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Abstract. Pericyte‑derived extracellular vesicle‑mimetic 
nanovesicles (Pc‑NVs) play an important role in the improve‑
ment of erectile function after cavernous nerve injury. 
However, the impact of Pc‑NVs on the peripheral nervous 
system (PNS), such as the sciatic nerve, is unclear. In this 
study, Pc‑NVs were isolated from mouse cavernous peri‑
cytes (McPs). A sciatic nerve transection (SNT) model was 
established using 8‑week‑old c57BL/6J mice. The sciatic 
nerve was harvested 5 and 14 days for immunofluorescence 
and western blot studies. Function studies were evaluated by 
performing the rotarod test and walking track analysis. The 
results demonstrated that Pc‑NVs could stimulate endothelial 
cells, increase neuronal cell content, and increase macrophage 
and Schwann cell presence at the proximal stump rather 
than the distal stump in the SNT model, thereby improving 
angiogenesis and nerve regeneration in the early stage of 
sciatic nerve regeneration. In addition, Pc‑NVs also increased 
the expression of neurotrophic factors (brain‑derived nerve 
growth factor, neurotrophin‑3 and nerve growth factor) and 
the activity of the cell survival signaling pathway (PI3K/Akt 
signaling), and reduced the activity of the JNK signaling 

pathway. Additionally, after 8 weeks of local application of 
Pc‑NVs in SNT model mice, their motor and sensory func‑
tions were significantly improved, as assessed by performing 
the rotarod test and walking track analysis. In conclusion, 
the present study showed that the significant improvement of 
neurovascular regeneration in mice following treatment with 
Pc‑NVs may provide a favorable strategy for promoting motor 
and sensory regeneration and functional recovery of the PNS.

Introduction

Peripheral nerve injury causes a loss of sensory and motor 
function, and has a significant impact on the quality of life (1). 
In the United States alone, >200,000 nerve repair treatments 
are performed each year (2). For short lengths of nerve damage, 
the conventional clinical procedure, end‑to‑end anastomosis, 
is appropriate (3). If the damaged nerve is too long to be 
repaired with tension‑free sutures, autologous transplantation 
can be used for nerve reconstruction, which is considered the 
‘gold standard’ of contemporary nerve repair treatment (4). In 
recent decades, several configurations of potential autografts 
for nerve conduits have been investigated (5). despite recent 
advances in the understanding of nerve regeneration and 
surgical techniques, complete functional repair of damaged 
nerves is rarely achieved (6).

Pericytes, which promote vessel growth and maintain the 
neurovascular unit, are thought to be progenitor cells and may 
play a role in neurovascular regeneration (7). It has also been 
proposed that peripheral nerve pericytes may stimulate axon 
regeneration and barrier enhancement, preventing neuronal 
loss in the central nervous system (8,9). degeneration of peri‑
cytes has been observed in diseases related to neurovascular 
dysfunction, such as dementia and Alzheimer's disease (10). Our 
previous study showed that pericytes enhanced neurovascular 
regeneration in a mouse model of cavernous nerve injury (11).

Several researchers have demonstrated that extracellular 
vesicles (EVs) incorporate proteins, lipids, and RNA, which 
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are involved in physiological and pathological communica‑
tions between cells (12,13). Previous studies have shown that 
EVs from particular cell types and environments can affect 
tissue regeneration (14,15). However, one of the most signifi‑
cant disadvantages of EVs is their poor production yield (16). 
Therefore, to overcome this limitation, a mini extruder system 
was developed, and >100‑fold greater EV‑mimetic NVs 
were extracted from different cell types, such as embryonic 
stem cells (EScs) and mouse cavernous pericytes (McPs). 
In addition, ESc‑derived EV‑mimetic NVs (ESc‑NVs) and 
McP‑derived EV‑mimetic NVs (Pc‑NVs) showed similar 
qualities to natural EVs, thus might be helpful for studies 
on neurovascular regeneration (17,18). However, the detailed 
molecular mechanisms by which Pc‑NVs promote nerve 
regeneration remains largely unknown.

The sciatic nerve is the longest nerve in the human body. 
It is composed of motor and sensory fibers, and has been 
used as a model of neurovascular regeneration. Regeneration 
of severed nerves requires polarized vasculature induced by 
macrophages in the hypoxic bridge to guide the collective 
migration of Schwann cells (19). Our recent studies showed 
that ESc‑NVs could rescue erectile function in diabetic mice, 
whereas PC‑NVs significantly improved erectile dysfunction in 
a mouse cavernous nerve injury (cNI) model (17,18). However, 
there are no studies assessing the functional evaluation of 
Pc‑NVs in the peripheral nervous system (PNS), to the best 
of our knowledge. Therefore, it was hypothesized that Pc‑NVs 
may also induce peripheral nervous regeneration through 
these aforementioned effects, including macrophage‑induced 
angiogenesis to guide Schwann cell migration.

The aim of the present study was to evaluate the role 
of Pc‑NVs in peripheral nerve regeneration. The results 
showed that the exogenous delivery of Pc‑NVs increased the 
content of endothelial cells, macrophages, Schwann cells and 
neuronal cells in the sciatic nerve transection (SNT) model, 
thereby inducing neurovascular regeneration. Therefore, we 
hypothesize that Pc‑NVs may display a protective effect and 
accelerate nerve recovery, thereby improving damaged nerve 
function.

