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Abstract

This study aimed to investigate the neural differentiation of human umbilical cord mesenchymal
stem cells (hUCMSCs) under the induction of injured neural cells. After in vitro isolation and culture,
passage 5 hUCMSCs were used for experimentation. hUCMSCs were co-cultured with normal or
AB1.40-injured PC12 cells, PC12 cell supernatant or PC12 cell lysate in a Transwell co-culture
system. Western blot analysis and flow cytometry results showed that choline acetyltransferase and
microtubule-associated protein 2, a specific marker for neural cells, were expressed in hUCMSCs
under various culture conditions, and highest expression was observed in the hUCMSCs
co-cultured with injured PC12 cells. Choline acetyltransferase and microtubule-associated protein 2
were not expressed in hUCMSCs cultured alone (no treatment). Cell Counting Kit-8 assay results
showed that hUCMSCs under co-culture conditions promoted the proliferation of injured PC12 cells.
These findings suggest that the microenvironment during neural tissue injury can effectively induce
neural cell differentiation of hUCMSCs. These differentiated hUCMSCs likely accelerate the repair
of injured neural cells.
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Research Highlights

(1) We investigated the neural cell differentiation of human umbilical cord mesenchymal stem cells
under induction by injured neural cells.

(2) Human umbilical cord mesenchymal stem cells were co-cultured with normal or injured PC12
cells, PC12 cell supernatant or PC12 cell lysate in a Transwell co-culture system.

(3) In vitro cultured human umbilical cord mesenchymal stem cells differentiated into neural cells
under the various induction methods, as demonstrated by the positive expression of choline
acetyltransferase and microtubule-associated protein 2, a specific marker for neural cells.

(4) Under co-culture, human umbilical cord mesenchymal stem cells more effectively promoted the
proliferation of injured PC12 cells.
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INTRODUCTION

Stem cells are a cell population capable of long-term
self-renewal, with strong proliferation and multilineage
differentiation potential™. They are also one of the most
studied cell types in the field of cell transplantation.

Compared with bone marrow stromal stem cells
(BMSCs)®, transplantation of human umbilical cord
mesenchymal stem cells (hUCMSCs) is associated with
a lower rate of immunological rejection, and these cells
have stronger proliferative capacity!”'®”. UCMSCs have
been used in cell transplantation for the treatment of
various nervous system diseases because of their strong

self-renewal and multilineage differentiation potential™'".

These cells have the potential to differentiate into various
cell types, and are ideal for the repair and regeneration of
organ tissues because they can be obtained in large
quantity and exhibit strong proliferation potential. In
addition, they exhibit low immunogenicity and have a
distinct immune regulatory function. Furthermore, these
cells will not cause immunological rejection in autologous
transplantation and they can reduce immunological
reactions in allogeneic transplantation'® '®. There is no
need for anesthesia and there is no pain or adverse
reaction during harvesting of UCMSCs. An increasing
amount of research has focused on whether umbilical
cord mesenchymal stem cells can substitute for bone
marrow stromal stem cells as a source rich in stem cells
for use in cell transplantation!®?.

There is strong evidence that, when co-cultured with
some types of cells, stem cells can be induced to
differentiate into specific cell types. For example, in vitro
co-culture of hUCMSCs and umbilical vein endothelial
cells can improve angiogenesis by vascular endothelial
cells and osteogenic mineralization of BMSCs®?". When
co-cultured with LO2 human hepatocytes, hUCMSCs
can be induced to differentiate into hepatocyte-like
cells®. A co-culture of olfactory ensheathing cells with
neural stem cells can promote the proliferation and
neuronal differentiation of neural stem cells®. When
co-cultured with Schwann cells, some BMSCs can be
induced to differentiate into nerve tissue cells and
express a Schwann cell surface marker??.. It has also
been reported that stem cells co-cultured with injured
cells can differentiate into certain cell types. Zhang

et al ®® found that when co-cultured in vitro with
adriamycin-damaged myocardial cells, to simulate the
microenvironment of injured myocardial cells, BMSCs
can be successfully differentiated into myocardial-like
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cells. Based on these previous studies, we hypothesized
that when co-cultured with injured neural cells,
hUCMSCs can be induced to differentiate into
neuron-like cells.

