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Abstract
Numerous studies have focused on the development of novel and innovative approaches for the

treatment of peripheral nerve injury using artificial nerve guide conduits. In this study, we

attempted to bridge 3.5‐cm defects of the sciatic nerve with a longitudinally oriented collagen

conduit (LOCC) loaded with human umbilical cord mesenchymal stem cells (hUC‐MSCs). The

LOCC contains a bundle of longitudinally aligned collagenous fibres enclosed in a hollow collagen

tube. Our previous studies showed that an LOCC combined with neurotrophic factors enhances

peripheral nerve regeneration. However, it remained unknown whether an LOCC seeded with

hUC‐MSCs could also promote regeneration. In this study, using various histological and electro-

physiological analyses, we found that an LOCC provides mechanical support to newly growing

nerves and functions as a structural scaffold for cells, thereby stimulating sciatic nerve regenera-

tion. The LOCC and hUC‐MSCs synergistically promoted regeneration and improved the

functional recovery in a dog model of sciatic nerve injury. Therefore, the combined use of an

LOCC and hUC‐MSCs might have therapeutic potential for the treatment of peripheral nerve

injury.
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1 | INTRODUCTION

Peripheral nerve injuries are often caused by trauma or surgery for dis-

eases of the peripheral nervous system. The peripheral nervous system

has the capacity for regeneration after injury. However, the

regenerating axons are often misdirected and do not reach their target,

resulting in poor functional recovery. In the operative treatment of

peripheral nerve injury, the nerve stumps can be anastomosed directly

for short‐distance nerve injuries (i.e., shorter than 5 mm). When the

size of the defect exceeds 5 mm, it is necessary to bridge the nerve
wileyonlinelibrary.com/j
stumps by autograft or the use of graft materials. As the preferred

treatment strategy, autologous nerve grafting is commonly used

clinically to repair peripheral nerve defects (Matsumoto et al., 2000).

However, autografts have several drawbacks, such as the lack of graft

material, mismatch in nerve size, and the formation of painful

neuromas (Lundborg, Dahlin, Dohi, Kanje, & Terada, 1997). As a

consequence, a great deal of effort has been put into the development

of artificial nerve conduits to replace autologous nerve grafts for the

treatment of peripheral nerve injury.

Tissue‐engineered nerve guide conduits have many advantages

over autografts, including no donor site morbidity, ease in size

matching, and no length limitation (Ao et al., 2011). An increasing
Copyright © 2018 John Wiley & Sons, Ltd.ournal/term 1285
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number of researchers are working on developing novel biological

materials, especially in combination with support cells or growth

factors, to stimulate regeneration over longer distances (Carriel

et al., 2013; Cui, Lu, et al., 2014; Gu, Ding, & Williams, 2014). Our

previous studies showed that longitudinally oriented collagen conduit

(LOCC) can resist deformation during implantation and degrade

progressively during the following 6 months of regeneration (Ma et al.,

2014). The LOCC manufactured by our lab displays biocompatibility,

biodegradability, and low toxicity to nerve fibres. Previous

studies showed that an LOCC combined with neurotrophic factors

promoted regeneration in both the spinal cord and peripheral ner-

vous system in animal models (Faroni, Mobasseri, Kingham, & Reid,

2015; Han et al., 2015; Lu et al., 2015). Here, we developed a novel

procedure to evaluate whether the combined use of an LOCC and

human umbilical cord mesenchymal stem cells (hUC‐MSCs) facilitates

peripheral nerve regeneration to a greater extent than an LOCC

alone.

To promote neuronal outgrowth and accelerate axonal regenera-

tion, many types of seed cells, such as Schwann cells, mesenchymal

stem cells (MSCs), and embryonic stem cells, have been used in com-

bination with tissue‐engineered nerve guide conduits. Of these cell

types, MSCs have the fewest problematic ethical concerns and the

lowest risk of teratoma formation compared with other stem cells,

such as embryonic stem cells and induced pluripotent stem cells

(Kao et al., 2015). In comparison with bone marrow stem cells and

adipose‐derived mesenchymal stem cells, hUC‐MSCs possess greater

paracrine effects and have higher proliferative and differentiation

potentials (Horwitz & Dominici, 2008). Accumulating evidence

suggests that hUC‐MSCs promote axon regeneration in the

peripheral nervous system following peripheral nerve injury

(Carriel, Alaminos, Garzon, et al., 2014; Wakao, Matsuse, & Dezawa,

2014; Zarbakhsh, Goudarzi, Shirmohammadi, & Safari, 2016). For

example, transplantation of hUC‐MSCs promotes axonal regeneration

and functional recovery after sciatic nerve transection injury (Guo

et al., 2015). Additionally, hUC‐MSCs possess immunosuppressive

properties that curtail allogeneic or xenogeneic immune responses

in animal models after grafting (Lee et al., 2014; Tsai et al., 2009;

Wang et al., 2014).