Materials and methods

Ethics statement and animal study design. In total, 85 adult 
male c57BL/6J mice (8 weeks old; weight, 20‑25 g; Orient Bio, 
Inc.) were used in the present study: 10 for the McP primary 
culture and Pc‑NV isolation, 45 for mouse sciatic nerve neuro‑
vascular regeneration and pathway signaling experiments, and 
30 for the motor function recovery test. All animals' health 
and behavior were monitored every day and experiments 
performed in this study were approved by the Institutional 
Animal care and Use committee of Inha University (approval 
no. 171129‑527). Mice were fed with commercial standard 
laboratory food and water ad libitum, and maintained at 
room temperature (23±2˚C) with 40‑60% humidity, specific 
pathogen‑free conditions and 12‑h light/dark cycles. The cage, 
bedding, food and water were strictly disinfected. All animals 
were placed under general anesthesia with intramuscular 
injections of ketamine (100 mg/kg) and xylazine (5 mg/kg) 
before preparing the models. All animals were euthanized 
by 100% CO2 gas replacement rate at 10‑30% container 

volume/min, and cessation of the heartbeat and respiratory 
arrest were confirmed before harvesting tissues. No mice were 
found dead during any of the experimental procedures

MCP culture, preparation and characterization of PC‑NVs. 
The McP primary cultures were performed as described 
previously (20). Briefly, 8‑week‑old male C57BL/6J mice were 
euthanized immediately, the urethra and dorsal neurovascular 
bundle were removed from the penis tissue and only the 
corpus cavernosum tissues were used. The corpus cavernosum 
tissues were sectioned into 1‑2 mm sections and cultured 
at 37˚C with 5% CO2 in dMEM (Gibco; Thermo Fisher 
Scientific, Inc.) supplemented with 20% FBS (Gibco; Thermo 
Fisher Scientific, Inc.), 1% penicillin/streptomycin (Gibco; 
Thermo Fisher Scientific, Inc.) and 10 nM human pigment 
epithelium‑derived factor (Sigma‑Aldrich; Merck KGaA). 
The medium was changed every 2 days, and the cells were 
sub‑cultured after 10 days. cells from passages 2‑4 were used 
for all of the experiments.

As described in our previous study, a mini extruder system 
(Avanti Polar Lipids, Inc.) was used to prepare Pc‑NVs (17). 
Briefly, MCPs were detached with 0.25% trypsin‑EDTA 
(Invitrogen; Thermo Fisher Scientific, Inc.) and re‑suspended 
in HEPES buffer solution (HBS; Gibco; Thermo Fisher 
Scientific, Inc.). The cell suspension was extruded 10 times 
through filters with 10, 5 and 1 µm polycarbonate membranes 
(Nuclepore; Whatman plc; cytiva). Next, they were subjected 
to ultracentrifugation at 100,000 x g for 2 h at 4˚C with a step 
gradient, which was overlapped with 50% iodixanol (1 ml; 
Axis‑Shield Diagnostics, Ltd.) and 10% iodixanol (2 ml) and 
the extruded samples were placed (7 ml) on top. The Pc‑NVs 
were filtered through a 0.45 µm filter (Altmann Analytik 
Gmbh & Co. KG) and stored at ‑80˚C until subsequent anal‑
ysis. The EXOCET exosome quantitation analysis kit (System 
Biosciences, LLC) was used to quantify the PC‑NVs, and their 
concentration was adjusted to 1 µg/µl.

The morphology of the Pc‑NVs was detected by trans‑
mission electron microscopy (TEM; Electron Microscopy 
Sciences) as described previously (17). The Pc‑NVs were veri‑
fied by determining the expression of one negative and three 
positive NV markers by western blotting (according to the 
western blotting protocol): Golgi matrix protein 130 (GM130; 
negative marker; cat. no. 610822; 1:1,000; Bd Biosciences), 
programmed cell death 6‑interacting protein (Alix; positive 
marker; cat. no. NB100‑65678; 1:1,000; Novus Biologicals, 
LLc), tumor susceptibility 101 (TSG101; positive marker; 
cat. no. NB200‑112; 1:1,000, Novus Biologicals, LLc) and 
cd81 (cat. no. NBP1‑77039; positive marker; 1:1,000; Novus 
Biologicals, LLc).

Fluorescence dye labelling of the PC‑NVs for the 
tracking analysis. The Pc‑NVs were labelled with 
1,1'‑dioctadecyl‑3,3,3',3'‑ Tetramethyl indodicarbo cyanine, 
4‑chlorobenzene sulfonate salt (did) red‑fluorescent dye 
(Thermo Fisher Scientific, Inc.) according to the manufac‑
turer's instructions. Briefly, 2.5 µl DiD dye solution was added 
to 100 µg PC‑NVs in a total volume of 500 µl HBS, incubated 
at room temperature for 10 min and then further diluted with 
9.5 ml cold HBS. The samples were then ultracentrifuged at 
100,000 x g for 2 h at 4˚C. Next, the PC‑NVs pellet in HBS 
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were centrifuged again at 100,000 x g for 2 h at 4˚C to remove 
the free did dye. The particles containing the did‑labeled 
Pc‑NVs were then resuspended in HBS and used for tracking 
analysis.

