time induced by sortilin overexpression
(F2,45= 7.568, P= 0.0015; Fig. 7d). In the NSFT, SR33557 signifi-
cantly reversed the increased latency to feed time induced by
sortilin overexpression (F2,45= 15.98, P < 0.0001; Fig. 7e). In the
SPT, SR33557 ameliorated the decrease of sucrose water intake
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Fig. 4 Sortilin overexpression induces depressive-like behaviors by promoting ASM/ceramide levels. a Body weight gain of the mice. n=
15–20 per group. b Total distance, immobility time, time spent in central zone in the OFT. n= 10–14 per group. c Immobility time in the TST.
n= 15–20 per group. d Immobility time in the FST. n= 15–20 per group. e Latency to feed time in the NSFT. n= 15–20 per group. f Percentage
of sucrose preference in the SPT. n= 15–20 per group. g, h Levels of ASM activity (g) and quantitative ELISA analysis of total ceramide (h) in
the PFC and Hipp of mice. n= 4–5 per group. i, j Representative images of immunostaining for ASM, TGN38, Hoechst (i) and ASM, LAMP1,
Hoechst (j) in the PFC of mice. k, l Representative images of immunostaining for ASM, TGN38, Hoechst (k) and ASM, LAMP1, Hoechst (l) in the
Hipp of mice. Scale bars = 10 μm. m, n Quantitation of ASM/TGN38 (m) and ASM/LAMP1 (n) co-localization Pearson’s correlation coefficient in
the PFC of mice. n= 5 per group. o, p Quantitative of ASM/TGN38 (o) and ASM/LAMP1 (p) co-localization Pearson’s correlation coefficient in
the Hipp of mice. n= 5 per group. *P < 0.05, **P < 0.01, ***P < 0.001 compared with Ctrl AAV. Two-sided Student’s t-test. All data are
represented as mean ± SEM.
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Fig. 5 Sortilin regulates dendritic spine dynamics. a, b Representative images of Golgi staining for dendritic spine and quantitative
analysis of dendritic spine dynamics in the PFC (a) and Hipp (b) of mice. n= 4 per group. Scale bars = 2 μm. ***P < 0.001 compared with Ctrl
AAV or CUMS+ Ctrl AAV; #P < 0.05, ###P < 0.001 compared with CUMS+ Ctrl AAV. One-way ANOVA, Holm–Sidak’s multiple comparisons test. c,
d Western blot analysis of SYP38 and PSD95 expression in the PFC (c) and Hipp (d) of Sort1 KD mice. n= 3–5 per group. *P < 0.05, **P < 0.01,
***P < 0.001 compared with Ctrl AAV or CUMS+ Ctrl AAV. One-way ANOVA, Holm–Sidak’s multiple comparisons test. e, f Western blot analysis
of SYP38 and PSD95 expression in the PFC (e) and Hipp (f) of Sort1 OE mice. n= 4–6 per group. *P < 0.05, **P < 0.01, ***P < 0.001 compared
with Ctrl AAV. Two-sided Student’s t-test. All data are represented as mean ± SEM.
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Fig. 6 Sortilin plays a regulatory role in RhoA/ROCK2 signaling. a, b RhoA activity test in the PFC (a) and Hipp (b) of mice. n= 4 per group.
c, d Western blot analysis of ROCK2 protein expression in the PFC (c) and Hipp (d) of mice. n= 4–5 per group. e, f Western blot analysis of
phosphorylation levels of cofilin in the PFC (e) and Hipp (f) of mice. n= 3–4 per group. *P < 0.05, **P < 0.01, ***P < 0.001 compared with Ctrl
AAV1; #P < 0.05, ##P < 0.01 compared with CUMS+ Ctrl AAV1; $P < 0.05, $$P < 0.01, $$$P < 0.001 compared with Ctrl AAV2. One-way ANOVA,
Holm–Sidak’s multiple comparisons test. All data are represented as mean ± SEM.
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caused by sortilin overexpression (F2,45= 9.519, P= 0.0004; Fig. 7f).
These behavioral test results demonstrated that the inhibition of
ASM enzyme activity can effectively reverse depressive-like
behaviors resulting from specific sortilin overexpression in the
prefrontal cortex and hippocampus.

