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Introduction
The successful treatment of brain, spinal cord, and periph-
eral nerve damage remains a challenging problem. Current 
treatment approaches, including autologous nerve grafts, are 
seriously limited by the lack of suitable donors (Siemionow 
and Sonmez, 2007; Houle et al., 2009; Ibarra and Martinon, 
2009). New research using pluripotent stem cells and the de-
velopment of tissue engineering technologies have revitalized 
the treatment of nerve damage (Rossi and Keirstead, 2009a; 
Neubauer et al., 2010; Cullen et al., 2011; Wang et al., 2013). 
Alternative treatments are being actively investigated, such as 
the creation of graft substitutes through the techniques of tis-
sue engineering (Welin et al., 2008; Subramanian et al., 2009).

Human bone marrow mesenchymal stem cells (BMSCs) 
have an extensive capacity for self-renewal and the poten-
tial to differentiate into neuronal cells (Rossi and Keirstead, 
2009b; Wang et al., 2010). The in vitro cultivation of neural 
cells derived from the differentiation of BMSCs on suitable 
biomaterial scaffolds may prove to be clinically useful (Neu-
bauer et al., 2009; Subramanian et al., 2009). Therefore, more 
physiological tissue engineered nerve alternatives may be cre-
ated by culturing and differentiating a patient’s own self-de-
rived BMSCs into neural cells on compatible biomaterial 
scaffolds (Dezawa, 2002; Wang et al., 2008). Several studies 
have reported that BMSCs can be easily obtained from pa-
tients (Jiang et al., 2002; Gnecchi and Melo, 2009) and suc-
cessfully differentiated into neural cells in vitro (Sanchez-Ra-
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mos et al., 2000; Prabhakaran et al., 2009). Many biomaterial 
scaffolds for use in nerve tissue engineering (Subramanian 
et al., 2009) have been reported (Hudson et al., 2004a, b; Hu 
et al., 2007). These materials have demonstrated chemical 
and physical stability, and are also biocompatible. Howev-
er, many developmental challenges remain to be addressed 
before they are ready for clinical application. Based on the 
reported properties of these materials, the biocompatibility 
and safety of matrices of animal-origin are well established 
(Rennekampff, 2009). Biomaterials made from allogeneic and 
xenogeneic acellular dermal matrices have been widely used 
in the clinical treatment of burns (Rennekampff, 2009; Xiao 
et al., 2009a) and in other conditions where skin replacement 
is required (Xiao et al., 2009a, b; Burns et al., 2010). Similarly, 
bovine acellular dermal matrix has been developed into com-
mercialized products and used in clinical applications for ab-
dominal wall reconstruction (Wietfeldt et al., 2009), chronic 
diabetic foot ulcers (Kavros, 2012; Kavros et al., 2014), skin 
grafting (Neill et al., 2012), and breast reconstruction (Lullove, 
2012). However, to our knowledge, no study has yet reported 
the use of fetal bovine acellular dermal matrix as a scaffold 
for the differentiation of BMSCs into neuronal cells in vitro. 
The research presented here provides important experimen-
tal evidence of neurogenesis caused by the differentiation of 
BMSCs into neuronal cells on fetal bovine acellular dermal 
matrix in vitro, in addition to a theoretical basis for the de-
velopment of a biological scaffold from fetal bovine acellular 
dermal matrix for tissue engineered nerves.

Fetal bovine acellular dermal matrix, which is derived from 
the skin of bovine fetuses, is a native extracellular matrix 
with favorable biochemical properties. Bovine fetuses are a 
valuable tissue resource because a large number of them are 
discarded as waste during the preparation of fetal bovine 
serum. Therefore, the tissue resources of bovine fetuses were 
developed in the present study. Previously, our group was 
able to successfully cultivate infant skin cells and Vero cells on 
fetal bovine acellular dermal matrix (data not reported) and 
to show that fetal bovine acellular dermal matrix is remark-
ably compatible with those cell types. The aim of the present 
study was to assess fetal bovine acellular dermal matrix as a 
scaffold for the culture and induction of BMSCs, and their 
subsequent differentiation into neuronal cells during the gen-
eration of a tissue engineered nerve construct.

Materials and Methods
Materials
Human BMSCs were purchased from Thermo Fisher Sci-
entific (HyClone CET Stem Cells, Waltham, MA, USA). 
They had been isolated from human red bone marrow that 
was collected during a bone marrow aspiration procedure 
by Cellular Engineering Technologies (CET, Coralville, IA, 
USA). The neural differentiation medium was HyClone Ad-
vance STEM neural differentiation medium containing 12% 
HyClone Advance STEM cell growth supplements and 1% 
of 100 × antibiotic/antimycotic solution. The basal medium 
was HyClone Advance STEM basal medium for undiffer-
entiated human MSCs containing 1% of 100 × antibiotic/
antimycotic solution and 12% HyClone Advance STEM cell 
growth supplement. These media, as well as Dulbecco’s phos-

phate-buffered saline and HyQtase, were purchased from 
Thermo Scientific. The neurite outgrowth Hitkit (Cellomics, 
Pittsburgh, PA, USA) included the neurite outgrowth prima-
ry antibody (a mouse monoclonal IgG antibody against neu-
rite outgrowth in a wide range of mammalian species) that 
specifically labels both neurites and neuronal cell bodies, a 
secondary antibody (Goat anti-mouse IgG conjugated to Al-
exa Fluor 488), neurite outgrowth buffer (10 ×), wash buffer 
(10 ×), and Hoechst dye. A mouse anti-neuron-specific βIII 
tubulin antibody was purchased from R&D Systems (Min-
neapolis, MN, USA). Buffered glutaraldehyde solution (2%) 
was prepared by bringing 23.83 g of hydroxyethyl piperazine 
ethanesulfonic acid in 40 mL of 50% glutaraldehyde up to a 
volume of 1 L with distilled water (pH 7.0). A 1–2% osmium 
tetroxide solution was prepared from 4 mL of 4% osmium 
tetroxide, 4 mL of 0.4 mol/L hydroxyethyl piperazine eth-
anesulfonic acid (pH 7.0), and 8 mL of distilled water. Cell 
culture plates and flasks were Nunc brand (Thermo Fisher).