In this study, we co-cultured hUCMSCs and
AB1.40-injured PC12 cells in a Transwell co-culture
system and examined the expression of neuronal
markers by the differentiating hUCMSCs using flow
cytometry and western blot analysis.

RESULTS

hUCMSC morphology

At 24 hours after seeding, a small number of adherent
cells exhibited a multipolar or round appearance. After
5-7 days of culture, cells proliferated rapidly and
gradually formed a single layer of cell clusters. After 2-3
weeks of culture, the majority of cells exhibited a uniform
spindle shape and were arranged similar to fibroblasts
(Figure 1). Passage 5 cells were used for experiments.

Figure 1 Morphology of primary human umbilical cord
mesenchymal stem cells cultured for 3 weeks (inverted
microscope, x 200).

Cells exhibit uniform long spindle-shaped appearance and
are arranged like fibroblasts.

hUCMSC identification

To confirm that the isolated and purified hUCMSCs were
the non-differentiated mesenchymal stem cells required
for the experiments, we selected six surface markers for
mesenchymal stem cells: cell surface receptor molecule
CD44, adhesion molecule CD29, hematopoietic
stem/progenitor cell marker CD34, hematopoietic cell
marker CD45, neural cell adhesion molecule CD56, and
tumor stem cell marker CD133. The expression of these
markers was examined by flow cytometry. CD44 and
CD29 were highly expressed on the hUCMSCs, while
CD34, CD45, CD56 and CD133 were barely detected on
these cells (Figure 2).



Zhou J, et al. / Neural Regeneration Research. 2012;7(34):2689-2697.

CD34 ) CD44 . CD29 i CD45
!?. k- " a
g 8 3 £
- 3.17% 77.51% 58.32% . 0.37%
% """ s 2 2 g "
H 1 g 1
ig iz iy 3z
= w # L
it aaaes 100 10 T T 10" 1 e T o w (R (R A Rt
A2 LI P
100
) CD56 ~ CD133
: 0.43% £ 0.53% 2
ol w® ;
3z & £
L - =
BT R TRt R D TR ' w o ow w!
R e CD34 CD44 CD29CD45 CD56 CD133
Figure 2 Expression of human umbilical cord mesenchymal stem cell (hUCMSC) surface markers.
CD44 and CD29 are highly expressed in hUCMSCs, and CD34, CD45, CD56 and CD133 are minimally expressed on these cells.

Expression of neural cell-specific markers on
hUCMSCs co-cultured with injured PC12 cells
Neuron-like differentiation of hUCMSCs was induced
with normal or AB4.4-injured PC12 cells, PC12 cell
supernatant or PC12 cell lysate. After induced
differentiation of hUCMSCs, the expression of
microtubule-associated protein 2 (MAP2), a specific
marker for neural cells, was examined using flow
cytometry. Compared with hUCMSCs cultured alone,
MAP2 expression appeared in hUCMSCs co-cultured
with normal or AB4.4-injured PC12 cells, PC12 cell
supernatant or PC12 cell lysate. The proportion of
MAP2-positive cells among hUCMSCs co-cultured with
AB1.40-injured PC12 cells was 17.1 + 2.1%, which was
significantly higher than that among hUCMSCs
co-cultured with normal PC12 cells, PC12 cell
supernatant or PC12 cell lysate (P < 0.05, Figure 3).