Repression of ASM reverses loss of dendritic spines induced by
sortilin overexpression
The above results show that ASM/ceramide signaling plays an
important role in the regulation of sortilin in dendritic spine
dynamics. Therefore, the influence of ASM inhibitor on dendritic
spine dynamics and RhoA/ROCK2 signaling pathway in sortilin-
overexpressed mice was investigated. Based on the Golgi staining
experiment, SR33557 ameliorated dendritic spine loss induced by
sortilin overexpression in the prefrontal cortex (F2,9= 66.43, P <
0.0001) and hippocampus (F2,9= 20.84, P= 0.0004; Fig. 8a, b).
Further dendritic spine dynamics analysis indicated that SR33557
reversed the decrease of mushroom spines and the increase of
stubby spines induced by sortilin overexpression but did not
influence the thin spines in the prefrontal cortex (F4,27= 13.83, P <
0.0001; Fig. 8a). In the hippocampus, SR33557 reversed the
decrease of mushroom spines and the increase of stubby spines
and thin spines induced by sortilin overexpression (F4,27= 46.72, P
< 0.0001; Fig. 8b). Western blot analysis showed that SR33557
reversed the PSD95 and SYP38 downregulation induced by sortilin
overexpression in the prefrontal cortex (F2,15= 11.86, P= 0.0008
and F2,15= 29.98, P < 0.0001, respectively; Fig. 8c) and

hippocampus (F2,15= 53.09, P < 0.0001 and F2,15= 19.22, P <
0.0001, respectively; Fig. 8d). Next, changes in the RhoA/ROCK2-
signaling pathway were examined. Western blot analysis showed
that SR33557 significantly reversed the increased ROCK2 levels
(F2,12= 17.82, P= 0.0003 and F2,12= 19.13, P= 0.0002, respec-
tively; Fig. 8e, f) and the decreased cofilin phosphorylation levels
(F2,15= 18.41, P < 0.0001 and F2,15= 40.04, P < 0.0001, respectively;
Fig. 8g, h) caused by sortilin overexpression in the prefrontal
cortex and hippocampus. The results indicated that SR33557
influences the regulation of sortilin in the RhoA/ROCK2 signaling
pathway. In summary, these results indicated that sortilin
regulates the activation of RhoA/ROCK2 signaling and the loss
of dendritic spines via ASM/ceramide signaling in depressive
disorders.

DISCUSSION
Sortilin is widely expressed in the brain. In the mature mouse
brain, sortilin expression occurs widely in the cerebellum,
diencephalon, subpallium, cerebral cortex, and hippocampus
[42]. However, no dedicated research has investigated the
physiological roles of sortilin in different brain regions. Sortilin
has been thought to play essentially similar physiological roles in
different brain regions, involving the intracellular sorting and
trafficking of various proteinic substrates between the TGN and
plasma membrane compartments [43]. Thus, sortilin acts as a
receptor or co-receptor to bind extracellular ligands, facilitating

Fig. 7 ASM inhibitor reverses depressive-like behaviors induced by sortilin overexpression. a Body weight gain of the mice. n= 15–17 per
group. b Total distance, immobility time, time spent in central zone in the OFT. n= 14–17 per group. c Immobility time in the TST. n= 15–17
per group. d Immobility time in the FST. n= 15–17 per group. e Latency to feed time in the NSFT. n= 15–17 per group. f Percentage of sucrose
preference in the SPT. n= 15–17 per group. **P < 0.01, ***P < 0.001 compared with Ctrl AAV+ SR33557; #P < 0.05, ###P < 0.001 compared with
Sort1 OE AAV+ Solvent. One-way ANOVA, Holm–Sidak’s multiple comparisons test. All data are represented as mean ± SEM.
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Fig. 8 Repression of ASM reverses loss of dendritic spines induced by sortilin overexpression. a, b Representative images of Golgi staining
for dendritic spines and quantitative analysis of dendritic spine dynamics in the PFC (a) and Hipp (b) of mice. n= 4–5 per group. Scale bars =
2 μm. c, d Western blot analysis of SYP38 and PSD95 expression in the PFC (c) and Hipp (d) of mice. n= 4 per group. e, f Western blot analysis
of ROCK2 expression in the PFC (e) and Hipp (f) of mice. n= 4 per group. g, h Western blot analysis of phosphorylation levels of cofilin in the
PFC (g) and Hipp (h) of mice. n= 4 per group. *P < 0.05, **P < 0.01, ***P < 0.001 compared with Ctrl AAV+ SR33557; #P < 0.05, ##P < 0.01, ###P <
0.001 compared with Sort1 OE AAV+ Solvent. One-way ANOVA, Holm–Sidak’s multiple comparisons test. All data are represented as mean ±
SEM.
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signaling or receptor-mediated endocytosis under specific condi-
tions. The most important physiological role of sortilin in the brain
is controlling (pro)-neurotrophin signaling, which ultimately
mediates the survival, growth, differentiation, and apoptosis of
neurons [16, 44, 45]. One study showed that sortilin binds APOE/
Aβ complexes to mediate its clearance pathway, which plays a key
role in Alzheimer’s disease [17]. Another study showed that sortilin
binds with progranulin protein, resulting in cellular uptake and
degradation of the protein, which ultimately influences fronto-
temporal lobar degeneration [12].
The common mechanism of MDD is complex. The main

