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Combinatory transplantation of 
mesenchymal stem cells with flavonoid 
small molecule in acellular nerve graft 
promotes sciatic nerve regeneration
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Abstract
Previous animal studies have demonstrated that the flavonoid small-molecule TrkB agonist, 7, 8-dihydroxyflavone 
(DHF), promotes axon regeneration in transected peripheral nerves. In the present study, we investigated the combined 
effects of 7, 8-DHF treatment and bone marrow-derived stem/stromal cells (BMSCs) engraftment into acellular nerve 
allografts (ANAs) and explore relevant mechanisms that may be involved. Our results show that TrkB and downstream 
ERK1/2 phosphorylation are increased upon 7, 8-DHF treatment compared to the negative control group. Also, 7, 
8-DHF promotes proliferation, survival, and Schwann-like cell differentiation of BMSCs in vitro. While selective ERK1/2 
inhibitor U0126 suppressed the effect of upregulation of ERK1/2 phosphorylation and decreased cell proliferation, 
survival, and Schwann-like cell differentiation partially induced by 7, 8-DHF. In vivo, 7, 8-DHF promotes survival 
of transplanted BMSCs and upregulates axonal growth and myelination in regenerating ANAs. 7, 8-DHF+BMSCs 
also improved motor endplate density of target musculature. These benefits were associated with increased motor 
functional recovery. 7, 8-DHF+BMSCs significantly upregulated TrkB and ERK1/2 phosphorylation expression in 
regenerating ANA, and increased TrkB expression in the lumbar spinal cord. The mechanism of 7, 8-DHF action may 
be related to its ability to upregulate TrkB signaling, and downstream activation of survival signaling molecules ERK1/2 
in the regenerating ANAs and spinal cord and improved survival of transplanted BMSCs. This study provides novel 
foundational data connecting the benefits of 7, 8-DHF treatment in neural injury and repair to BMSCs biology and 
function and demonstrates a potential combination approach for the treatment of injured peripheral nerve via nerve 
graft transplant.

Keywords
7, 8-DHF, BMSCs, axonal regeneration, peripheral nerve injury

Date received: 23 July 2020; accepted: 21 November 2020

1 Institute of Neural Tissue Engineering, Mudanjiang College of 
Medicine, Mudanjiang, China

2 Department of Anatomy, School of Basic Medical Sciences, Ningxia 
Medical University, Yinchuan, China

3 Center for Reproductive Biology and Health, College of Agricultural 
Sciences, The Pennsylvania State University, University Park, PA, USA

4 Department of Otorhinolaryngology, The Second Affiliated Hospital, 
Mudanjiang College of Medicine, Mudanjiang, China

5 Department of Pharmacology, Mudanjiang College of Medicine, 
Mudanjiang, China

6 Department of Basic Psychological, Mudanjiang College of Medicine, 
Mudanjiang, China

†Equal contributors.

Corresponding authors:
Ying Wang, Institute of Neural Tissue Engineering, Professor of 
Anatomy, Mudanjiang College of Medicine, Tongxiang St, Aimin 
District, Mudanjiang, Heilongjiang 157011, China. 
Email: yingwang2016@sina.com

Chun-Mei Li, Department of Basic Psychological, Mudanjiang College 
of Medicine, Tongxiang St, Aimin District, Mudanjiang, Heilongjiang 
157011, China. 
Email: pretty_926@163.com

980136 TEJ0010.1177/2041731420980136Journal of Tissue EngineeringLi et al.
research-article2020

Original Article

https://uk.sagepub.com/en-gb/journals-permissions
https://journals.sagepub.com/home/tej


2 Journal of Tissue Engineering  

Introduction

Peripheral nerve injury (PNI) is a global health concern, as 
neuromuscular targeting and recovery of function is often 
unsatisfactory for patients despite the regenerative capac-
ity of peripheral nerves. The poor target reinnervation is 
primarily a result of too few regenerating axons, dimin-
ished trophic support and aberrant guidance of the axons 
that do regenerate.1,2 Further complicating proper regen-
eration of peripheral axons is the degree of damage to the 
nerve and the need to repair or place a graft, often acellular 
nerve allografts (ANAs) to bridge a nerve gap in severe 
injuries. To aid in regeneration through ANAs, bone mar-
row stromal cell (BMSC) transplantation into the graft has 
been one promising approach to improve axonal regenera-
tion and functional recovery. BMSCs exhibit many charac-
teristics that are beneficial for transplantation including a 
rapid replication period and minimal immune response by 
the host tissue. In demonstration of other positive aspects 
of BMSCs in such therapy is the differentiation capacity 
toward Schwann cell lineage and the production and secre-
tion of various neurotrophic factors.3,4

Of the neurotrophic factors, brain derived neurotrophic 
factor (BDNF) is one the most studied and therapeutically 
beneficial for axon regeneration in peripheral nerves. In 
the nerve, BDNF is produced and secreted by transformed 
Schwann cells, and imparts axon elongation through bind-
ing and activation of the tropomycin receptor kinase B 
(TrkB) on regenerating axons. In this regard, BDNF is a 
multifunctional neurotrophic factor that has both neuro-
protective and regenerative influence on neurons and glial 
cells in the peripheral and central nervous systems. Local 
treatment with recombinant human BDNF (rhBDNF) on 
the repaired injured nerve enhances early regeneration in 
murine models of peripheral nerve injury.5,6 However, 
some limitations persist concerning the general application 
and specific use of BDNF in promoting sciatic nerve injury 
repair and regeneration. Being a large molecule (13 kD), 
rhBDNF is not capable of effectively crossing the blood-
brain or blood-nerve barrier.7,8 The half-life of rhBDNF is 
relatively short, as well (a maximum of a few hours).9,10 
Experimental use of rhBDNF has previously been admin-
istered high doses,11 which costly and increases potential 
risk of adverse side effects.12–14 Such limitations led to 
identification of small molecules capable of mimicking the 
BDNF mechanism, but with improved selectivity and ther-
apeutic control. As 7, 8-DHF is small and can cross the 
blood–brain/blood–nerve barrier in previously published 
experiments, the doses of 7, 8-DHF have been relatively 
low, and have exhibited no serious adverse side effects. 
Thus, 7, 8-DHF was appealing as an alternative to rhBDNF 
for enhancing axon regeneration in transected peripheral 
nerves.15

It has been shown that 7, 8-DHF is a powerful BDNF 
analog and TrkB agonist, inducing robust activation of 

TrkB in the mouse brain16 and is neuroprotective under 
toxic neural environments involving oxidative and exci-
totoxic stress.17 7, 8-DHF activates the TrkB receptor, 
and upregulates the downstream extracellular signal-reg-
ulated kinase (ERK1/2) pathway in hippocampal neurons 
as well as primary rat retinal ganglion cells (RGCs).18,19 
Activation of Erk1/2 promote axon regeneration,20 cells 
differentiation,18 and survival,21 and these effects were 
mostly blocked by application of a specific ERK inhibi-
tor, U0126.

Previous studies have also demonstrated a neuroprotec-
tive effect from overexpressing BDNF in BMSCs-for 
treatment and repair of spinal cord injury and stroke.22,23 
For example, overexpressing BDNF enhances transplanted 
BMSC survival in a contused spinal cord, increases synap-
tic plasticity and neurogenesis via neuroprotective or/and 
angioprotective effects. Nevertheless, the influence and 
mechanism of 7, 8-DHF on BMSCs remain unclear. In 
light of these evidences, we hypothesize that 7, 8-DHF 
activates ERK1/2 signaling pathway via TrkB in BMSCs, 
subsequently promoting BMSCs proliferation, differentia-
tion, and survival. Therefore, 7, 8-DHF therapy combined 
with transplantation of BMSCs in an ANA optimize axon 
regeneration, target musculature reinnervation, recovery 
of function following PNI (Figure 1). In the present study, 
we tested this combined treatment for repairing a sciatic 
nerve gap, to assess possible benefits to BMSC survival 
post-transplantation, axon regeneration, functional recov-
ery, and possible mechanisms responsible for any docu-
mented therapeutic benefits.