In this study, we evaluated the cellular biocompatibility of the

LOCC. We then investigated whether hUC‐MSCs seeded onto the

LOCC promote neural regeneration after long‐segment peripheral

nerve injury in a large animal model, the dog. To better evaluate the

long‐term impact of the LOCC on sciatic nerve regeneration, dogs

were sacrificed for analyses 9 months after surgery, longer than in

previous studies. Our results suggest that the LOCC helps to localize

hUC‐MSCs to the injury site and also guides the regenerating nerve

to grow in an orderly manner across the defect. In addition to serving

a structural role, the guidance channel created by the LOCC may also

prevent the formation of fibrous scar tissue that would otherwise

hinder nerve regeneration. The orderly arrangement of longitudinally

aligned collagenous fibres (LOCs) may guide the nascent nerve fibres

to grow from the proximal end of the injured site to the end of the dis-

tal stump. Our long‐term study demonstrated that the combination of

hUC‐MSCs and an LOCC promoted sciatic nerve regeneration and

functional recovery.
2 | MATERIALS AND METHODS

2.1 | Preparation of tissue‐engineered collagen nerve
conduits

The LOCC was prepared as described previously (Cao et al., 2013). The

hollow collagen nerve conduit was created by wrapping the collagen

membrane (provided by Yantai Zhenghai Bio‐tech Co., Ltd) around

a cylindrical tube made of glass. The hollow collagen conduit

was cross‐linked with cross‐linking solution—30 mM 1‐(3‐

dimethylaminopropyl)‐3‐ethylcarbodiimide hydrochloride and 10 mM

N‐hydroxysuccinimide in 50 mM 2‐(N‐morpholino)‐ethanesulfonic

acid solution, pH 5.5—and then lyophilized. The LOCC had a diameter

of 5 mm and a wall thickness of approximately 60 μm. The collagen

tubes were cut into 4‐cm‐long pieces, which were used to bridge the

nerve gap. Before grafting, a bundle of LOCs containing 30 collagen

fibres was inserted into the hollow collagen nerve conduit. The dimen-

sion of one LOC fibre was 200–400 μm. LOCs were prepared from

bovine aponeurosis as previously described (Cao et al., 2013). In brief,

tissues from fresh white bovine aponeurosis, including the residual

muscles, connective tissues, and fat were removed. Thereafter, the cel-

lular components were removed by treatment with 1% tri(n‐butyl)

phosphate (Aldrich, Germany) for 48 hr at 4 °C and subsequently

rinsed repeatedly in distilled water to completely remove residual

matter. The LOCs were then separated from the processed aponeuro-

sis and freeze‐dried.

The mechanical properties of the transversal form of LOCC were

measured using an Instron E1000 apparatus (Instron, Canton, MA).

The compression test was performed with increasing forces, and the

displacements were recorded continuously every 0.1 s (Dwyer et al.,

2016; Grasman, Pumphrey, Dunphy, Perez‐Rogers, & Pins, 2014).

During each test, the machine recorded elapsed time, tensile force,

and tensile displacement at 600 points per second. The force–displace-

ment curves were generated from the test data. The surface structure

of the LOCs was observed under a scanning electron microscope

(S‐3000N, Hitachi, Tokyo, Japan).
2.2 | Animals and surgical procedures

Twenty adult Beagles (15 months, 9 kg) were purchased from the

Beijing Laboratory Animal Research Centre (Beijing, China). The dogs

were kept in cages measuring 110 × 75 × 80 cm. All animal procedures

were performed in accordance with Chinese Ministry of Public Health

Guide and U.S. National Institute of Health Guide for the care and use

of laboratory animals and was approved by the Institutional Animal

Care and Use Committee Bioethics Committee of the Institute of

Genetics and Developmental Biology, Chinese Academy of Sciences.