Fetal bovine acellular dermal matrix was prepared at the 
Key Laboratory for Biotechnology at the Northwest Universi-
ty for Nationalities in China, from the skins of 3–5-month-old 
healthy bovine fetuses. The harvested skins were mechanically 
scraped and treated successively with acid, alkali, and enzy-
matic digestion to remove the epidermis, subcutaneous layers, 
and associated cells, using conventional methods. Next, the 
skins were tested to ensure that all DNA had been removed. 
Then, they were cut into small swatches and freeze-dried. 
These swatches were sterilized with γ-irradiation at a dose of 
18 kGy. To ensure proper preparation, after eliminating cell 
fragments and testing the biocompatibility, sample swatches 
were embedded in paraffin, sectioned, stained with hematox-
ylin-eosin. Other samples were prepared for scanning elec-
tron microscopy and were co-cultured with Vero cells.

Culture and seeding of BMSCs
The BMSCs were cultured in basal medium at 37°C in a hu-
midified atmosphere containing 5% CO2 for 6 days, and the 
culture medium was changed every 2 days. When the cell 
monolayers reached 80–90% confluence, they were detached 
using HyQTase (Thermo Scientific) and dispersed into a single 
cell suspension by gentle pipetting. The cells were then counted 
and their vitality was assessed using trypan blue in a Beckman 
hemocytometer (Beckman Coulter, Inc., Brea, CA, USA).

Prior to cell seeding, the 18 kGy γ-irradiated, freeze-dried 
fetal bovine acellular dermal matrix swatches were cut into 
0.8 cm × 0.8 cm pieces and subjected to ultraviolet radiation 
for 15–20 minutes in a laminar flow hood. The pieces were 
then placed into the wells of 4- or 24-well cell culture plates 
and soaked in 1 mL of basal medium for 1 hour. After as-
pirating the media, approximately 20,000 cells were seeded 
into the wells directly on to the fetal bovine acellular dermal 
matrix or into control wells without fetal bovine acellular 
dermal matrix. The plates were incubated at 37°C for 1 
hour to allow the cells to attach to the fetal bovine acellular 
dermal matrix, and then 1.5 mL of fresh basal medium was 
added to each well. Finally, the plates were placed in a hu-
midified incubator (Thermo Fisher Scientific) at 37°C with 
5% CO2. The media were replaced with 1.5 mL of fresh basal 
medium every other day.
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Neuronal differentiation induction
BMSCs were cultured in basal medium for 2, 3, 4, or 17 days. 
After the wells were washed, the BMSCs were incubated in 
neural differentiation medium for 3–31 days. The 1.5 mL of 
medium was replaced every 2 days.

Monitoring and verifying neuronal differentiation
The growth and morphology of the cells from each group 
were continuously monitored using inverted phase contrast 
microscopy, and they were photographed with an Axio 
CamHR3/FinePixF40fd camera. The cell body width and 
length or neurite length were measured with Adobe Photo-
shop CS4 image analysis software (Adobe Systems Inc., San 
Jose, CA, USA).

To identify neuronal cells among the differentiated BMSCs 
after culture in neural differentiation medium for 3 to 12 
days, samples, including control cells, were fixed in 1 mL of 
fixation solution containing 4% formaldehyde and 0.05% 
Hoechst dye at room temperature for 40 minutes. The cells 
were then stained using the neurite outgrowth HitKit (Ther-
mo Fisher Scientific) and observed using confocal laser scan-
ning microscopy at wavelengths of 494 nm for Alexa Fluor 
488 (to show the neurite outgrowth primary antibody) and 
350 nm for the Hoechst dye (to show the nuclei). Alexa Fluor 
488-labeled secondary antibody was used without a primary 
antibody as a negative control.

To verify the neurite outgrowth primary antibody, sam-
ples were prepared in the same manner as for the neurite 
outgrowth HitKit, except the primary antibody was replaced 
with 300 µL of mouse neuron-specific βIII tubulin antibody.

Visualization of cell morphology by scanning electron 
microscopy
The morphology of BMSCs grown on fetal bovine acellular 
dermal matrix in basal medium and neural differentiation 
medium was examined using scanning electron microscopy 
after the cells were cultured for 12–34 days. The fetal bovine 
acellular dermal matrices with attached cells were rinsed 
three times with PBS and fixed in 2% buffered glutaralde-
hyde solution for 24 hours. Next, they were rinsed three 
times with 0.1 mol/L hydroxyethyl piperazine ethanesulfonic 
acid buffer for 5 minutes each, soaked in 1–2% osmium 
tetroxide for 1 hour, and rinsed three more times with 0.1 
mol/L hydroxyethyl piperazine ethanesulfonic acid buffer. 
They were then dehydrated in increasing ethanol concen-
tration baths (50%, 70%, 95%, 100%) twice for 10 minutes 
each. Finally, the scaffolds with attached cells were treated 
with hexamethyldisilazane and air-dried in a fume hood 
overnight. The dried samples were mounted on aluminum 
stubs, sputter-coated with 20 nm of gold-palladium, and 
examined using an S-4000 scanning electron microscope 
(Hitachi, Tokyo, Japan).

Cell morphology detected by hematoxylin-eosin and 
toluidine blue staining
The morphology of BMSCs grown on fetal bovine acellular 
dermal matrix in basal medium and neural differentiation 
medium was examined using horizontal and vertical paraffin 

sections stained with hematoxylin-eosin and toluidine blue 
after 34 days of culture. The tissue was fixed, dehydrated, and 
embedded in paraffin as previously described (Kucherenko 
et al., 2011). Histological sections were prepared and stained 
with hematoxylin-eosin or toluidine blue (0.12 %).