Establishment of the sciatic nerve crushing (SNC) and SNT 
model. In order to evaluate the neurovascular regenerative 
ability of the Pc‑NVs, the SNc and SNT model were prepared 
as described previously (21,22). The SNc model was used for the 
tracking analysis of the injected Pc‑NVs. The 8‑week‑old male 
c57BL/6J mice were immediately placed under general anes‑
thesia with intramuscular injections of ketamine (100 mg/kg) 
and xylazine (5 mg/kg). The right hind paw sciatic nerves were 
exposed and crushed with a non‑serrated needle holder under 
uniform pressure for 30 sec. After suturing the muscle layer, 
DiD‑labeled PC‑NVs (5 µg/100 µl) were immediately injected 
around the crushed sciatic nerve, and the skin layer was sutured. 
A total of 24 h after SNc model preparation, the mice from all 
groups were euthanized and the nerves were harvested after 
the confirming a lack of heartbeat and respiratory arrest. The 
nerves were fixed in 4% paraformaldehyde overnight at 4˚C. 
After fixing, a longitudinal section (15 µm) was prepared and 
the did‑labeled Pc‑NVs were observed under a confocal 
fluorescence microscope (K1‑Fluo; Nanoscope Systems, Inc.).

The SNT model was used to study the sciatic nerve func‑
tion index, as well for immunofluorescence and western blot 
experiments. The surgical procedure was the same as that of 
the SNc model. The 8‑week‑old male c57BL/6J mice were 
immediately anesthetized, and the right hind paw sciatic 
nerve was exposed and cut across the middle of the thigh with 
scissors. After suturing the muscle layer, HBS or Pc‑NVs 
(1 or 5 µg, respectively) was immediately injected around the 
SNT and the skin layer was sutured. A total of 5 and 14 days 
after SNT model preparation, the mice from all of the groups 
were euthanized, and the nerves were harvested after confir‑
mation of a lack of heartbeat and respiratory arrest. The nerves 
were fixed in 4% paraformaldehyde overnight at 4˚C and 
a longitudinal section (15 µm) was prepared for subsequent 
experiments. A phase contrast image of the sciatic nerves was 
observed under a confocal fluorescence microscope.

Histological examination. For fluorescence microscopy, the 
sciatic nerve tissues were fixed in 4% paraformaldehyde for 
24 h at 4˚C. After blocking with 1% BSA (cat. no. A3294‑50G; 
Sigma‑Aldrich; Merck KGaA) for 1 h at room temperature, the 
frozen tissue sections (15 µm) were incubated with antibodies 
against cd31 (1:50; cat. no. MAB1398Z; MilliporeSigma), 
neurofilaments (NF; 1:100; cat. no. N‑5389; Sigma‑Aldrich; 
Merck KGaA), glial fibrillary acidic protein (GFAP; 1:100; cat. 
no. ab53554; Abcam), ionized calcium‑binding adapter molecule 
1 (Iba‑1; 1:100; cat. no. ab5076; Abcam) and neural specific 10 
(ScG10; 1:100; cat. no. NBP1‑49461; Novus Biologicals, LLc) 
at 4˚C overnight. After several washes with PBS, the sections 
were incubated with secondary antibodies against FITc 
Affinipure Goat anti‑armenian hamster IgG (H+L) (1:100; 
cat. no. 127‑095‑160; Jackson ImmunoResearch Laboratories, 
Inc.), rhodamine (TRITC) Affinipure Rabbit anti‑mouse IgG 
(H+L) (1:100; cat. no. 315‑025‑003; Jackson ImmunoResearch 
Laboratories, Inc.), Alexa Fluor 488 affinipure donkey 
anti‑Goat IgG (H+L) (1:100; cat. no. 705‑545‑147; Jackson 

ImmunoResearch Laboratories, Inc.), donkey anti‑Rabbit 
IgG H&L (dyLight® 550) (1:100; cat. no. ab98489; Abcam) 
for 2 h at room temperature. After washing with PBS, the 
samples were mounted in a solution containing DAPI (100 µl; 
cat. no. H‑1500; Vector Laboratories, Inc.). dAPI was used for 
nuclei labeling for 2 min at room temperature. The signals were 
visualized and digital images were obtained using a confocal 
fluorescence microscope (K1‑Fluo; Nanoscope Systems, Inc.). 
Quantitative analysis of the histological examinations was 
performed using ImageJ version 1.34 (National Institutes of 
Health).

Rotarod test. The rotarod test was performed on a rotarod 
machine with automatic timers and falling sensors (cat. 
no. Jd‑A‑07TS; Jeung‑do Bio & Plant co., Ltd.) as described 
previously (23). The 8‑week‑old male c57BL/6J mice were 
allowed to acclimate to the test room for 30 min. The mice 
were trained on the rotarod for 5 min for 3 consecutive days 
under the following conditions: Initially set the rod to a low 
speed of 4 rpm, and then increased to 12 rpm in 1 min. A 
total of 3 days later, SNT model preparation and Pc‑NV injec‑
tions were performed. The rotarod test was performed from 
2 weeks after SNT model preparation under the following 
conditions: The rotarod was set to accelerate mode at a speed 
of 4‑50 rpm for a maximum of 5 min. The machine automati‑
cally recorded the time and latency of each test mouse before it 
fell. The longest falling latency of three test trials was selected 
to represent the motor function of each mouse. Rotarod test 
results were recorded at 2, 4, 6 and 8 weeks after the sciatic 
nerve injury. At 2 weeks after the final rotarod test, the mice 
from all of the groups were euthanized.