Materials and methods

BMSC isolation and culture

In preparation of BMSCs for use in the study, BMSCs 
were obtained from adult female mice and cultured in 
standard culture medium consisting of Dulbecco’s modi-
fied Eagle’s medium (DMEM) with 10% fetal bovine 
serum (FBS, ThermoFisher Scientific, Pittsburgh, PA, 
USA) as described previously.3 In brief, bone marrow was 
removed from the marrow cavity of dissected mouse long 
bones and the isolated cells were centrifuged in culture 
medium. The supernatant was removed and cells in the 
pellet were re-suspended in standard culture medium and 
cultured in a humidified 37°C incubator containing 5% 
CO2 for 48 h. Cells that did not adhere to the culture dish 
were removed. Next, fresh medium was replaced every 
3 days in the adherent cells, and the cells at this stage were 
labeled passage 0 (P0). To expand the isolated cell culture, 
once the cells achieved 85% confluence, the cells were 
detached from the culture dish using trypsin and split to 
new culture plates. This process was repeated two to three 
more times, and passage 4 BMSCs seeded in culture plates 
were used in all associated experiments in the study.
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To identify and confirm the status of the cultured 
BMSCs, the cells were fixed with 4% (wt/vol) paraformal-
dehyde (PFA) 30 min at room temperature (RT), blocked 
for non-specific binding and immunolabeled with anti-
CD29 (Armenian hamster monoclonal; 1:200) anti-CD90 
(human monoclonal; 1:200), anti-CD45 (rat monoclonal; 
1:200) and anti-CD34 antibodies rat Monoclonal; 1:200; 
ThermoFisher) overnight at 4°C. The next day, appropriate 
FITC-conjugated secondary antibodies (1:200; goat poly-
clonal; Sigma-Aldrich, St. Louis, MO, USA) were incu-
bated with the primary antibody-labeled cells for 1 h at RT, 
followed by labeling of nuclei with DAPI (1:200; Sigma). 
The labeled slides were then imaged using an Olympus 
BX41 epifluorescent microscope. Cells treated with phos-
phate-buffered saline (PBS) only (0.01 M, pH 7.4) was the 
experimental negative control, and the ratio of FITC+ cells 
to all DAPI-labeled cells was calculated to determine purity 
of BMSCs.

Treatment of BMSC with 7, 8-DHF

The compound 7, 8-DHF was purchased from Sigma 
(⩾98%). 7, 8-DHF was dissolved in PBS with 17% dime-
thyl sulfoxide (DMSO). BMSCs were seeded into 6-well 
culture plates at a density of (2 × 107 cells/well) and cul-
tured to ~90% confluence. BMSCs were treated with 7, 
8-DHF using an optimal concentration of 500 nMol/L, as 
determined in a previous study, for 72 h.24 Fresh culture 
medium was replaced, and the BMSCs were separated into 
four experimental groups: (1) a negative control (NC) 
group, treated with medium only, (2) cells treated with 7, 
8-DHF, (3) 7, 8-DHF + U0126 group, the cells were 
treated with 7, 8-DHF and U0126 (selective inhibitor of 
ERK1/2 signaling, 5 μM, Sigma-Aldrich, St. Louis, MO, 
USA), and (4) BDNF group, the cells were treated with 
human recombinant BDNF (159 nMol/L, Sigma).18 
Following the treatment period, protein was isolated from 
the BMSCs for ELISA and Western blot analysis.

ELISA analysis

ELISA was performed as described in prior studies.21 In 
brief, the supernatant from the conditioned medium all 
groups of cells were collected and quickly frozen at −80°C. 
The ELISA kit (R&D Systems, Minneapolis, MN) was 
used to determine the amount of BDNF protein according 
to the manufacturer’s protocol. The above experiments 
were repeated three times.

Western blot

Protein analysis was performed via Western blot as 
described previously.25 In brief, for our in vitro experi-
ments, each BMSC sample was collected and homoge-
nized after 3 days in the four groups. To assess protein 
expression in vivo, ANAs were isolated from the different 
groups and rapidly frozen on dry ice 4 weeks following 
engraftment. Protein samples (20 μg) were loaded into 
10% SDS-polyacrylamide gels for electrophoresis and 
transferred to polyvinylidene difluoride (PVDF) mem-
branes (Millipore, Bedford, MA, USA). After transfer, the 
membrane was blocked for non-specific labeling with 5% 
skim milk powder for 1 h at RT. We incubated the mem-
branes at 4°C overnight with antibodies targeting TrkB 
(rabbit polyclonal; 1:500), phospho-ERK1/2Thr202, Tyr204 
(mouse monoclonal; 1:1000), total-ERK1/2 (rabbit poly-
clonal; 1:1000), and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) (rabbit polyclonal; 1:500; ThermoFisher) 
as a loading control. Following primary antibody labeling, 
membranes were incubated with a secondary antibody 
conjugated with horseradish peroxidase (HRP) for 1 h at 
RT (goat anti-rabbit or mouse polyclonal; 1:3000; 
ThermoFisher). An enhanced chemiluminescence (ECL) 
kit (GE Healthcare, Little Chalfont, UK) and a Gel Doc 
EQ System with Universal Hood II imaging system 

Figure 1. Schematic overview of 7, 8-DHF induced TrkB 
signaling cascade in BMSCs in ANA. 7, 8 DHF acts on the 
TrkB receptor, the activation of TrkB stimulates downstream 
proliferation, differentiation and survival signaling molecules 
ERK1/2 in transplanted BMSCs in ANA.
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(Bio-Rad, Hercules, CA, USA) were used to observe and 
image positive labeling. The membrane images were then 
analyzed using the accompanying Gel Doc software.

BMSC proliferation assay

To determine whether 7, 8-DHF influenced the prolifera-
tion of BMSCs, four BMSC groups were seeded (1.25 × 103 
cells/well) in 96-well plates with fresh culture medium for 
varying periods of time (1, 2, 4, 6, and 8 days). The culture 
medium was changed daily. At each time point, we 
assessed BMSC proliferation/viability using a 3-[4, 
5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bro-
mide (MTT) assay (Promega, Madison, WI, USA) accord-
ing to the manufacturer’s protocol. We added 10 μl of a 
MTT solution (12 mM) into each well and incubated the 
cells for 4 h at 37°C. The absorbance in each well was then 
read at 570 nm using a microplate reader (Thermo, USA). 
The experiment was repeated in triplicate.

Starvation effects on BMSC viability

For determining BMSC viability response to nutrient dep-
rivation, the cells were plated in 96-well plates (1.25 × 106 
cells/well) with DMEM only (no serum) and cultured for 
1, 2, 4, 6, or 8 days.33 The medium was replaced daily, and 
viability of the cells was evaluated with an MTT assay at 
the stated time points. All experimental concentrations 
were assessed in triplicate.

Differentiation of BMSCs into Schwann cell-like 
cells and flow cytometry analysis

To evaluate the effects of 7, 8-DHF on BMSC differentia-
tion, BMSCs were incubated in serum-free DMEM con-
taining 1 mM β-mercaptoethanol (β-ME) (Sigma-Aldrich, 
USA) for 24 h. Then the culture medium was replaced with 
DMEM + 10% FBS and 35 ng/ml all trans-retinoic acid 
(RA) (Sigma-Aldrich) to stimulate differentiation. Three 
days later, the induction medium that consisted of DMEM, 
10% FBS, 5 μM forskolin (Sigma), 200 ng/ml recombi-
nant human heregulin-β1 (HRG) (PeproTech), 10 ng/ml 
basic fibroblast growth factor (bFGF) (R&D Systems), 
and 5 ng/ml recombinant rat platelet-derived growth fac-
tor (PDGF)-AB (R&D Systems) were added for 10 days.21 
Differentiated cells were digested by trypsinization (0.25% 
trypsin) and fixed with 4% paraformaldehyde (PFA), then 
were immunolabeled with primary antibody against S-100 
(1:200; Sigma Aldrich) and DAPI (1:200; Sigma Aldrich). 
Then cells were incubated with a fluorescent goat anti-
rabbit IgG (FITC) (1:200; Sigma Aldrich). The ratio of 
S100+ cells was analyzed using an Olympus BX41 epif-
luorescent microscope. An investigated blinded to the 
treatment conditions performed all analysis.

