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Abstract
Stroke is a cerebrovascular disorder that affects many people worldwide. Pericytes play an important role in stroke progression
and recovery. The sigma-1 receptor (σ-1R) signaling pathway has been suggested as having promising neuroprotective potential
in treating stroke; however, whether σ-1R activation regulates pericyte function remains unknown. The aim of this study was to
elucidate the role ofσ-1R and a novel σ-1R agonist in pericytes following ischemic stroke. An ischemic stroke animal model was
induced by photothrombotic middle cerebral artery occlusion (pMCAO) inσ-1R knockout (KO) and wild-type (WT) mice. After
pMCAO, there was significant pericyte loss and coverage in σ-1R KO mice compared with WT mice as determined using
transmission electron microscopy, immunofluorescence staining, and western blot. Interestingly, a novel σ-1R agonist decreased
infarct volume and blood–brain barrier damage with a concomitant amelioration of pericyte loss, as determined by western blot.
Further studies indicated that cell apoptosis and autophagy were induced in an in vivo pMCAO ischemic stroke animalmodel and
an in vitro oxygen glucose deprivation-treatment group. Inhibition of autophagy using a pharmacological approach significantly
mitigated pericyte apoptosis, suggesting that autophagy was upstream of apoptosis in pericytes. Both in vivo and in vitro studies
indicated that the σ-1R agonist significantly decreased cell apoptosis via inhibition of autophagy with a subsequent enhancement
of pericyte survival. This study identified the unique roles for σ-1R in mediating pericyte survival via the regulation of the
interplay between apoptosis and autophagy, suggesting that a novel σ-1R agonist may be a promising therapeutic agent for the
treatment of stroke patients.
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Introduction

Stroke is a cerebrovascular disorder accompanied by vas-
cular damage including blood–brain barrier (BBB) dys-
function [1] and is the leading cause of long-term disabil-
ity and death worldwide [2–6]. BBB destruction is a key
event in stroke that enhances the cascade of molecular and
c e l l u l a r e v e n t s i n c l u d i n g g l i a l a c t i v a t i o n ,

neuroinflammation, vascular malformation, and neuronal
death [7, 8], making/rendering the BBB an important tar-
get to reduce brain damage in stroke. BBB breakdown is a
consequence of stroke and exacerbates stroke outcome
[9]. Pericytes are an important component of the BBB
and are located between the endothelial cells and astro-
cytes that line the entire microvasculature [10–12]. The
role of pericytes in stroke is gaining increasing attention

268 Transl. Stroke Res. (2020) 11:267–287



because of the rapid loss of capillary pericytes in experi-
mental animals and humans following cerebral ischemia
[13]. Accumulating evidence has indicated that pericyte
coverage in blood vessels is important for maintaining
BBB integrity [9, 11, 12, 14]. Although the causal rela-
tionship of pericyte dysfunction and ischemic stroke is not
direct, pericytes may be indirectly involved in the patho-
genesis of ischemia via their effects on BBB integrity.
However, the molecular mechanisms regulating pericyte
function and associated BBB alterations under pathologi-
cal conditions are still poorly understood. Therefore, nov-
el treatment approaches that may hinder pericyte loss to
maintain the integrity of BBB are urgently needed.

Sigma-1 receptor (σ-1R) was initially classified as an opi-
oid receptor; however, further studies indicated that it is a
nonopioid receptor that is widely distributed in the central
nervous system [15]. As a transmembrane protein, σ-1R pri-
marily resides in the endoplasmic reticulum (ER) and mito-
chondrial membranes [16] and is highly expressed in neurons
and glial cells of brain regions [17]. σ-1R regulates a wide
range of processes in the nervous system, including
neuritogenesis [18], the communication between ER and mi-
tochondria [17], potassium channel activity [19], the activity
of N-methyl-D-aspartate [20] and G-protein-coupled receptors
[21], calcium homeostasis [17], and microglia activity [22].
Therefore, σ-1R is involved in the pathophysiology of many
central and peripheral diseases, such as ischemic stroke [23],
Parkinson’s disease [24], Alzheimer’s disease [25], psychiat-
ric disorders [26], neuroAIDS [27], and pain [28]. A previous
study showed that σ-1R activation enhances the intracellular
trafficking of brain repair-required biomolecules, following
synaptogenesis and brain plasticity enhancement to stimulate

recovery after stroke [23]. Additionally, mounting evidence
indicates that σ-1R activation provides potent neuroprotection
in animal models of ischemic stroke [23, 29, 30]. However,
the genetic evidence to elucidate σ-1R roles in the outcomes
of stroke is still lacking. Therefore, studies using a genetic
approach with the σ-1R knockout (KO) animal model are
necessary to further dissect the role of σ-1R in stroke.

Despite intensive research regarding neuroprotective
agents designed to block one or more steps of the ischemia
cascade, no drugs have been found to yield unequivocal
improvements in clinical outcomes [31, 32]. At the clinical
level, although no significant effects on functional end
points have been observed in the population as a whole
[33], a trend of improvement with a selective σ-1R agonist
was noted in ischemic stroke patients in a phase II clinic
trial [33]. This finding prompted us to further develop nov-
el σ-1R agonists for stroke therapy.

Accumulating evidence indicates that σ-1R activation
induces neuronal plasticity and astrocyte membrane raft
trafficking activated by hypoxia/aglycemia [23].
Meanwhile, σ-1R activation also affects the migration, mo-
tility, phagocytosis, and survival of microglial cells in
in vitro ischemia [30, 34, 35]. A recent study identified
an unexplored role of σ-1R in alleviating BBB damage
via targeting endothelial cells [36]. However, the role of
σ-1R on pericytes remains largely unknown. Therefore,
our study aimed to investigate the role of σ-1R on BBB
damage with an emphasis on pericytes to dissect the role of
σ-1R in pericyte function after ischemic stroke.

Methods and Materials

Animals

Male C57BL/6J mice, aged 6–8 weeks, were purchased from
the Model Animal Research Center of Nanjing University
(Nanjing, China). The σ-1R KO mice (null mutant mice,
Oprs1−/−) were developed by the Model Animal Research
Center of Nanjing University (Nanjing, China). Mouse
genotyping was identified by polymerase chain reaction
(PCR) with genomic DNA from tail biopsies. The primer se-
quences used were as follows: (1) 5′-CAACATGGATACCC
TTGAGAGATG-3′; and (2) 5′-GCTGGCATGGAACT
TGCATAG-3′. The PCR yields only a 756-base pair (bp) prod-
uct for σ-1R KO mice. Mice were maintained on a 12-h light/
dark cycle at 25 °C and provided with free access to commer-
cial rodent chow and tap water before the experiments. The
wild-type (WT) mice and the σ-1R KO mice were separately
assigned to the sham and stroke groups. All animal surgical
procedures were approved by the University Committee on
Animal Care of Southeast University.