Animals (of either sex, n = 5 in each group) were randomly divided into

the following four groups: negative control, LOCC, hUC‐MSC in

combination with LOCC (LOCC/hUC‐MSC), and autograft (positive

control) groups. Animals were kept separately in cages at a controlled

temperature (20–24 °C) under a 12‐hr light/dark cycle. Dogs were

allowed free access to water and food.

Animals were anaesthetized by intramuscular administration of

10 mg/kg ketamine and 2 mg/kg xylazine. The left gluteal muscle
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was dissected to expose the sciatic nerve, and then, a 35‐mm‐long seg-

ment of sciatic nerve was removed using microsurgical scissors. The

proximal and distal nerve endings were connected via a 4‐cm‐long

nerve conduit in the LOCC and LOCC/hUC‐MSC groups. Before

grafting, the LOCC was flushed with phosphate buffered saline

solution. In the LOCC/hUC‐MSC group, 1 × 106 hUC‐MSCs were

seeded onto the LOCs an hour before grafting to the site of injury. In

the autograft group, the orientation of the excised sciatic nerve

segment was reversed before reimplantation. In the negative control

group, only the muscle and skin were sutured, whereas the nerve gap

remained untouched. After surgery, the animals received conventional

anti‐inflammatory treatment for 2 weeks, whereas they did not receive

immunosupressive treatments.
2.3 | Cell culture

Isolation and verification of hUC‐MSCs were carried out as previously

described (Sun et al., 2016; Zarbakhsh et al., 2016). The identification

of hUC‐MSCs has been standard in our laboratory and has proven

reliable (Sun et al., 2016). Cells possessed a proliferative ability of 10

passages in culture medium. Cells from passages 3 or 4 were used in

the in vivo study. Cells were cultured in Mesenchymal Stem Cell

Medium (ScienCell, Carlsbad, CA). When cells reached 80% conflu-

ence, they were treated with 0.25% trypsin before the graft procedure.
2.4 | Electrophysiological measurements

The sciatic nerve at the site of injury was re‐exposed under anaesthe-

sia 9 months after surgery. An electrode was inserted into the main sci-

atic nerve trunk proximal, medial, or distal to the site of injury

(electrical stimuli were given at 5 mA). Compound muscle action

potentials (cMAPs) were recorded from the ipsilateral gastrocnemius

belly. Concurrently, normal cMAPs were measured from the contralat-

eral, uninjured side. The stimulations were performed in triplicate, with

a time interval of 1 s to allow the nerve and muscle to relax. Histo-

grams were plotted of the ratio of cMAPs on the ipsilateral injured side

to those on the contralateral normal side (cMAP ratio = cMAP of

injured side/cMAP of healthy side × 100%). Quantification of cMAP

amplitude, latency, and area under the rectified curve were performed

using an electrophysiology system (RM6240, Chengdu, China).
2.5 | Electron microscopy

Tissue samples were first fixed in 2.5% glutaraldehyde and then fixed

in 1% osmic acid solution. Samples were dehydrated through a graded

ethanol series before embedding. Next, samples were cut into 50‐nm‐

thick sections and stained with lead citrate and uranyl acetate. Finally,

samples were imaged on a transmission electron microscope

(H‐7650B, HITACHI, Japan). The G‐ratio of axons was calculated by

the inner diameter of the axon divided by the fibre diameter.

HUC‐MSCs seeded onto LOCs were fixed in 2.5% glutaraldehyde

and then dehydrated with ethanol and isoamyl acetate. Samples were

dried in a critical point drier (Hitachi, Tokyo, Japan) for gold coating.

Images were captured using a scanning electron microscope

(S‐3000N; Hitachi, Tokyo, Japan).
2.6 | Histological analyses

Regenerated tissues were fixed in 4% paraformaldehyde and then

embedded in paraffin. Haematoxylin–eosin (HE) staining, immunohisto-

chemistry, and MCOLL histochemical staining were performed to

observe the histomorphology of the sciatic nerve. All images were cap-

tured on an inverted phase contrast microscope (×200). The specimens

were cut into sections of 4–5 μm thickness on polylysine‐coated slides,

followed by paraffin imbedding. For HE staining, the slides were

dewaxed with xylene, dehydrated with a graded ethanol series, and

stained with haematoxylin for 5 min. Next, the slides were immersed

in 1% hydrochloric acid for 2 s and then stained with eosin for 5 min.

Finally, the sections were dehydrated and mounted with neutral resin.