Labeling of the differentiated BMSCs with the Schwann 
cell marker, S100 was analyzed by flow cytometry. Cells 
were labeled using an antibody against S100 (1:500; Sigma 
Aldrich), and BMSC expression of S100 was assessed by 
using flow cytometer (BD Bioscience).26

Animals

A total of 60 C57BL6 mice (half males and half females) 
weighing ~22 g and 24 adult female CD1 (ICR) mice were 
acquired from the Experimental Animal Center of China 
Medical University (Shenyang, China; Certification No. 
SCXK Liao 2013-0001). Animals were provided ad libi-
tum access to water and food and housed four mice/cage 
maximum. The ICR mice were used as nerve tissue and 
BMSC donors, and C57BL6 mice received the grafts. All 
experiments involving the use of animals were approved 
by the Animal Care and Use Committee of China Medical 
University.

Preparation of ANAs

Preparation of the acellular nerve allografts (ANA) was 
achieved as described previously.27 In brief, we anesthe-
tized 24 CD1 (ICR) mice and harvested 10 mm sciatic 
nerve segments bilaterally spanning from the lumbosacral 
nerve region to terminal branches. The severed ends of the 
48 harvested nerves were fixed followed by incubation at 
4°C with 0.05 M Tris-HCl buffer plus protease inhibitors 
(aprotinin, 0.1 μg/ml; leupeptin, 0.5 μg/ml; pepstatin A, 
0.6 g/ml) for four days. Following this incubation period, 
DNase I and RNase A (5 ng/ml and 1 U/ml, respectively) 
were mixed in Tris-HCl buffer+3% Triton X-100 (pH 7.4) 
for nerve digestion. Digestion lasted 10 h.

PKH26, a fluorescent tracking dye, was applied to 
BMSC cultures before their engraftment in accordance 
with the included instructions (Sigma). The ANA treat-
ment groups were designated as follows: (1) a control 
group with the ANA injected with DMEM only, (2) bilat-
eral microinjections of 7, 8-DHF (500 nMol/side) into the 
ANA.24 A total 5 μl was injected slowly into each side over 
a 1-min period, and the needle placement was maintained 
for one additional minute. Following injection, ANA trans-
plantation was performed, (3) engraftment of the ANA 
with BMSCs; A Hamilton syringe with a 30-gauge needle 
and a microinjector was used to inject 1 × 107 BMSCs in 
5 μl medium at four sites spaced evenly along the ANA. 
Next, the ANAs were placed in culture and incubated in a 
5% CO2 incubator at 37°C for 48 h, and (4) BMSCs +7, 8 
DHF treatment of the ANAs. To perform additional ultras-
tructural analysis, we collected in vitro ANAs or those fol-
lowing 24 h surgery in vivo and fixed them in 2.5% 
glutaraldehyde, post-fixed in 4% (wt/vol) osmium tetrox-
ide (Sigma), followed by dehydration via a graded ethanol 
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series. Then, the ANAs were dried using a critical point 
drier, followed by gold-coating for electron microscopy. 
ANA cross sections were prepared and imaged using a 
scanning electron microscopy (SEM, JSM-T300, Jeol 
Ltd., Tokyo, Japan).

Experimental groups and surgical procedures

All mice were randomly assigned to five groups (12 
mice/group): Group I: ANA + DMEM; Group II: 
ANA+7, 8 DHF; Group III: ANA+BMSCs; Group IV: 
ANA+BMSCs+7, 8-DHF, and Group V: Autograft, 
autologous nerve bridging. Creation of a sciatic nerve gap 
defect and ANA engraftment was performed as previously 
described. In brief, the dorsal surface of the hindlimbs was 
shaved using electric clippers, followed by disinfection of 
the skin with betadine solution and 70% alcohol wipes 
prior to surgery. To anesthetize the mice, the animals 
received intraperitoneal (i.p.) injection of 10 g/L chloral 
hydrate (100 mg/kg) and the right sciatic nerve was surgi-
cally exposed. The sciatic nerve was transected twice at a 
distance of 10 mm between each cut, and the 10-mm nerve 
segment was removed to create a nerve gap. The resulting 
nerve gap was bridged in all five experimental groups of 
mice using one of the described ANA engraftment para-
digms. The nerve gap was repaired with reversed sciatic 
nerve segments taken from nerves from the operative side. 
The ANA was transplanted to bridge the nerve gap using 
9/0 nylon suture to connect the ANA to the proximal and 
distal nerve stumps. Then, the muscles and skin were 
closed, and mice were placed in a home cage on a heating 
pad maintained at 37°C until complete recovery from 
anesthesia. At 1, 24, 48, and 72 h post- surgery, the animals 
received 7, 8-DHF injections (5 mg/kg) (Groups II and IV) 
according to previously described methods.28

HRP retrograde neural tracing

Retrograde tracing was accomplished using HRP-
conjugated cholera toxin B subunit (BHRP). This was per-
formed to label lumbar spinal cord motor neurons 
according to previously established methods.29 In brief, 
26 days after surgery, all animals were anesthetized again 
and the tibialis anterior (TA) muscles were exposed. BHRP 
(2 μl, 0.2%; List Biological, Inc., Campbell, CA, USA) 
was injected with a Hamilton microsyringe and a 25-gauge 
needle across three regions within each muscle. The nee-
dle and microsyringe was connected by polyethylene tub-
ing. BHRP was slowly administered to the muscle tissue 
using a mechanical Microdrive. The syringe and needle 
were left in place for a minimum of 2 min to prevent leak-
age of tracer from the injection site. Using this technique, 
L3-L5 ipsilateral motor neurons were labeled revealing 
detailed neuronal morphology and their dendrite arbors. 
Forty-eight hours following BHRP injection, the animals 
were euthanized with Nembutal (60 mg/kg, i.p.) followed 

by cardial perfusion with saline and an ice-cold fixative 
solution containing 1% paraformaldehyde/1.25% glutaral-
dehyde. The labeled cells were counted in each tissue sec-
tion and the total per animal was calculated. A section not 
incubated BHRP was used as a negative control. All 
described analyses were performed by a blinded investiga-
tor with no knowledge of the treatments or groups.

Immunofluorescence and 
immunohistochemistry

Immunolabeling of cells and tissue sections was performed 
based on our previously described methods.3,25 Briefly, the 
harvested grafted nerve was serially cryosectioned longi-
tudinally or transversely at 25 μm thickness, followed by 
mounting on onto Superfrost Plus slides (ThermoFisher). 
The mounted tissues were incubated with antibodies tar-
geting S100 (rabbit polyclonal; 1:200; Sigma) for labelling 
Schwann cell-myelinated fibers, and neurofilament (NF, 
rabbit polyclonal; 1:200; Sigma) for axonal labeling. Next, 
the tissues were incubated with FITC-conjugated second-
ary antibody (1:200; goat anti-rabbit Polyclonal; Sigma) or 
AlexaFluor 555-conjungated secondary antibody (1:200; 
donkey anti-rabbit polyclonal; ThermoFisher) and imaged 
via epifluorescent microscopy.

The L4-5 spinal cord was dissected and harvested from 
the mice, and 25 μm thick serial cross-sections were 
obtained using a cryostat and mounted on microscope 
slides. The mounted sections were treated with 3% hydro-
gen peroxide solution for 10 min at room temperature to 
quench endogenous peroxidase, followed by three 10 min 
PBS washes. The sections were then blocked for non-spe-
cific labeling using 5% bovine serum albumin (Sigma) in 
PBS for 30 min at 37°C. The sections were then incubated 
overnight at 4°C with rabbit polyclonal anti-BDNF (1:200; 
Abcam, Cambridge, MA, USA), and TrkB (rabbit poly-
clonal; 1:200; ThermoFisher). Next, the sections were 
incubated for one additional hour with biotin-conjugated 
secondary antibody. Secondary antibody signal was 
increased using a Vector Elite ABC kit (ThermoFisher) 
and visualized using 0.02% 3,3′-diaminobenzidine (DAB; 
ThermoFisher).