Walking track analysis. Motor function recovery was evalu‑
ated by calculating the sciatic nerve function index (SFI). 
Walking track analysis was carried out by using open narrow 
corridors, and the assessment of gait in this model has been 
widely used as previously described (24). The walking track 
analysis was performed immediately after the rotarod test 
(2, 4, 6 and 8 weeks after the sciatic nerve injury). Briefly, 
mouse footprints were obtained by painting the hind paws and 
then letting the mouse walk along a 5x50 cm narrow corridor 
covered with paper. Based on previous a study (25), the tracks 
were evaluated according to three different parameters: i) Toe 
spread (TS), the distance between the first toe and the fifth 
toes; ii) intermediate toe spread (IT), the distance between 
the second, third and fourth toes; and iv) print length (PL), 
the distance between the third toe and the hind pad. The 
measurements were taken on both the experimental (E) 
and normal control side (N). SFI was calculated using the 
following formula: ‑38.3[(EPL‑NPL)/NPL]+ 109.5[(ETS‑
NTS)/NTS]+13.3[(EIT‑NIT)/NIT]‑8.8 (26). An SFI value 
close to 0 means normal nerve function, and a value close to 
‑100 means complete dysfunction. All tracks were analyzed by 
an experimenter blinded to the group assignments. Pawprints 
were recorded at 2, 4, 6 and 8 weeks after the sciatic nerve 
injury. At 2 weeks after the final pawprint recordings, the mice 
from all of the groups were euthanized.

Western blot. The sciatic nerve tissues (from the cut site and 
at the area located 5 mm distal or proximal to the cut site) 
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were harvested for western blot analysis (n=4). The sciatic 
nerve tissues were lysed in RIPA buffer (Sigma‑Aldrich; 
Merck KGaA) supplemented with protease inhibitors 
(GendEPOT, LLc) and phosphatase inhibitors (GendEPOT, 
LLC). Equal amounts of protein (30 µg per lane) were 
subjected 8‑15% SDS‑PAGE and then transferred to PVDF 
membranes. After blocking with 5% non‑fat dry milk for 
1.5 h at room temperature, the membranes were incubated 
at room temperature with antibodies against brain‑derived 
nerve growth factor (BdNF; 1:500; cat. no. sc‑546; Santa cruz 
Biotechnology, Inc.), nerve growth factor (NGF; 1:500; cat. 
no. sc‑548; Santa cruz Biotechnology, Inc.), neurotrophin‑3 
(NT‑3; 1:500; cat. no. sc‑547; Santa cruz Biotechnology, Inc.), 
phosphorylated (p)‑PI3K (1:500; cat. no. 4228; cell Signaling 
Technology, Inc.), total (t)‑PI3K (1:1,000; cat. no. 4292; cell 
Signaling Technology, Inc.), p‑Akt (1:500; cat. no 9271; cell 
Signaling Technology, Inc.), t‑Akt (1:1,000; cat. no. 9272; cell 
Signaling Technology, Inc.), p‑c‑JUN (1:500; cat. no. 9261; cell 
Signaling Technology, Inc.), t‑c‑JUN (1:1,000; cat. no. 9165; 
cell Signaling Technology, Inc.), p‑SAPK/JNK (1:500; cat. 
no. 9251; cell Signaling Technology, Inc.), t‑JNK (1:1,000; cat. 
no. 9252; cell Signaling Technology, Inc.) and β‑actin (1:2,000; 
cat. no. ab16051; Abcam) for 2 h. The membranes were washed 
three times for 10 min with PBST (0.1% Tween‑20) at room 
temperature. Subsequently, the membranes were incubated 
with goat anti‑rabbit IgG H&L (HRP) (1:1,000; cat. no. ab6721; 
Abcam) and goat anti‑mouse IgG H&L (HRP) (1:1,000; cat. 
no. ab6789; Abcam) secondary antibodies for 2 h at room 
temperature. The signals were visualized using an EcL 
(Amersham Pharmacia Biotech, Inc.) detection system. The 
results were quantified by densitometry analysis with ImageJ.

Statistical analysis. The data are expressed as the mean ± SEM 
of at least four independent experiments. Statistical analyses 
were performed using one‑way ANOVA followed by Tukey's 
post hoc test (Figs. 1‑8) or an unpaired Student's t‑test (Fig. 9) 
in GraphPad Prism version 8 (GraphPad Software, Inc.). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

PC‑NV measurements. Pc‑NVs were extracted from McPs 
according to previous methods (17) and a schematic over‑
view of the experimental procedure is shown in Fig. 1A. The 
PC‑NVs exhibited a unique cup‑shaped form, similar to the 
shape of endogenous EVs seen on TEM (Fig. 1B). The diam‑
eter of the purified PC‑NVs was ~30 nm. As previous studies 
have shown, the NVs also expressed EV surface markers, such 
as Alix, TSG101 and cd81 (17,18). Therefore, the extracted 
Pc‑NVs were characterized by western blot analysis. The 
expression of EV‑positive markers, such as Alix, TSG101 and 
cd81, was higher in Pc‑NVs than in the Pc lysate. conversely, 
the expression of the EV‑negative marker, GM130, was lower 
in the Pc‑NVs than in the Pc lysates (Fig. 1c).