Effects of hUCMSCs on the proliferation of
co-cultured injured PC12 cells

A previous study examined the differentiation of stem
cells and their ability to promote the proliferation of cells
surrounding the site of injury during tissue injury repair®®..
In this study, Cell Counting Kit-8 assay was used to
investigate the effects of hUCMSCs on the proliferation
of co-cultured injured PC12 cells. Compared with
hUCMSCs cultured alone, normal or AB4_4-injured PC12
cells, PC12 cell supernatant and PC12 cell lysate
promoted the proliferation of injured PC12 cells to
different degrees. At the end of co-culture (3 days of
culture), hUCMSCs had the strongest ability to promote
the proliferation of injured PC12 cells (P < 0.05; Figure 4).
These findings suggest that hUCMSCs co-cultured with
injured PC12 cells exhibit the strongest effects on tissue
injury repair.
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Figure 3 Proportion of microtubule-associated protein 2 (MAP2)-positive cells among human umbilical cord mesenchymal stem
cells (hUCMSCs) co-cultured with normal (A) or AB+-s-injured (B) PC12 cell supernatant, normal (C) or AB1.40-injured (D) PC12
cell lysate, normal (E) or AB1.40-injured (F) PC12 cells, or hUCMSCs alone (G).
Normal and AB+.e-injured PC12 cells, PC12 cell supernatant and PC12 cell lysate induced differentiation to varying degrees.
hUCMSCs co-cultured with AB+.40-injured PC12 cells had the strongest effects on neuronal differentiation of hUCMSCs (P < 0.05).

2691



Zhou J, et al. / Neural Regeneration Research. 2012;7(34):2689-2697.

0.8 4

064 I ,I

PC12 cell proliferation (absorbance)

1 2 3
Time of co-culture (day)

Figure 4 Effects of human umbilical cord mesenchymal
stem cells (hUCMSCs) co-cultured with normal (A) or
AB1-0-injured (B) PC12 cell supernatant, normal (C) or
AB1-40-injured (D) PC12 cell lysate, normal (E) or
AB1-a0-injured (F) PC12 cells, or hUCMSCs cultured alone
(G) on the proliferation of injured PC12 cells.

hUCMSCs co-cultured with injured PC12 cells most
strongly promoted the proliferation of injured PC12 cells
(P < 0.05). Measurement data are expressed as mean +
SD. Each experiment was run in triplicate.

Choline acetyltransferase (ChAT) expression in
hUCMSCs co-cultured with injured PC12 cells

To investigate whether hUCMSCs can synthesize ChAT,
similar to neural cells, we measured expression of the
protein in hUCMSCs co-cultured with normal or
ABy40-injured PC12 cells, PC12 cell supernatant or PC12
cell lysate. ChAT was not expressed in hUCMSCs
cultured alone, while the enzyme was up-regulated to
different degrees in hUCMSCs co-cultured with normal or
AB440-injured PC12 cells, PC12 cell supernatant or PC12
cell lysate (Figure 5). ChAT expression was highest in the
hUCMSCs co-cultured with injured PC12 cells (P < 0.05,
Figure 5). These findings suggest that the induced
hUCMSCs can synthesize ChAT, similar to neural cells,
and that hUCMSCs co-cultured with injured PC12 cells
exhibit the strongest capacity to produce the enzyme.
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Figure 5 Choline acetyltransferase (ChAT) expression in
human umbilical cord mesenchymal stem cells
(hUCMSCs) co-cultured with normal (A) or AB+.4-injured
(B) PC12 cell supernatant, normal (C) or AB1.0-injured (D)
PC12 cell lysate, normal (E) or AB+.s0-injured (F) PC12
cells, and in hUCMSCs cultured alone (G).

ChAT expression was strongest in hUCMSCs co-cultured
with injured PC12 cells. °P < 0.01, vs. the other six groups
(one-way analysis of variance). Measurement data were
expressed as mean + SD. Each experiment was run in
triplicate.

DISCUSSION

The pathological changes in Alzheimer’s disease (AD)
include a greatly decreased number of neurons and a
significant reduction in ChAT and acetylcholine
levels®3°. ChAT is a key enzyme for the synthesis of
the important neurotransmitter acetylcholine in neural
cells®*? A great decrease in ChAT and acetylcholine
levels is the main pathological change in
neurodegenerative diseases, such as AD***4.
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In recent years, various types of stem cells have been
used for the treatment of AD, and great advances have
been made!*>*’\. Babaei et al **! reported that learning
and memory abilities were significantly improved 10
months after injection of bone marrow mesenchymal
stem cells into the hippocampus of AD rats. Zhang