Fig. 1 Knockdown of σ-1R aggravated cerebral ischemia-induced injury
in pMCAO mice. a Neurological deficit at 24 h after pMCAO was mea-
sured by mNSS. n = 6 mice/group. b Representative T2-weighted MRI
images of WT and σ-1R KO mice 24 h after pMCAO. Infarct volumes
were larger in σ-1R KOmice than inWTmice, as demonstrated byMRI.
c Quantification of T2-weighted MRI images. n = 4 animals/group. d
Brain infarct volume at 24 h after pMCAO was measured on TTC-
stained coronal sections. Infarct volumes were larger in σ-1R KO mice
than in WT mice at 24 h after pMCAO surgery. e Quantification of brain
infarct volume. n = 4 mice/group. *p < 0.05 and **p < 0.01 vs. the WT
mouse group using Student’s t test. f Representative images of extrava-
sated Evans blue staining of the entire brains of WT and σ-1R KO mice.
Knocking down σ-1R aggravated the BBB damage induced by pMCAO.
g BBB permeability in WT and σ-1R KO mice was determined by mea-
suring the concentrations of brain-extracted Evans blue using spectropho-
tometry at 620 nm. n = 4 mice/group. h, i The decrease in TJP expression
in the ipsilateral side of the brain observed at 24 h after pMCAO surgery
was aggravated inσ-1RKOmice. TJP expression levels were determined
via western blot analysis (h) and quantified through densitometric analy-
sis (i). Two representative immunoblots were presented from four mice
per group. **p < 0.01 and ***p < 0.001, WT pMCAO vs. WT sham.
##p < 0.01 and ###p < 0.001, σ-1R KO pMCAO vs. WT pMCAO using
one-way ANOVA followed by the Holm–Sidak test
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Design and Synthesis of YZ001

The ligands of σ-1R are diverse in chemical structure, shar-
ing few common features with the exception of a basic
nitrogen atom with hydrophobic moieties on both sides:
one (the proximal group) lies approximately 2.5 to 3.9 Å
away from the basic amine, and the other one (the distal
group) is located 6 to 10 Å away (Supplementary Fig. 1A).
The positively charged nitrogen of the ligand forms an
electrostatic interaction with Glu172 and a cation–π inter-
action with Phe107, and the rest of the molecule is linearly
arranged and fits within the pocket formed by a cluster of
hydrophobic residues (Val84, Trp89, Met93, Leu95,
Leu105, Ile124, Trp164, and Leu182), completely occlud-
ing the interior from the solvent. Notably, the cocrystal
structure of σ-1R in complex with small molecule ligands
indicates that these ligands occupy different regions of the
binding pocket. The primary hydrophobic site of agonists
[(+)-pentazocine] points toward helix α4, while antago-
nists (haloperidol) adopt a more linear pose, with the pri-
mary hydrophobic region of the molecule pointing toward
the space between helices α4 and α5 (Supplementary
Fig. 1B).

Based on scaffold hopping of privileged scaffolds from
known bioactive compounds (E-52862 analog, Estever,
Kiσ1 = 61 ± 20 nM, Kiσ2 > 10,000 nM; SA4503, M’s
Science, Kiσ1 = 4.34 ± 0.31 nM; ANAVEX2-73, Anavex,
Kiσ1 = 860 nM), our modification strategy was focused
on hybridizing three pharmacophoric units to design a
new σ-1R agonist YZ001. We selected a diphenyl as the
‘anchor’ group, which may be crucial for the σ-1R agonist

design, and a piperazine ring was introduced to form the
key electrostatic interaction with Glu172. Moreover, com-
pared with that observed in (+)-pentazocine or ANAVEX2-
73, an extension of the proximal hydrophobic group that
occupies the space near the bottom of the β-barrel (near
Asp126) may improve σ-1R binding activity (Fig. 2a). To
investigate the binding mode of YZ001 to σ-1R, we per-
formed molecular docking experiments in Schrodinger. A
comparison of the interactions of (+)-pentazocine and
YZ001 bound with σ-1R showed that the positively
charged nitrogen of both molecules formed electrostatic
interactions with Glu172 and cation–π interactions with
Phe107, respectively. In addition, YZ001 was positioned
similarly to (+)-pentazocine, and its nonlinear shape forced
the diphenyl group to occupy space closer to helix α4 and
further from α5 relative to the antagonists (Fig. 2b).

The synthesis of YZ001 is outlined as follows
(Supplementary Fig. 2). Aqueous HCl (6 M, 10 ml) was
added to a solution of aniline (1.0 g, 11 mmol) at 0 °C,
followed by the consecutive dropwise addition of 1 M
NaNO2 (10 ml, 10 mmol) in water over a period of
10 min with stirring. After the mixture was stirred for a
further 1 h, a solution of NaN3 (0.84 g, 13 mmol) in H2O
(10 ml) was added to the above reaction mixture with
stirring. The reaction mixture was warmed to 25 °C and
stirred for 3 h. Then, the solution was poured into H2O,
extracted with EtOAc, dried over Na2SO4, filtered, and
evaporated to produce a brown liquid (intermediate 1).
Next, a suspension of 1-(diphenylmethyl)-piperazine
(0.50 g, 2.0 mmol), K2CO3 (0.55 g, 4.0 mmol), and 3-
b r o m o p r o p - 1 - y n e ( 0 . 2 8 g , 2 . 4 mm o l ) i n
dimethylformamide (DMF; 5 ml) was stirred at ambient
temperature for 12 h. Then, the solvent was evaporated,
and the product was purified by chromatography on silica
(PE:EtOAc = 5:1) to produce a total of 0.31 g white solid
(intermediate 2). Finally, in a round-bottom flask
equipped with a mechanical stirrer, intermediate 1
(50 mg, 0.41 mmol) was added, along with intermediate
2 (0 .10 g, 0 .34 mmol) , MeOH (4 ml) , CuSO4

pentahydrate (37 mg, 0.14 mmol), sodium ascorbate
(24 mg, 0.14 mmol), and H2O (1 ml). The reaction mix-
ture was stirred at room temperature for 12 h and subse-
quently extracted with dichloromethane (DCM). The com-
bined organic extracts were washed with water and brine
and dried over anhydrous MgSO4, followed by filtration
and concentration. The residual crude product was puri-
fied by flash chromatography using a gradient mixture of
DCM–MeOH to provide the pure compound YZ001. The
YZ001 structure was confirmed by MS, IR, 1HNMR, and
13CNMR (Supplementary Table 1). The affinity of YZ001
with σ-1R was determined by the binding affinity assays
(Supplementary Fig. 3). The Ki value for YZ001 was
3.926 ± 1.04.