For negative controls, sections were treated with PBS 
only with all other steps the same as described above. 
MetaMorph software (Molecular Devices, Inc., San Jose, 
CA, USA) was utilized for image acquisition of the tissue 
and integrated optical density (IOD) analysis of the fluo-
rescent signal of positive immunolabeling or the number 
of positive cells. These analyses were performed by a 
researcher blinded to all treatment conditions.

Histologic analysis

The regeneration of injured nerve was assessed using prior 
published histological methods.27,30 Briefly, samples har-
vested from the center of the regenerating ANAs were 
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fixed overnight in a solution of 2% glutaraldehyde and 5% 
sucrose in 0.1 M sodium cacodylate buffer (pH 7.4). The 
next day, the tissues were incubated for 1 h with 4% 
osmium tetroxide solution. Spurr’s epoxy resin was used 
to embed the tissue, and the resin-embedded tissue was 
cured at 70°C. Once cured, the samples were cut into 1 μm 
semi-thin sections. In addition, 70 nm ultra-thin sections 
were also prepared. Toluidine Blue O (1% in sodium 
borate; Sigma) was used to stain semi-thin sections and 10 
random fields were imaged per section from each group to 
evaluate myelinated axons, myelin sheath thickness, and 
diameter of axons using Stereo Investigator software 
(MicroBrightField, Inc., Williston, VT, USA). Ultra-thin 
sections were gathered on copper mesh grids (600 bars/in) 
and counterstained with 4% uranyl acetate in 50% ethanol 
and Reynolds’ lead citrate. The ultra-thin cross sections 
were finally imaged and examined using a Hitachi H600 
electron microscope (accelerating voltage = 80 kV). The 
G-ratio (the inner diameter of the axon/the outer diameter 
of the entire fiber) was calculated using Image J to evalu-
ate the myelination of regenerating axons. At least 100 
myelinated axons were randomly selected for calculation 
in each animal.

Skeletal muscle motor endplate analysis

A muscle tissue was isolated from middle of the TA muscle 
belly 28 days following engraftment, and motor endplate 
densities were analyzed after acetylcholinesterase labeling 
using the Roots-Karnovsky method, as described previ-
ously.31 Briefly, isolated TA muscles were placed in fixa-
tive overnight, followed by transfer 10% w/v sucrose 
phosphate buffer (pH 7.4) for cryoprotection. Next, the 
muscles were washed in distilled water and flash frozen in 
2-methylbutane on dry ice. Muscle tissues were longitudi-
nally sectioned using a cryostat and thaw mounted onto 
SuperFrost glass slides. Acetylcholinesterase labeling of 
motor endplates allowed calculation of their density using 
the Roots-Karnovsky method. Thirty-five muscle fibers 
and 30 endplates per animal were quantified on average at 
500× magnification. Motor endplate number per muscle 
fiber was estimated by quantifying muscle fibers and end-
plates in a 1 mm × 1 mm grid from a randomly selected 
muscle section region (1 sample field/section, 5 sections/
animal). On average, 150 muscle fibers per animal were 
assessed. Fiber and endplate areas were averaged for each 
animal for further analysis.

Electrophysiological assessment of 
neuromuscular function

To evaluate neuromuscular function post-sciatic nerve 
graft, electrophysiological analysis was performed on all 
animals on day 42 prior to euthanasia. For this procedure, 
all mice were anesthetized with pentobarbital (40 mg/kg 
i.p.) and the sciatic nerve was surgically exposed. The 

sciatic nerve was then stimulated at the sciatic notch by 
two needle electrodes and stimulations of 0.05 ms until 
above maximal intensity was reached. Physiological 
responses were defined by amplitudes greater than 0.15 mV 
and latencies less than 25 ms. Small needle electrodes 
were positioned in the plantar and medial gastrocnemius 
muscles to record compound action potentials (CAPs) 
after sciatic nerve stimulation. To visualize evoked action 
potentials, an oscilloscope (Sapphire 4M, Medelec Vickers) 
was utilized, and amplitude measurements from baseline 
to peak and latency to onset were calculated. Then, com-
pound action potential amplitude (CAMP) and latency 
period were recorded.32

Sciatic function index (SFI) assessment

The sciatic function index (SFI) was used to assess 
hindlimb functional ability in sciatic nerve engrafted 
mice.33 SFI assessment was performed weekly after sur-
gery by researchers blinded to animal treatment informa-
tion. Mice hindpaws were colored with ink, and the 
animals were allowed to walk freely through a plastic tun-
nel with paper covering the walkway. Pawprints on the 
paper were analyzed, and the distances between the heel 
and third toe (PL), first and fifth toes (TS), and second and 
fourth toes (ITS) of the hindpaw on surgery side (EPL, 
ETS, and EITS, respectively) and the unaffected contralat-
eral side (NPL, NTS, and NITS, respectively) were calcu-
lated. The following formula was used to calculate SFI: 
SFI = −38.3 × (EPL−NPL)/NPL+109.5 × (ETS−NTS)/
NTS+13.3 × (EITS−NITS)/NITS-8.8.

Statistical analysis

SPSS software (ver. 13.0; SPSS, IL, USA) was used for all 
statistical analyses. All values were expressed as 
mean ± standard deviation (SD). Determination of sample 
sizes was accomplished through calculating the minimum 
animal or assessment number required for adequate statis-
tical power analysis. All experimental groups in the study 
included more than the minimal number of animals indi-
cated by the power analysis. For comparison of data 
between three or more groups, a one-way ANOVA with 
Tukey’s post-hoc test was performed. A p value <0.05 was 
considered statistically significant.

Results

BMSC morphology and phenotype

From passages ranging from 1 to 4, cell morphology was 
consistent with that of BMSCs as observed with a micro-
scope (Figure 2(a)). For BMSC identification confirmation, 
the cells were labeled with either CD29, CD90, CD34, or 
CD45 antibodies, and DAPI was used to label cell nuclei. 
Cells confirmed as BMSCs presented double-labeling with 
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DAPI and cytoplasmic MSC markers CD29 (97.5%) and 
CD90 (98.2%) (Figure 2(b) and (c)). BMSCs showed no 
labeling by hematopoietic stem cell markers CD34 (0.2%) 
or CD45 (0.0%) (Figure 2(d) and (e)).

7, 8-DHF stimulated BMSC TrkB expression 
and Erk phosphorylation in vitro

Compared to the NC group, TrkB expression was signifi-
cantly increased in the 7, 8-DHF, 7, 8-DHF +U0126 and 
BDNF groups (F3, 8 = 74.45, p < 0.001), however, no sig-
nificant difference in TrkB expression was observed among 
cells in the 7, 8-DHF group, 7, 8-DHF +U0126 group and 
BDNF group (Figure 3(a) and (b)). In addition, the ratios of 
p-ERK1/2/t-ERK1/2 expression were elevated in the 7, 8-DHF 
group and BDNF group compared to the NC group, however, 
the upregulation of the p-ERK1/2/t-ERK1/2 expression was 

Figure 2. Characterization of BMSC morphology and phenotype. (a) BMSCs at passage 1, 2, and 4. (b–e) Immunohistochemical 
labeling of BMSCs by antibodies against CD29, CD90, CD34, or CD45 (green) with nuclear co-labeling (DAPI; blue). The merged 
image indicates that BMSCs were double labeled with CD29, CD90, CD34, or CD45 and DAPI. Scale bars = 100 μm.

significantly inhibited by U0126 (F3, 8 = 18.51, p < 0.001) 
(Figure 3(a) and (c)). Furthermore, we found that secreted 
BDNF levels were significantly increased in the BDNF 
group compared with other three groups, and no significant 
differences in BDNF expression among NC, 7, 8-DHF, 
and 7, 8-DHF +U0126 group (F3, 8 = 35.77, p < 0.001) 
(Figure 3(d)). Our results indicate 7, 8-DHF upregulated 
TrkB expression and enhanced downstream Erk phospho-
rylation similar to the BDNF group, and 7, 8 -DHF acti-
vates the Erk phosphorylation was almost completely 
blocked by application of U0126.