Immunohistochemical analysis was performed using a kit (Histostain‐

Plus IHC Kit, Neobioscience, China) according to the manufacturer's

instruction. Tissue slides were dewaxed with xylene and rehydrated

through a graded alcohol series. After antigen retrieval, slideswere incu-

bated with 3% hydrogen peroxide for 10 min. The primary antibodies

were as follows: anti‐GAP‐43 (1:1,000; NB300‐143, Novus, Sunnyvale,

CA, USA), anti‐Neurofilament (NF; 1:1,000; ab7795, Abcam) and anti‐

S100 (1:1,000; ab41548, Abcam; Carriel et al., 2013; Carriel, Garzon,

Alaminos, et al., 2014; Carriel, Garzon, Campos, Comelissen, &

Alaminos, 2014).

TheMCOLL histochemical staining assay can be used to quantify the

amount of regenerated myelin (Carriel, Campos, Alaminos, Raimondo, &

Geuna, 2017; Carriel, Garzon, Alaminos, & Campos, 2011). Briefly, tissue

slides were dewaxed, rehydrated, and incubated in Luxol fast blue

solution (Solvent Blue 38; S3382, Sigma) at 56 °C for 16 hr. Next, the

slides were incubated in 0.05% lithium carbonate for 30 s and rinsed

in 70% alcohol until myelinated and unmyelinated regions were

distinguishable. Then, sections were incubated in 0.2% sirius red F3B

stain (C.I. 35780, Sigma‐Aldrich) for 30 min at room temperature.

Masson trichrome (MT) staining was performed using a kit (cat#

G1340, Solarbio Life Sciences, Beijing, China) according to the

manufacturer's protocol. Gastrocnemius muscle tissues were fixed in

4% paraformaldehyde and then embedded in paraffin. The paraffin‐

embedded muscle tissues were sectioned into 5‐μm‐thick sections.

Images of the stained sections were captured using a microscope at a

magnification of ×200.

To perform relative quantitative analysis of the immunohisto-

chemistry image, the representative images of each animal in each

group (n = 3) were analysed using Image‐Pro Plus software 6.0 (Media

Cybernetics, Silver Spring, MD, USA; Carriel et al., 2013; Carriel,

Garzon, Alaminos et al., 2014). In brief, the Image‐Pro Plus software

was started and then click “Count/Size” in Measure menu and choose

“Manual” to select colours. Then, the positive area was selected, and

the results can be found in “Measurement Data.” The percentage of

GAP‐43‐positive, NF‐positive, and S100‐positive areas were calcu-

lated as the ratio of the positively stained area to the total area. The

same method was used to quantify the positive (blue) area in

MCOLL‐stained sections. The intensity of immunohistochemical stain-

ing was calculated as the ratio of the integrated optical density to the

area. The average muscle fibre cross‐sectional area (CSA; μm2) of the

gastrocnemius muscle was calculated following MT staining as follows:

CSA% = positively stained muscle fibre area/total area × 100%.



FIGURE 1 General and morphological observations of the longitudinally oriented collagen conduits (LOCCs). The schematic diagram shows the
process underlying the repair of the experimental sciatic nerve injury with the combination of the LOCCs and human umbilical cord
mesenchymal stem cells (hUC‐MSCs): (a) general observations of the LOCCs; (b) general observations of the longitudinally aligned collagenous
fibres (LOCs); (c) representative scanning electron microscopic images of the LOCs; (d) representative scanning electron microscopic images of the
hUC‐MSCs cultured on the LOCs; (e) the ability of the LOCCs to resist mechanical stress; and (f) a flow chart of the LOCC/hUC‐MSC treatment
procedure [Colour figure can be viewed at wileyonlinelibrary.com]
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2.7 | Muscle mass analysis

Peripheral nerve functional recovery is also reflected as a change in the

weight ratio of the gastrocnemius muscles. The mid‐belly regions of

the ipsilateral (injured) and the contralateral (opposite) gastrocnemius

muscles were dissected and weighed while still wet using an electronic

balance. The relative muscle weight was calculated as the weight of

the injured side divided by the weight of the uninjured side.

2.8 | Data analysis

All data were reported as means and standard deviations. The Shapiro–

Wilk test was performed to check the normality of all the variables.

