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Abstract Injured nerves cannot regenerate on their

own, and a lack of engraftable human nerves has been

a major obstacle in cell-based therapies for regener-

ating damaged nerves. A monolayer culture approach

to obtain adherent neural stem cells from human

embryonic stem cells (hESC-NSCs) was established,

and the greatest number of stemness characteristics

were achieved by the eighth generation of hESC-NSCs

(P8 hESC-NSCs). To overcome deficits in cell ther-

apy, we used microvesicles secreted from P8 hESC-

NSCs (hESC-NSC-MVs) instead of entire hESC-

NSCs. To investigate the therapeutic efficacy of

hESC-NSC-MVs in vitro, hESC-NSC-MVs were

cocultured with dorsal root ganglia to determine the

length of axons. In vivo, we transected the sciatic

nerve in SD rats and created a 5-mm gap. A sciatic

nerve defect was bridged using a silicone tube filled

with hESC-NSC-MVs (45 lg) in the MVs group, P8

hESC-NSCs (1 9 106 single cells) in the cell group

and PBS in the control group. The hESC-NSC-MVs

group showed better morphological recovery and a

significantly greater number of regenerated axons than

the hESC-NSCs group 12 weeks after nerve injury.

These results indicated that the hESC-NSC-MVs

group had the greatest ability to repair and reconstruct

nerve structure and function. As a result, hESC-NSC-
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MVs may have potential for applications in the field of

nerve regenerative repair.

Keywords Embryonic stem cells � Neural stem
cells � Microvesicles � Sciatic nerve � Injury repair

Introduction

Autologous nerve graft is considered the clinical

‘‘golden standard’’ for repairing peripheral nerve

defects. However, autologous nerve graft is limited

due to the lack of donor resources (Houschyar et al.

2016). As technology advances, researchers have tried

several experimental methods to restore injured

peripheral nerves to pre-injury levels, such as supple-

mentation with stem cells, neurotrophic factors and

gene therapy (Hess et al. 2007; Zheng et al. 2016; Tsai

et al. 2010). Among these methods, cell transplanta-

tion has been considered one of the most promising;

many studies have shown that neural stem cells

(NSCs), Schwann cells, and marrow stromal cells

can regenerate peripheral nerves (Gonzalez-Perez

et al. 2017; Wang et al. 2016; Xu et al. 2012). Neural

stem cells possess the ability to self-renew and the

potential to differentiate into various cell types, such

as neurons, astrocytes, and oligodendroglia, in vitro.

These characteristics have been widely used to

generate a variety of differentiated neural cell types

for a wide range of clinical applications that might

lead to modifying therapeutic approaches for treating

neuronal disease in the future (Li et al. 2014). With

recent advances in stem cell culture techniques, NSCs

are mainly derived from embryonic stem cells (ESCs),

induced pluripotent stem cells (iPSCs) and fetal

tissues in vitro(Svendsen et al. 1999). However, fetal

tissues are difficult to acquire, and the acquired NSCs

are non-standardized (Pollard 2013). Human embry-

onic stem cells (hESCs), derived from the inner cell

mass of preimplantation mammalian embryos, are a

unique population of pluripotent cells that could

differentiate into the embryonic precursors of all

corresponding adult tissues both in vitro and in vivo

(Cai and Grabel 2007; Fu et al. 2014; Prajumwongs

et al. 2016; Shroff et al. 2017). Human embryonic

stem cell-derived neural stem cells (hESC-NSCs) are

easier to standardize, are noninvasive and can greatly

proliferate in vitro (Fournier et al. 2016). However, an

important factor in cell transplantation is the low

implantation rate after transplantation. In addition, an

increasing number of studies have shown that NSCs

play a role in repairing injured nerves not through

direct cell integration but through the secretion of

factors and that NSCs themselves are dangerous in

terms of tumorigenesis (Zhang et al. 2017). Therefore,

to improve poor engraftment, we tried to use

microvesicles (MVs) from hESC-NSCs to restore

cell–cell interactions without the need for additional

cytokines. Microvesicles are active and tangible

components secreted by cells into conditioned media

and are the basis for material transmission and

information exchange between cells and their sur-

rounding cells or environment (Chen et al. 2014; Jie

et al. 2015; Sun et al. 2012). Our group has previously

shown that mesenchymal stem cell-derived microvesi-

cles (MSC-MVs) can promote the regeneration of the

sciatic nerve after crush injury. Therefore, we spec-

ulated that microvesicles released from hESC-NSCs

(hESC-NSC-MVs) might promote axonal regenera-

tion as well as MSC-MVs and chose to study them

further.

