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Abstract

In the present study, human umbilical cord blood mesenchymal stem cells were injected into a rat
model of traumatic brain injury via the tail vein. Results showed that 5-bromodeoxyuridine-labeled
cells aggregated around the injury site, surviving up to 4 weeks post-transplantation. In addition,
transplantation-related death did not occur, and neurological functions significantly improved.
Histological detection revealed attenuated pathological injury in rat brain tissues following human
umbilical cord blood mesenchymal stem cell transplantation. In addition, the number of apoptotic
cells decreased. Immunohistochemistry and in situ hybridization showed increased expression of
brain-derived neurotrophic factor, nerve growth factor, basic fibroblast growth factor, and vascular
endothelial growth factor, along with increased microvessel density in surrounding areas of brain
injury. Results demonstrated migration of transplanted human umbilical cord blood mesenchymal
stem cells into the lesioned boundary zone of rats, as well as increased angiogenesis and

expression of related neurotrophic factors in the lesioned boundary zone.
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INTRODUCTION

Traumatic brain injury (TBI) has a high
incidence rate worldwide, and severe TBI
may result in neurological deficits™. An
ischemic effect is the main mechanism of
secondary lesions. Angiogenesis
surrounding brain injury areas is the
foundation for improved blood supply and
plays an important role in synapse
connection between neurons and functional
reconstruction?”!. Therefore, therapeutic
angiogenesis provides a promising strategy
for treating cerebral ischemia.

The microenvironment surrounding brain
injury areas is important for neuronal
survival, differentiation, propagation, and
regeneration?. In addition, the
microenvironment contains factors, such as
brain-derived neurotrophic factor (BDNF),
nerve growth factor (NGF), and basic
fibroblast growth factor (bFGF), which are
broad-spectrum neurotrophic factors that
have been shown to induce axonal growth,

as well as increase survival and growth of
neurons, glial cells, and endotheliocytes®®*®.
Moreover, these growth factors have been
shown to attenuate hypoxia, excitatory
amino acids, and free radical-induced injury,
as well as promote neuronal survival under
pathological condition”.

Despite aggressive clinical management,
neurons rarely undergo self-repair and there
are few therapeutic methods to reverse
neural injury. In recent years, bone
marrow-derived mesenchymal stem cell
(MSC) transplantation has provided a novel
treatment for brain injury repair. MSCs
provide potential therapeutic benefits in a
wide range of neurological diseases, such
as amyotrophic lateral sclerosis and
Parkinson’s disease®®**. Compared with
bone marrow-derived MSCs, human
umbilical cord blood (hUCB) MSCs
(hUCB-MSCs) are extensively available,
convenient to sample, and free of ethical
issues*®*®. Studies have suggested that
hUCB-MSCs exhibit favorable effects on
nervous system injuries*®*®!. Nevertheless,
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the related mechanisms remain poorly understood.

The present study transplanted hUCB-MSCs in a TBI rat
model to observe migration and distribution of
hUCB-MSCs in the brain. In addition, the
cerebroprotective effects of hUCB-MSCs transplantation
were analyzed through the use of histology, behavioral
analysis, angiogenesis measurements, and levels of
cytokine secretion.

RESULTS

Quantitative analysis of experimental animals

A total of 90 rats were randomly assigned to three groups:

sham-surgery (sham surgery), model (TBI model), and
transplantation (hUCB-MSCs transplantation via tail vein
following TBI model establishment). Six rats from each
group were selected at 3, 7, 14, 21, and 28 days after
transplantation, respectively. In total, 90 rats were
included in the final analysis.

Survival and migration of transplanted hUCB-MSCs
in the brain

Immunohistochemical staining revealed no
bromodeoxyuridine (BrdU)-labeled cells in the
sham-surgery or model groups. However, BrdU-labeled
cells were observed in the transplantation group and
were evenly distributed around the injury site, but very
few positive cells were seen in the contralateral
hemisphere. In addition, positive cells survived up to
28 days following transplantation. The number of
BrdU-labeled cells (/400-fold field of view) was 76.17 +
8.30, 62.33 + 8.40, 54.33 + 7.50, 45.50 + 6.59, and
28.67 = 2.73, respectively at 3, 7, 14, 21, and 28 days
following hUCB-MSC transplantation, revealing a
decreasing trend (Figure 1).
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Figure 1 Bromodeoxyuridine expression in the injured
cerebral cortex at 14 days after human umbilical cord
blood mesenchymal stem cell transplantation
(immunohistochemistry, light microscope, x 200):
bromodeoxyuridine-positive cells (arrows) are distributed
around the injury area.

hUCB-MSC transplantation ameliorated pathological
changes in brain tissues of TBI rats

Light microscopy revealed normal cellular structures in
rat brains of the sham-surgery group (Figure 2A).
Breakdown of tissue, neuronal degeneration, shrunken
cell bodies, cell swelling, lysis, disrupted cell
membranes, and clumped cells with condensed nuclei
were observed in the cerebral cortex of the model group
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(Figure 2B). Pathological changes were less in the
transplantation group compared with the model group
(Figure 2C).