Pairwise differences and 95% confidence intervals were assessed by

one‐way analysis of variance with Tukey's Honest Significant Differ-

ence test. All data analyses were performed using R3.3.2 software.
3 | RESULTS

3.1 | Gross morphology of LOCC and hUC‐MSCs
cultured on LOCC

As shown in Figure 1, the natural collagen LOCC (Figure 1a) consists of a

bundle of LOCs (Figure 1b) and a collagen nerve conduit. The average

diameter of one collagen scaffold fibre was about 500 μm. Scanning

electron microscopic analysis showed that the surface of the LOCs

displayed a longitudinally aligned arrangement. Thus, the LOCmorphol-

ogy encouraged regenerating nerve fibres to grow in an orderly manner

from the proximal to the distal nerve ends (Figure 1c). Furthermore, the
FIGURE 2 (a) Surgical procedures. The sciatic nerve of the dog was comp
nerve segment was then removed, leaving a 35‐mm‐long gap after retracti
(LOCC) and LOCC/human umbilical cord mesenchymal stem cell (hUC‐MS
General observations of the regenerated nerve‐like tissue segment in each o
viewed at wileyonlinelibrary.com]
seededhUC‐MSCsadheredwell to the LOCs andexhibited a normal cel-

lularmorphology. LOCs showed good biocompatibilitywith hUC‐MSCs.

Furthermore, as shown in Figure 1d, the hUC‐MSCs were attached to

the surface of the LOCs tightly. These findings suggest that LOCs are

capable of localizing the seeded hUC‐MSCs to the damaged nerve,

preventing them from spreading to the surrounding tissue. Themechan-

ical test showed that LOCCs possess a degree of rigidity, which likely

helps to resist collapse during neural regeneration (Figure 1e). Given

these advantageous characteristics of the LOCs, we loaded hUC‐MSCs

onto LOCs to create an LOCC/hUC‐MSCs graft for the treatment of

long (3.5 cm long) sciatic nerve defects in the dog (Figure 1f).
3.2 | General observations of the regenerating sciatic
nerve

Immediately after sacrificing the animals, the grafted LOCC together

with the proximal and distal ends of the sciatic nerve was harvested

for observation. As shown in Figure 2, the LOCC possessed sufficient

mechanical strength to resist the mechanical stress from neighbouring

tissues. After the LOCC was grafted into the injury site, white linear

tissue replaced the collagen tube. The newly grown, nerve‐like tissue,

which bridged the sciatic nerve gap, was well attached to the LOCC.

In parallel, the LOCC gradually degraded. No obvious inflammatory

reaction or tissue swelling was observed around the grafted LOCC

neural tube in the LOCC grafted animals. The results demonstrate that

the relatively sealed LOCC helped prevent fibrous scar tissue from

accumulating at the site of injury and avoided the formation of neuro-

fibroma. Therefore, the LOCC might function as a guide and bridge for

regenerating fibres, helping them reach the distal nerve end.
letely exposed after cutting through the skin and muscle. The sciatic
on of the nerve stump. In the longitudinally oriented collagen conduit
C) groups, the LOCC was sutured between the two nerve stumps. (b)
f the experimental groups 9 months after surgery [Colour figure can be

http://wileyonlinelibrary.com


FIGURE 3 Quantitative results of the electrophysiological evaluation made 9 months after surgery. Representative measurements of the (a)
proximal, (b) middle, and (c) distal sections of the injured canine sciatic nerve. The data are shown as the mean ± standard deviation. *p < .05,
**p < .01, or ***p < .001, compared with the negative control (NC) group. cMAPs = compound muscle action potentials; hUC‐MSCs = human
umbilical cord mesenchymal stem cells; LOCC = longitudinally oriented collagen conduit [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Representative transverse sections
of the central part of the regenerated sciatic
nerve 9 months after surgery in the negative
control (NC), longitudinally oriented collagen
conduit (LOCC), LOCC/human umbilical cord
mesenchymal stem cell (hUC‐MSC) and
autograft groups (haematoxylin–eosin
staining) [Colour figure can be viewed at
wileyonlinelibrary.com]
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3.3 | Electrophysiological assessment

The ratio of cMAP amplitudes and the area under the rectified curve

between the injured and healthy sides were calculated 9 months after

surgery, before sacrificing the animals. The cMAP amplitude ratio was

significantly higher in the LOCC/hUC‐MSCs compared with the LOCC‐

alone group at three separate locations on the injured sciatic nerve.

Among the groups, the autograft group had the highest ratios, whereas

the negative control group had the lowest ratios (Figure 3). The cAMP

latencies were shorter in the LOCC/hUC‐MSCs group compared with

the LOCC group. The negative control group showed the longest

latencies. Taken together, the electrophysiological results indicated that

nerve conduction was better in the LOCC/hUC‐MSCs group than in

the LOCC‐alone group. Thus, the combination of hUC‐MSCs and the

LOCC promotes effective recovery of nerve conduction function.