Materials and methods

Human embryonic stem cell culture

We obtained a human embryonic stem cell line [10]

(SHhES2, passage 49) from the stem cell bank of the

Chinese Academy of Sciences under a Materials

Transfer Agreement. The hESCs were cultured on

Matrigel (Corning, USA) and grown in mTeSRTM1

(STEMCELL Technologies, Inc., Vancouver,

Canada). hESCs were ready to be passaged when the

majority of colonies were large and compact and had

formed centers that were dense compared to their

edges. A 1 ml dispase solution (1 mg/ml, STEM-

CELL Technologies, Inc., Vancouver, Canada) was
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added to the well of hESCs and incubated for 5 min at

37 �C. When the colony edges began to curl up, we

aspirated the dispase and gently washed the cells three

times with Dulbecco’s Modified Eagle’s Medium/F-

12 (DMEM/F-12) (Gibco, Grand Island, NY, USA). A

sterile 1 ml pipette was used to scrape the detached

colonies. When the cells were detached, fresh

mTeSRTM1 medium was used for resuspension, and

then the cells were seeded on the prepared Matrigel-

coated plates. Cells were cultured with a daily medium

change.

Derivation of neural stem cells from hESCs

Upon reaching 70–80% confluence, hESCs were

washed with DMEM/F12, and the mTeSRTM1 med-

ium was replaced by neural induction medium

(DMEM/F12, 1 9 B27 (Gibco), 20 ng/ml bFGF

(Gibco), 20 ng/ml EGF (PeproTech), 1% nonessential

amino acid (Gibco), and 1% penicillin–streptomycin).

The cells were washed with DMEM/F12 after

18–21 days and dissociated by Accutase (STEM-

CELL Technologies, Inc., Vancouver, Canada) for

5 min at 37 �C. Finally, cells were resuspended in

neural induction medium and seeded on the prepared

Matrigel-coated plates (human embryonic stem cell

derived-neural stem cells, P0 hESC-NSCs). The

medium was changed every 2–3 days.

Flow cytometry analysis

The 1 9 105 cells were dissociated with Accutase,

washed with 1X PBS, and fixed with 4%

paraformaldehyde. Cells were stained with fluo-

rochrome-conjugated mouse anti-human antibodies

(Nestin (cat. no. 539843), GFAP (cat. no. 539892) and

mouse IgG1 K Iso Control Alexa FluorTM488 Conju-

gate (cat. no. 534714); b-III tubulin (cat. no. 504510),
O1 (cat. no. 506506) and mouse IgG1 K Iso Control

eFluor 660 Conjugate (cat. no. 504724); CD44 (cat.

no. 120441), CD133 (cat. no. 121338) and mouse

IgG1K Iso Control PE Conjugate (cat. no. 124714), all

from eBioscience Thermo Fisher) for 30 min on ice

and washed with 5% FBS (diluted using 1X PBS).

Background staining for antibodies was determined

with matched fluorochrome-conjugated isotype con-

trols. After immunostaining, cells were resuspended in

0.3 ml 5% FBS and analyzed with FACSCalibur (BD

Biosciences, USA). It did not need to be permeabilized

if the membrane positively expressed proteins; other-

wise, the cells were fixed with 4% paraformaldehyde

and permeabilized (both from Multisites, China) with

5% FBS and then stained with fluorochrome-conju-

gated antibodies, as mentioned above.

Immunofluorescence staining

Upon reaching 70–80% confluence, the cells were

fixed with 4% paraformaldehyde overnight at 4 �C.
The cells were blocked and permeabilized for 1 h at

37 �C in PBS, 2% bovine serum albumin (BSA) and

0.1% Triton X-100, followed by incubation with the

primary antibodies at the appropriate dilution over-

night at 4 �C: Nestin (cat. no. PB0920, dilution, 1:300,
rabbit IgG, Boster, China), Pax6 (cat. no. PB0821,

dilution, 1:300, rabbit IgG, Boster, China), and b-III
tubulin (cat. no. #ab18207, dilution, 1:300, Abm,

Canada). After washing with PBS, cells were incu-

bated with the appropriate secondary antibodies at

37 �C for 2 h: CyTM3-conjugated AffiniPure Goat

Anti-Rabbit IgG (H ? L) (cat. no. 111-165003, dilu-

tion,1:600, Jackson, USA), Nuclei were counter-

stained with 40,6-diamidino-2-phenylindole (DAPI,

Boster, China). Images were captured using an

Olympus inverted fluorescence microscope (IX73,

Olympus Corporation of the Americas).

Polymerase chain reaction

Total RNA was isolated using the RNAprep pure Cell/

Bacteria Kit (Tiangen Biotech, China), which con-

tained a step for removing genomic DNA, according to

the manufacturer’s procedures. The purity and integ-

rity of total RNA were evaluated by OD260/280,

OD260/230 and 1% (w/v) agarose gel electrophoresis.