Figure 2 Pathological changes in the cerebral cortex of
rats with traumatic brain injury at 3 days after human
umbilical cord blood mesenchymal stem cell
transplantation (hematoxylin-eosin staining, light

microscope, x 200). Cells in the circles represent cortical
brain cells.

(A) Sham-surgery group displays normal cell structure.

(B) In the model group, a large number of necrotic cells
are observed, accompanied by shrunken nuclei and
absent cell structures.

(C) In the transplantation group, cells are slightly swollen,
and the pyknosis is less than in the model group.

hUCB-MSC transplantation inhibited cell apoptosis
in brain tissues of TBI rats

Compared with the model group at each time point, the
number of terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL)-positive cells surrounding
brain injury areas significantly decreased following
hUCB-MSCs transplantation (P < 0.05; Figure 3,
supplementary Figure 1 online).
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Figure 3 Comparison of apoptotic rate of cells between
transplantation and model groups at different time points
(terminal deoxynucleotidyl transferase dUTP nick-end
labeling, TUNEL).

Cell number (/200-fold field of view) is presented as
mean + SD from six rats/group at each time point.

4P < 0.05, vs. model group (t-test was used to specify
differences between two groups at corresponding time
points).

hUCB-MSC transplantation increased neurotrophic
factor expression surrounding injury areas in brain
tissue of TBI rats

Immunohistochemistry and in situ hybridization results
revealed significantly increased NGF protein, BDNF
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protein, and mRNA expression in injury areas and
surrounding tissues of the transplantation group
compared with the model group at each time point (P <
0.05, respectively). In addition, the number of positive
cells in model and transplantation groups peaked at

14 days post-transplantation and decreased gradually
thereafter. Nevertheless, the number of positive cells
remained greater in the transplantation group
compared with the model group at 21 and 28 days
(Figure 4, supplementary Figures 2-4 online). Very few
NGF- and BDNF-positive cells were observed in the
sham-surgery group and were not included in the
statistical analysis.
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Figure 4 Neurotrophic factor expression in surrounding
injured brain tissues following human umbilical cord blood
mesenchymal stem cell transplantation.

(A-C) Nerve growth factor (NGF) protein expression
(immunohistochemistry, x 200); (D-F) brain-derived
neurotrophic factor (BDNF) protein expression
(immunohistochemistry, x 200); (G-I) BDNF mRNA
expression (in situ hybridization, x 400).

(A, D, G) Results (absorbance) are expressed as mean +
SD from six rats in each group at each time point.

2P < 0.05, vs. model group (t-test was used to specify
differences between two groups at the corresponding time
points); (B, E, H) model group at 14 days after
transplantation; (C, F, 1) transplantation group at 14 days
after transplantation. Arrows: NGF protein-, BDNF protein-,
and BDNF mRNA-positive cells.

hUCB-MSC transplantation promoted angiogenesis
and related cytokine expression surrounding injured
brain tissue in TBI rats

Microvessel density was assessed by CD34
immunostaining. A large number of microvessels were
observed in the injured cortex at 3 days post-injury, and
peaked at 14 days. Microvessel density in the injured
cortex was significantly greater in the transplantation group
compared with the model group at each time point (P <
0.05; Figure 5, supplementary Figure 5 online). Very few
CD34-positive cells were observed in the sham-surgery
group and were not included in the statistical analysis.
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Figure 5 CD34-positive cells after human umbilical cord
blood mesenchymal stem cell transplantation.

(A) Comparison of CD34 expression at different time
points in transplantation and model groups. Results
(microvessel density) are expressed as mean + SD from
six rats in each group at each time point. ®P < 0.05, vs.
model group (t-test).

CD34-positive cells (arrows) from immunohistochemistry
in model (B) and transplantation groups at 14 days after
transplantation (x 200).

Immunohistochemistry and in situ hybridization revealed
numerous cells expressing vascular endothelial growth
factor (VEGF) protein and mRNA, as well as bFGF
protein, in injured brain tissues of the model group. The
number of cells peaked at 3 and 7 days
post-transplantation, respectively. However, the number
of positive cells gradually decreased at 21 and 28 days in
the model group. VEGF protein and mRNA, as well as
bFGF protein, expression significantly increased
following hUCB-MSC transplantation compared with the
model group at each time point (P < 0.05, respectively;
Figure 6, supplementary Figures 6-8 online). Very few
positive cells were detected in the sham-surgery group
and were not included in the statistical analysis.
hUCB-MSC transplantation improved neurological
function in TBl rats

TBI is typically accompanied by characteristic behavioral
deficits. The sham-surgery group did not exhibit
neurological deficits based on neurological severity
scores (0 score). At 3 days post-hUCB-MSC
transplantation, neurological severity scores were similar
between transplantation and model groups (P > 0.05). At
7, 14, 21, and 28 days, scores significantly decreased in
the transplantation group compared with the model
group (P < 0.05; Figure 7).
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Figure 6 Basic fibroblast growth factor (bFGF) and
vascular endothelial growth factor (VEGF) expression in
the cortex surrounding the injury following human umbilical
cord blood mesenchymal stem cell transplantation.