3.4 | In vivo evaluation of sciatic nerve regeneration

Nine months after surgery, the connective tissue, which joined to the

nerve stump at the injury site, was harvested for histochemical analy-

sis. Representative HE‐stained transverse sections of the sciatic nerve

are shown in Figure 4. Robust expression of GAP‐43, NF, and S‐100

proteins was observed in cross sections of regenerated sciatic nerve

segments. As shown in Figure 5, GAP‐43‐positive, NF‐positive, and

S‐100‐positive cells were detected in the middle part of the regener-

ated segment in the LOCC and LOCC/hUC‐MSCs group. Moreover,

GAP‐43‐positive, NF‐positive, and S‐100‐positive cells showed similar

distribution patterns and percentages. Additionally, labelling for these

proteins revealed newborn nerve fibres traversing the middle part of

the regenerated nerve segment in the LOCC and LOCC/hUC‐MSC

groups. GAP‐43, NF, and S‐100 labelling was more widely distributed

in the LOCC/hUC‐MSCs groups compared with the LOCC group
FIGURE 5 Immunohistochemical analysis of the central section of the re
longitudinally oriented collagen conduit (LOCC), LOCC/human umbilical co
immunolabelling for (a) neurofilament (NF), (b) S‐100, and (c) growth‐associa
the relative areas and intensities of the NF‐, S100‐, and GAP43‐positive stai
**p < .01, or ***p < .001, compared with the NC group [Colour figure can be
(Figure 5). GAP‐43, NF, and S‐100 were not detected in the negative

control group. The results of the relative intensity in all groups showed

the same tendency as the results of the relative positive area.

Given that myelin sheath formation is an important indicator of

nerve regeneration, the G‐ratio of myelinated fibres indicates better

recovery of nerve function (Isaacs, Mallu, & Batchelor, 2014; Li et al.,

2017). The existence of myelinated nerve fibres was confirmed by

MCOLL histochemistry (Figure 6) and transmission electron micros-

copy (Figure 7). MCOLL histochemistry results revealed a more intense

positive signal in the middle portion of the segment in the LOCC/hUC‐

MSCs group compared with the LOCC‐alone group. Thickness and size

of the regenerated myelinated fibres in the middle part of the segment

were quantified using transmission electron microscopy. The G‐ratios

were as follows: 83.95 ± 3.63 in the LOCC group; 68.67 ± 1.96 in

the LOCC/hUC‐MSC group; and 56.21 ± 4.12 in the autograft group.

The G‐ratio results show that the LOCC/hUC‐MSC group had thicker

myelin sheaths on the regenerated nerve fibres at the midpoint of

the nerve segment compared with the LOCC group.
3.5 | Assessment of gastrocnemius muscle
properties in different treatment groups

Gastrocnemius muscle function indirectly reflects sciatic nerve

function. Therefore, we performed MT staining on the muscle. Before

staining, the mean ratio of the gastrocnemius muscle weight was

calculated. There was a statistically significant difference between

the muscle weight ratios among the various groups. Weight loss in

the gastrocnemius muscle was alleviated by local administration of

hUC‐MSCs. The net weight of gastrocnemius muscle was lower in

the LOCC group than in the LOCC/hUC‐MSCs group (Figure 8a). MT

staining showed that the area of the gastrocnemius muscle fibre
generated nerve 9 months after surgery in the negative control (NC),
rd mesenchymal stem cell (hUC‐MSC), and autograft groups. Positive
ted protein (GAP)‐43 in the regenerated nerve tissue. The graph shows
ning. The data are presented as the mean ± standard deviation. *p < .05,
viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com


FIGURE 6 MCOLL histochemical staining of
the central portion of the repaired sciatic
nerve segment in each group. The graph
shows the relative percentages of myelin‐
positive staining. The data are presented as
the mean ± standard deviation. ***p < .001,
compared with the negative control (NC)
group. hUC‐MSCs = human umbilical cord
mesenchymal stem cells;
LOCC = longitudinally oriented collagen
conduit [Colour figure can be viewed at

wileyonlinelibrary.com]
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gradually decreased as interstitial fibrosis increased. Figure 8b shows

the skeletal muscle fibres, which are stained red, and interstitial fibrosis

tissue, which is stained white. Gastrocnemius muscle fibres were more

abundant in the LOCC/hUC‐MSCs group than in the LOCC group

(Figure 8b).
4 | DISCUSSION

Peripheral nerves possess the capacity to regenerate and self‐repair

after injury, especially when an appropriate micro‐environment is

provided. Tissue engineering to promote repair following peripheral

nerve injury requires the united efforts of biologists, engineers, and

physicians towards the common goal of producing functional artificial

neural conduits as alternatives to nerve autografts, whether the

material is natural or synthetic. For clinical application, tubular nerve

guidance channels need to be easy to manufacture, sanitize, and

implant into the body.