Absorption ratios were determined in NanoDrop 2000

(Thermo Fisher Scientific, USA). One microgram of

total RNA from each sample was reverse transcribed

into cDNA with a One-Step gDNA Removal and

cDNA Synthesis kit (Transgen Biotech, China), using

Oligo (dT)18 as the primer according to the manufac-

turer’s instructions. The cDNA was diluted tenfold for

q-PCR. PCR amplification was carried out by standard

procedures with 2 9 Taq Master Mix (Generay,

China) with initial denaturation at 94 �C for 2 min,

followed by 35 cycles of denaturation at 94 �C for

15 s, annealing at 58 �C for 15 s, and extension at

72 �C for 20 s. The PCR products were separated on a
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2% agarose gel and visualized by staining the

prestained 5 9 Loading buffer. qPCR was performed

using 2 9 EasyTaq PCR SuperMix (Transgen Bio-

tech, China) and analyzed with the StepOnePlusTM

Real-Time PCR system (Applied Biosystems). qPCR

was performed in three steps with the following

thermal setting: 2 min at 95 �C for initial enzyme

activation followed by 40 amplification cycles (each

15 s at 95 �C, 15 s at 58 �C and 30 s at 72 �C with

fluorescence detection) and a final step of melting

curve analysis. All samples were analyzed in dupli-

cate, and average values were used for quantification.

A relative quantitative model was performed to

calculate the expression of the target gene in compar-

ison to GAPDH as the endogenous control. For PCR

amplification and qPCR, genes and their related

specific primers are represented in Table 1.

MVs isolation and characterization by NanoSight

nanoparticle analysis instruments.

The supernatants (or conditioned medium) of the

hESC-NSCs were collected to isolate microvesicles.

hESC-MSC-MVs were purified following the stan-

dardized procedure reported by Bruno et al. (2013) and

Gadkari et al. (2014). In brief, NSC conditioned

medium was centrifuged at 20009g for 30 min and

then at 12,0009g for 15 min to remove cell fragments

and impurities. Then, the conditioned medium was

centrifuged at 100,0009g for at least 1 h (Beckman

Coulter Optima L-90 K ultracentrifuge), washed in

PBS containing 10 mMHEPES (Sigma) and followed

by a second ultracentrifugation in the same way. We

removed the excess fluid and added 100 ll PBS to

resuspend the pellets. The protein content of the

hESC-NSC-MVs was analyzed by the BCA Protein

Assay Kit (CWBIO,China). hESC-NSC-MVs were

diluted with PBS in a certain ratio to measure the

optimum concentration of instrument detection

(1.0 9 108–2.5 9 109/ml), and diluted MVs (approx-

imately 500 ll) were injected into the sample chamber

of NanoSight nanoparticle analysis instruments

(LM10 instrument, NanoSight, Britain) and analyzed

by the instrument’s own NTA software (Version 2.3

Build 0006 BETA2).

Dorsal root ganglia isolation and culture

Dorsal root ganglia (DRG) explants were isolated

from newborn Sprague–Dawley (SD) rats which were

purchased from Jiangsu University Laboratory Ani-

mal Center. DRG were isolated following the stan-

dardized procedure reported by Zuchero, J Bradley

(Zuchero 2014). Immediately following isolation, we

seeded the DRG onto Matrigel-coated culture dishes

and incubated them in DMEM supplemented with 2%

FBS at 37 �C with 5% CO2. DRG were treated after

24 h with Neurobasal medium (Gibco) supplemented

with 10 lM cytosine arabinoside. After 48 h, DRG

were cultured with Neurobasal medium supplemented

with 2% B27 supplement (Gibco), 10 ng/ml NGF

(Gibco), and L-glutamine 2 mM (Gibco), and the

medium was changed every other day. All experi-

mental procedures were conducted in accordance with

China’s legislation on animal protection and approved

by the Ethics Committee of Jiangsu University.

Table 1 Polymerase chain

reaction primer sequences
Gene Sequence (50–30) Size (bp)

Oct4 Forward GAGGCAACCTGGAGAATTTGTT 157

Reverse TGTGCATAGTCGCTGCTTGAT

Nestin Forward GCACCTCAAGATGTCCCTCAG 182

Reverse CTGGGAGCAAAGATCCAAGAC

Pax6 Forward GAGTAGCGACTCCAGAAGTTGTAAG 157

Reverse TTGCGAAGAACTCTGTTTATTGATG

Sox1 Forward CAACCAGGACCGGGTCAAACG 147

Reverse GCCTCGGACATGACCTTCCACT

Sox2 Forward TCCATGACCAGCTCGCAGAC 155

Reverse TGGGAGGAAGAGGTAACCACAG

GAPDH Forward CAACTTTGGTATCGTGGAAGGA 132

Reverse GAGGCAGGGATGATGTTCTGG
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Coculture of hESC-NSC-MVs with DRG

Purified DRG were replanted on a 24-well plate

precoated with Matrigel, DRG were cultured with

Neurobasal medium supplemented with 45 lg hESC-

NSC-MVs (MV concentration measured with BCA of

90 lg/100 ll) as an experimental group, and no MVs

were used as a blank control. After culturing for 36 h

in the incubator, DRG neurons were fixed with 4%

paraformaldehyde and then stained for b-III tubulin.
Axon length was evaluated by ImageJ software.