PC‑NVs tracking in the SNC model. In order to determine 
the distribution of exogenously injected Pc‑NVs, did was 
used to label the Pc‑NVs, which were then injected into the 
SNc model mice. After 24 h, Pc‑NVs labelled with did were 

primarily detected in the crush site, and only partially detected 
in the proximal and distal areas (Fig. 2). This data indicated 
that Pc‑NVs were more preferably absorbed by injured tissues.

PC‑NVs promote neurovascular regeneration in the SNT 
model. Given that Pc‑NVs play critical roles in cavernous 
nerve injury induced erectile dysfunction (18), we hypothesized 
that the PC‑NVs could also influence neurovascular regenera‑
tion in peripheral nerves, such as the sciatic nerve. In order to 
determine the effect of Pc‑NVs on sciatic nerve regeneration, 
SNT was performed and PC‑NVs (1 and 5 µg) were injected 
after the transection surgery (Fig. 3A). At day 5, phase images 
of the sciatic nerve showed that the high‑dose of Pc‑NVs 
(5 µg) group transection region contained a notable influx of 
blood vessels compared with the HBS group. Interestingly, the 
number of blood vessels increased markedly at the proximal 
stump rather than the distal stump (Fig. 3B). At day 14, phase 
images of the sciatic nerves showed that, compared with the 
HBS group, the sciatic nerve link in the high‑dose of Pc‑NVs 
(5 µg) group appeared to be closer and stronger (Fig. 3C).

In addition, consistent with the sciatic nerve phase 
images, immunofluorescence staining of the sciatic nerve 
with cd31 (an endothelial cell marker) and NF (an axonal 
marker) revealed that the high‑dose of PC‑NVs significantly 
induced the endothelial cells and axonal content compared 
with the HBS group, which may have led to the sciatic nerve 
becoming more vascularized. A low dose of PC‑NVs (1 µg) 
injection showed a partial effect on sciatic nerve neurovascular 
regeneration (Fig. 4). At day 14, the cd31 and NF immuno‑
fluorescence staining showed that the blood vessels and axons 
succeeded in crossing the bridged part in the PC‑NVs (5 µg) 
group (Fig. 5). Taken together, these data showed that Pc‑NVs 
promoted neurovascular regeneration in the SNT model.

PC‑NVs promote macrophage and Schwann cell content in the 
SNT model mice. during the regeneration of the sciatic nerve, 
macrophages play an important role in inducing the polarized 
vasculature in the nerve bridge and in guiding the migration of 
Schwann cells during (19,21). To determine whether Pc‑NVs 
could regulate the expression of macrophages to promote 
sciatic nerve regeneration, immunofluorescence staining of 
the sciatic nerve with Iba‑1 (a macrophage marker) and GFAP 
(a Schwann cell marker) was performed. The results showed 
that the high‑dose of PC‑NVs significantly increased the pres‑
ence of macrophages and Schwann cells compared with the 
HBS group. Injection of a low dose of Pc‑NVs only resulted 
in a significant increase in the presence of macrophages, but 
not Schwann cells. In addition, both Iba‑1 and GFAP expres‑
sion levels were high in the proximal transected site, but 
not the distal site in the high‑dose Pc‑NVs treatment group 
(Fig. 6). These data are consistent with previous studies 
showing (19,27) that the increased presence of macrophages 
may provide signals to direct the movement of Schwann cells 
to assist them in crossing the gap left by the wound during the 
early stages of sciatic nerve regeneration.

PC‑NVs promote nerve regeneration in SNT model mice. 
ScG10 is expressed in adult sensory neurons and is an effec‑
tive and selective marker for sensory axon regeneration during 
the early stages of axon regeneration (28). Therefore, in order 
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to evaluate the regenerative state in the early stage of axonal 
regeneration, immunofluorescence staining was performed 
for ScG10 in the SNT tissues after 5 days of treatment with 
Pc‑NVs. The results showed that, compared with the HBS 
group, low‑dose and high‑dose PC‑NV treatment significantly 
increased the levels of ScG10 in the area of bridge (Fig. 7). 
This finding indicated that PC‑NVs promoted nerve regen‑
eration by increasing axon regeneration in the early stages of 
sciatic nerve regeneration.

PC‑NVs induced neurovascular regeneration by enhancing 
expression of NFs and survival signaling in SNT model 
mice. In the mammalian PNS, growth factor‑mediated 
PI3K/Akt signaling is associated with intrinsic neurite 
outgrowth and synaptic plasticity (29). consistent with 
previous reports (18,29), it was found that PC‑NVs also signifi‑
cantly upregulated the expression of NFs (BdNF, NT‑3 and 
NGF) and cell survival signaling‑related proteins (PI3K/Akt 

signaling), whereas cell death signaling‑related proteins, such 
as JNK, were significantly attenuated in the SNT model mice 
compared with those in the HBS group (Fig. 8). collectively, 
these results suggested that regulation of BdNF, NT‑3, NGF, 
PI3K, Akt, JNK and c‑JUN occurred via Pc‑NV‑mediated 
neurovascular regeneration in SNT model mice.