et al " reported that hUCMSCs expressed the
neuron-specific marker MAP2 and extended neurite-like
structures after stimulation with neural cell induction
medium. Furthermore, these cells expressed ChAT after
addition of hippocampal cholinergic neurostimulating
peptide or hippocampal extract. In the clinic, intrathecal
injection of hUCMSCs can improve clinical symptoms in
patients with spinocerebellar ataxia and/or cerebellar
atrophy, and this strategy is safe and effective!”..
Induced pluripotent stem cells derived from dermal
fibroblasts of AD patients have been proven to be
capable of differentiating into cholinergic neurons!®.
Park et al “reported that neural stem cells
over-expressing ChAT restore cognition in a rat model of
cognitive dysfunction. Kitiyanant et al ® reported that
neural cells co-cultured with human neural progenitor
cells secreting neurotrophic factors were protected from
AB-induced cell death, and these neurotrophic factors
can increase intracellular ChAT expression. Therefore, in
this study, ChAT expression level was used as an index
for evaluating the functional recovery of neural cells.
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Results from this study showed that ChAT expression
was increased in hUCMSCs co-cultured with normal or
AB1.40-injured PC12 cells, PC12 cell supernatant or PC12
cell lysate, and the highest expression level was found in
the hUCMSCs co-cultured with injured PC12 cells.
These findings suggest that when co-cultured with
injured cells, hUCMSCs can better differentiate into
neural cells.

Compared with other cell types, UCMSCs show great
clinical application potential because of ease of isolation,
no injury to donors, stronger capacity to proliferate and
differentiate, low immunogenicity, and low incidence of
graft versus host disease. Local transplantation of
hUCMSC:s into ischemic skin flap can increase vascular
endothelial growth factor and basic fibroblast growth
factor expression, increase capillary density, and
effectively promote skin flap survival. This method can be
applied for the treatment of large skin defects or deep
skin injury®". Use of hUCMSCs in the treatment of optic
neuritis can greatly improve symptoms, decrease focus
volume and reduce adverse reactions in humans®?.
Transfusion of hUCMSCs for treatment of
decompensated cirrhosis can effectively reduce ascites
and improve liver function®®®. Xue et al ® performed an
intravenous transfusion of hUCMSCs to treat bone
nonunion complicated by nerve injury, and they observed
absence of fracture stumps and an increase in nervous
reflex and muscular strength. These findings suggest
that hUCMSCs can be used for repair of various tissue
injuries.

There is evidence that hUCMSCs can differentiate into
Schwann cell-like cells in the presence of glial growth
factors and can secrete various neurotrophic factors that
promote axon formation when co-cultured with
neurons®®. When co-cultured with nucleus pulposus
cells, (UCMSCs can differentiate into nucleus
pulposus-like cells that express the specific marker for
nucleus pulposus cells®®. Therefore, co-culture is an
effective means of inducing the differentiation of
mesenchymal stem cells.

In this study, we investigated the effects of co-culture
with normal and/or AB4_40-injured PC12 cells, PC12 cell
supernatant or PC12 cell lysate on the induced
differentiation of hUCMSCs. Co-culture with injured cells
had the greatest effect and induced hUCMSCs to
differentiate into neuron-like cells expressing the
neuron-specific marker MAP2. These findings suggest
that the microenvironment following nervous tissue injury
can effectively induce the directed differentiation of

hUCMSCs. Thus, local transfusion of hUCMSCs into
injured tissue may be an effective strategy for repair of
nervous tissue injury. The differentiated hUCMSCs can
promote the proliferation of injured cells. This suggests
that injured cells and hUCMSCs may interact with each
other to promote the repair of injured tissue. However,
the underlying molecular mechanisms are unknown and
require further investigation.

In summary, the results of this study indicate that during
induced differentiation, hUCMSCs display certain
morphological and biochemical characteristics of neural
cells. These results provide experimental support for the
in vivo transplantation of hUCMSCs for the treatment of
nervous system injury and disease.

MATERIALS AND METHODS

Design
A controlled, observational, in vitro study.

Time and setting

This study was performed at the Experimental Center,
China Medical University, between January 2009 and
December 2010.

Materials

Umbilical cord tissue from healthy normal full-term
delivery babies was provided by the First People’s
Hospital of Shenyang, China. According to the
Administrative Regulations on Medical Institution issued
by the State Council of the People’s Republic of China,
mothers or their relatives provided informed consent®’..