Rat sciatic nerve truncation injury model

Twenty-seven SD male rats (190 ± 5 g) were pur-

chased from the Jiangsu University Laboratory Ani-

mal Center. All experimental procedures were

conducted in accordance with Chinese legislation on

animal protection and were approved by the Ethics

Committee of Jiangsu University. The experiments

were divided into 3 groups: hESC-NSCs, hESC-NSC-

MVs and controls. The animal experimental procedure

is shown in Fig. 1a. The rats were anesthetized by

intraperitoneal administration of 1% sodium pento-

barbital solution (40 mg/kg, i.p.). After anesthesia, the

hair on the lateral thigh of the rats was shaven, and the

skin was treated with a 70% alcohol solution. The

incision extended from the lateral femoral oblique,

and the muscle tissue was split. Then, the sciatic nerve

was exposed in the visual field. The nerve was cut with

a sterile blade, leaving the damaged ends of the nerve

approximately 3.0–4.0 mm apart. An 8 mm-length

silicone tube was used to bridge the nerve gap using

9-0 nylon sutures, and the muscle and skin were

stitched closed with 4-0 nylon sutures. Rats were

housed 2–3% and maintained in a 12–12 h light–dark

cycled room with ad libitum access to food and water.

In the hESC-NSCs group, the conduit was filled with

hESC-NSCs (P8 hESC-NSCs mixed with 20 ll
DMEM/F12? Matrigel, 1 9 106 single cell per ani-

mal); in the hESC-NSC-MVs group, the conduit was

filled with hESC-NSC-MVs (45 lg hESC-NSC-MVs

diluted with 20 ll DMEM/F12? Matrigel, 20 ll per
animal); and in the control group, the conduit was

filled with PBS (20 ll per animal).

General observations and behavioral analysis

After surgery, we observed the mental state, diet,

ulceration and autophagy of SD rats. Functional

recovery was assessed by walking track analysis, and

the sciatic functional index (SFI) was calculated. SFIs

were calculated at 12 weeks after surgery (Varejao

et al. 2001). In brief, the rats were trained to walk

across a narrow wooden track (60 cm long and 10 cm

wide) leading to a darkened box (Fig. 1b). Postoper-

atively, the rat’s hind paws were dipped in red dye

(nontoxic) before walking on the track, and the

recordings continued until five measurable footprints

were collected (Fig. 1c). Then, the footprints were

scanned, and the SFIs were measured and calculated

using the following formula:

SFI ¼ �38:3� EPL-NPLð Þ=NPL½ �
þ 109:5� ETS-NTSð Þ=NTS½ �
þ 13:3� EIT-NITð Þ=NIT½ � � 8:8;

where print length (PL) is the distance from the heel

to the top of the third toe; intermediary toe (IT) spread

is the distance from the second to the fourth toe; and

toe spread (TS) is the distance between the first and the

Fig. 1 Rat animal model a Establishment of a 5 mm sciatic nerve defect injury model in rats. b Rat footprints in the walking box. c Rat
hindlimb footprints
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fifth toe. Respectively, the NPL, NTS and NIT

represent the PL, TS and IT recorded from the

nonoperated foot, EPL, ETS and EIT represent the

PL, IT and TS recorded from the operated, experi-

mental foot. An SFI value of approximately 0

indicates better recovery, whereas an SFI value of

approximately 100 represents total dysfunction.

Histological assessment of regenerated nerve

and gastrocnemius muscle

After conventional feeding for 12 weeks, the rats were

anesthetized prior to intracardial perfusion with 0.1 M

PBS followed by 4% paraformaldehyde in PBS (pH

7.4). Then the nerve samples and gastrocnemius

muscle were harvested, postfixed in buffered 4%

paraformaldehyde for 4 h, dehydrated by increasing

concentrations of ethanol, embedded in paraffin, cut

into 3-lm thickness for hematoxylin–eosin (HE)

staining (Department of Pathology, Zhenjiang First

People’s Hospital) and Masson staining (wanleibio,

China). The sections were observed by light micro-

scopy (DP73, Olympus, Japan).

Wet weight analysis of gastrocnemius muscle

12 weeks after surgery, the nerve samples were

removed, and the gastrocnemius muscle of the bilat-

eral lower extremity was rapidly and completely

resected and weighed using a precision electronic

balance. The rat gastrocnemius wet weight recovery

rate was calculated according to the following for-

mula: (Wet weight of the experimental side gastroc-

nemius/wet weight of the healthy side

gastrocnemius) 9 100%.

Statistical analysis

A one-way ANOVA with multiple comparisons was

adopted to evaluate the difference among three or

more groups. The experiment was independently

carried out at least three times. Data are shown as

the mean ± standard deviation (SD), and a p value

B 0.05 was statistically significant.