Statistical analysis
All data were expressed as the mean ± SD and were analyzed 
with paired t-tests using SPSS 11.0 software (SPSS, Chicago, 
IL, USA). P < 0.05 was considered statistically significant. 
Additional statistical analysis was performed using Graph-
pad PRISM Version 5.0 software (GraphPad Software Inc., 
La Jolla, CA, USA).

Results
Appearance and structure of fetal bovine acellular dermal 
matrix
The dehydrated fetal bovine acellular dermal matrix ap-
peared similar to white paper, with a thickness of 60–200 µm 
depending on the gestational age of the source fetus (Figure 
1A). After rehydration in water for 1 minute, it became thin, 
soft, and translucent. Fetal bovine acellular dermal matrix 
resists tearing, can be easily cut into desired shapes and sizes, 
and can be sutured onto wounds. Pores of 3–10 µm were 
observed by scanning electron microscopy in the intact base-
ment membrane of the fetal bovine acellular dermal matrix 
(Figure 1B). A network structure of woven fibers where the 
basement membrane was damaged during the preparation 
process (Figure 1C) was also seen. The woven fibers were 
predominately collagen, as confirmed using paraffin sections 
and hematoxylin-eosin staining (Figure 2A). The Vero cells 
grew well, and their cell viability was more than 90% at 20 
days after being seeded on the fetal bovine acellular dermal 
matrix (data not shown).

Morphology of BMSCs grown in basal medium
The morphologies of BMSCs grown in basal medium with 
or without fetal bovine acellular dermal matrix were differ-
ent, as assessed by inverted phase contrast microscopy. The 
cells cultured in basal medium without fetal bovine acellu-
lar dermal matrix, a non-induced negative control, showed 
irregular diamond-shaped morphology (Figure 3A) until 
10–25 days of culture, at which point they grew into a dense 
single layer (Figure 3B, C). The cells that were cultured in 
basal medium with fetal bovine acellular dermal matrix 
grew around (Figure 3D, 5E) and on the surface of the fetal 
bovine acellular dermal matrix (Figure 1D, 5A), and showed 
a regular elongated fibroblast-like morphology with a com-
mon growth orientation. However, because of the self-re-
newal and multiple differentiation potential of BMSCs, they 
proliferated and spontaneously differentiated after 34 days in 
culture (Li et al., 2005; Xin et al., 2007; Tondreau et al., 2008; 
Wang et al., 2010a Takeda et al., 2012). The fetal bovine acel-
lular dermal matrix with attached cells displayed stratified 
growth (Figure 1E), with both neural-like cells (Figure 1F) 
and vascular-like differentiation (Figure 1G). Compared 
with the original fetal bovine acellular dermal matrix (Figure 
1A), the structure of the fetal bovine acellular dermal matrix 
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was changed during culture (Figure 1H).
The average relative length of cell bodies (Figure 4A) 

of cells growing with fetal bovine acellular dermal matrix 
(CBtR) and the control cells without fetal bovine acellular 
dermal matrix (CCtrol) in basal medium for 11 days were 
significantly different (P < 0.0001). The average relative 
widths of the cell bodies (Figure 4B) were also slightly dif-
ferent between the cells growing with fetal bovine acellular 
dermal matrix (CBtR) and the control cells without fetal 
bovine acellular dermal matrix (CCtrol) in basal medium 
for 11 days (P < 0.05). Together, these results indicate that 
fetal bovine acellular dermal matrix has an effect on the 
elongation of cell bodies, perhaps by inducing cytoskeletal 
rearrangement.

Induction of neuronal morphology using neural 
differentiation medium
BMSCs were induced to differentiate into neuronal cells on 
fetal bovine acellular dermal matrix in neural differentia-
tion medium. Following exposure to the induction medium 
for 24 hours, the morphology of the BMSCs changed. As 
shown in Figure 3E, G, H, and K, the cell morphology was 
transformed into that of neuronal cells over 2, 7, 11, and 22 
days of exposure to neural differentiation medium for cells 
cultured without fetal bovine acellular dermal matrix as a 
positive control after being cultured in basal medium for 3 
days. These findings indicated that the neural differentiation 
medium induced changes in the cell morphology of BMSCs, 
giving them the appearance of neuronal cells. Figure 3F, I, 
and J show the cell morphology over 2, 11, and 22 days of 
exposure to neural differentiation medium for cells cultured 
with fetal bovine acellular dermal matrix after being cul-
tured in basal medium for 3 days. The cell morphologies of 
cells cultured with and without fetal bovine acellular dermal 
matrix were different. The cell morphology of BMSCs ex-
posed to neural differentiation medium for 22 days on fetal 
bovine acellular dermal matrix after being cultured in basal 
medium for 3 days is shown in Figure 3L–P. The differenti-
ated neuronal cells formed a nerve network on the surface 
of the fetal bovine acellular dermal matrix. After trypsiniza-
tion and then re-culturing, these cells still showed a typical 
neuronal cell morphology (Figure 6), suggesting that the 
neuronal phenotype of differentiated cells was stable. Com-
pared to the morphology of the induced differentiated cells 
that grew on the surface of the fetal bovine acellular dermal 
matrix (Figure 3L–P), the morphology of the cells that grew 
around the fetal bovine acellular dermal matrix (Figure 3I,  J) 
and without the fetal bovine acellular dermal matrix (Figure 
3H, K) were clearly different, even in the same experimental 
conditions: BMSCs cultured in basal medium for 3 days and 
then induced in neural differentiation medium for 11 to 22 
days. The cells differentiated on fetal bovine acellular dermal 
matrix (Figure 3L–P) extended neurites and connected with 
each other, forming a neural network-like structure. Howev-
er, the bodies of the cells that were induced to differentiate 
without fetal bovine acellular dermal matrix were larger and 
their neurites were shorter (Figure 3K) than those with the 
matrix (Figure 3H). The neurites of the cells grown around 

the fetal bovine acellular dermal matrix were shorter and 
even disappeared (Figure 3J) after induction for 22 days. 
These findings suggested that fetal bovine acellular dermal 
matrix was involved in the induction of neuronal differenti-
ation. Further, the appearance of the network on the surface 
of the fetal bovine acellular dermal matrix indicated that it 
provides a surface for the maturation of neurons, the exten-
sion of neurites, and the formation of a nerve network.