Fig. 2 Compound YZ001 ameliorated cerebral ischemia-induced injury
in pMCAO mice. a Design strategy for YZ001. b The docking confor-
mation of YZ001 with σ-1R. c YZ001 pretreatment decreased the high
neurological deficit scores induced by pMCAO. YZ001 (0.6 mg/kg) or
SA4503 (0.2mg/kg) was given as pretreatments. Neurological deficit was
measured by mNSS at 24 h after pMCAO. n = 5 mice/group. d
Representative T2-weighted MRI images. Infarct volumes demonstrated
by MRI were ameliorated in YZ001-pretreated mice. e Quantification of
T2-weighted MRI images. n = 4 mice/group. f YZ001 pretreatment de-
creased the pMCAO-induced increase in infarct volume. Infarct volumes
were quantified via TTC staining. n = 4 mice/group. *p < 0.05,
**p < 0.01, and ***p < 0.001 vs. the control group using one-way
ANOVA followed by the Holm–Sidak test. g Representative images of
extravasated Evans blue staining. YZ001 pretreatment ameliorated the
BBB damage induced by pMCAO. BBB permeability was determined
by measuring the concentrations of brain-extracted Evans blue using
spectrophotometry at 620 nm. n = 4 mice/group. h, i YZ001 pretreatment
ameliorated the decrease in TJP expression in the ipsilateral side of the
brain induced by pMCAO. TJP expression levels were determined via
western blot analysis (h) and quantified through densitometric analysis
(i). Three representative immunoblots were presented from six mice per
group. ***p < 0.001 vs. the sham group; #p < 0.05, ##p < 0.01, and
###p < 0.001 vs. the pMCAO-treated control group using one-way
ANOVA followed by the Holm–Sidak test
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Docking Studies

Docking studies were processed with Glide 5.9 in
Schrodinger 2013 suite. The σ-1R protein (PDB id:

6DK1) was extracted from the RCSB Protein Data Bank
and prepared with default parameters using Maestro pro-
tein preparation wizard. Hydrogen atoms were added to the
protein structure, and then, the water molecules were
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Fig. 3 Compound YZ001 ameliorated the pericyte loss induced by
pMCAO. a Transmission electron microscopy imaging of brain
microvessels showed a reduction in the number of pericytes 24 h after
pMCAO. Red arrows indicate the pericytes. Scale bar = 1 μm. b
Quantification of pericyte numbers in brain microvessels. n = 4
mice/group. c, d Double immunostaining of α-SMA and CD31 in the
ipsilateral side of the brain (c). The analyzed data (d) demonstrated that
the microvessels in pMCAO-treated mice exhibited less pericyte cover-
age than those in the sham group. α-SMA, red; CD31, green. n = 4
mice/group. Scale bar = 20 μm. *p < 0.05 vs. the sham group using
Student’s t test. e σ-1R knockdown aggravated the pMCAO-induced

decrease in pericytes in the ipsilateral side of the brain. Quantification
was performed using densitometric analysis of NG-2 expression. Two
representative immunoblots were presented from four mice per group.
***p < 0.001 vs. the WT sham group, ###p < 0.001 vs. the WT pMCAO
group using one-way ANOVA followed by the Holm–Sidak test. f
YZ001 (0.6 mg/kg) pretreatment ameliorated the pMCAO-induced de-
crease in pericytes in the ipsilateral side of the brain. Three representative
immunoblots were presented from six mice per group. **p < 0.01 vs. the
sham group, ##p < 0.01 and ###p < 0.001 vs. the pMCAO-treated control
group using one-way ANOVA followed by the Holm–Sidak test
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Fig. 4 Compound YZ001 ameliorated the pericyte loss induced byOGD.
a, b OGD decreased the cell viability of primary pericytes (a) and C3H/
10T1/2 cells (b). Cells were subjected to OGD for different durations (3,
6, 12, and 24 h) followed by the MTT assay. c, d Exposure of primary
pericytes (c) and C3H/10T1/2 cells (d) to OGD for 12 and 24 h attenuated
the expression of NG-2. All data are presented as the mean ± SEM of
three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001
vs. the control group using Student’s t test. e YZ001 (10 μM) pretreat-
ment inhibited the OGD-induced decrease in cell viability in primary
pericytes. f YZ001 pretreatment inhibited the OGD-induced decrease in
NG-2 expression in primary pericytes. All data are presented as the mean

± SEM of three independent experiments. **p < 0.01 and ***p < 0.001
vs. the control group, #p < 0.05 and ##p < 0.01 vs. the OGD-treated con-
trol group using one-way ANOVA followed by the Holm–Sidak test. g, h
YZ001 pretreatment prevented the OGD-induced decrease in NG-2 ex-
pression, while BD1047 (10μM) inhibited the protective effect of YZ001
on primary pericytes. NG-2 expression levels were determined via west-
ern blot analysis (g) and quantified through densitometric analysis (h). All
data are presented as the mean ± SEM of three independent experiments.
**p < 0.01 vs. the control group, #p < 0.05 vs. the OGD-treated control
group, &p < 0.05 vs. the YZ001-treated OGD group using one-way
ANOVA followed by the Holm–Sidak test



removed. YZ001 was drawn in ChemDraw 2017, opti-
mized using Maestro build panel and saved as an SDF file.
Then, a 60-Å box located at the center of the active sites
was generated using the grid program to calculate the

binding energies between YZ001 and the protein. Firstly,
the co-crystallized (+)-pentazocine (PDB id: 6DK1) was
redocked into the σ-1R receptor to validate the feasibility
of the docking method. Next, molecular docking of YZ001
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Fig. 5 Compound YZ001 ameliorated the apoptosis of pericytes induced
by pMCAO. a Transmission electron microscopy imaging of brain
microvessels revealed apoptosis (yellow arrows) of pericytes 24 h after
pMCAO. n = 4 mice/group. b, c σ-1R knockdown aggravated apoptosis
in the pMCAO group. The expression levels of Bax/Bcl-xl (b) and
cleaved caspase 3/caspase 3 (c) were determined via western blot analysis
and quantified through densitometric analysis. Two representative immu-
noblots were presented from four mice per group. *p < 0.05 and
***p < 0.001 vs. the WT sham group, #p < 0.05 and ###p < 0.001 vs. the

WT pMCAO group using one-way ANOVA followed by the Holm–
Sidak test. d, e YZ001 (0.6 mg/kg) pretreatment inhibited pMCAO-
induced apoptosis in the ipsilateral side of the brain. The expression levels
of Bax/Bcl-xl (d) and cleaved caspase 3/caspase 3 (e) were determined
via western blot analysis and quantified through densitometric analysis.
Three representative immunoblots were presented from six mice per
group. ***p < 0.001 vs. the sham group, ##p < 0.01 and ###p < 0.001 vs.
the pMCAO-treated control group using one-way ANOVA followed by
the Holm–Sidak test



into the σ-1R complex structure was performed with the
standard precision (SP) docking mode. Among all stereo-
isomers and tautomers of YZ001 that were generated after
a number of reasonable evaluations, only one docking con-
formation was saved. Pymol 1.8.6 was used to analyze the
results and draw the 2D figures.

Photothrombotic Middle Cerebral Artery Occlusion

As described in a previous study [37], mice were anesthetized
with 1% pentobarbital sodium (i.p., 100 mg/kg) and main-
tained at 37 ± 1.0 °C on a heating pad during the surgery
procedure. To generate stroke, an incision was created be-
tween the right orbit and right external auditory canal under
a stereoscopic microscope. The scalp and temporalis muscle
were exposed, and the zygomatic arch was snipped to expose
the proximal section of the right middle cerebral artery
(MCA). To effectively occlude the right MCA, a photosensi-
tizer Rose Bengal solution (100 mg/kg, 10 mg/ml, Sigma-
Aldrich) was immediately intravenously injected through the
tail vein, following a green laser photoillumination
(wavelength, 532 nm, GL532TA-100FC, Shanghai Laser &
Optics Century) on the MCA for 2 min using an optic fiber
(100-μm) connected with a laser diode controller (power at
35, ADR-1805, Shanghai Laser & Optics Century). The sham
operation was performed with the same surgical procedures
but with phosphate-buffered saline (PBS) injection instead.