Results

The characteristics of neural stem cells

differentiated from human embryonic stem cells

The hESCs cultured under a feeder-free condition

grew into large compact colonies with clear and

smooth edges (Fig. 2a). Approximately 18 days after

culture in neural induction medium, the cells began to

become oval or partly triangular, resulting in bipolar

or tripolar shapes. Upon reaching more than 75%

confluence, cells were digested and seeded on new

Matrigel-coated wells. The cells could be extensively

passaged to 50 generations while retaining their

characteristic morphological characteristics and could

be frozen and thawed (Fig. 2b–d). The derived cells

were characterized by PCR and immunostaining

analysis for the expression of NSC markers. Com-

pared with hESCs, several NSC genes, including Pax6

and Sox1, were significantly upregulated in the

derived cells, whereas the pluripotency gene Oct4

was downregulated (Fig. 2e). Immunofluorescence

staining revealed that the hESC-NSCs expressed

Nestin and Pax6 (Fig. 3a, b). Meanwhile, flow

cytometry analysis revealed that human embryonic

stem cell-derived neural stem cells expressed CD44

and CD133 and weakly expressed O1 on the surface,

while Nestin, b-III tubulin and GFAP were expressed

in the cytoplasm of hESC-NSCs (Fig. 3c, d). Since

hESC-NSCs could be extensively passaged to 50

generations, and the shapes of these cells remained

unchanged in this process, to further characterize

in vitro-cultured hESC-NSCs, we used P2, P8 and P18

hESC-NSCs to observe the expression of Nestin,

Pax6, Sox1, and Sox2 (Fig. 4a). Flow cytometry

analysis showed the expression of Nestin, b-III
tubulin, GFAP, O1, and CD133, in P2, P8 and P18

hESC-NSCs (Fig. 4b).

hESC-NSC-MVs promote axonal growth of DRG

The diameter distribution of hESC-NSC-MVs was

found to be 50–1000 nm by a NanoSight nanoparticle

analysis system (Fig. 5a, b). Dorsal root ganglion

explants were used to test the effects of the supple-

mentation on neurite outgrowth. In vitro experiment,

hESC-NSC-MVs and PBS (as a control) were cultured

with DRG and then the DRG were stained with b-III
tubulin. The neurite length of DRG in the hESC-NSC-
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MVs group was much longer than that in the PBS

group, representative photomicrographs of dorsal root

ganglia with b-III tubulin markers are shown in

Fig. 6a–b. The difference was statistically significant

(Fig. 6c).

General observations after the operation

A week after the operation, the rats were dragging

their hind limbs, and their toes were closed together.

On the third day, the hind limbs in the rats from all

groups had become red and swollen, but no autophagy

had occurred. Subsequently, redness and swelling

became more aggravated, and autophagy occurred in

the PBS and hESC-NSCs groups. Symptoms were

mild in the hESC-NSC-MVs group. Four weeks after

the operation, the toes were slightly separated, and

there were withdrawal and escape reactions after

plantar acupuncture. The recovery of the hESC-NSC-

MVs group was better than that of the PBS group and

the hESC-NSCs group. Twelve weeks after the

operation, the redness and swelling had subsided in

the hESC-NSC-MV group, and the dragging of the

hind limbs was much improved. In the hESC-NSC-

MVs group, the appearance of the affected hindlimb

(Fig. 7a) was closer to that of the healthy side than it

was in the PBS group or the hESC-NSCs group, but in

the hESC-NSCs group, the toes closed together in the

hESC-NSCs group (Fig. 7b) and the valgus deformity

of the foot could be seen in the static state in PBS

group (Fig. 7c). Rat walking status as shown in the

animation (Online Resource 1 https://v.qq.com/x/

page/q086765kvnw.html; Online Resource 2: https://

v.qq.com/x/page/l0867cjh8hd.html; Online Resource

3: https://v.qq.com/x/page/y0867v4vqjx.html).

Sciatic nerve index and recovery rate of the wet

weight of the gastrocnemius muscle

The SFI was measured 12 weeks after the operation.

The results showed that the hESC-NSC-MVs group

was significantly better than the hESC-NSCs and PBS

groups (Fig. 8a). Meanwhile, the gastrocnemius mus-

cles on the experimental side of each group were

atrophied to varying degrees compared with the

contralateral side (Fig. 8b–d). The recovery rate of

the wet weight of the gastrocnemius muscle was

higher in the hESC-NSC-MVs group than in the

hESC-NSCs and PBS groups, and the difference was

statistically significant (Fig. 8e).

Histological analysis of the regenerated nerve

Twelve weeks after the operation, the sciatic nerves of

each of the rats were dissected, and the silicone tubes

were opened carefully. It was found that the nerve

conduits slightly adhered to the surrounding tissues

and were easily peeled. The newly regenerative nerve

fibers in the silicone conduits could be directly and

clearly seen by naked eyes (Fig. 9a–b). As shown in

Fig. 2 Human embryonic stem cell and hESC-derived neural

stem cells. a hESCs were cultured onMatrigel. b–d hESC-NSCs

at passages 8, 13 and 35. e PCR for gene expression in hESCs

and P8 hESC-NSCs (a Scale bars 200 lm; b–d Scale bars

100 lm; e NC, negative control)
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Fig. 9b, in the middle of the nerve conduits, the new