7, 8-DHF promoted BMSCs proliferation and 
survival in vitro

We assessed cell proliferation using a 3-(4, 5-dimethylthi-
azolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) assay. 
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BMSC proliferation was significantly increased at day 8 in 
the 7, 8-DHF group and BDNF group compared with the 
NC group and 7, 8-DHF +U0126 group (F3, 8 = 12.97, 
p < 0.001) (Figure 4(a)).

To determine the effects of 7, 8-DHF on the survival of 
BMSCs, BMSCs in the BDNF, 7, 8-DHF and NC groups 
were nutrient-deprived by culture in DMEM without 
serum. An MTT assay also indicated that BMSC survival 
was significantly higher in the 7, 8-DHF group and BDNF 
group compared to the NC group and 7, 8-DHF +U0126 
group at days 2, 4, 6, and 8 (2 days: F3, 8 = 12.63, p < 0.01; 
4 days: F3, 8 = 29.74, p < 0.001; 6 days: F3, 8 = 7.837, p < 0.01; 
8 days: F3, 8 = 9.942, p < 0.01) (Figure 4(b)).

The observed results indicate that treatment with 7, 
8-DHF promotes BMSC proliferation and survival, and 
mimics the effect of BDNF treatment. These effect of 7, 
8-DHF was mostly blocked by application of U0126.

7, 8-DHF improved Schwann-like cell 
differentiation of BMSCs

Ten days following induction, the BDNF group, 7, 8-DHF 
group and 7, 8-DHF +U0126 group exhibited a greater 
ratio of S100+ cells than the NC group. Moreover, the 
ratio of S100+ cells in the 7, 8-DHF group was greater in 

comparison to the 7, 8-DHF +U0126 group, no significant 
differences in the ratio of S100+ cells between the 7, 
8-DHF and BDNF groups (F3, 12 = 39.95, p < 0.001) 
(Figure 4(c) and ((d)). The number of surviving cells was 
also elevated in the BDNF group, 7, 8-DHF group and 7, 
8-DHF +U0126 group compared to the NC group, and the 
number of surviving cells in the 7, 8-DHF group was 
greater in comparison to the 7, 8-DHF +U0126 group, no 
significant differences in surviving cells between the 7, 
8-DHF and BDNF groups (F3, 12 = 34.00, p < 0.001) 
(Figure 4(c) and (e)). Furthermore, flow cytometry showed 
that the proportions of S100 labeling in the NC, 7, 8-DHF, 
7, 8-DHF +U0126 and BDNF groups were 26.77%, 
45.84%, 34.88%, and 48.69%, respectively (Figure 4(f)).

These findings indicate that 7, 8-DHF enhances sur-
vival and Schwann-like cell differentiation of BMSCs, and 
the results were comparable to that of the BDNF group, 
which was partially blocked by application of U0126.

Structure of 7, 8-DHF +BMSCs-ANA and 
bridge ANA to the nerve gap

To evaluate the contents of the ANA at the ultrastructural 
level, SEM images of the ANA cross-sections showed that 
axons and myelin sheaths were deficient, while the 

Figure 3. 7, 8-DHF stimulates TrkB and the downstream Erk phosphorylation. (a) Representative Western blots of TrkB 
expression and p-ERK1/2 to t-ERK1/2 expression ratios in four groups of cultured BMSCs shown at 3 days in vitro (n = 4). Graphs 
from the respective analyses represent the relative density of labeling as a measure of expression for these markers (b, c). ELISA 
analysis determined BDNF levels secreted from the four groups of BMSCs at 3 days in vitro (n = 3) (d). Error bars = SD. *p < 0.05, 
versus NC group. Data were analyzed with a one-way ANOVA followed by Tukey’s post hoc test.
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Figure 4. 7, 8-DHF enhances BMSC proliferation, survival and Schwann-like cell differentiation. (a) Four BMSC groups were 
incubated for 1, 2, 4, 6, or 8 days at 37°C and 5% CO2. An MTT assay was used to assess cell proliferation. (b) Four BMSC groups 
were incubated with DMEM lacking serum for 1, 2, 4, 6, or 8 days. An MTT test was used to assess cell viability. The experiment 
was repeated three times. (c) Immunofluorescence images show S100+ cells labeled in green, and cell nuclei labeled in blue. 
Graphs represent that quantification and analysis of the ratio of S100+ cells (d) and the number of surviving cells (e). (n = 4). Scale 
bars = 100 μm. Error bars = SD. *p < 0.05, **p < 0.01, versus NC group, #p < 0.05 versus 7, 8-DHF group. The data were analyzed 
with a one-way ANOVA followed by Tukey’s post hoc test. (f) Flow cytometry showed that the proportions of SCs markers S100 
in four BMSC groups.



10 Journal of Tissue Engineering  

well-ordered endoneurial tubes stayed intact (Figure 5(a)). 
The nerve defect was bridged with a surgical engraftment 
of an ANA (Figure 5(b)), and 24 h post-surgery, fluores-
cence microscopy of nerve cross-sections indicated 
abundant red PKH26-labeled BMSCs within the ANA 
(Figure 5(c)).

7, 8-DHF promoted myelinated axon 
regeneration and transplanted BMSCs survival 
in regenerating ANAs

To evaluate axon regeneration, myelination, and survival 
of transplanted BMSCs in the regenerating ANA, longitu-
dinal ANA sections were analyzed microscopically via 
immunohistochemical labeling (Figure 6(a)). BMSCs 
observed within the ANA in the ANA+BMSCs+7, 8-DHF 
treatment exhibited significantly elevated PKH26+ labe-
ling in comparison to the ANA+BMSCs group; however, 
no PKH26+ BMSC labeling was detected in the ANA or 
ANA+7, 8-DHF groups (F3, 20 = 51.37, p < 0.001) 
(Figure 6(b)).

In assessment of whether transplanted BMSCs could 
differentiate into Schwann-like cells in vivo, we evaluated 
the extent of differentiated cells as indicated by double 
labeling between PKH26 and S-100 in the ANA+BMSCs 
+7, 8-DHF groups. This co-localization was minimal in 
both the ANA+BMSCs and ANA+BMSCs+7, 8-DHF 
groups. These findings confirm that the differentiation of 
BMSC into Schwann-like cells was not influenced by 7, 
8-DHF within the nerve grafts.

Intensity quantification of S-100 labeling revealed that 
significantly increased levels of peripheral myelin was 
observed in the ANA+BMSCs+7, 8-DHF and ANA+ 
BMSCs groups compared to the ANA and ANA+7, 
8-DHF groups. Furthermore, S-100 labeling was signifi-
cantly elevated in the ANA+BMSCs+7, 8-DHF group in 
comparison to the ANA+BMSCs group. No difference in 
expression was observed in the ANA and ANA+7, 8-DHF 
groups (F3, 20 = 49.52, p < 0.001) (Figure 6(c)). Our results 
indicate that 7, 8-DHF+BMSCs treatment improves 
BMSC survival and promotes regeneration of myelinated 
axons in ANAs.