PC‑NVs promote the recovery of sciatic nerve function in 
SNT model mice. In order to evaluate the motor coordination, 
balance and sensory function recovery of the injured sciatic 
nerve, most researchers use the rotarod test and walking track 
analysis (23). Therefore, SNT was performed on mice locally 
treated with a high‑dose of PC‑NVs (5 µg) around the tran‑
sected site of the sciatic nerves and then made to undergo the 
rotarod test and walking track analysis every 2 weeks for a 
total of 8 weeks. The sensory motor coordination was evalu‑
ated by measuring the SFI. The results showed that the toe 
extension of SNT model mice was notably reduced compared 

Figure 1. Pc‑NV isolation and characterization. (A) Schematic diagram of the isolation of Pc‑NVs. (B) Representative TEM phase images of Pc‑NVs. 
Magnification, x100,000. (C) Representative western blots for EV‑positive markers (Alix, TSG101 and CD81) and an EV‑negative marker (GM130) in the 
McP cell lysates and Pc‑NVs. EV, extracellular vesicle; McP, mouse cavernous pericyte; Pc‑NV, pericyte‑derived EV‑mimetic nanovesicles; TEM, transmis‑
sion electron micrograph; AMT, Advanced Microscopy Techniques; Alix, programmed cell death 6‑interacting protein; TSG101, tumor susceptibility 101; 
GM130, golgi matrix protein 130.



YIN et al:  Pc‑NVs IMPROVE PERIPHERAL NERVE REGENERATION6

with that in the uncut group; however, after 8 weeks of local 
application of Pc‑NVs in SNT model mice, toe extension 
abilities were markedly improved (Fig. 9A). In the accelerating 
rotarod examination, local application of Pc‑NVs improved 
motor functions (latency and speed to fall) significantly from 
4 weeks onwards compared with those in the transfected group 
(Fig. 9B and c). In addition, in the walking track analysis, 
walking patterns were analyzed to evaluate sensory and motor 
functionality during exercise. The pace of a normal mouse 
and an SNT mouse is shown in Fig. 9d. The SFI score was 
measured from 0 to 8 weeks after SNT. At 2 weeks after SNT, 
mice showed obvious neurological dysfunction (SFI score, 
‑69±2.35). However, after Pc‑NV treatment, the SFI score 
improved significantly from 4 weeks (SFI score, ‑44±2.58) 
to 8 weeks (SFI score, ‑28±4.98) after SNT (Fig. 9E). Taken 
together, the functional examinations showed that the local 
application of PC‑NVs significantly improved the impaired 
motor and sensory function in SNT model mice.

Discussion

compared with the cNS, one of the conspicuous characteris‑
tics of the PNS is its greater regenerative ability (30). Although 

peripheral axons can regenerate and form functional connec‑
tions, factors such as age, delay before intervention and type 
of injury determine the degree of functional recovery after 
repair (31,32). Therefore, in order to improve regeneration, 
increasing the speed of axonal growth, increasing neuron 
survival and preventing neuronal apoptosis are potential strat‑
egies. In the present study, it was demonstrated that exogenous 
Pc‑NVs were capable of improving the injured sciatic nerve 
through the increased expression of NFs, promotion of the 
cell survival signaling pathway and attenuation of the apop‑
totic signaling pathway. Thus, determining the functions of 
Pc‑NVs and identifying its detailed mechanisms may provide 
important clues to assist in developing a rapid and effective 
treatment strategy for the repair of peripheral nerve damage 
with limited side effects.

Pericytes play a crucial role in the early phases of angiogen‑
esis in damaged tissue, such as disintegration of the basement 
membrane and directing endothelial sprouting for angiogen‑
esis (33). Previously, a relationship between peripheral nerve 
regeneration and angiogenesis following nerve damage was 
discovered (11,19). Previous studies showed how various NVs, 
such as Pc‑NVs and ESc‑derived EV‑mimetic NVs (ESc‑NVs), 
could restore the erectile function of the autonomic nervous 

Figure 2. Tracking analysis of DiD‑red fluorescently labeled PC‑NVs in SNC model mice. DiD‑labeled PC‑NVs were injected around the crushed sciatic nerve for 
24 h. Representative phase images of mice sciatic nerve longitudinal sections showed that did‑labeled Pc‑NVs were detected in the crushed site of the SNc model 
mice. White arrows indicate the absorbed PC‑NVs. Scale bar in upper image, 200 µm. Scale bar in lower image, 100 µm. PC‑NV, pericyte‑derived extracellular 
vesicle‑mimetic nanovesicle; SNc, sciatic nerve crushing; did, 1,1'‑dioctadecyl‑3,3,3',3'‑Tetramethylindodicarbocyanine, 4‑chlorobenzenesulfonate salt.
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system of diabetic mice (17,18). Therefore, it was hypothesized 
that PC‑NVs may play a beneficial role in the PNS.