axons generated and completely connected the two

ends of the sciatic nerve. After Masson staining, the

myelin sheath was stained as a pale red wheel, the

axons were dark stained centrally, and the epineurium

and surrounding connective tissue were stained dark

blue. In the PBS group, regenerated nerve fibers were

observed, but the arrangement was loose, disordered

and incomplete (Fig. 9c–e). There were significantly

more regenerated nerve fibers in the hESC-NSCs

group than in the PBS group, which showed loose

nerve fibers and few axons (Fig. 9f–h). There were

significantly more regenerated nerve fibers in the

hESC-NSC-MVs group than in either of the other two

groups, and the regenerated nerve fibers were orderly

and densely arranged, with more axons and a thicker

myelin sheath (Fig. 9i–k). As could be seen in the

figure, the regenerated nerve fibers in the hESC-NSC-

MVs group were closer to the normal nerve fibers

(Fig. 9i–n).

Fig. 3 Cellular localization of P8 hESC-NSCs markers. a,
b hESC-NSCs immunofluorescence staining for Nestin and

Pax6. c Cell membrane analysis of Nestin, b-III tubulin, GFAP,

O1, CD133 and CD44 in P8 hESC-NSCs. d Intracellular

analysis of Nestin, b-III tubulin, and GFAP in P8 hESC-NSCs.

(a, b Scale bars 100 lm)
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Histological analysis of the gastrocnemius muscle

To evaluate the atrophy of rat gastrocnemius muscle

resulted from dysfunction of the sciatic nerves,

gastrocnemius muscle of the three groups were stained

with HE staining. The atrophy is stopped accompanied

with gradual functional recovery of the sciatic nerves.

Twelve weeks after the operation, the gastrocnemius

muscle tissues of the PBS, hESC-NSCs and hESC-

NSC-MVs groups were stained with HE. The results

showed that the gastrocnemius muscle fibers of the

PBS group were atrophic and fused, and the gap

between cells was large (Fig. 10a). The gastrocnemius

muscle fibers of the hESC-NSCs group were atrophic

to a more moderate degree (Fig. 10b). The gastrocne-

mius muscle fibers of the hESC-NSC-MVs group were

mildly atrophic, and the cell gap was small (Fig. 10c).

The percentage of muscle fiber area was in the similar

range between the hESC-NSC-MVs group and normal

group (Fig. 10d), which were significantly higher than

Fig. 4 Expression of neural markers in different passages of

hESC-NSCs. a qPCR analysis was performed for Nestin, Pax6,

Sox1 and Sox2, and the expression levels of P8 hESC-NSCs and

P18 hESC-NSCs were compared with those of P2 hESC-NSCs

(n = 3, *p\ 0.05; **p\ 0.01; ****p\ 0.0001. N.S., not

significant). b Flow cytometry analysis of Nestin, b-III tubulin,
GFAP, O1, and CD133 in different passages of hESC-NSCs.

(Black entity: isotype control; solid line: P2 hESC-NSCs; thick

broken line: P8 hESC-NSCs; thin broken line: P18 hESC-NSCs)

Fig. 5 Nanoparticle Tracking Analysis (NTA) by NanoSight of hESC-NSC-MVs. a The shape of hESC-NSC-MVs. b The average size

of hESC-NSC-MVs
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that in the PBS at 12 weeks after surgery (Fig. 10e).

This finding indicates that hESC-NSC-MVs is capable

of synergistically reversing muscle atrophy.

Discussion

Nerves cannot regenerate on their own, and the current

‘‘golden standard’’ autografts provide the best out-

comes but require suitable donor material. The lack of

Fig. 6 hESC-NSC-MVs cocultured with DRG for 36 h. a, b b-
III tubulin immunofluorescence staining of DRG after co-

culture with PBS (a) and hESC-NSC-MVs (b). c Quantitative

comparison of the neurite length of DRG between the hESC-

NSC-MVs group and the PBS (control) group (Scale bars

100 lm; n = 3, **p\ 0.01)

Fig. 7 Macroscopic view of rats after operation. Hindlimb status in the hESC-NSC-MVs group (a), hESC-NSCs group (b), PBS group

(c) 12 weeks after surgery
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engraftable human nerves has been a major obstacle in

cell-based therapies for regenerating damaged nerves

(Sayad and Zaminy 2017). NSCs are promising

transplants for diseases associated with the nervous

system, so it is extremely important to obtain them in

great quantities (Das et al. 2016; Lee et al. 2017).

hESC- NSCs are attracting growing attention from

researchers, several strategies have been employed to

achieve neural stem cells from hESCs in vitro (Woo

et al. 2009; Roubal et al. 2016; Salimi et al. 2014;

Yasui et al. 2017). Among these strategies, this is

primarily accomplished by embryoid body (EB)

formation in neural induction medium to achieve

neural stem cells. However, since hESCs are pluripo-

tent, cells on the surface of EB and those inside the

aggregates will encounter a varied gradient of mor-

phogens. To overcome the limitations of EB protocol,

another way to achieve high efficiency of neural stem

cells is based on monolayer differentiation system of

hESCs. In our monolayer culture protocol, after neural

induction, hESCs changed from large compact

colonies with clear and smooth edges to oval or partly

triangular monolayers. Compared with hESCs, Pax6

and Sox1 were significantly upregulated in hESC-

NSCs, whereas the pluripotency gene Oct4 was

downregulated. Sox2 and Nestin showed no obvious

differences, similar to previous reports (Oh et al.