Magnetic Resonance Imaging

A 7.0-T small animal magnetic resonance system (Bruker
PharmaScan, Ettlingen, Germany) was used to perform
magnetic resonance imaging (MRI) as described previous-
ly [38]. T2-weighted images were collected in vivo at
24 h after photothrombotic middle cerebral artery occlu-
sion (pMCAO) using a 2D turbo spin-echo sequence (rep-
etition time/echo time = 2000/50 ms). Twelve axial slices
(1-mm thickness, 20 × 20 mm field of view, and 256 × 256
matrix) were positioned over the brain, excluding the ol-
factory bulb. Infarct area analysis was performed by
subtracting the area of the nonlesioned ipsilateral hemi-
sphere from that of the contralateral side on T2-weighted
images using ImageJ software (National Institutes of
Health, Bethesda, MD, USA). Infarct volume was calcu-
lated via the integration of infarct areas for all slices of
each brain.

Triphenyltetrazolium Chloride Staining

Triphenyltetrazolium chloride (TTC) (Sigma-Aldrich)
staining was used to measure infarct volume at 24 h after
pMCAO as previously described [37, 38]. Mice were
anesthetized with 1% pentobarbital sodium (i.p.,

100 mg/kg, Sigma-Aldrich) and perfused with 0.01 M
PBS. The brains of the mice were removed immediately
and sliced into 1-mm-thick coronal sections with a brain
matrix on ice. These brain slices were stained with 1%
TTC for 8 min at 37 °C and fixed in 4% paraformalde-
hyde overnight. The infarct tissues visualized as white
were not stained, whereas the viable tissues were stained
red. The infarct volume was analyzed using ImageJ soft-
ware (National Institutes of Health, Bethesda, MD, USA).
To correct for brain swelling, infarct area was determined
by subtracting the noninfarcted tissue area in the ipsilat-
eral hemisphere from that in the intact contralateral hemi-
sphere. Infarct volume was calculated via the integration
of infarct areas for all slices of each brain.

Modified Neurological Severity Score Test

The modified neurological severity score (mNSS) includ-
ed motor (muscle status, abnormal movement), sensory
(visual, tactile, and proprioceptive), and a reflex measure
composite score [39]. The scores range from a normal
score of 0 to a maximum score of 14, with a higher score
indicating more severe neurological injury. Mouse neuro-
logical deficits were evaluated at 24 h after pMCAO by
an experimenter blinded to the experimental groups.

Evans Blue Extravasation Assay

As described in our previous study [38], 2% Evans blue
was injected (4 ml/kg, Sigma-Aldrich) through the tail vein
to assess cerebrovascular permeability. After circulation
for 4 h, mice were anesthetized with 1% pentobarbital so-
dium (i.p., 100 mg/kg, Sigma-Aldrich) and perfused with
0.01 M PBS. The brains were then harvested, sliced, and
scanned. PBS (1:10 g/v) and 15% trichloroacetic acid (1:1
v/v) were used to homogenize and precipitate the brain
hemispheres of ischemic and sham mice, followed by cen-
trifugation at 1000×g for 10 min. A total of 125 μl of
sodium hydroxide (5 M) was added to 500 μl of each
supernatant aliquot to adjust the pH value. Evans blue
was measured by a spectrophotometer at a wavelength of
620 nm.

Immunofluorescence Staining

Double immunofluorescence staining was performed to
evaluate pericyte and microvessel colocalization. Mouse
brains encompassing the MCA region were cut into sec-
tions (35 μm). After permeabilization with Triton X-100
(0.3% in PBS) for 30 min, the sections were blocked with
normal goat serum (NGS, 10% in 0.3% Triton X-100) for
1 h at room temperature. Then, anti-CD31 (ab28364,
Abcam) and anti-α-smooth muscle actin (α-SMA;
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14395-1-AP, Proteintech) antibodies were incubated with
the sections at 4 °C overnight. The next day, the sections
were incubated with AlexaFluor 488 (conjugated anti-
mouse) and AlexaFluor 594 (conjugated anti-rabbit) IgG
(Invitrogen, Grand Island, NY, USA) for 1 h at room
temperature and then mounted on poly-L-lysine-coated
glass slides.

Transmission Electron Microscopy

Twenty-four hours after pMCAO, mice were anesthetized
with 1% pentobarbital sodium (i.p., 100 mg/kg, Sigma-
Aldrich) and perfused with 0.01 M PBS followed by PBS
containing 4% paraformaldehyde and 0.5% glutaraldehyde.
Then, brains were kept overnight in paraformaldehyde and
glutaraldehyde (2%, in 0.1 M PBS). The sections of target
tissues (50 μm) were collected on a wax block. The sections
were postfixed in 1% osmium tetroxide for 1 h, followed by
graded ethanol dehydration, and embedded in epoxy resin.
Polymerization was performed at 80 °C for 24 h. Ultrathin
sections (100 nm) were collected and stained with uranyl ac-
etate and lead citrate. A transmission electron microscope was
used for evaluation (Quanta 10, FEI Co.)

Primary Pericyte Culture

The mice were anesthetized with 1% pentobarbital sodium
(i.p., 100 mg/kg, Sigma-Aldrich). Then, the brains were ex-
tracted and placed in cold PBS. These brains, without the
olfactory bulb, cerebellum, and medulla, were thoroughly
minced in 10 ml of Eagle’s minimum essential medium
(EMEM) using a sterilized razor blade and then centrifuged
at 1000×g for 10 min. Subsequently, the washed tissue was
resuspended with EMEM (5ml). The homogenized cells were
mixed with 5 ml of bovine serum albumin (BSA, 25% in

PBS). After centrifugation (4000 rpm, 10 min), the lipid layer
was removed from the top of the vial. The cell pellet was
resuspended in an enzymatic solution containing collagenase
(2 mg) and DNAse I (200 μl, 2 μg/ml) in 2 ml of EMEM for
80 min at 37 °C, shaking every 5 min. After the digested brain
tissue was mixed with 1.7 volumes of BSA (25% in PBS)
followed by centrifugation at 4000 rpm for 10 min, the cell
pellet was resuspended in 3 ml of endothelial cell medium
(ECM) with fetal bovine serum (FBS, 10%), penicillin/
streptomycin (1%), and endothelial cell growth supplement
(ECGS, 1%). Then, the cells were plated on coated 6-well
plates (0.02% collagen I, Sigma-Aldrich, 2 h, 37 °C). After
20 h, the cells were washed three times with PBS, and the
medium was changed to fresh ECM; the medium was then
changed every 3 days. After the cells reached confluency, the
cultures were harvested with trypsin-EDTA. Cells were kept
in ECM for the first two passages. From the third passage,
cells were maintained in pericyte medium (ScienCell
Research Laboratories, Carlsbad, CA) containing FBS
(10%), PS (1%), and PCGS (1%) for the experiments.