7, 8-DHF+BMSCs enhanced myelinated fiber 
and axon regeneration in regenerating ANAs

To assess the number and myelination quality of axons 
within the ANAs, toluidine blue staining and TEM was 
performed. These techniques demonstrated that the num-
ber of myelinated axons, myelin thickness, axon diameter 
and G-ratio in the ANA+BMSCs and ANA+BMSCs+7, 
8-DHF groups were increased in comparison to the ANA 
and ANA+7, 8-DHF groups. The number of myelinated 
axons, axon diameter, and G-ratio calculated in the 
ANA+BMSCs+7, 8-DHF group was significantly greater 
compared to the ANA+BMSCs group; however, there 
was no clear difference in myelinated axon number, mye-
lin thickness, axon diameter or G-ratio between the 
ANA+BMSCs+7, 8-DHF group and the autograft 
group. Also, no differences were apparent between the 
ANA and ANA+7, 8-DHF groups, though a trend of 
increase was observed in the ANA+7, 8-DHF group 
(myelinated fiber number: F4, 35 = 29.29, p < 0.0001; thick-
ness of myelin sheath: F4, 35 = 39.05, p < 0.0001; axon 
diameter: F4, 35 = 66.95, p < 0.0001; G-ratio: F4, 35 = 35.95, 
p < 0.0001) (Figure 7(a)–(e)).

Peripheral axon regeneration into the ANAs was ana-
lyzed by quantifying the number of neurofilament+ 
(NF+) axons present in transverse sections in the middle 
of ANA. We found that NF+ labeling within in the mid-
dle of the ANA exhibited a similar pattern of change 
under different treatment conditions (F4, 35 = 29.24, 
p < 0.001) (Figure 7(a) and (f)). The results revealed that 
7, 8-DHF+BMSCs enhanced fiber myelination and axon 
regeneration into regenerating ANAs.

7, 8-DHF+BMSCs enhance the number of 
target muscle motor endplate

To determine whether 7, 8-DHF+BMSC treatment of 
ANA could promote TA muscle motor function recovery, 
motor endplate density in the TA muscle was analyzed 
post-injury (Figure 7(a)). Motor endplate number was 
increased in the ANA+BMSCs and ANA+BMSCs+7, 
8-DHF groups compared to the ANA and ANA+7, 8 DHF 

Figure 5. Structure of 7, 8-DHF+BMSCs-ANA and an ANA bridge only to repair a nerve gap. (a) Scanning electron micrographs 
(SEM) of the ANA cross sections. (b) ANAs were stitched to bridge both stumps of the sciatic nerve gap with 9-0 nylon sutures. 
(c) Fluorescence microscope observation of the cross sections showed that PKH26 labeled BMSCs (red) in the middle of ANA 24 h 
after surgery. Scale bar = 10 μm (a), 2 mm (b), 100 μm (c).
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Figure 6. 7, 8-DHF+BMSCs significantly increased S-100 (myelinated fiber) expression and survival of transplanted BMSCs using 
PKH26 labeling in regenerating ANAs.
Representative immunofluorescence images of S-100 labeling (green) and a red fluorescent tracking dye, PKH26, labeling BMSCs in longitudinal ANA 
cryosections sections from all four ANA transplant groups 28 days post-surgery, the high magnification inserts of boxed area of interest shows that 
red labelled BMSCs do not co-localize much with green S100 staining (n = 6 mice/group) (a). Number of PKH26+ cells (b), S-100 protein expres-
sion and (c) immunohistochemical labeling for S-100. Error bars = SD. *p < 0.001, versus ANA group, #p < 0.001 versus ANA+7, 8-DHF group, 
and △p < 0.01 versus ANA+BMSCs group. Data were analyzed with a one-way ANOVA followed by Tukey’s post hoc test. Scale bars = 100 μm or 
20 μm (boxed area).
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Figure 7. 7, 8-DHF+BMSCs promoted axonal myelination and regeneration in engrafted ANAs, and increased the number of 
target muscle motor endplates. (a) Histologic photomicrographs of toluidine blue staining, and transmission electron microscope 
(TEM) analysis of axon and myelinated fibers in regenerating ANAs of the five treatment groups. Representative immunofluorescent 
images for neurofilament (NF) labeling (red) in cross sections at the center of ANAs; Images show the motor end plate in a 
longitudinal section of TA muscle from the injured side. Retrograde HRP labeling of ipsilateral L3-L5 ventral horn motor neurons 
from TA muscles was used to evaluate motor axon regeneration. Images show HRP-labeled ventral horn motor neurons from each 
treatment group. Quantification of myelinated fiber number (b), myelin sheath thickness (c), axon diameter (d), G-ratio (e) and NF 
protein expression (f) in the center of the ANAs, the motor end plate number per TA muscle fiber (g) and number of HRP-labeled 
motor neurons detected in the L3-L5 spinal cord (h) are shown (n = 8). Error bars = SD. *p < 0.01, versus ANA group, #p < 0.05 
versus ANA+7, 8-DHF group, and △p < 0.01 versus ANA+BMSCs group, ▽p < 0.01 versus ANA+BMSCs+7, 8-DHF group. Data 
were analyzed with a one-way ANOVA followed by Tukey’s post hoc test. Scale bars = 20 μm, 2 μm (TEM), 100 μm (HRP).
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groups. Also, motor endplates were significantly decreased 
in the ANA+BMSCs group compared with the ANA+ 
BMSCs+7, 8-DHF group, and there were increased end-
plate numbers in the autograft group compared with 
ANA+BMSCs+7, 8-DHF group (F4, 35 = 72.90, p < 0.001) 
(Figure 7(g)). The results strongly indicate a significant 
positive influence of 7, 8-DHF on neuromuscular motor 
endplates following engraftment of a BMSC-embedded 
ANA to repair the sciatic nerve.

HRP-labeled motor neurons were significantly increased 
in the other treatment groups in comparison to the ANA-
only group (Figure 7(a)). Also, HRP+ motor neurons in the 
ANA+BMSCs+7, 8-DHF and ANA+BMSCs groups 
were increased compared to the ANA+ 7, 8-DHF group. 
Motor neuron were also increased in the autograft group 
compared to the ANA+BMSCs+7, 8-DHF group; how-
ever, no significant difference was identified between 
the ANA+BMSCs+7, 8-DHF and ANA+BMSCs groups 
(F4, 35 = 84.18, p < 0.001) (Figure 7(h)). Our results showed 
that 7, 8-DHF+BMSCs promoted reinnervation of TA 
muscle post-injury and repair.

The combination 7, 8-DHF+BMSCs 
significantly upregulated BDNF and TrkB 
expression, as well as ERK1/2 phosphorylation 
in regenerating ANA and spinal cord

To elucidate a possible mechanism of treatment by 7, 8 
DHF+BMSCs in nerve regeneration, we assessed 
expression of the TrkB, p-ERK1/2, t-ERK1/2 in ANA 
tissues (Figure 8(a)). The ANA+BMSCs+7, 8 DHF, 
ANA+BMSCs and ANA+7, 8-DHF groups exhibited a 
dramatic increase in TrkB and p-ERK1/2/t-ERK1/2 
expression in the graft in comparison to the ANA-only 
group. Particularly, TrkB and p-ERK1/2/t-ERK1/2 expres-
sion in the ANA+7, 8 DHF group and ANA+BMSCs+7, 
8-DHF group was significantly upregulated compared to 
the ANA+BMSCs group, and there were increased TrkB 
and p-ERK1/2/total-ERK1/2 expression in the ANA+ 
BMSCs+7, 8-DHF group compared with ANA+7, 8 DHF 
group, however, no significant differences in TrkB and 
p-ERK1/2/total-ERK1/2 between the ANA and Autograft 
groups (TrkB: F4, 10 = 45.77, p < 0.0001; p-ERK1/2/t-
ERK1/2: F4, 10 = 95.85, p < 0.001) (Figure 8(b) and (c)). 
Additionally, BDNF expression in secretions was increased 
in the ANA+BMSCs and ANA+BMSCs+7, 8-DHF 
groups compared to the ANA, ANA+7, 8 DHF and 
Autograft groups, however, no significant difference in 
BDNF expression was observed between the ANA+BMSCs 
and ANA+BMSCs+7, 8-DHF groups (F4, 10 = 14.54, 
p < 0.0001) (Figure 8(d)).