2018). Analyses of microarray data revealed that

brain-derived NSCs and hESC-NSCs were shown to

express distinct groups of genes but, nonetheless,

shared many properties involving NSC markers (Shin

et al. 2007). Immunofluorescence staining indicated

that hESC-NSCs expressed Nestin and Pax6 and had a

high nucleocytoplasmic ratio. Flow cytometry analy-

sis showed that our hESC-NSCs were homogeneous

groups and expressed CD44, CD133, and weakly O1

on the membrane surface, while Nestin, b-III tubulin
and GFAP were only expressed intracellularly. We

succeeded in purifying and proliferating neural stem

Fig. 8 Sciatic nerve index and gastrocnemius wet weight

12 weeks after surgery. a The sciatic functional index (SFI) in

each group. b–d Macroscopic view of the gastrocnemius muscle

from the operated limb 12 weeks after surgery in the PBS (b),

hESC-NSCs (c), and hESC-NSC-MVs group (d), e wet weight

analysis of the gastrocnemius muscle 12 weeks after the surgery

(n = 9, **p\ 0.01; ***p\ 0.001; N.S., not significant)
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Fig. 9 Regenerated nerve after repair of a sciatic nerve defect at

12 weeks. a macroscopic view of nerve conduit with regener-

ative nerve fiber in rat. b The harvested regenerative nerve fiber

12 weeks after surgery. Masson staining of transverse sections

from the middle segment of regenerated nerves 12 weeks after

surgery, c–e PBS group, f–h hESC-NSCs group, i–k hESC-

NSC-MVs group, l–n normal group. (Scale bars; c, f, i, l:
200 lm; d, g, j, m: 100 lm; e, h, k, n: 50 lm)

123

244 Cell Tissue Bank (2020) 21:233–248



cells from hESCs as in other laboratories (Zhao et al.

2017).

The expression of Nestin in neural stem cells

gradually decreases with longer culture times and

greater passage numbers, and neural stem cells

gradually lose the capabilities of early neural stem

cells in long-term subcultures and became a kind of

fate-determining progenitor cell (Banda and Grabel

2016; Li et al. 2017; Xu et al. 2009). In our

study, comparison of different passages of hESC-

NSCs revealed that the expression of Nestin, Pax6,

Sox1, and Sox2 in P8 hESC-NSCs was highest, but

according to the results of flow cytometry analysis, the

expression of Nestin, b-III tubulin, GFAP, and CD133
showed no significant differences in P2, P8, and P18

hESC-NSCs. P2 and P8 hESC-NSCs weakly

expressed O1, while P18 hESC-NSCs had almost no

expression of O1. The expression of Nestin was

contradictory between the transcriptional and antigen

levels, possibly because of the sensitivity of the

methods. qPCR results indicated that most of the

stemness characteristics had arisen around the eighth

generation of hESC-NSCs and were reduced gradually

in subsequent passages. Therefore, P8 hESC-NSCs

were chosen for the subsequent animal experiments.

NSCs play a vital role in the development of the

nervous system and the repair of injured nerves (Wang

et al. 2017a, b). However, how this role would be

affected by other factors, such as their own prolifer-

ation, migration and differentiation, is currently

unknown. In addition, NSCs are nuclear cells, so even

if their immunogenicity is low, there is still a risk of

tumorigenesis. NSC-MVs were derived from NSCs

and possessed the same biological activity as the

NSCs. It had been reported that MSC-MVs played the

same therapeutic role as MSCs (Wei et al. 2016), and

we tried to explore whether NSC-MVs had the same

effect as NSCs. The particle size of MVs we extracted

from NSCs was in the range of 50–1000 nm. The

culture of neural tissues in vitro has become a very

useful technical in neurobiology research. Through the

study of nerve tissues in vitro, the pathogenesis of

some neurological diseases was discussed at the

cellular and molecular levels, which provided an

experimental model and theoretical basis for clinical

treatment. Dorsal root ganglia (DRG) are rich in

sensory neurons in the peripheral nervous system.

Fig. 10 Histological analysis of gastrocnemius muscle in each

group. Representative light micrographs of the transverse-

sectioned gastrocnemius muscle following HE staining for the

operated limb in the a PBS group, b hESC-NSCs group, c hESC-

NSC-MVs group, d normal group at 12 weeks postoperatively.