Methods

hUCMSC preparation

Under sterile conditions, umbilical cord tissue was
harvested. Following thorough washes with Hanks'
balanced salt solution, umbilical vein, umbilical artery
and umbilical cord adventitia were removed and chopped
into 1 mm x 1 mm x 1 mm pieces. Then, these tissue
blocks were transferred into a mixture of collagenase Il
(1 g/L; Nanjing KeyGen Biotechnology Co., Ltd., Nanjing,
China) and DMEM for digestion. Digestion solution
containing cells was diluted in 30 volumes of DMEM and
centrifuged at 1 500 r/min for 10 minutes, and the
supernatant was discarded. Cells were thoroughly
resuspended with DMEM/F12 culture medium
(Invitrogen, Carlsbad, CA, USA) containing 15% fetal
bovine serum, plated into a culture flask at a density of

1 x 10%mL and cultured at 37°C in an incubator
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containing 5% CO,. On day 3, after cell adherence, half
of the culture medium was refreshed, non-adherent cells
were discarded, and culture medium was changed once
every 3 days thereafter. When cells reached 90%
confluency, they were digested with 0.25% trypsin and
0.02% ethylenediaminetetraacetic acid and passaged at
1:3. Passage 5 cells were used for co-culture
experiments.

Analysis of hUCMSC immunophenotype by flow
cytometry

Passage 5 hUCMSCs were digested with 0.25% trypsin
and 0.02% ethylenediaminetetraacetic acid and then
prepared into a single-cell suspension at a density of

1 x 10°/mL. After addition of phycoerythrin-labeled
mouse anti-human CD34, CD44, CD29, CD45 or CD56
monoclonal antibodies (BD Bioscience Pharmingen Inc.,
San Diego, CA, USA), the cell suspension was incubated
at room temperature for 30 minutes and then centrifuged
for 10 minutes at 1 000 r/min. After one PBS wash, the
cell suspension was centrifuged at 1 000 r/min for 10
minutes. After cell resuspension with PBS, cell
immunophenotype was analyzed using a FACScalibur
flow cytometer (Becton Dickinson, San Jose, CA, USA).
This experiment was performed in triplicate. The
proportion of MAP2-positive cells within the total cell
count was calculated using CellQuest software (Becton
Dickinson).

PC12 cell culture and passage

PC12 cells (Cell Research Institute, Chinese Academy of
Sciences) were used as a substitute for neural cells and
were grown in PC12 cell culture medium (containing 10%
horse serum and 5% fetal bovine serum 1640). PC12
cells grew as a suspension. After 7-8 passages, cells
adhered to the flask and were used for experimentation.
PC12 cells were resuspended in PC12 cell culture
medium, and a 300 pL aliquot of 1 x 107 cells/mL was
transferred into the wells of a 24-well plate!®®*?.

Experimental procedures and grouping

Preparation of injured PC12 cell supernatant: PC12 cells
were incubated with 10 pg/mL AB4.4 (Sigma, St. Louis,
MO, USA) overnight®%3. After removal of the
supernatant, cells were cultured with 1640 culture
medium for 24 hours, and then the supernatant was
collected as injured PC12 cell-conditioned culture
medium. Simultaneously, normal PC12 cell-conditioned
culture medium was collected using the same method.

Preparation of injured PC12 cell lysate: Under sterile
conditions, PC12 cells were collected during preparation

2694

of injured PC12 cell supernatant, pre-cooled with PBS,
centrifuged, and washed with sterile PBS three times.
After adding a sufficient amount of sterile PBS, cell
clumps were dispersed to prepare a single-cell
suspension. Cells at a density of 1 x 10* cells/mL were
sonicated in an ice bath (350 W; working time: 2 seconds;
interval: 10 seconds; 40 times). After decontamination,
cells were stored at —80 °C for later use.

Preparation of transwells: 16 wells were selected from
the 24-well plate and filled with 400 uL DMEM.
hUCMSCs at a density of 1 x 10* cells/well were cultured
in the transwells (aperture: 0.4 um; Corning, Steuben
County, NY, USA)®4.