The scanning electron microscopy images of cells cultured 
with fetal bovine acellular dermal matrix in basal medium 
and induced with neural differentiation medium are shown 
in Figure 1D–T. The BMSCs grown on fetal bovine acellular 
dermal matrix remained undifferentiated, showing a fibro-
blastic phenotype for 12 days (Figure 1D) in basal medium. 
The BMSCs in basal medium for 3 days and then neural 
differentiation medium for 9 days showed neuronal mor-
phology similar to a unipolar neuron, as shown in Figure 1I. 
When induced in basal medium for 3 days and then neural 
differentiation medium for 31 days, the fetal bovine acellular 
dermal matrices with attached cells became a multilayered 
neural network-like structure, as shown in Figure 1J–O, 
with long nerve fibers composed of several parallel microfi-
bers (Figure 1N, O), neuronal cells forming complete neural 
circuits comprised of dendrite-dendrite to axon-dendrite 
to dendrite-axon synapses, and dendrite spines and growth 
cones with filopodia (Figure 1L–M). When induced in basal 
medium for 17 days and then neural differentiation medium 
for 17 days on fetal bovine acellular dermal matrix, the dif-
ferentiated BMSCs formed a crisscross neural network (Fig-
ure 1P, S, T) on the surface of the matrix and inside formed 
network connections (Figure 1Q, R; longitudinal section). 
Panel R is a higher amplification of panel Q that displays the 
synaptic connections and dendritic spines. The long smooth 
axons, growth cone, and the axon-dendrite and axon-body 
synaptic connections of the neural network formation are 
shown in Figure 1S, T.

The structure of the fetal bovine acellular dermal matrix 
using hematoxylin-eosin stained paraffin sections is shown 
in Figure 2A, which confirms that the woven fibers were pre-
dominately collagen. Although the BMSCs cultured in basal 
medium for 34 days on the surface of the fetal bovine acellular 
dermal matrix assumed different cell phenotypes, the secreted 
extracellular matrix they secreted was still predominately col-
lagen (Figure 2B) as assessed by hematoxylin-eosin staining. 
This result suggests that the BMSCs self-renew and differen-
tiate along multiple lineages when cultured on fetal bovine 
acellular dermal matrix in basal medium over a long period.

However, compared to the non-induced cells in basal medi-
um for 34 days, the cells induced in basal medium for 3 days 
and then neural differentiation medium for 31 days showed 
typical neuronal phenotype. The toluidine blue stained par-
affin sections clearly showed that such cells differentiated into 
a typical neuronal phenotype, both when cultured on and 
inside the fetal bovine acellular dermal matrix. The cells were 
large, showing a large round nucleus (light blue staining) 
located in the center of the cell, and a large round nucleolus 
located in the center of nucleus (dark blue staining). The cy-
toplasm was filled with blue basophilic Nissl bodies (Figure 
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2C, D), which supports the morphological characteristics of 
nerve cells with a measure of functional activity.

Identification of neuronal cells
The differentiation of BMSCs into neuronal cells on fetal 
bovine acellular dermal matrix was further evaluated by im-
munocytochemistry and confocal microscopy using a neu-
ron-specific primary antibody against neurite outgrowth, 
which specifically labels both neurites and neuronal cell 
bodies from a wide range of mammalian species, as well as a 
neuron-specific βIII tubulin primary antibody labeled with a 
fluorescent secondary antibody. The morphological changes 
were observed following exposure of BMSCs to the neuronal 
induction media for 24 hours. However, the expression of 
neuronal markers was not detected until 3 to 12 days after 
induction.

The confocal microscopy images of BMSCs cultured on 
the surface of or around the fetal bovine acellular dermal 
matrix in basal medium for 12 days, which were induced 
in basal medium for 3 days and then neural differentiation 
medium for 9 days, are shown in Figure 5. The phenotypical 
features of neurons generated from the differentiated cells 
were distinguishable, including unipolar or bi/multipolar 
elongations and the formation of a neural network-like 
structure on the fetal bovine acellular dermal matrix. In 
addition, the cells expressed neuronal specific neurite out-
growth proteins and βIII tubulin.

Interestingly, the bi/multipolar elongations of most of 
the differentiated neuronal cells cultured on the surface of 
the fetal bovine acellular dermal matrix (Figure 5B, C, G) 
were longer than those of the cells cultured without the fe-
tal bovine acellular dermal matrix (Figure 5D, H, positive 
control). In addition, the neural network-like structure on 
the surface of the fetal bovine acellular dermal matrix was 
more obvious than that assembled without the fetal bovine 
acellular dermal matrix, as shown in Figure 5B, C, G com-
pared with Figure 5D, H. This comparison shows the same 
result as is shown in Figure 3, where the cells were induced 
in basal medium for 3 days and then neural differentiation 
medium for 22 days. These results suggest that BMSCs 
grown on fetal bovine acellular dermal matrix and induced 
using neural differentiation medium can differentiate into 
neuronal cells and that fetal bovine acellular dermal matrix 
promotes neurite outgrowth and supports the formation of 
a neural network-like structure. In contrast, minimal differ-
ences in the phenotype of BMSCs cultured on fetal bovine 
acellular dermal matrix or with fetal bovine acellular dermal 
matrix in basal medium and a weak positive reaction for 
both neurite outgrowth (Figure 5A, E) and neuron-specific 
βIII tubulin antibodies (Figure 5F) were observed. More-
over, there appeared to be much stronger staining with the 
neurite outgrowth primary antibody (No-Ab) than with the 
α-neuron-specific βIII tubulin antibody, suggesting that the 
neuronal specific neurite outgrowth proteins may be more 
highly expressed in differentiated neuronal cells than βIII 
tubulin at the time assayed. The images in Figure 5I, J show 
a higher number of differentiated No-Ab-positive cells af-
ter culture on fetal bovine acellular dermal matrix in basal 