The average percentage of muscle fiber in each groupwas shown

in (e). (Scale bars a–d 100 lm. *p\ 0.05; ***p\ 0.001)

123

Cell Tissue Bank (2020) 21:233–248 245



They have been widely used in neuroscience research

for applications such as axon guidance and regener-

ation, myelination of the central and peripheral

systems, and tissue engineering (Motti et al. 2017;

Ying et al. 2016; Santos et al. 2017). In this study,

hESC-NSC-MVs were cocultured with DRG, and

hESC-NSC-MVs were shown to promote axonal

regeneration of DRG. This suggested that hESC-

NSC-MVs could promote the regeneration of nerves

in vitro.

Severe peripheral nerve injury might lead to local

hemorrhage and edema accompanied by severe

inflammation. Fibroblasts proliferate and secrete a

large number of collagen fibers at the injury site to

form scars, inhibit the protrusion of proximal axons,

and affect nerve regeneration and functional recovery

(Cinteza et al. 2015; Gaudet et al. 2011). Excessive

inflammation inhibits nerve regeneration, so immuno-

suppressive agents have been used to improve the

microenvironment of and promote nerve regeneration

(Li et al. 2010). This kind of inflammation reaction is

reflected that a localized physical condition in which

part of limbs becomes reddened, swollen, hot and

painful. One week after the operation, most of the rats

with sciatic nerve injury showed redness and swelling,

and some even presented with ulcers and autophagy.

As time passed, it was found that hESC-NSC-MVs

could effectively inhibit redness and ulcer formation,

and while there was no autophagy in the hESC-NSC-

MV group, the PBS and hESC-NSCs groups did

display it. Autophagy is caused by spontaneous

neuralgia after nerve injury. The mechanism is still

unknown, but we speculated that hESC-NSC-MVs

possessed a substance that inhibited inflammation.

In 1982, the sciatic nerve function index was first

used to evaluate functional recovery after sciatic nerve

injury, and now it has become one of the most

indispensable indexes to assess sciatic nerve injury

(De et al. 1982). To detect the functional recovery of

the injured sciatic nerve, the SFI was measured at

12 weeks. The results showed that the SFI of the

hESC-NSC-MVs group was greater to that of the PBS

group and hESC-NSCs group. However, the SFI index

never reached healthy levels, presumably because the

regenerated nerve fibers did not establish good con-

nections with the target organs or because the muscles

had atrophied due to prolonged denervation.

It has been shown that NSCs could promote the

regeneration of nerve fibers after sciatic nerve injury

(Fu et al. 2011; Huang et al. 2017). By Masson

staining, hESC-NSC-MVs were shown to significantly

improve the prognosis of injured nerves and promote

the regeneration of nerve fibers and axon growth in

rats with sciatic nerve injury. Compared with hESC-

NSCs, hESC-NSC-MVs had more obvious effects on

improving the injured nerve, so it was inferred that

NSCs mainly depended on paracrineMVs in the repair

of the injured nerve.

Because muscles are supported and nourished by

nerves, nerve injuries could lead to dysfunction and

atrophy of the muscles they control (Sando and

Cederna 2016; Tuffaha et al. 2016; Wu et al. 2016).

The morphological observation of the gastrocnemius

muscles 12 weeks after the operation showed that the

gastrocnemius muscles atrophied most severely in the

PBS group, and the atrophy was less grave but still

severe in the NSCs group. Gastrocnemius muscle

atrophy was inhibited in the hESC-NSC-MVs group.

In summary, hESC-NSC-MVs could effectively

promote the regeneration of the sciatic nerve after a

defect injury. This effect was stronger in the hESC-

NSC-MVs group than in the hESC-NSCs group,

suggesting that MVs are an important substance

secreted by NSCs to promote nerve regeneration.

MVs are secreted by NSCs, but in this experiment, the

treatment of hESC-NSC-MVs was superior to that of

hESC-NSCs. These results suggested that hESC-

NSCs were foreign bodies in the rats, which could

activate the immune response of the body to reject

hESC-NSCs, making them unable to effectively repair

nerve injury. In addition, the survival time of hESC-

NSCs in vivo, and whether it played a role in NSC

function, is unknown. Therefore, NSCs are the most

important seed cells in the process of nerve injury

repair, and MVs are a new and important intercellular

regulatory molecule. Compared with hESC-NSCs,

hESC-NSC-MVs possess low immunogenicity, con-

ferring great clinical significance in the treatment of

nervous system diseases. It is expected that hESC-

NSC-MVs will play a very important role as a new

treatment for nervous system diseases in the future.

Conclusion

In this study, we successfully differentiated human

embryonic stem cells into neural stem cells and

isolated MVs from NSCs. Furthermore, the effect of
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hESC-NSC-MVs on nerve repair was preliminarily

studied, and their value in sciatic nerve defect repair

was evaluated. However, the MV substances that

played a role in this repair and the mechanisms used

still needed further exploration. In conclusion, hESC-

NSC-MVs could be used as a potential tissue

engineering repair material in the clinic, providing a

newmethod for regenerative repair of peripheral nerve

defects.
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