Next, we assessed BDNF and TrkB expression in the 
L3-5 ventral horn of spinal cord tissues. The results of 
immunofluorescence staining showed that BDNF and 
TrkB were located in the cytoplasm of motor neurons in 

the anterior horn of the spinal cord (Figure 9(a)). The num-
ber of BDNF or TrkB-positive neurons in the spinal cord 
were similar to expression patterns observed in the different 
groups (BDNF: F4, 20 = 84.24, p < 0.001; TrkB: F4, 20 = 138.3, 
p < 0.001) (Figure 9(b) and (c))

These results indicate that injured nerve repair using 
ANA grafts injected with 7, 8-DHF+BMSCs upregulates 
TrkB levels in the ANA and spinal cord in addition to 
p-ERK1/2/t-ERK1/2 phosphorylation in regenerating 
ANAs. We believe 7, 8 DHF+BMSCs can promote axonal 
myelination though strengthening the survival of BMSCs 
by stimulates TrkB and the downstream ERK phosphoryl-
ation signaling pathway in ANA and spinal cord.

7, 8-DHF+BMSCs significantly improves motor 
functional recovery of regenerating ANAs

Electrophysiology was utilized to assess neuromuscular 
integrity and nerve conductance. This analysis was repre-
sented using the CMAP index. CMAP amplitude is 
dependent on the number of innervated muscle fibers. 
Latency to onset of action potentials indicated the extent 
of myelination and axon size (Figure 10(a)). Six weeks 
post-surgery, CMAP values were significantly increased 
in several groups compared to the ANA group. Such val-
ues in the ANA+BMSCs+7, 8-DHF group were signifi-
cantly increased in comparison to the ANA+BMSCs and 
ANA+7, 8-DHF group. Furthermore, CMAP levels in 
the ANA+BMSCs group were significantly increased 
compared to the ANA+7, 8-DHF group. CMAP in the 
autograft was significantly increased in comparison to 
that observed in the ANA+BMSCs+7, 8-DHF group 
(F4, 35 = 1171, p < 0.001) (Figure 10(b)). Meanwhile, the 
latency period in the ANA+BMSCs+7, 8 DHF and 
ANA+BMSCs groups was significantly downregulated 
compared to the ANA group and ANA+7, 8-DHF group. 
Furthermore, the latency period in the ANA+BMSCs+7, 
8 DHF was decreased compared to the ANA+BMSCs 
groups. In addition, no significant difference in the latency 
period was observed between the Autograft and 
ANA+BMSCs+7, 8-DHF groups (F4, 35 = 117.8, p < 0.001) 
(Figure 10(c)).

Next, sciatic nerve function was assessed using the sci-
atic function index (SFI). At 28, 35, 42 days post-surgery, 
SFI value was markedly increased in other groups com-
pared with the ANA and ANA+ 7, 8-DHF groups. The SFI 
score in the ANA+BMSCs+7, 8-DHF group was signifi-
cantly increased compared to the ANA+BMSCs group, 
and was comparable to the autograft group. No significant 
difference was observed between the ANA and ANA+ 7, 
8-DHF groups (28 days: F4, 35 = 33.77, p < 0.001; 35 days: 
F4, 35 = 53.02, p < 0.001; 42 days: F4, 35 = 34.69, p < 0.001) 
(Figure 10(d)). These data demonstrate that 7, 8-DHF+ 
BMSCs promotes significant benefits for improving motor 
function recovery.
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Figure 8. 7, 8-DHF+BMSCs significantly increased BDNF and TrkB expression, as well as Erk phosphorylation in regenerating 
ANAs. (a) Representative Western blots of TrkB, p-ERK1/2 and t-ERK1/2 expression in harvested ANA tissues from the five 
treatment groups 28 days post-injury. Error bars = SD. Graphs from the respective analyses represent the relative density of TrkB, 
p-ERK1/2/t-ERK1/2 protein expression (b, c). ELISA analysis determined BDNF levels secreted from harvested ANA tissues in 
the five treatment groups (d). The experiment was repeated three times. *p < 0.01, versus ANA group, #p < 0.01 versus ANA+7, 
8-DHF group, and △p < 0.01 versus ANA+BMSCs group. Data were analyzed with a one-way ANOVA followed by Tukey’s post 
hoc test.

Discussion

In the present study, we confirmed that a combination of 
7, 8-DHF and BMSC injections into ANAs promote 
enhanced sciatic nerve regeneration and motor function 
recovery. This is the first study combining these two treat-
ment approaches for enhancing outcomes following nerve 
graft in effort to repair the transected peripheral nerve. It 
is now well accepted that acellular nerve allografts (ANA) 
are an effective surgical approach for the repair of dam-
aged peripheral nerves. However, there are still limita-
tions that impede complete axon regeneration and optimal 
target muscle innervation, which has major implications 
for the extent of functional recovery following nerve 
engraftment.

In our recent study, BMSCs engineered to overexpress 
Krüppel-like Factor 7 (KLF7) improved axon regeneration 
and repair of the injured nerve when injected into an ANA 
for engraftment into the injured nerve3 and KLF7 also pro-
motes such benefits in central nervous system injury.34–36 
Prior to this, we found that Schwann cells transfected to 

over express KLF7, and KLF7 in general, also imparted 
benefits for successful repair and regeneration of the sci-
atic nerve following engraftment.34,35 Through our studies, 
and those of others, the mechanism by which KLF7 pro-
moted these benefits likely involved increased neuro-
trophic factor expression, growth cone formation, and 
axonal myelination.35 The small-molecule, 7, 8-DHF, is a 
TrkB agonist also known to promote axon regeneration 
following peripheral nerve injury,15 as well as neurite 
extension and neuroprotection in models of central nerv-
ous system injury.24,28,37 As we found that BDNF was one 
of the key neurotrophic factors that influenced nerve repair 
and axon regeneration in our prior studies, it was logical to 
test the efficacy of 7, 8-DHF in our model of sciatic nerve 
allograft in combination with BMSCs engraftment.

After confirming our successful isolation and culture of 
BMSCs in vitro, we proceeded with testing whether 7, 
8-DHF would act on BMSCs through the anticipated TrkB 
mediated mechanism. Since 7, 8-DHF is a TrkB agonist, 
we then confirmed that the small molecule stimulated 
signaling via TrkB in BMSCs in vitro. However, it remains 
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unclear whether 7, 8-DHF affects BDNF expression. Our 
results show that 7, 8-DHF does not increase BDNF secre-
tion levels in BMSCs and 7, 8-DHF mimics several BDNF 
functions; however, at present 7, 8-DHF does not seem 
able to influence BDNF secretion in BMSCs. However, 7, 
8 DHF can bind to the TrkB receptor and activate down-
stream signaling elements in a manner similar to that pro-
duce by BDNF, and the activation of TrkB receptor 
pathway results in the activation of Erk1/2. This was con-
firmed via observation that 7, 8-DHF activates ERK1/2 
signaling pathway via TrkB activation instead of promot-
ing BDNF secretion.38 A recent study on the effects of 7, 
8-DHF treatment on TrkB and downstream signaling in an 
experimental model of intracerebral hemorrhage con-
firmed our result that 7, 8-DHF promoted Akt phospho-
rylation through TrkB activation, which was associated 
with a neuroprotective effect of the drug in that injury 
model.39 However, Erk1/2 was phosphorylation was not 
enhanced by 7, 8-DHF. These results corroborated find-
ings observed in a traumatic brain injury study38 as well as 

an in vitro motor neuron neuroprotection study40 involving 
7, 8-DHF as a therapy. On the contrary, 7, 8-DHF pro-
moted neuroprotection in a hypoxia-ischemia retinal injury 
model via TrkB and Erk1/2 phosphorylation and activation 
which involved Muller glial cell regeneration.41 It has 
been suggested that BDNF-mediated TrkB and Erk1/2 
activation regulates IL-6 production among other 
cytokines in BMSCs,42 so perhaps the mechanisms of 
TrkB activation by 7, 8-DHF in BMSCs in our study, and 
the resultant Erk1/2 phosphorylation, is cell type depend-
ent. Enhancement of Erk activity is associated with pro-
motion of cell proliferation, survival, and differentiation. 
These effects were mostly blocked by application of 
U0126, which we observed in BMSCs in vitro following 
7, 8-DHF treatment, which provides some explanation for 
the involvement of MAPK signaling post-treatment in 
BMSCs. Since the greatest elevation of these signaling 
pathways was observed both in the graft and in the lumbar 
spinal cord, this indicates that the peripheral ANA with 
BMSCs and 7, 8-DHF stimulated a physiologic response 