medium for 4 days and then neural differentiation medium 
for 5 days than after culture in basal medium for 2 days and 
then neural differentiation medium for 7 days. This suggests 
that culturing for 2 additional days in basal medium on fetal 
bovine acellular dermal matrix was beneficial for BMSC pro-
liferation. However, neuronally differentiated cells proliferate 
slowly or stop proliferating altogether.

In the induced condition (basal medium for 4 days and 
then neural differentiation medium for 5 days), the differ-
entiated cells displayed the unipolar and bi/multipolar mor-
phology of neurons as assessed by confocal microscopy (Fig-
ure 5J). The BMSCs induced in basal medium for 4 days and 
then neural differentiation medium for 6 days differentiated 
into pyramidal cells and cerebellum Purkinje’s cells, which 
expressed neuronal-specific proteins (Figure 5K, L).

Discussion
A biocompatible scaffold, suitable neural cell source, and ap-
propriate biochemical conditions are the basic requirements 
for the development of autologous nerve substitutes that 
may be able to restore, maintain, or improve nerve tissue 
function (Prabhakaran et al., 2009). In the present study, we 
proposed the use of fetal bovine acellular dermal matrix as a 
biocompatible scaffold, autologous BMSCs as the cell source, 
and a neural differentiation medium to induce the creation 
of three-dimensional autologous nerve substitutes in vitro.

Fetal bovine acellular dermal matrix, derived from the 
skin of bovine fetuses, is a native extracellular matrix with a 
collagen mesh structure as confirmed by hematoxylin-eosin 
staining (Figure 2A). BMSCs are capable of neuronal differ-
entiation (Song et al., 2012; Hu et al., 2013; Liu et al., 2013). 
The results show that the BMSCs grown on fetal bovine 
acellular dermal matrix and induced for long periods of time 
with neural differentiation medium differentiated into cells 
with the typical neuron morphology, including a multilay-
ered neural network-like structure with long nerve fibers.

Nissl bodies are a type of basophilic material within the 
cytoplasm with the main function of protein synthesis. Nissl 
bodies are closely related to the functional ability of neurons 
and can be used as status marker for neurons. The cytoplasm 
of the differentiated cells was filled with blue basophilic 
Nissl bodies, indicating that the differentiated cells were 
functionally active neuronal cells (Price and Porter, 1972). 
The cytoplasm of those differentiated cells, as seen in par-
affin sections, was clearly filled with toluidine blue stained 
basophilic Nissl bodies, which supported the morphological 
classification of the nerve cells with an indicator of function.

The results suggest that fetal bovine acellular dermal ma-
trix acts as a scaffold to support the proliferation and differ-
entiation of BMSCs when cultured in basal medium and in-
duced in neural differentiation medium, thereby suggesting 
the possibility of using fetal bovine acellular dermal matrix 
scaffolds with a patient’s own BMSC-differentiated neuronal 
cells as a transplant to treat nerve injury. Moreover, the fetal 
bovine acellular dermal matrix provides both biological and 
mechanical support for the differentiation of BMSCs, en-
hancing neurogenesis (or nerve regeneration).

The data also suggest that fetal bovine acellular dermal 
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matrix, when used as a biological scaffold, is capable of sup-
porting human BMSC differentiation into functional neu-
rons and the subsequent formation of a tissue engineered 
nerve. The number of differentiated cells derived from the 
BMSCs cultured on fetal bovine acellular dermal matrix, in 
basal medium for 4 days and then in neural differentiation 
medium for 5 days, was greater than when the cells were 
cultured in basal medium for 2 days and then neural differ-
entiation medium for 7 days. In addition, the morphology 

of the cells differentiated from BMSCs on the surface of fetal 
bovine acellular dermal matrix was more obviously neuro-
nal than that of those cultured without fetal bovine acellular 
dermal matrix under the same induction conditions, as seen 
by confocal microscopy. These data reinforce the idea that 
the collagen in the fetal bovine acellular dermal matrix regu-
lates cell proliferation and function and supports the neuro-
nal differentiation of BMSCs.