Preparation of PC12 cells: PC12 cells were digested and
plated in the 24-well plate at a density of 1 x 10* cells/well.

hUCMSCs co-cultured with normal or AB4_40-injured
PC12 cells, PC12 cell supernatant or PC12 cell lysate:
Normal or injured PC12 cells were incubated in the
Transwell upper chamber for 24 hours and then
transferred into the lower chamber for another 24 hours
of culture.

The seven groups used in this study were as follows:
group A: normal PC12 cell supernatant + hUCMSCs;
group B: injured PC12 cell supernatant + hUCMSCs;
group C: normal PC12 cell lysate + hUCMSCs; group D:
injured PC12 cell lysate + hUCMSCs; group E: normal
PC12 cells + hUCMSCs; group F: injured PC12 cells +
hUCMSCs; group G: hUCMSCs cultured alone.

Western blot analysis

hUCMSCs were washed twice with ice-cold PBS and
lysed on ice. The lysing solution was composed of

20 mM Tris-HCI, 1 mM ethylenediaminetetraacetic acid,
50 mM NaCl, 50 mM NaF, 1 mM NasVO,, 1% Triton
X-100 and 1 mM phenylmethyl sulfonylfluoride. At 4°C,
hUCMSCs were centrifuged at 22 000 x g for 30 minutes.
The supernatant was collected for determination of
protein concentration using the Coomassie brilliant blue
protein assay!*®. 50 ug of total protein was separated on
12% SDS-PAGE gels and then transferred onto a PVDF
membrane. The membrane was blocked with 5%
defatted milk at room temperature for 2 hours, incubated
with mouse anti-human ChAT and B-actin monoclonal
antibodies (1:500; Santa Cruz Biotechnology, Santa Cruz,
CA, USA) at 4°C overnight, and then with goat
anti-mouse IgG secondary antibody (1:200; Beijing
Zhongshan) at 37°C for 2 hours. Bands were revealed
with an enhanced chemiluminescence agent (KeyGen
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Biotechnology Co., Ltd.). This experiment was performed
in triplicate. The absorbance of each protein band was
determined using Image J software (National Institutes of
Health, Rockville, MD, USA). The absorbance ratio of
target protein to B-actin was calculated as the relative
expression of target protein.

Expression of neural cell-specific protein MAP2 in
hUCMSCs assessed with flow cytometry

hUCMSCs were digested with 0.25% trypsin and 0.02%
ethylenediaminetetraacetic acid, and then prepared into a
single-cell suspension at a density of 1 x 10%/mL. After
addition of Cy5-labeled rabbit anti-MAP2 polyclonal
antibody (BioLegend, San Diego, CA, USA), hUCMSCs
were incubated for 1 hour at room temperature in the dark,
centrifuged at 1 000 r/min for 10 minutes, washed three
times with PBS, and centrifuged again at 1 000 r/min for
10 minutes. Finally, cells were resuspended, and MAP2
expression in hUCMSCs was detected using a
FACScalibur flow cytometer (Becton Dickinson). This
experiment was performed in triplicate. The proportion of
MAP2-positive cells within the total cell count was
calculated using CellQuest software (Becton Dickinson).

Effects of induced hUCMSCs on the proliferation of
injured PC12 cells

The proliferation of injured PC12 cells was determined
using 24-well plates. The initial cell density was adjusted
to 2.5 x 10° cells/well for hUCMSCs and 1 x 10° cells/well
for AB4.40-injured PC12 cells. Cell proliferation after 48
hours in culture (5% CO,, 37 °C) was determined using
the Cell Counting Kit-8 assay (Dojindo, Japan). Briefly,
10 L of Cell Counting Kit-8 reagent was added to each
well. After incubation at 37°C for 2 hours, the absorbance
of each well was measured at 450 nm with an ELISA
reader (Thermo Fisher Scientific, Boston, MA, USA).
This experiment was performed in triplicate.

Statistical analysis

All measurement data were statistically processed using
SPSS 13.0 software (SPSS, Chicago, IL, USA). One-way
analysis of variance was used for comparison between
groups. Results were expressed as mean £ SD. A level
of P < 0.05 was considered statistically significant.
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