To evaluate this hypothesis, Pc‑NVs were injected around 
the sciatic nerve immediately after transection. According to 
previous studies, the time point for sciatic nerve neurovascular 
regeneration is 5 days for angiogenesis and 14 days for nerve 
regeneration (19,34). In the present study, high‑dose Pc‑NVs 
(5 µg) significantly promoted angiogenesis at the proximal 
stump in the transected sciatic nerve 5 days after treatment, 
and the sciatic nerve connections were closer and stronger in 
the PC‑NVs (5 µg) treatment group after 14 days of treatment. 
In addition, a previous study showed that macrophages may 
detect hypoxia within the neural bridge and generate a polarized 
vasculature, which provides a scaffold for Schwann cell migra‑
tion (19). Schwann cells have been shown to migrate with blood 
vessels to damaged tissues, produce neurotrophic substances 
and use autophagy to clear the necrotic tissue produced by 
Wallerian degeneration, thereby promoting nerve regenera‑
tion (35). consistently, the present study showed that Pc‑NVs 
increased the content of endothelial cells (cd31), macrophages 
(Iba‑1) and Schwann cells (GFAP), and enhanced ScG10 

expression in the transected sciatic nerve bridge. Based on these 
results, it was hypothesized that the Schwann cells induced by 
Pc‑NVs might be involved in the removal of necrotic tissues 
produced by Wallerian degeneration. However, at present, there 
are no relevant experimental results to support this hypothesis, 
thus more detailed experiments are required to assess. These 
findings strongly suggested that PC‑NVs may serve an impor‑
tant role in peripheral nerve neurovascular regeneration.

It has been reported that Schwann cell‑derived NVs could 
increase the production of NFs (BdNF, NT‑3 and NGF), 
thereby improving neurite outgrowth in vitro (36). The 
activation of Akt signaling has been shown to promote cell 
proliferation and the migration of multiple cell types (37). In 
addition, previous studies have also shown that Pc‑NVs could 
improve erectile function by enhancing the expression of NFs 
and activating survival signaling in a mouse cNI model (18). 
consistently, it was also found that a high‑dose of Pc‑NVs 
significantly enhanced these factors.

Finally, in order to evaluate the role of Pc‑NVs in PNS func‑
tional regeneration, a rotarod test and walking track analysis 
were performed in the present study. The results showed that 

Figure 3. Pc‑NVs improve neurovascular regeneration in the SNT model. (A) Establishment of the SNT model in mice. After cutting the right hind paw 
sciatic nerves, a bridge of ~1 mm was formed. The yellow dashed frame is magnified as the high‑magnification image on the right. After suturing the muscle 
layer, HBS or PC‑NVs (1 or 5 µg) were injected around the SNT site for (B) 5 and (C) 14 days. The arrow shows the proximal region of the bridge. The dotted 
box indicates the bridge part after transection from the proximal end to the distal end. Pc‑NV, pericyte‑derived extracellular vesicle‑mimetic nanovesicle; 
SNT, sciatic nerve transection; HBS, HEPES buffer solution.
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Figure 5. PC‑NVs promote neurovascular regeneration 14 days after sciatic nerve transection. (A) CD31 and NF immunofluorescence staining of the transected 
sciatic nerve 14 days after injection with HBS and PC‑NVs (1 and 5 µg). The sciatic nerve is divided into proximal, bridge and distal regions by the dotted lines. 
Nuclei were labeled with DAPI. Scale bar, 500 µm. Quantification of (B) CD31‑expressing endothelial cells and (C) NF‑expressing axonal content in the bridge. 
The results are presented as the mean ± SEM of four repeats. The relative ratio of the HBS group was arbitrarily set to 1. *P<0.001 vs. HBS group; #P<0.001 vs. 
PC‑NV (1 µg) group. ns, not significant; PC‑NV, pericyte‑derived extracellular vesicle‑mimetic nanovesicle; HBS, HEPES buffer solution; NF, neurotrophic factor.

Figure 4. PC‑NVs promote neurovascular regeneration 5 days after sciatic nerve transection. (A) Representative immunofluorescence staining (CD31 and NF) of 
transected sciatic nerves 5 days after injection with HBS or PC‑NVs (1 and 5 µg). The sciatic nerve is divided into the proximal, bridge and distal regions by the dotted 
lines. Nuclei were labeled with the DAPI. Scale bar, 500 µm. Quantification of (B) CD31‑expressing endothelial cells and (C) NF‑expressing axonal content in the 
bridge. The results are presented as the mean ± SEM of four repeats. The relative ratio of the HBS group was arbitrarily set to 1. *P<0.001 vs. HBS group; #P<0.001 vs. 
PC‑NV (1 µg) group. ns, not significant; PC‑NV, pericyte‑derived extracellular vesicle‑mimetic nanovesicle; HBS, HEPES buffer solution; NF, neurotrophic factor.
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Figure 7. PC‑NVs promote nerve regeneration 5 days after sciatic nerve transection. (A) SCG10 (a nerve regeneration marker) immunofluorescence staining 
in the transected sciatic nerve 5 days after injection with HBS and PC‑NVs (1 and 5 µg). The sciatic nerve is divided into proximal, bridge and distal regions 
by the dotted lines. Nuclei were labeled with DAPI. Scale bar, 500 µm. (B) Quantification of SCG10 expression in the bridge. The results are presented as 
the mean ± SEM of four repeats. The relative ratio of the HBS group was arbitrarily set to 1. *P<0.001 vs. HBS group; #P<0.001 vs. PC‑NV (1 µg) group. 
Pc‑NV, pericyte‑derived extracellular vesicle‑mimetic nanovesicle; HBS, HEPES buffer solution; ScG10, ionized calcium‑binding adapter molecule 1.