Here, we found that cells differentiated on fetal bovine 

Figure 1 Cell morphology and the network formed (scanning electron microscopy). 
BMSCs were grown on FBADM either non-induced in basal medium for 12–34 days (spontaneous differentiation) or induced in basal medium 
for 3 days and then neural differentiation medium for 9 days, basal medium for 3 days and then for 31 days, or basal medium for 17 days and then 
neural differentiation medium for 17 days. (A–C) The structure of the FBADM. (A) A longitudinal section. (B) The surface of the FBADM with an 
intact basement membrane. (C) The surface of the FBADM with a damaged basement membrane. (D) Of the non-induced cells cultured in basal 
medium for 12 days on FBADM, most grew parallel to the flat surface. (I) The cells induced in basal medium for 3 days and then neural differentia-
tion medium for 9 days on FBADM, showing the long processes of typical neurons, an uplifted cell body, and unipolarity. (E–H) The non-induced 
cells cultured in basal medium for 34 days on FBADM showing proliferation, spontaneous differentiation, and stratified growth (E); neuronal-like 
differentiation (F); vascular-like differentiation (G); and matrix morphology changes (H) compared with the structure of the original (A). (J–O) 
The BMSCs were induced in basal medium for 3 days and then neural differentiation medium for 31 days on FBADM, showing (J) the stratified 
growth of the differentiated cells with FBADM at lower magnification; (K) the differentiated cells connected to each other and into the mesh; (L, M) 
the differentiated cells formed a complete neural circuit with the formation of a growth cone and synaptic connections by dendrites and axons; and 
(N–O) nerve fibers formed by a parallel arrangement of microfibers at high magnification. (P–T) When the BMSCs were induced in basal medium 
for 17 days and then neural differentiation medium for 17 days on FBADM, the differentiated cells formed a crisscross neural network-like struc-
ture on the surface of the scaffold (P) and inside (longitudinal section, Q) a network connection. (R) A higher magnification image of Q displaying 
the synaptic connections and dendritic spines. (S, T) The long smooth axons, growth cone, and axon-dendritic and axon-body synaptic connec-
tions of the neural network-like structure. BMSCs: Bone marrow mesenchymal stem cells; FBADM: fetal bovine acellular dermal matrix.
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acellular dermal matrix formed a neural network-like struc-
ture (Figure 3L–P, Figure 5B, C, G ), but neural-like cells in 
the positive control group, those cultured without fetal bo-
vine acellular dermal matrix, had shortened neurites or lost 
their neurites after induction for 9 to 22 days (Figure 3K, 
Figure 5D, H). These observations suggest that the presence 
of the fetal bovine acellular dermal matrix supported the 
growth and maturation of the neurons.

The morphological changes and neuronal protein expres-
sions were further examined during the differentiation of the 
BMSCs into neuronal cells on the fetal bovine acellular der-
mal matrix scaffolds. BMSCs have a flattened, fibroblast-like 
morphology (Figure 3A). However, after culture in basal 
medium, the morphology of the cells grown on the surface 
of fetal bovine acellular dermal matrix (Figure 1D, 5A) or 
around the fetal bovine acellular dermal matrix (Figure 3D, 

Figure 3 Proliferation and differentiation of BMSCs in the induced and non-induced conditions with or without FBADM (inverted phase 
contrast microscopy, × 200).
(A–C) In the negative control without FBADM where the BMSCs were cultured in basal medium for 5, 10, and 25 days, the cells were dia-
mond-shaped and became long fibroblasts-like cells over time. (D) Of the BMSCs cultured with the FBADM in basal medium for 10 days, most 
of the cells were spindle-shaped and arranged in parallel. Compared to the same culture conditions without the FBADM (B), the cell morphology 
was somewhat different. (E, F) The cells cultured in basal medium for 3 days and then induced in neural differentiation medium for 2 days. In the 
positive control (E) without FBADM, and (F) with FBADM, the cell morphology was changed after induction in neural differentiation medium for 
2 days compared with (A). (G, H, K) Positive controls of the cells induced in basal medium for 3 days and then in neural differentiation medium 
for 7 days (compared to B and D), 11 days (compared to I), and 22 days (compared to C, J, L–P). After the same amount of time in culture, the cell 
morphology was changed in the different conditions, and there were clearly fewer cells in the induced groups than in the non-induced groups. These 
results indicate that the differentiated BMSCs did not proliferate or proliferated slowly. (I, J) In the cells with FBADM induced in basal medium for 3 
days and then neural differentiation medium for 11 days or basal medium for 3 days and then neural differentiation medium for 22 days compared 
to (H) and (K), the cell morphologies after culture with and without the FBADM were different for the same induction conditions. These differences 
in BMSC differentiation between groups cultured with and without the FBADM suggest that FBADM has some effects on the induction of neuronal 
differentiation in BMSCs. (L–P) Compared to conditions without FBADM (K) and the round FBADM (J), the BMSCs induced in basal medium 
for 3 days and then neural differentiation medium for 22 days on the surface of FBADM showed longer neurites that were connected to each other, 
forming a network-like structure. However, the bodies of the cells without FBADM were larger and the neurites were shorter (K) then the positive 
controls (G, H). The neurites of the cells on round FBADM (J) were shorter than in (I), and even disappeared over time. The network-like structure 
on the FBADM indicated that the FBADM provides a platform for the maturation of the neurons, as well as neurite extension and network forma-
tion. In addition, if the cells are not removed, the BMSCs grown on the FBADM will proliferate and spontaneously differentiate in basal medium 
over long-term culture. BMSCs: Bone marrow mesenchymal stem cells; FBADM: fetal bovine acellular dermal matrix.



1975

Feng YP, et al. / Neural Regeneration Research. 2014;9(22):1968-1978.

5E) became elongated and fibroblast-like. This change indi-
cates that fetal bovine acellular dermal matrix has an effect 
on the induction of changes in cell morphology.

Because of their capacity for self-renewal and ability to dif-
ferentiate along multiple lineages, BMSCs play an important 

role in tissue repair. Several reports have suggested that their 
differentiation into bone, cartilage, cardiac myocytes (Jiang 
et al., 2002; Li et al., 2005; Xin et al., 2007), and neuronal 
cells (Prabhakaran et al., 2009; Wang et al., 2010b). The re-
sults presented here of BMSCs cultured on fetal bovine acel-

Figure 2 Structure of the FBADM and cell morphology of BMSCs cultured in basal medium or induced in neural differentiation medium on 
FBADM stained by hematoxylin-eosin or toluidine blue (optical microscopy).
(A) The structure of the FBADM without cells. The woven fibers were predominately collagen, as shown by the hematoxylin-eosin staining of par-
affin sections. (B) Cells were cultured in basal medium for 34 days, and the BMSCs proliferated on the surface of the FBADM, assumed a different 
cell phenotype, and secreted extracellular matrix, predominately collagen, as shown by hematoxylin-eosin staining. The images suggest that BMSCs 
underwent self-renewal and differentiated along multiple lineages on the FBADM in nurturing long-term in basal medium. (C, D) BMSCs cultured 
for 3 days in basal medium and then induced for 31 days in neural differentiation medium on the surface of the FBADM. Arrows show visible Nissl 
bodies in the cell.  Scale bars: 100 μm. BMSCs: Bone marrow mesenchymal stem cells; FBADM: fetal bovine acellular dermal matrix.