(A-C) bFGF protein expression (immunohistochemistry,
x 200); (D-F) VEGF protein expression
(immunohistochemistry, x 200); (G-1) VEGF mRNA
expression (in situ hybridization, x 200).

(A, D, G) Results (absorbance) are expressed as mean +
SD from six rats in each group at each time point. *P <
0.05, vs. model group (t-test).

(B, E, H) Model group at 3 (B, H) and 7 (E) days after cell
transplantation; (C, F, 1) transplantation group at 3 (C, 1)
and 7 (F) days after cell transplantation.

Arrows: bFGF protein-, VEGF protein-, and VEGF mRNA-
positive cells.
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Figure 7 Neurological severity scores in rats following
human umbilical cord blood mesenchymal stem cell
transplantation. High scores represent severe injury.

Results are presented as mean = SD from six rats in each
group at each time point. *P < 0.05, vs. model group
(t-test).
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DISCUSSION

Traumatic injuries to the central nervous system are
attributed to acute and progressive loss of neurons and
glial cells. Central nervous system regeneration and
repair remain difficult to accomplish.

Following TBI, brain tissue extracts revealed significantly
increased MSC migration across the membrane
compared with non-TBI tissue, suggesting that MSCs are
targeted by inflammatory chemotactic agents and
cytokines, such as interleukin-8, monocyte chemotactic
protein-1, and macrophage inflammatory protein-1 alpha,
which surrounds injured brain tissue™. Previous studies
have shown that stromal cell-derived factor-I promotes
homing of circulating MSCs to actively remodeling
neovasculature. MSCs expressing CXCR4 were shown
to home to sites of active neovascularization, but not to
normal non-immune tissues. In addition, antagonists of
stromal cell-derived factor-I block in vitro and in vivo
adhesion of these cells to endothelia, as well as homing
to neovasculature®?Y. In the present study, transplanted
cells were found in multiple brain areas. The highest
concentration of labeled cells survived in the lesion site
and migrated 5 mm from injured tissues. However, there
were few cells in the contralateral cortex, indicating that
hUCB-MSCs crossed the blood-brain barrier and
migrated into damaged regions. Histological analysis
showed surviving MSCs up to 4 weeks
post-transplantation in the brain. However, the number of
cells was less than at 1 week post-transplantation.
Previous clinical studies have described the migration of
MSCs to injury sites and subsequent survival and
differentiation of these cells into neurons and astrocytes,
subsequently resulting in improved neurological
functions'?>?*. Doubts remain regarding the ability of
MSCs to transdifferentiate into neurons, as well as the
frequency of transdifferentiation. MSCs have been
shown to differentiate into neural cells in vitro*® %,
although donor cells do not frequently transform into
neuronal cells post-transplantation®®®?”). The beneficial
effects of MSCs following TBI were not likely due to
cellular replacement, because only a small percentage of
transplanted MSCs express parenchymal cell
phenotypes®®. At 1 month post-transplantation, the
number of MSCs that exhibit astrocytic or neuronal
differentiation is low (6-13%), but at 3 months, no
transplanted MSCs exhibit astrocytic or neuronal
differentiation®!. The ability of these transplanted cells to
establish functional synaptic connections with host tissue
remains uncertain.

Recent evidence has shown that the latent therapeutic
benefits of MSCs therapy is due to the following
mechanisms: secretion of growth factors®®®; stabilization
of damaged cells via gene/protein transfer through
cell-to-cell contact or fusion; induction of angiogenesis™?;
and effects on immune regulation®. Endogenous MSCs
are likely activated after TBI and participate in neural
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recovery, although the levels might be insufficient to
induce remarkable recovery. With an additional
exogenous MSC supply, this recovery process could be
amplified and subsequently accelerate neurological
improvement.

Widely distributed neuronal damage is well documented
in the cerebral cortex and hippocampus of the rat CNS
during the first few hours after TBI. The acute phase of
neuronal damage is followed by a delayed phase of
neuronal loss in the affected areas within the first 4
weeks after TBI®***4. Neurons induced to undergo
apoptosis in vitro can be rescued by resupplying nerve
growth factor within 12 hours after growth factor
deprivation®. Compared with the model group, the
number of TUNEL-positive cells in surrounding brain
injury areas significantly decreased in rats following
hUCB-MSC transplantation.