Oxygen Glucose Deprivation Treatment

To model ischemia in vitro, primary pericytes and C3H/10T1/
2 cells were cultured with glucose-free DMEM (Gibco) in a
sealed chamber (MIC-101, Billups-Rothenburg) loaded with
mixed gas containing 5% CO2 and 95% N2 (25 l/min) for
5 min. The chamber was placed in a water-jacketed incubator
(Forma, Thermo Fisher Scientific, Waltham, MA, USA) at
37 °C for different durations indicated in each experiment.
The cells in the control group were cultured with normal
DMEM (10% FBS) for the same amount of time. The autoph-
agy inhibitor 3-methyladenine (3-MA, 2.5 mM, M9281,
Sigma-Aldrich), autophagy inducer rapamycin (1 μM,
R0395, Sigma-Aldrich), σ-1R antagonist BD1047 (10 μM,
0956, TOCRIS), and σ-1R agonist PRE084 (3 μM, P2607,
Sigma-Aldrich) were dissolved in normal culture medium and
added to the cells 1 h before oxygen glucose deprivation
(OGD). For OGD, cells were refreshed with glucose-free
DMEM (prebalanced in an O2-free chamber at 37 °C) con-
taining the indicated concentrations of these drugs, and the
OGD treatment as described above was immediately started.

MTT Assay

The MTT assay was used to measure pericyte viability. The
cells were seeded in 96-well plates for 2 days and exposed to
OGD. Cells were incubated with MTT dye (20 μl, 5 mg/ml;
Biosharp, BS030C) at 37 °C for 1 h. The medium was aspi-
rated, and the formazan crystals were dissolved by dimethyl
sulfoxide (DMSO; 200 μl). The absorbance was obtained by
using Synergy H1 Multi-Mode Reader (BioTek, Winooski,
VT, USA) at 570 nm wavelength.

Fig. 6 Compound YZ001 ameliorated the apoptosis of pericytes induced
by OGD. a, b Exposure of primary pericytes to OGD increased the
expression levels of Bax/Bcl-xl (a) and cleaved caspase 3/caspase 3 (b).
c, d Exposure of C3H/10T1/2 cells to OGD increased the expression of
Bax/Bcl-xl (c) and cleaved caspase 3/caspase 3 (d). All data are presented
as the mean ± SEM of three independent experiments. *p < 0.05,
**p < 0.01, and ***p < 0.001 vs. the control group using Student’s t test.
e, f YZ001 (10 μm) pretreatment inhibited the OGD-induced increase in
Bax/Bcl-xl (e) and cleaved caspase 3/caspase 3 (f) in primary pericytes.
All data are presented as the mean ± SEM of three independent experi-
ments. *p < 0.05 and ***p < 0.001 vs. the control group, #p < 0.05 and
###p < 0.001 vs. the OGD-treated control group using one-way ANOVA
followed by the Holm–Sidak test. g, hYZ001 pretreatment prevented the
OGD-induced increase in Bax/Bcl-xl (g) and cleaved caspase 3/caspase 3
(h), while BD1047 (10 μM) inhibited the protective effect of YZ001 on
primary pericytes. All data are presented as the mean ± SEM of three
independent experiments. ***p < 0.001 vs. the control group,
###p < 0.001 vs. the OGD-treated control group, &p < 0.05 and
&&p < 0.01 vs. the YZ001-treated OGD group using one-way ANOVA
followed by the Holm–Sidak test
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Western Blot Analysis

The extracted protein (RIPA lysis buffer, Beyotime, P0013B)
was separated by 12 or 8% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and electrophoretically
transferred onto polyvinylidene fluoride membranes. After
blocking with nonfat dry milk (5% in Tris-buffered saline with
Tween-20), membranes were probed with antibodies over-
night at 4 °C. The next day, horseradish peroxidase-
conjugated goat anti-mouse/rabbit IgG secondary antibody
(1:2000) was incubated for 1 h at room temperature. The an-
tibodies used were as follows: anti-caspase 3 (19677-1-AP)
and anti-occludin (13409-1-AP) from Proteintech; anti-
claudin-5 (AF0130) from Affinity Bioscience Inc; anti-

neural/glial antigen (NG)-2 (AB5320) from Millipore; anti-
Bax (2772S) and anti-Bcl-xl (2764S) from Cell Signaling
Technology; anti-microtubule-associated protein light chain
3 (LC3; L7543) from Sigma-Aldrich; anti-zonula occludens
(ZO)-1 (402300) from Life Technology; and anti-β-actin
(AB39199) fromAbSci.MicroChemi 4.2® (DNR, Israel) dig-
ital image scanner was used for detection. Band intensity
quantification was performed using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

Statistical Analysis

SigmaPlot 11.0 was used to perform the statistical analyses.
Data are presented as the mean ± standard error of the mean
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Fig. 7 Compound YZ001 ameliorated the autophagy of pericytes
induced by pMCAO. a Transmission electron microscopy imaging of
brain microvessels showed autolysosomes and double-membraned
autophagosomes (yellow arrows) of pericytes 24 h after pMCAO. n = 4
mice/group. Scale bar = 0.2 μm. b, c σ-1R knockdown aggravated au-
tophagy in the pMCAO group. Quantification was performed using den-
sitometric analysis of LC3-II expression. Two representative immuno-
blots were presented from four mice per group. ***p < 0.001 vs. the

WT sham group, ###p < 0.001 vs. the WT pMCAO group using one-
way ANOVA followed by the Holm–Sidak test. d, e YZ001 (0.6 mg/kg)
pretreatment inhibited pMCAO-induced autophagy in the ipsilateral side
of the brain. Quantification was performed using densitometric analysis
of LC3-II expression. Three representative immunoblots were presented
from six mice per group. ***p < 0.001 vs. the sham group, ###p < 0.001
vs. the pMCAO-treated control group using one-way ANOVA followed
by the Holm–Sidak test



(SEM). Student’s t test was used to compare two groups.
For multiple comparisons, one-way analysis of variance
(ANOVA) followed by the Holm–Sidak test was used.
Two-way ANOVA was used, with the two factors being
genotype (wild type or σ-1 KO mice) and treatment (sham
or pMCAO). The appropriate tests are indicated in the fig-
ure legends. p values < 0.05 were considered statistically
significant.

Results

Knockdown of σ-1R Aggravated Cerebral
Ischemia-Induced Injury in pMCAO Mice

Previous studies have reported that σ-1R provides neuro-
protection in an ischemic stroke animal model [23, 29, 30].
To unravel genetic evidence to elucidate the role of σ-1R in
the outcomes of stroke, σ-1R KO and WT mice were sub-
jected to pMCAO. After 24 h, the neurological deficit
scores were higher in the σ-1R KO mouse group than in
the WT mouse group (Fig. 1a). Then, the infarct sizes were
evaluated using MRI to determine the extent of the brain
damage within the injury territory of WT mice and σ-1R
KO mice. Compared with WT mice, σ-1R KO mice
displayed a significantly larger infarct volume (Fig.
1b, c). To further confirm these observations, we deter-
mined brain infarct volumes by TTC assay with the same
surgery. The ischemic infarct was also found to be signif-
icantly larger in the σ-1R KO mouse group with this tech-
nique (Fig. 1d, e). To investigate the role of σ-1R in
ischemia-induced BBB disruption, we examined Evans
blue dye leakage at 24 h post-pMCAO. The disruption of
the BBB in the σ-1R mouse group was significantly aggra-
vated compared with that in the WT mouse group (Fig.
1f, g). To test the hypothesis that knockdown of σ-1R ex-
pression leads to a reduction in the expression of tight
junction proteins (TJPs), we performed western blot anal-
ysis for claudin-5, occludin, and ZO-1 using the ipsilateral
side of the brain after pMCAO. As expected, the pMCAO-
treated WT mice displayed decreased TJP expression, and
the change was significantly aggravated in σ-1R mice sub-
jected to pMCAO (Fig. 1h, i). These findings suggested
that σ-1R plays an important role in preventing cerebral
ischemia-induced injury and BBB disruption.