Figure 5 Cell morphology of BMSCs cultured with or without FBADM in induced or non-induced conditions (immunofluorescence and 
confocal microscopy).
(A–E, I–L) Neurite outgrowth primary antibody, marked as NO-Ab. (F–H) βIII tubulin primary antibody, marked as βIII-T Ab. (A, E, F) The BM-
SCs cultured on FBADM (A, F) and grown around FBADM (E) in basal medium (BM) for 12 days (non-induced) were parallel with long spindles. 
(B–D, G, H) The BMSCs cultured on FBADM (B, C, G) or without FBADM (D, H) in BM for 3 days and then induced in neural differentiation me-
dium (NDM) for 9 days (induced, BM 3 d + NDM 9 d). (B, C) Some neurite outgrowth primary antibody-positive cells with bi/multipolar elonga-
tions formed a network-like structure on the surface of the FBADM, and they also appeared to express the neuron marker βIII tubulin (G). (I, J) In 
cells cultured for a total of 9 days, but in two different conditions, (BM 2 d + NDM 7d) or (BM 4 d + NDM 5 d), more neurite outgrowth-positive 
cells were found in the latter than in the former. (J) In the induced condition of (BM 4 d + NDM 5 d), the differentiated cells showed the morphol-
ogy of unipolar and bipolar or multipolar neurons. (K, L) Induced in BM 4 d + NDM 6 d, the BMSCs differentiated into cells with the morphology 
of pyramidal cells (K, arrow, × 40) and cerebellum Purkinje’s cells (L, arrow, × 40). These results suggest that BMSCs can differentiate into neuronal 
cells on FBADM after being induced in NDM for 5 to 6 days, and the differentiated neuronal cells can connect with each other via neurites to form a 
neural network-like structure. The FBADM can support the neuronal differentiation of BMSCs and the formation of a neural network-like structure. 
d: Days; NO-Ab: neurite outgrowth antibody; BMSCs: bone marrow mesenchymal stem cells; FBADM: fetal bovine acellular dermal matrix.
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lular dermal matrix in basal medium for 34 days and imaged 
using scanning electron microscopy and histology show that 
the cells assumed several different phenotypes. This demon-
strates that BMSCs have multi-directional differentiation 
potential when cultured on fetal bovine acellular dermal ma-
trix in basal medium, and that fetal bovine acellular dermal 
matrix encourages spontaneous differentiation.

The neuronal differentiation of MSCs has been previously 
reported as a method for cell replacement therapy (Deza-
wa, 2002; Tang et al., 2012; Pan et al., 2013; Xu et al., 2013), 
and many reports are available on the conditions under 
which BMSCs differentiate into neural cells in vitro (Rossi 
and Keirstead, 2009b; Wang et al., 2010b; Cho et al., 2012; 
Tian et al., 2012). Morphological and immunocytochemical 
evaluations have been used to confirm the differentiation of 
MSCs into neuronal cells on electrospun PLCL/Coll nano-
fibers (Prabhakaran et al., 2009). However, to the best of 
our knowledge, neuronal cell maturation and the molecular 
mechanisms responsible for long-term neuronal differentia-
tion remain to be clarified. In addition, we describe here, for 
the first time, the differentiation of MSCs into neuronal cells 
on fetal bovine acellular dermal matrix scaffolds.

In the present study, the basal medium was HyClone 
Advance STEM basal medium for undifferentiated human 
MSCs with 1% of 100 × antibiotic/antimycotic solution and 
12% HyClone Advance STEM cell growth supplement. The 
neural differentiation medium contained HyClone Advance 
STEM neural differentiation medium with 12% HyClone 
Advance STEM cell growth supplement and 1% of 100 × an-
tibiotic/antimycotic solution. Our results were reproducible 
and show stable proliferation and differentiation of BMSCs 
using these media.

The neuronal differentiation of BMSCs on fetal bovine 
acellular dermal matrix was assessed by immunocytochem-
istry and confocal microscopy using both a neuron-specific 
neurite outgrowth primary antibody, which specifically la-
bels neurites and neuronal cell bodies from a wide range of 
mammalian species, and a mouse neuron-specific βIII tubu-

lin primary antibody. The data presented here suggest that 
BMSCs grown on fetal bovine acellular dermal matrix and 
induced in neural differentiation medium differentiated into 
neuronal cells, and that the fetal bovine acellular dermal ma-
trix itself promotes neurite outgrowth and the maturation 
of the neurons differentiated from BMSCs and supports the 
formation of a neural network-like structure.

BMSCs were grown on fetal bovine acellular dermal ma-
trix first in basal medium for 17 days and then induced in 
neural differentiation medium for 17 days, and also in basal 
medium for 3 days and then induced in neural differentia-
tion medium for 31 days. The images of these different reg-
imens show that the fetal bovine acellular dermal matrices 
with attached cells became multilayered neural network-like 
structures with long nerve fibers, composed of several paral-
lel micro-fibers, and neuronal cells, forming a complete neu-
ral circuit comprised of dendrite-dendrite to axon-dendrite 
to dendrite-axon synapses. The dendrite spines and growth 
cone with filopodia were also shown by scanning electron 
microscopy (Figure 1L–M, O–R). The immunohistochemis-
try of the paraffin sections showed neuron-like cells growing 
on and inside the fetal bovine acellular dermal matrix and 
the formation of nerve tissue within 31 days (Figure 2C, D). 
These results suggest that BMSCs differentiated into mature 
neuronal cells because they were able to transmit informa-
tion between themselves.