It has been reported that artificial neural tube conduits can repair

peripheral nerve injuries. Various materials have been used to produce

artificial neural tubes, such as poly(L‐lactic acid), polyglycolic acid‐
collagen, silicone, chitosan, and silk fibrin, although all of these have

disadvantages (Lundborg et al., 1997; Matsumoto et al., 2000; Tsai

et al., 2009; Wang et al., 2014). To date, there has been a lack of arti-

ficial neural tubes that successfully promote nerve regeneration across

long lesion gaps for clinical applications. The efficient repair of long

peripheral nerve defects caused by trauma or surgery remains a major

clinical objective. When the nerve gap exceeds a certain length, a neu-

ral tube alone will not improve nerve regeneration, unless support cells

or growth factors are added (de Boer et al., 2012; Dong & Yi, 2010;

Kokai, Bourbeau, Weber, McAtee, & Marra, 2011; Tohill & Terenghi,

2004). To create an optimal micro‐environment for peripheral nerve

regeneration, numerous studies have been focused on the incorpora-

tion of support cells or growth factors into artificial tissue‐engineered

neural tubes. In our previous study, we reported that an LOCC com-

bined with neurotrophic factors provides a suitable functional conduit

for promoting spinal cord or peripheral nerve regeneration in large ani-

mals. When neurotrophic factors are anchored to the LOCC, the

resulting nerve conduit effectively promotes neural regeneration(Cui,

Lu, et al., 2014; Han et al., 2015). However, the long‐term (>6 months)

effectiveness of an LOCC containing hUC‐MSCs in bridging large

http://wileyonlinelibrary.com


FIGURE 7 Transmission electron microscopic analysis of the myelin sheaths in the middle part of the regenerated nerve. The left graph shows the
mean diameter of the nerve fibres. The right graph shows the relative thickness of the regenerated myelin sheaths. The data are presented as the
mean ± standard deviation. **p < .01, or ***p < .001, compared with the negative control (NC) group. hUC‐MSCs = human umbilical cord
mesenchymal stem cells; LOCC = longitudinally oriented collagen conduit
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nerve gaps in large mammals had not yet been assessed. Therefore, in

this study, we seeded hUC‐MSCs onto an LOCC and assessed their

combined effect in a dog model of sciatic nerve transection injury.

Compared with rodents, large animal models are more suitable for pre-

clinical evaluation as they better mimic the clinical situation.

To the best of our knowledge, our study is the first to evaluate the

effects of an LOCC combined with hUC‐MSCs on long‐term (9 months)

peripheral nerve regeneration in a large animal model. Compared with

rodent animals, large animal models are more suitable for the preclini-

cal evaluation study to mimic real clinical situations. We chose the

autograft group as the positive control because autografting is the

accepted therapeutic strategy for peripheral nerve repair in the clinic.

Thus, every artificial nerve conduits should be compared with this

standard. The regeneration of peripheral nerves was comprehensively

evaluated by histological analysis and electrophysiological assessment.

Histological analysis is commonly used to evaluate the outcome of

nerve regeneration following repair of peripheral nerve injury. Previous

studies showed that GAP‐43 is a nervous tissue‐specific cytoplasmic
protein that is expressed at high levels in neuronal growth cones dur-

ing axonal regeneration (Carriel et al., 2011; Carriel, Garzon, Campos,

et al., 2014). NF is richly distributed in myelinated axons in the nervous

system (Perrot, Berges, Bocquet, & Eyer, 2008), whereas S‐100 is

mainly localized around axons of peripheral nerves. As a mature

Schwann cell marker, S‐100 might reflect myelin sheath formation in

newborn regenerating nerves (Walsh & Midha, 2009). As important

indexes of axonal regeneration and myelin sheath formation, GAP‐

43, NF, and S100 immunolabelling revealed that the combination of

an LOCC and hUC‐MSCs effectively stimulates nerve regeneration

and nerve fibre myelination over the long term (9 months). The electro-

physiological findings suggested that the sciatic nerve defect had been

repaired as nerve continuity appeared to be at least partially restored.