The Compound YZ001 Ameliorated Cerebral
Ischemia-Induced Injury in pMCAO Mice

According to our findings, knockdown of σ-1R aggravated
the ischemia damage in an ischemic stroke animal model.
Therefore, we designed an σ-1R agonist YZ001 and hy-
pothesized that activation of σ-1R provides potent

neuroprotection in ischemic stroke. YZ001 was designed
and synthesized, hybridized from three pharmacophoric
units from the E-52862 analog, SA4503, and ANAVEX2-
73 with subsequent optimization (Fig. 2a). E-52862 and
SA4503 have been reported to enhance recovery after
acute ischemic stroke in a previous study [33, 40].
ANAVEX2-73 has been shown to activate the σ-1R to
stimulate neuromodulation and neuroprotection [41]. The
docking conformation of YZ001 with σ-1R is shown in
Fig. 2b. YZ001 pretreatment significantly reduced neuro-
logical deficit scores in mice compared with the control
group at 24 h after pMCAO surgery (Fig. 2c). Then, the
infarct sizes were evaluated using MRI to determine the
extent of the brain damage. Consistently, pretreatment with
YZ001 significantly decreased pMCAO-induced infarct
sizes (Fig. 2d, e). To further confirm these observations,
we determined brain infarct volumes by TTC assay with
the same surgery. The ischemic infarct was also signifi-
cantly smaller in the YZ001-pretreated mouse group than
in the control group (Fig. 2f). To investigate the effect of
YZ001 on ischemia-induced BBB disruption, we exam-
ined Evans blue dye leakage at 24 h post-pMCAO. The
disruption of the BBB induced by pMCAO in the
YZ001-pretreated mouse group was significantly amelio-
rated compared with that in the control group (Fig. 2g).
Then, the expression of occludin, claudin-5, and ZO-1
was investigated in the ipsilateral side of the brain after
pMCAO. As expected, YZ001 pretreatment significantly
inhibited the decrease in TJP expression induced by
pMCAO (Fig. 2h, i). Taken together, the findings sug-
gested that YZ001 ameliorated the cerebral ischemia-
induced injury by maintaining BBB integrity.

The Compound YZ001 Ameliorated Pericyte Loss
Induced by pMCAO

Previous evidence has shown that pericyte-covered blood
vessels are important for the maintenance of BBB integrity
[9, 11, 12, 14]. The brain microvessel ultrastructure was
analyzed in the brains of mice sacrificed at 24 h after
pMCAO by transmission electron microscopy. There were
significantly fewer pericytes in the pMCAO-treated mouse
group than in the sham group (Fig. 3a, b). Then, double
immunostaining was used to assess the pericyte coverage
around the endothelium using antibodies specific for
pericytes (α-SMA, red) and the endothelial cell marker
(CD31, green) in the ipsilateral side of the brain. As shown
in Fig. 3c, d, pMCAO-treated mice exhibited reduced ex-
pression of the pericyte marker α-SMA in the ipsilateral
side of the brain, suggesting less pericyte coverage than in
the sham group (Fig. 3c, d). In addition, western blot re-
vealed significantly decreased expression of another
pericyte marker, NG-2, in the pMCAO-treated group.
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Nevertheless, these changes were aggravated in the σ-1R
KO group (Fig. 3e). Intriguingly, YZ001 ameliorated the
pericyte loss induced by pMCAO (Fig. 3f). To further ver-
ify the above observations, we subjected primary pericytes
(Fig. 4a) and C3H/10T1/2 cells (Fig. 4b) to the ischemia-
like insult, OGD. After OGD exposure, cell viability sig-
nificantly decreased in both primary pericytes and C3H/
10T1/2 cells. OGD for 12 and 24 h also decreased the
expression of NG-2 in primary pericytes (Fig. 4c) and
C3H/10T1/2 cells (Fig. 4d). According to the in vivo find-
ings, σ-1R knockdown seemingly aggravated the pericyte
loss induced by pMCAO. Here, we further investigated the
role of σ-1R in pericyte survival in vitro. The previously
published σ-1R antagonist BD1047 and σ-1R agonist
PAE084 were used in primary pericytes and C3H/10T1/2
cells. The σ-1R antagonist BD1047 enhanced the OGD-
induced decrease in NG-2 expression in both primary
pericytes (Supplementary Fig. 4A) and C3H/10T1/2 cells
(Supplementary Fig. 4B). In contrast, the σ-1R agonist
PRE084 prevented the pericyte decrease induced by
OGD treatment (Supplementary Fig. 4C–D). As expected,
YZ001 also inhibited OGD-induced pericyte death in pri-
mary pericytes (Fig. 4e, f). Next, further study was under-
taken to investigate the effect of the σ-1R antagonist
BD1047 on the enhanced pericyte survival induced by
YZ001. As shown in Fig. 4g, YZ001 prevented the
OGD-induced decrease in NG-2 expression, while
BD1047 inhibited the protective effect of YZ001 on

pericytes (Fig. 4g). The above findings suggested that
YZ001, as an σ-1R agonist, ameliorates cerebral
ischemia-induced BBB disruption by preventing pericyte
loss.

The Compound YZ001 Ameliorated the Apoptosis
of Pericytes Induced by pMCAO

Next, we sought to examine the effect of the compound
YZ001 on cell apoptosis in vivo and in vitro. Transmission
electron microscopy revealed pericyte apoptosis, in which the
nuclei shrank and ruptured (arrow), in pMCAO-treated mice
(Fig. 5a). Meanwhile, other indicators of apoptosis, the Bax/
Bcl-xl ratio and expression of cleaved caspase 3, were in-
creased in the pMCAO-treated WT group compared to those
in the shamWT group. However, knockdown of σ-1R aggra-
vated these changes (Fig. 5b, c). In contrast, YZ001 amelio-
rated pMCAO-induced pericyte apoptosis (Fig. 5d, e). To ver-
ify this observation in vitro, we sought to examine the apopto-
sis of primary pericytes and C3H/10T1/2 cells. The Bax/Bcl-
xl ratio and cleaved caspase 3 expression were markedly in-
creased by OGD in primary pericytes (Fig. 6a, b) and C3H/
10T1/2 cells (Fig. 6c, d). Then, we further confirmed the role
of σ-1R in pericyte apoptosis. OGD-induced pericyte apopto-
sis was increased by BD1047 and decreased by PRE084 in
both primary pericytes (Supplementary Fig. 5A–D) and C3H/
10T1/2 cells (Supplementary Fig. 5E–H). In addition, YZ001
prevented OGD-induced pericyte apoptosis (Fig. 6e, f), and
this prevention was inhibited by BD1074 (Fig. 6g, h). These
findings suggested that the σ-1R agonist YZ001 prevents
pericyte loss by inhibiting pericyte apoptosis.