accepted pathological mechanisms of MDD are hereditary factors,
changes in neurotransmitter systems, absence of brain-derived
neurotrophic factor (BDNF), hypothalamic–pituitary–adrenal axis
dysfunction, increased inflammatory molecule expression, energy
metabolism disorder, and synapse structure abnormality [46]. A
previous study of the relationship between sortilin and MDD
reported that sortilin upregulation was accompanied by BDNF
downregulation in the serum of MDD patients [20]. The
administration of electroconvulsive therapy to MDD patients has
been found to ameliorate depressive-like symptoms, accompanied
by serum sortilin downregulation [47]. Another study found that
sortilin-deficient mice showed reduced TREK-1 expression, which
indirectly led to an increase in 5-HT neuronal firing activity, and
increased levels of BDNF and the BDNF-activated receptor TrkB
[22]. These results suggest that sortilin is related to changes in
neurotransmitter systems and the BDNF pathological mechanism
of MDD.
It is widely accepted that exposing mice to stress simulates the

pathogenesis of MDD [48, 49]. In the present study, we used
CUMS, a common chronic stress model, to explore the underlying
mechanism of MDD. Some studies have reported that sortilin is
closely associated with clinical and preclinical depression [21, 22].
However, whether sortilin plays a positive or negative regulatory
role in depression remains controversial, and the specific
mechanism by which sortilin regulates depression is unknown.
In this study, we determined that sortilin in the prefrontal cortex
and hippocampus plays a pivotal role in depression. Our results
showed that after 6 weeks of CUMS, sortilin was highly expressed
in the prefrontal cortex and hippocampus, but not in the nucleus
accumbens and amygdala. By examining differential sortilin
expression in different brain regions of depressive-like mice, we
focused on the role of sortilin in the prefrontal cortex and
hippocampus of these mice. However, we were unable to
determine whether sortilin had any effect on the nucleus
accumbens or amygdala in depression. In contrast with our
results, two independent studies reported that sortilin knockout
mice displayed no obvious depressive-like behaviors [22, 23],
which suggests that sortilin may play various roles in different
brain regions. Therefore, future studies should determine the
specific contribution of sortilin to depression in each brain region.
Based on the changes of sortilin in the prefrontal cortex and

hippocampus in CUMS mice, how sortilin in the two brain regions
participated in depressive disorders was investigated. First, AAV9-
Sort1-shRNA was stereotaxically injected into the prefrontal cortex
and hippocampus of mice to cause knockdown of sortilin in the two
regions. Results from behavioral tests showed that specific knock-
down of sortilin had no effect on depression-related behaviors of
stress-naive mice but could improve the depressive-like behaviors of
CUMS mice. Next, AAV9-Sort1 was stereotaxically injected into the
prefrontal cortex and hippocampus of mice to overexpress sortilin in
these two regions; sortilin overexpression in the prefrontal cortex
and hippocampus was sufficient to induce depression directly
without undergoing CUMS. Therefore, sortilin in the prefrontal
cortex and hippocampus participates in the pathogenesis of
depression. However, whether sortilin in other depression-related
brain regions, such as the nucleus accumbens and amygdala, is
involved in depression remains unknown.

Based on the behavior test results, the mechanism by which
sortilin in the prefrontal cortex and hippocampus mediates
depressive disorders was investigated. The ASM/ceramide
abnormality hypothesis, which posits that the abnormal enhance-
ment of ASM enzyme activity leads to overproduction of various
forms of ceramides in depression [36, 50], has recently attracted
increased attention. In a previous study, sortilin was shown to
mediate ASM transport and maturation within cells [24]. Therefore,
we investigated the mechanism by which sortilin affects ASM/
ceramide signaling in the present study. Specific knockdown of
sortilin reduced ASM enzyme activity and total ceramide levels in
mice subjected to CUMS, including stress-naive mice. Conversely,
specific overexpression of sortilin increased ASM enzyme activity
and total ceramide levels. Further experiments showed that
sortilin promoted ASM trafficking from the TGN to the lysosome,
where it is activated and catalyzes sphingomyelin into multiple
forms of ceramides. Significant inhibition of ASM activity may
cause side effects, because normal ASM activity is important for
maintaining internal homeostasis. To inhibit ASM activity, we used
an ASM inhibitor and AAV9-Sort1-shRNA in the present study, and
observed no apparent influence on depressive-like behaviors in
stress-naive mice. Among the behavior tests, the OFT, FST, and TST
showed that the inhibition of ASM did not induce manic
behaviors. In summary, the results indicated that the inhibition
of ASM activity had no significant side effects and could
ameliorate depressive-like behaviors in mice. Therefore, interven-
ing in ASM activity may become a potential treatment option
for MDD.
As downstream molecules of the sortilin–ASM axis, ceramides