Figure 9. 7, 8-DHF+BMSCs enhanced expression of BDNF and TrkB in ventral horn neurons of the spinal cord. Representative 
immunohistochemical labeling for BDNF and TrkB in the L3-L5 region ipsilateral to the side of surgery (a). Quantification of the 
number of BDNF or TrkB-labeled neurons in the L3-L5 spinal cord ventral horn (b, c) from each group (n = 5). Error bars = SD. 
*p < 0.01, versus ANA group, #p < 0.01 versus ANA+7, 8-DHF group, and △p < 0.01 versus ANA+BMSCs group. Data were 
analyzed with a one-way ANOVA followed by Tukey’s post hoc test. Bars = 200 μm.
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of neurons in the spinal cord. However, if cytokine produc-
tion is a key outcome of Erk1/2 phosphorylation in our 
study, further research is necessary to clarify why and how 
this response is important for the observed beneficial 
results in our nerve injury and repair model.

Our findings that 7, 8-DHF promoted BMSCs survival 
and proliferation in vitro helps explain why we saw 
increased transplanted BMSC in the ANA of the 7, 
8-DHF+BMSC group. This is important, as cellular sur-
vival is always a concern in studies involving transplanta-
tion of cells into a new environment. However, few 
differentiated cells with double labeling of PKH26 and 
S100 was observed in the ANA in two BMSCs transplanta-
tion groups. This confirmed minimal differentiation of 
BMSCs to Schwann-like cells in vivo, which suggested 
that BMSC-mediated induction may not have been a major 
contributor to myelinated axon regeneration in our study. 
Furthermore, this effect may be attributable to the produc-
tion of neurotrophic factors by BMSCs.3 Since we know 
that BMSCs promote axonal growth and myelination in 
ANAs from our previous research,3 this observed positive 
influence of 7, 8-DHF on the engrafted BMSCs in ANAs 
in this study suggested enhanced this effect over BMSC 
engraftment into ANAs alone. This is in fact what we 
observed. We measured myelination through S100 

labeling and light and electron microscopy and found that 
ANA +7, 8-DHF+BMSCs enhanced the number of 
myelinated fibers, myelin thickness, and G-ratio over 
ANA+BMSCs alone. We also found that axon number 
was increased in this combination treatment group. As in 
previous studies,43,44 the G-ratio following BDNF treat-
ment of regenerating nerve was greatest in the 7, 8-DHF 
group. However, the myelinated axons and myelin thick-
ness following BDNF treatment in those studies were sim-
ilar to those in the 7, 8-DHF group in present study. The 
primary rationale and explanation for this phenomenon is 
that the time point we observed was earlier than those in 
previous studies. Moreover, the SFI value of 7, 8-DHF 
group in our study was superior to that of BDNF + PLGA 
group at 4 weeks after surgery in another previous study.45 
These findings indicate that 7, 8-DHF enhances myelin 
regeneration as well as functional recovery, and serve as an 
alternative to BDNF.

Based on our results showing influence on cell replica-
tion and viability, it seems likely that 7, 8-DHF could be 
modulating Schwann cell survival in the ANA, secretion 
of regeneration-promoting trophic factors, and production 
of myelin which would improve conduction of signals 
through the newly regenerated axons. BDNF is known to 
promote such outcomes in Schwann cells and injured 

Figure 10. 7, 8-DHF+BMSCs significantly improved recovery of motor function and regenerating ANAs. Electrophysiological 
index (a), including the compound action potential amplitude (CAMP) (mV) and (b) latency (ms) (c) in ANAs from each treatment 
group 6 weeks after surgery (n = 8). Analysis of the sciatic function index (SFI) (d), and Error bars = SD. *p < 0.01, versus ANA 
group, #p < 0.01 versus ANA+7, 8-DHF group, △p < 0.01 versus ANA+BMSCs group. Data were analyzed with a one-way 
ANOVA followed by Tukey’s post hoc test.
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peripheral nerve and axons, and that this effect was found 
to be mediated through upregulation of the purinergic 
P2X4 receptor (P2X4R) on Schwann cells and in the 
injured peripheral nerve.46 This upregulation in Schwann 
cells was shown to promote motor axon regeneration and 
Schwann cell myelination through promoting upregulated 
BDNF secretion by affected Schwann cells. As 7, 8-DHF 
acts similarly to BDNF, perhaps 7, 8-DHF acts directly on 
Schwann cells to promote these reparative benefits. It 
could also be a result of increased BDNF secretion by 
BMSCs exposed to 7, 8-DHF. As the possible cellular and 
molecular mechanisms by which the benefits are observed 
are numerous, it is likely that the TrkB agonist affects vari-
ous cells and components in and around the ANA to pro-
mote the regenerative and myelination benefits documented 
in the present study.

Looking distally to the neuromuscular interface and sci-
atic functional index analyses, the results support the poten-
tially Schwann cells mediated influence on regenerating 
axons and myelination, and possibly through effects on 
BMSCs in the ANA+7, 8-DHF+BMSCs treatment, as 
ANA+7, 8-DHF alone does not achieve the same positive 
results. We found that in the ANA+7, 8-DHF+BMSCs 
treatment group, motor endplates were significantly 
increased over all other treatment groups, as well as SFI 
scores over time. We also saw through retrograde labeling 
of the motor neuron soma that soma size dendritic arbor 
was increased in response to the ANA+7, 8-DHF+BMSCs 
treatment of the injured sciatic nerve. As BDNF is known 
to promote motor neuron survival and ameliorate degenera-
tive effects on motor neurons,47,48 it may be that increased 
BDNF secretion by Schwann cells or BMSCs acted on 
regenerating neurons to induce protection or regeneration 
in the motor neuron soma. If this is possible, then it is also 
possible that 7, 8-DHF was directly triggering this effect or 
it is a combination of both BDNF and 7, 8-DHF that is 
required for these central neuronal benefits from a periph-
eral treatment. Our previous report49 demonstrated retro-
gradely transported NT-3 from sciatic nerve could remodel 
lumbar neural circuitry after thoracic spinal cord injury 
(SCI). We hypothesized that 7, 8-DHF or/and BDNF treat-
ment of the sciatic nerve led to the retrograde transportation 
of TrkB to the lumbar motor neurons (MNs), resulting in 
increased TrkB-mediated signaling in the MNs, lumbar 
MNs dendritic regrowth, and promote MNs survival fol-
lowing SCI. Additional research is necessary to help eluci-
date exactly how the ANA+7, 8-DHF+BMSC group 
exhibited such beneficial effects, though our findings indi-
cate BDNF and TrkB upregulation by motor neurons in the 
lumbar spinal cord in response to the combination treat-
ment ANA graft is a possible mechanism.

Conclusion

The administration of both BMSCs and the TrkB agonist, 
7, 8-DHF into an acellular nerve allograft prior to its 

engraftment showed promising therapeutic effects through 
enhancing regeneration and myelination in injured sciatic 
nerve. In addition, neuromuscular innervation and func-
tional outcomes were also improved by this combination 
therapy compared to other treatments in our study. We 
believe the present study establishes a foundation for fur-
ther mechanistic investigations into how the treatments 
promoted specific outcomes, and also, how to modulate 
the combination of BMSCs and 7, 8-DHF in an ANA for 
optimal regeneration and recovery following nerve graft 
repair of the injured sciatic nerve. This study is limited as 
it did not elucidate long-term functional recovery role (ie, 
8 weeks, 12 weeks) of combined treatment in vivo after 
PNI, which requires further investigation.
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