The Compound YZ001 Ameliorated the Autophagy
of Pericytes Induced by pMCAO

Autophagy is also a critical regulatory process of cell survival
[42]. Structural analysis via electron microscopy allows for
the visualization of autophagy, characterized by the massive
accumulation of autophagic vacuoles (autophagosomes) and
autolysosomes in the cytoplasm [43]. The accumulation of
double-membraned autophagic vacuoles and numerous
autolysosomes (arrow) was found in pMCAO-treated mice
(Fig. 7a). The expression of LC3-II (autophagy marker) was
higher in the pMCAO-treatedWT group than in the shamWT
group, but this change in LC3-II levels was aggravated in the
pMCAO-treated σ-1R KO group (Fig. 7b, c). Moreover,
YZ001 ameliorated the autophagy of pericytes induced by
pMCAO (Fig. 7d, e). According to the in vivo findings, we
hypothesized that autophagy plays another role in regulating
the survival of OGD-treated pericytes. We monitored the ex-
pression levels of five autophagic markers (Beclin 1
[BECN1], autophagy-related 5 [ATG5], ATG7, LC3-II, and
P62) in both primary pericytes and C3H/10T1/2 cells exposed

Fig. 8 Compound YZ001 ameliorated the autophagy of pericytes
induced by OGD. a, b Exposure of primary pericytes to OGD increased
the expression of autophagy proteins and decreased the expression of
P62. Quantification was performed using densitometric analysis of
BECN, ATG5, ATG7 LC3-II, and P62 expression. c, d Exposure of
C3H/10T1/2 cells to OGD increased the expression of autophagy
proteins and decreased the expression of P62. Quantification was
performed using densitometric analysis of BECN, ATG5, ATG7 LC3-
II, and P62 expression. e, f Representative immunofluorescence
staining of LC3 in C3H/10T1/2 cells. Scale bar = 20 μm. The numbers
of LC3 puncta per cell were counted and quantified. All data are
presented as the mean ± SEM of three independent experiments.
*p < 0.05, **p < 0.01, and ***p < 0.001 vs. the control group using
Student’s t test. g, h C3H/10T1/2 cells were infected with RFP-GFP-
LC3 adenovirus and then exposed to OGD for 12 h. The RFP and GFP
puncta per cell were counted and quantified. Scale bar = 20 μm. i YZ001
(10 μM) pretreatment inhibited the OGD-induced increase in LC3-II
expression in primary pericytes. All data are presented as the mean ±
SEM of three independent experiments. *p < 0.05 and ***p < 0.001 vs.
the control group, ##p < 0.01 and ###p < 0.001 vs. the OGD-treated control
group using one-way ANOVA followed by the Holm–Sidak test. j
YZ001 pretreatment prevented the OGD-induced increase in LC3-II ex-
pression, while BD1047 (10μM) inhibited the protective effect of YZ001
on primary pericytes. All data are presented as the mean ± SEM of three
independent experiments. ***p < 0.001 vs. the control group,
###p < 0.001 vs. the OGD-treated control group, &&p < 0.01 vs. the
YZ001-treated OGD group using one-way ANOVA followed by the
Holm–Sidak test
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to OGD for various durations. As shown in Fig. 8a, b, OGD
induced a significant increase in the levels of BECN1, ATG5,
ATG7, and LC3-II in primary pericytes. The clearance of P62
is another marker for autophagy. Consistently, P62 expression
was downregulated by OGD treatment in primary pericytes
(Fig. 8a, b). These findings were further confirmed in C3H/
10T1/2 cells (Fig. 8c, d). Furthermore, immunofluorescence
staining showed that OGD treatment enhanced the number of
vacuoles, as indicated by endogenous LC3-II in C3H/10T1/2
cells (Fig. 8e, f). OGD induced the autophagy of pericytes,
which was also confirmed by immunofluorescence staining of
C3H/10T1/2 cells transducedwith tandem fluorescent-mRFP-
GFP-LC3-adenovirus (a specific marker for autophagosome
formation). The colocalization of GFP and RFP signals (yel-
low dots) and RFP-only LC3 dots per cell was significantly
increased by OGD treatment in C3H/10T1/2 cells transduced
with the autophagosome formation marker (Fig. 8g, h). σ-1R
has also been found to play an important role in pericyte au-
tophagy. BD1047 further increased the OGD-induced eleva-
tion in LC3-II expression, while PRE084 inhibited this eleva-
tion in both primary pericytes (Supplementary Fig. 6A–B) and
C3H/10T1/2 cells (Supplementary Fig. 6C–D). Furthermore,
YZ001 was found to prevent the autophagy of pericytes in-
duced by OGD treatment (Fig. 8i), while this prevention was
inhibited by BD1074 (Fig. 8j). Taken together, these findings
suggest that the σ-1R agonist YZ001 inhibited pericyte au-
tophagy to prevent pericyte loss.

Autophagy and Apoptosis Showed Distinct Roles
in OGD-Induced Pericyte Loss

To determine the role of autophagy in OGD-induced pericyte
loss, we examined whether inhibiting autophagy by 3-MA or
inducing autophagy by rapamycin could affect cell survival in
both primary pericytes and C3H/10T1/2 cells. First, we found

that pretreatment with 3-MA significantly prevented the
OGD-induced decrease in cell viability (Fig. 9a) and NG-2
expression (Fig. 9b), while pretreatment with rapamycin en-
hanced the OGD-induced decrease in cell viability (Fig. 9c)
and NG-2 expression in primary pericytes (Fig. 9d). These
f i n d i ng we r e con f i rmed i n C3H/10T1 / 2 c e l l s
(Supplementary Fig. 7A–D). Next, to further confirm the role
of autophagy in OGD-induced apoptosis, cells were treated
with 3-MA, which inhibited the Bax/Bcl-xl ratio and cleaved
caspase 3 expression in both primary pericytes (Fig. 9e, f) and
C3H/10T1/2 cells (Supplementary Fig. 7E–F). Conversely,
pretreatment of cells with rapamycin significantly enhanced
the Bax/Bcl-xl ratio and cleaved caspase 3 expression in both
primary pericytes (Fig. 9g, h) and C3H/10T1/2 cells
(Supplementary Fig. 7G–H). The above findings suggested
that inhibition of autophagy may decrease the apoptosis of
pericytes to prevent pericyte loss.

Discussion

Our study provides new insights into the role of σ-1R in BBB
integrity with emphasis on its effects on pericytes via the in-
terplay of apoptosis and autophagy.We first discovered thatσ-
1R KO mice showed a much worse pericyte loss than WT
mice with concomitant increase in infarct volume and BBB
damage. Furthermore, we demonstrated that a novel σ-1R
agonist, YZ001, alleviated pericyte loss as well as BBB dis-
ruption. This process occurred due to the inhibition of pericyte
apoptosis via autophagy caused by σ-1R activation (Fig. 10).
Therefore, σ-1R may be a potential therapeutic target for
treating pericyte survival and provide insights into the devel-
opment of therapeutic strategies aimed at restoring the BBB
breach in stroke patients.