A comparison of the scanning electron microscopy images 
of the original cells (Figure 1A) with the cells attached to 
the fetal bovine acellular dermal matrix and grown in basal 
medium shows that the cell morphology was changed. The 
structure of the fetal bovine acellular dermal matrix was also 
changed (Figure 1H). Taken together, these effects show that 
the fetal bovine acellular dermal matrix contributes to the 
growth, proliferation, and differentiation of BMSCs and, in 
turn, cell growth on the fetal bovine acellular dermal matrix 
also results in structural changes in the scaffold.

Based on the morphology results for long-term neuronal 
differentiation as assessed by scanning electron microscopy 
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Figure 4 Average relative length and width of the cell body of BMSCs that were cultured in basal medium with or without FBADM. 
(A) The difference in average relative length and (B) width of the cell bodies between BMSCs cultured with FBADM (CBtR) and without FBADM 
(CCtrol) in basal medium for 11 days. The lengths of the cell bodies of cells grown around the FBADM (CBtR) were longer and the widths (CBtR) 
were narrower than those without FBADM (CCtrol). These results suggest that the FBADM may induce the rearrangement of the cell skeleton. 
*P < 0.05, ***P < 0.0001, vs. CCtrol. Data are expressed as the mean ± SD (paired t-test). BMSCs: Bone marrow mesenchymal stem cells; FBADM: 
fetal bovine acellular dermal matrix.
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and immunocytochemical evaluation of paraffin sections, 
we conclude that BMSCs differentiate into neuronal cells on 
fetal bovine acellular dermal matrix and that the induction 
of neuronal differentiation depends on the niche microenvi-
ronment provided by the fetal bovine acellular dermal ma-
trix, basal medium, and neural differentiation medium. The 
release of cytokines by BMSCs when grown on fetal bovine 
acellular dermal matrix in basal medium, including a com-
plex set of growth factors and signaling molecules, also con-
tributes. Fetal bovine acellular dermal matrix may facilitate 
the structural rearrangement of the cells, signal transmission 
between the cells, and neuronal differentiation of BMSCs 
once initiated by the neural differentiation medium. The 
techniques shown in the present study present a better ap-
proach for building useful autologous nerve substitutes than 
many other techniques.

The results of this study suggest that BMSCs can be dif-
ferentiated on fetal bovine acellular dermal matrix scaffold 
into neuronal cells with active protein synthesis. Fetal bovine 
acellular dermal matrix supports the neuronal differentia-
tion of BMSCs in the presence of the growth factors con-
tained in the basal medium and neural differentiation me-
dium, as well as the other cytokines and signaling molecules 
that are presumably released from BMSCs when being cul-
tured in basal medium and induced in neural differentiation 
medium. This successful differentiation suggests the possi-
bility of transplanting BMSCs-fetal bovine acellular dermal 
matrix scaffolds, after being cultured in basal medium for 
3–4 days and induced in neural differentiation medium for 
4–6 days, to the site of nerve injury. Moreover, fetal bovine 
acellular dermal matrix, similar to the PLCL/Coll scaffolds 
(Prabhakaran et al., 2009), provides both biological and me-
chanical support for the differentiation of BMSCs, enhanc-
ing the process of nerve regeneration (or neurogenesis). As a 
biological scaffold, fetal bovine acellular dermal matrix can 
support the differentiation of BMSCs into neuronal cells and 
the subsequent formation of a nerve network-like structure, 
thereby generating a tissue engineered nerve.

Here, we found that the proliferation of BMSCs on fetal 
bovine acellular dermal matrix in basal medium was higher 
than that of cell in neural differentiation medium. Therefore, 
when inducing BMSCs to differentiate into neuronal cells 
using this approach, we suggest that the BMSCs should first 
be cultured on fetal bovine acellular dermal matrix for 3 to 4 
days in basal medium to ensure a better yield of cells before 
inducing differentiation into neuronal cells.

In addition, we found that when the BMSC-differentiated 
neuronal cells induced for 22 days on fetal bovine acellular 
dermal matrix were trypsinized and then subcultured in 
neural differentiation medium, they maintained their neuro-
nal morphology. This finding suggests that these BMSC-de-
rived differentiated neuronal cells are stable, and that it is 
possible to harvest those neuronal cells from the fetal bovine 
acellular dermal matrix.

Further, the results of this study show that the BMSCs in-
duced towards neuronal differentiation on the fetal bovine 
acellular dermal matrix can not only provide a tissue engi-
neered nerve to bridge peripheral nerve defects, but can also 

provide a source of neuronal cells for cell therapy for neuro-
degenerative diseases.

Fetal bovine acellular dermal matrix may be useful as a 
biological scaffold to support human BMSC growth, prolif-
eration, and differentiation into neuronal cells. Long-term 
continuous induction in neural differentiation medium 
generated human BMSC-fetal bovine acellular dermal ma-
trix scaffolds that looked like nerve tissue. The differentiated 
neuronal cells showed neuronal morphology, expressed 
neuronal-specific proteins, established neural signaling 
pathways, and formed nerve fibers in a multilayered neural 
network-like structure. We believe that fetal bovine acellular 
dermal matrix is a useful biological scaffold for nerve tissue 
engineering for the repair of nerve damage. Human BMSCs 
can attach to it and grow with excellent viability because of 
the biocompatibility of fetal bovine acellular dermal matrix. 
However, one disadvantage with the use of fetal bovine acel-
lular dermal matrix is its potential immunogenicity; fetal 
bovine acellular dermal matrix from allogeneic or xenogene-
ic sources may be immunogenic to the host. Therefore, fur-
ther research with the aim of reducing the immunogenicity 
of fetal bovine acellular dermal matrix should be pursued.
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