Figure 6. Pc‑NVs promote macrophage and Schwann cell presence 5 days after sciatic nerve transection. (A) Iba‑1 (a macrophage marker) and GFAP (a Schwann 
cell marker) immunofluorescence staining in the transected sciatic nerve 5 days after injection with HBS and PC‑NVs (1 and 5 µg). The sciatic nerve is divided 
into proximal, bridge and distal regions by the dotted lines. Nuclei were labeled with DAPI. Scale bar, 500 µm. Quantification of (B) Iba‑1 expression in the 
macrophages and (c) GFAP expression in the Schwann cells in the bridge. The results are presented as the mean ± SEM of four repeats. The relative ratio of 
the HBS group was arbitrarily set to 1. *P<0.001 vs. HBS group; #P<0.001 vs. PC‑NV (1 µg) group. ns, not significant; PC‑NV, pericyte‑derived extracellular 
vesicle‑mimetic nanovesicle; HBS, HEPES buffer solution; GFAP, glial fibrillary acidic protein; Iba‑1, ionized calcium‑binding adapter molecule 1.
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Figure 9. Pc‑NVs increase behavioral recovery and SFI in the SNT model. (A) Representative phase images of the mouse hind paw from each group after 
8 weeks of treatment with Pc‑NVs. (B and c) Accelerating speed rotarod test in the SNT model mice treated with Pc‑NVs every 2 weeks for 8 weeks. 
Latency to fall and speed to fall were measured and the results are presented as the mean ± SEM of nine repeats. (d) Representative normal and SNT model 
mice footprint tracks showing the measurements used to calculate the SFI. These include IT, TS and PL. (E) SFI assessments were conducted every 2 weeks 
for 8 weeks after the injection of Pc‑NVs in SNT model mice. The results are presented as the mean ± SEM of nine repeats. *P<0.01 vs. transected groups. 
Pc‑NV, pericyte‑derived extracellular vesicle‑mimetic nanovesicle; SNT, sciatic nerve transection; SFI, sciatic function index; IT, intermediate toe spread; 
TS, toe spread; PL, print length.

Figure 8. Pc‑NVs induce neurovascular regeneration by enhancing NF expression and survival signaling in SNT model mice. (A) Representative western blot 
for NFs (BdNF, NT‑3 and NGF), survival signaling (activation of PI3K and Akt) and cell death signaling (activation of JNK and c‑Jun) in sciatic nerve tissue 
from SNT model mice at 5 days after injection with HBS or PC‑NVs (1 and 5 µg). Data are presented as the relative density of (B) BDNF, (C) NGF, (D) NT‑3, 
(E) p‑PI3K/PI3K, (F) p‑Akt/Akt, (G) p‑JNK/JNK and (H) p‑c‑Jun/c‑Jun, with β‑actin as the loading control. Each bar depicts the mean ± SEM of four repeats. 
The relative ratio of the HBS group was arbitrarily set to 1. *P<0.05 vs. HBS group; #P<0.05 vs. PC‑NVs (1 µg) group. ns, not significant. HBS, HEPES buffer 
solution; Pc‑NV, pericyte‑derived extracellular vesicle‑mimetic nanovesicle; SNT, sciatic nerve transection; NF, neurotrophic factor; BdNF, brain‑derived 
nerve growth factor; NT‑3, neurotrophin‑3; NGF, nerve growth factor.
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from 4 weeks after treatment, high‑dose PC‑NVs significantly 
improved the sensory‑motor coordination and motor function. 
These findings indicated that local injection of PC‑NVs may be 
a promising strategy for the treatment of peripheral nerve injury.

To the best of our knowledge, the present study was the 
first to evaluate the therapeutic impact of PC‑NVs in sciatic 
nerve injury models. The current research did have several 
limitations. Only the effect of Pc‑NVs injected immediately 
after nerve injury was evaluated, and different time frames 
between injury and treatment should be assessed to determine 
the optimal time frame. Only male mice were used to prepare 
SNc and SNT models; therefore, the use of both female and 
male mice may be more meaningful for experimental study. 
The present study did elucidate which components of Pc‑NVs 
were involved in neurovascular regeneration and how long 
Pc‑NVs remained at the injection site. Additional studies to 
evaluate which components of Pc‑NVs play a role in neuro‑
vascular regeneration may help in understanding the detailed 
mechanism of action of Pc‑NVs in neurovascular regeneration.

In summary, the present study showed that PC‑NVs signifi‑
cantly enhanced cell survival signaling and the expression of 
NFs in neurovascular regeneration in the SNT mouse model. 
Thus, Pc‑NVs may serve as a novel treatment strategy for 
management of neurovascular diseases.
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