BBB integrity disruption is a common consequence of
stroke and contributes to its progression [44]. The BBB
includes brain microvascular endothelial cells (BMECs),
pericytes, astrocytic endfeet, and neurons. BMECs form
the primary barrier of the BBB, with astrocytic endfeet
wrapped around them. Pericytes are sandwiched between
BMECs and astrocytes and play a vital role in signaling to
both cell types to regulate BBB integrity [45–47]. Pericytes
support endothelial cell survival and promote normal tight
junction development [12]. Ischemic injury causes the de-
tachment of pericytes from the vascular wall, leading to
progressive capillary reduction and BBB breakdown [13,
44, 48]. However, the mechanisms of pericyte regulation
associated with BBB breakdown under stroke are still
poorly understood. Our previous study demonstrated that
pericyte-derived vascular endothelial growth factor
(VEGF) disrupts BBB integrity in vitro [49]. Regulator of
G protein signaling 5 (RGS5) in pericytes negatively reg-
ulates pericyte number and endothelial coverage to ensure

Fig. 9 Distinct roles of autophagy and apoptosis in OGD-induced
pericyte death. a, b Pretreatment of primary pericytes with the autophagy
inhibitor 3-MA (2.5 mM) for 1 h significantly inhibited the OGD-induced
decrease in cell viability (a) and NG-2 expression (b). c, d Pretreatment
with the autophagy inducer rapamycin (1μM) for 1 h enhanced the OGD-
induced decrease in cell viability (c) and NG-2 expression (d) in primary
pericytes. e, f 3-MA pretreatment inhibited the increase in apoptosis pro-
tein expression induced by OGD. The expression levels of Bax/Bcl-xl (e)
and cleaved caspase 3/caspase 3 (f) were determined via western blot
analysis and quantified through densitometric analysis. g, h Rapamycin
pretreatment enhanced the effect of OGD in primary pericytes. The ex-
pression levels of Bax/Bcl-xl (g) and cleaved caspase 3/caspase 3 (h)
were determined via western blot analysis and quantified through densi-
tometric analysis. All data are presented as the mean ± SEM of three
independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 vs.
the control group; #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. the OGD-
treated group using one-way ANOVA followed by the Holm–Sidak test.
3-MA, 3-methyladenine; Rap, rapamycin
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BBB preservation and neurovascular protection in stroke
[50]. Moreover, the inhibition of semaphorin-3e (Sema3E)/
plexin-D1 (PlexinD1) signaling increases pericyte recruit-
ment and contributes to functional neovascularization and
BBB integrity in stroke [51]. In addition, a recent study
indicated that σ-1R activation ameliorates BBB damage
in stroke [36]. In this study, the expression of the pericyte
marker NG-2 was decreased 24 h after pMCAO, and this
reduction was greater in σ-1R KO mice, consistent with
previous studies that showed pericyte loss induced by ce-
rebral ischemia in animals and humans [13]. This study is
the first to demonstrate that σ-1R regulates pericyte surviv-
al, affecting BBB integrity after ischemic stroke.

Mounting evidence suggests a critical role of σ-1R in stroke;
therefore, we next sought to develop new drugs targeting σ-1R
for the clinical therapy of ischemic stroke. In a phase II clinical
trial, the selective σ-1R agonist SA4503 induced a greater im-
provement in ischemic stroke patients with greater pretreatment
deficits [33], although there was no significant difference be-
tween the treated and untreated groups. This finding prompted
us to develop another novel σ-1R agonist for stroke therapy: the
novel σ-1R agonist YZ001, which was designed in this study.
Administration of YZ001 significantly ameliorated pericyte loss,
infarct volume, and BBB damage. Excitingly, our findings
showed that YZ001 treatment exerted a better effect on stroke
outcomes than SA4503. Herein, we postulated that alleviation of
pericyte loss by YZ001 might contribute to the improvement of
stroke outcomes.

Consistent with our findings, different acute brain injury or
neurodegeneration experimental models have shown the neu-
roprotective effect of σ-1R agonists. 4-Phenyl-1-(4-
phenylbutyl) piperidine (PPBB) reduced infarct volume in
the rat transient MCAO (tMCAO) model by reducing neuro-
nal nitric oxide production without altering dopamine accu-
mulation [52, 53]. Infarct size reduction was also found in rats
treated with PRE084 through the enhancement of anti-
inflammatory cytokines after stroke in rats [29].
Furthermore, dimemorfan modulated σ-1R-dependent sig-
nals, which prevented glutamate accumulation and down-
stream pathologic events against ischemic stroke in rats [54].
In contrast, the σ-1R antagonist S1RA ameliorated post-
stroke neurological deficits and suppressedmatrix metallopro-
teinase (MMP)-9 expression [40]. In the present work, the
effects of YZ001 were similar to those of the other evaluated
σ-1R agonists, such as PRE084. Meanwhile, BD1047 be-
haved as an antagonist and blocked the protective effects of
YZ001 on pericyte survival. However, in addition to
pericytes, YZ001 treatment also ameliorated the cell death of
astrocytes and neurons induced by OGD in vitro as well as
pMCAO in vivo (Supplementary Figs. 8 and 9), which was
consistent with previous findings reporting that σ-1R activa-
tion in astrocytes and neurons enhanced brain plasticity and
functional recovery after experimental stroke [23].

Autophagy is a fundamentally active process to maintain
cellular homeostasis and is necessary for cell survival; how-
ever, the role of autophagy in ischemic stroke remains

Fig. 10 Inhibition of pericyte
apoptosis via autophagy caused
by σ-1R activation. σ-1R
knockdown induced pericyte loss
by increasing the autophagy and
apoptosis, which results in BBB
disruption and thus contributes to
cerebral infarction as
demonstrated in the left dashed
frame. YZ001 alleviated pericyte
loss, which occurred due to the
inhibition of pericyte apoptosis
via autophagy caused by σ-1R
activation, resulting in the
inhibition of BBB damage with
amelioration of cerebral infarction
as demonstrated in the right
dashed frame
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controversial. Some studies have indicated that autophagy is
harmful for neurons in ischemic stroke, and inhibiting autophagy
decreases infarct size and augments neurological scores [55, 56].
However, other studies have suggested that the activation or
enhancement of autophagy protects against ischemia
reperfusion-induced injury [57]. Regarding the role of autophagy
in pericyte survival, a previous study revealed a novel mecha-
nism of autophagy disturbance secondary to nitrosative stress-
induced tyrosine nitration of transient receptor potential cation
channel, subfamily M, member 2 (TRPM2) during pericyte in-
jury [58]. Intriguingly, a dual role for autophagy in diabetic ret-
inopathy has been noted, where autophagy protects cells under
mild stress but promotes cell death under more severe stress [59].
Our study revealed that the number of pericytes significantly
decreased with a concomitant increase in autophagic pericytes
after pMCAO treatment, which is in agreement with the reported
activation of autophagic pathways by pericytes to modulate their
cell survival in hypoxic and ischemic injuries [60]. In this study,
YZ001 treatment in pericytes significantly inhibited cell apopto-
sis via autophagy both in an in vivo pMCAO stroke model and
in vitro OGD-treated pericytes, suggesting that the compound
YZ001 may be a new drug candidate for clinical studies as a
novel σ-1R agonist.

In conclusion, the novel σ-1R agonist YZ001 decreased
infarct volume in pMCAO mice, and this decrease was asso-
ciated with an amelioration of pericyte loss via the cooperation
of apoptosis and autophagy. Although further study is re-
quired in other stroke models, YZ001 may be a promising
novel therapeutic agent for the treatment of stroke patients.
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