Because the denervated gastrocnemius muscle undergoes degenera-

tion and fibrosis formation, MT staining is often used to detect mor-

phological changes following nerve injury. We found no obvious

pathological changes in the weight or structure of the gastrocnemius

muscle fibres on the operated side in the LOCC/hUC‐MSC group.



FIGURE 8 (a) Assessment of the gastrocnemius muscles. The gastrocnemius muscles on both sides (injured left and uninjured right) were removed
and weighed in all four groups 9 months after surgery. The bar graphs indicate the gastrocnemius muscle weight ratios, which are presented as
percentages. (b) Masson trichrome staining showing the morphological changes in the denervated skeletal muscles in each group. The bar graphs
indicate the percentages of positive Masson staining. Scale bar: 50 μm. The data are presented as the mean ± standard deviation. *p < .05, **p < .01,
or ***p < .001, compared with the negative control (NC) group. hUC‐MSCs = human umbilical cord mesenchymal stem cells; LOCC = longitudinally
oriented collagen conduit [Colour figure can be viewed at wileyonlinelibrary.com]
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Numerous studies show that cell‐based therapy is a promising

strategy for improving peripheral nerve regeneration (Bongso & Fong,

2013; Caplan & Dennis, 2006; Carriel et al., 2013; Dong & Yi, 2010).

It is well known that MSCs may serve as support cells within tissue‐

engineered nerve grafts. Moreover, MSCs have achieved consider-

able success in peripheral nerve repair (Horwitz & Dominici, 2008;

Ringden et al., 2006). In this study, we choose hUC‐MSCs as seed

cells because they are easily obtained and can be amplified on a large

scale in in vitro culture. As an alternative to bone marrow MSCs,

hUC‐MSCs possess favourable intrinsic features such as self‐renewal

capacity, hypo‐immunogenic and non‐tumorigenic properties, and

fewer ethical concerns (Bongso & Fong, 2013; Cui, Li, et al., 2014;

Sung et al., 2012). Numerous experimental and clinical trials have

demonstrated the efficacy and safety of hUC‐MSCs in treating

peripheral nerve injury (Dorronsoro & Robbins, 2013; El Omar

et al., 2014; Wang et al., 2013). Recent studies show that undifferen-

tiated hUC‐MSCs produce several neurotrophic and growth‐related

factors, including nerve growth factor, brain‐derived neurotrophic
factor, p75 neurotrophin receptor, neurotrophin‐3, neurotrophin‐5,

glial cell line‐derived neurotrophic factor, and NFs (Caplan & Dennis,

2006; Dorronsoro & Robbins, 2013; Fan et al., 2005). The facilitative

effect of hUC‐MSCs on nerve regeneration can be partly attributed

to the secretion of neurotrophic factors. The possible paracrine

effects of hUC‐MSCs helped to establish a more favourable micro‐

environment for nerve regeneration.

In this study, we found that the use of an LOCC seeded with hUC‐

MSCs results in greater myelin sheath formation in the middle part of

the graft. The functional LOCC may provide good support for the new-

born regenerating fibres and guide their growth in the right direction to

bridge the nerve gap. As expected, the LOCC/hUC‐MSCs combination

resulted in better functional recovery compared with the LOCC alone

(All the statistical data are listed in the Supporting Information DataS1

and DataS2). Therefore, an LOCC seeded with hUC‐MSCs might have

therapeutic potential for the treatment of peripheral nerve injuries.

However, the enhancement of nerve regeneration in the LOCC/hUC‐

MSCs group was inferior to that in the autologous nerve graft group.

http://wileyonlinelibrary.com
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Therefore, our LOCC requires further improvement before serving as

an effective alternative to conventional autografts for the repair of

peripheral nerve injuries.
5 | CONCLUSIONS

The treatment of severe peripheral nerve injuries is a major clinical chal-

lenge. The formidable limitations of nerve autografts have spurred the

development of tissue‐engineered nerve grafts. Our findings here dem-

onstrate that an LOCC containing hUC‐MSCs possesses unique bio-

chemical and structural properties that promote nerve regeneration

and functional recovery. The method presented here is easily performed

without any limitations, complications, or adverse effects. Therefore, it

may represent an alternative treatment for peripheral nerve injury.
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