have a variety of physiological functions. Ceramides are mainly
located in cell membranes and have a regulatory function in cell
survival and proliferation [51], differentiation [52], and apoptosis
[53]. Because numerous forms of ceramides are closely associated
with MDD [35], we used a total ceramide ELISA kit to detect total
ceramide levels. However, the mechanism by which ceramides
induce depression remains unknown.
Increasing evidence indicates that structural synapse changes

and protein content alteration occur in depression pathophysiol-
ogy. A postmortem report showed that the number of synapses in
the dorsolateral prefrontal cortex was significantly decreased in
MDD patients [54]. In a CUMS mouse model, reduced neuronal
synapse quantity was observed in the prefrontal cortex and
CA3 subregion of the hippocampus [55]. Aberrant synapse
structure and number tend to impair synaptic plasticity and
neural circuits between different brain areas of the limbic system,
and are responsible for depression symptoms [56, 57]. The results
of the present study showed that specific sortilin regulation
altered the number and type of dendritic spines. Specific
knockdown of sortilin restored dendritic spine loss induced by
CUMS; however, the ASM inhibitor also restored the loss of
dendritic spines induced by specific sortilin overexpression,
indicating that sortilin regulates ASM/ceramide signaling to affect
the number of dendritic spines. CUMS decreased the prevalence
of mushroom-shaped dendritic spines and increased that of thin
dendritic spines, thereby converting more mature dendrites to the
immature type. However, specific knockdown of sortilin reversed
this situation. Stubby dendritic spines, which are usually
considered to be a transitional form of dendritic spine during
maturation, did not change in number under CUMS or sortilin
knockdown conditions.
Among numerous theories explaining the abnormality of

dendritic spines in depression [58–60], we hypothesized that
RhoA/ROCK signaling is regulated by ceramides. The results of the
present study verified our hypothesis. Specific sortilin knockdown
reversed CUMS-induced hyperactivity of RhoA and ROCK2,
affecting phosphorylation levels of the key downstream molecule
cofilin. In a previous report, cofilin phosphorylation was shown to
be important for regulating dendritic spine dynamics [31].
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Activated RhoA and ROCK2 inhibit cofilin phosphorylation, and
low cofilin phosphorylation levels are insufficient to stabilize
dendritic spine structure, leading to dendritic spine loss [61]. To
confirm the relationship between ASM/ceramide and RhoA/
ROCK2 signaling, we applied the ASM inhibitor SR33557, which
reversed the ROCK2 expression and cofilin phosphorylation
induced by specific sortilin overexpression. These results con-
firmed the involvement of the sortilin–ASM–ceramide axis in
regulating dendritic spine dynamics via RhoA/ROCK2 signaling in
the prefrontal cortex and hippocampus of CUMS mice. SR33557
also showed significant effects on depressive-like behaviors; we
speculate that these effects are mainly due to the importance of
ASM in depression pathology. A previous study showed that ASM
enzyme activity was highly expressed in MDD patients [33], and
that antidepressants such as amitriptyline and fluoxetine amelio-
rate depressive-like behaviors through the inhibition of ASM
enzyme activity [30, 62]. A few explanations of the mechanism of
ASM’s role in depression pathology have been proposed. One
study showed that therapeutic concentrations of two antidepres-
sants (amitriptyline and fluoxetine) reduced ASM activity and
ceramide concentrations in the hippocampus, increased neuronal
proliferation, maturation, and survival, and improved behavior in
stress-induced mice [30]. Another study showed that ASM
inhibition by amitriptyline prevented stress-induced phosphoryla-
tion of p38 MAPK, thereby rescuing reduced neurogenesis and
ameliorating depressive-like symptoms [62]. These studies demon-
strate that ASM plays an important role in depression pathogen-
esis and that the underlying mechanisms are very broad.
In conclusion, the findings of our study demonstrate that

specific knockdown of sortilin in the prefrontal cortex and
hippocampus mitigates depressive-like behaviors induced by
CUMS, providing direct evidence that sortilin signaling mediates
the pathology of depression. Further experiments showed
that sortilin in the prefrontal cortex and hippocampus
regulates depressive-like behaviors induced by CUMS via
ASM–ceramide–RhoA/ROCK2 signaling to affect dendritic spine
dynamics. Overall, the results of the present study indicate that
sortilin is a potential new target for MDD therapeutics.
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