The important role of neurotrophic growth factors in
neural repair and regeneration has been well
established™® **%1. MSCs cultured with supernatant of
homogenized ischemic brain tissue from a rat model of
middle cerebral artery occlusion showed an increase in
BDNF, NGF, VEGF, epidermal growth factor, fibroblast
growth factor 2, and insulin-like growth factor 1
compared with the model group®®®. Increased levels of
nerve growth factors could stimulate resident tissue cells
to undergo repair and could account for the functional
benefits of MSC therapy. Neurotrophic factors control
intercellular and intracellular signaling pathways that
sculpt neuronal circuits during brain development and
fundamentally regulate plasticity, as well as cell survival,
in the brain. These factors not only enhance survival, but
also rescue neural cells from apoptosis®®?. In addition,
trophic factors enhance angiogenesis and vascular
stabilization in the lesion boundary area, where large
numbers of surviving MSCs are located in the brain.
Microcirculation disturbances after TBI result in nervous
system perfusion defect, which induce irreversible
degeneration and necrosis of brain tissue. In addition to
neuronal regeneration and reconstruction of synapses, it
has been hypothesized that neuroprotection,
angiogenesis, and functional recovery could provide
beneficial effects for reconstruction and function of
endothelial cells. The promotion of neurogenesis and
remodeling to provide sufficient nutrition and regulation
of regional microenvironments should remain a
therapeutic goal.

Angiogenesis, the process of new blood vessel formation
from pre-existing vessels, is critical for brain
development and repair®. When anti-angiogenic agents
are used to suppress neovascularization, neurogenesis
is also impaired, suggesting that hUCB-MSCs exhibit an

angiogenic effect to support endogenous neurogenesis'™.

Recent studies have shown that MSC transplantation
provides therapeutic effects through angiogenesis? 2%,
In addition, an intravenous injection of MSCs following
induced ischemic stroke in a rat model was shown to
increase expression of VEGF and VEGF receptor 2, as

well as angiogenesis in the transition zone®®. Indeed, the
present study demonstrated significantly increased
angiogenesis and expression of angiogenic cytokines,
including VEGF and bFGF, in TBI rats following
hUCB-MSC transplantation. Increased growth factor
production continued over time, at least until 4 weeks
post-MSC treatment.

Results from the present study demonstrated that
intravenous MSC transplantation from the human
umbilical cord was beneficial in a rat model of TBI. The
underlying mechanisms could involve cytokine
production in surrounding injured brain tissues, which
then stimulate and attract MSCs to migrate into the
lesion boundary zone. Within parenchymal cells, MSCs
secrete and induce neurotrophic growth factors and
pro-angiogenic cytokines, such as BDNF, NGF, and
VEGTF, thereby further amplifying endogenous brain
levels. These factors influence several neural restorative
functions, such as synaptogenesis, angiogenesis, and
neurogenesis. Through these mechanisms, MSCs were
shown to inhibit apoptosis and repair injured brain tissue.
Therefore, hUCB-MSCs could serve as a potential cell
candidate for cell-based therapy of neurological
disorders.

MATERIALS AND METHODS

Design

A randomized, controlled, animal experiment.

Time and setting

The experiments were performed in the Central
Laboratory of the Affiliated Hospital of Hebei United
University, China from August 2010 to July 2011.
Materials

A total of 90 male, Sprague-Dawley rats, aged 2-3
months and weighing 250-350 g, were purchased from
Vital River Laboratories, Beijing, China (license No.
SCXK (Jing) 2007-0001). The rats were housed under
natural illumination and were allowed free access to food
and water. Experimental procedures were performed in
accordance with the Guidance Suggestions for the Care
and Use of Laboratory Animals, issued by the Ministry of
Science and Technology of China!*®!,

Methods

hUCB-MSC labeling

hUCB-MSCs were graciously provided by the Institute of
Hematology, Chinese Academy of Medical Science.
hUCB-MSC isolation, culture, and identification were
performed according to previous methods™®. Cells were
cultured and the culture medium was replaced until the
fourth passage. The cells were then trypsinized and
washed with phosphate-buffered saline (PBS). The
dividing hUCB-MSCs were labeled with BrdU (200 uM;
Sigma, St. Louis, MO, USA) for 72 hours prior to
transplantation. Subsequently, immunocytochemistry
was used to detect cell-labeling efficiency, and the trypan
blue exclusion test was used to determine cell viability.
Cells with efficiency and viability rates > 90% were
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utilized in the following experiments.

Establishment of the TBI model

The TBI model was modified from the Feeney free-falling
method™". Adult male, Sprague-Dawley rats were
anesthetized with an intraperitoneal injection of 10%
chloral hydrate (3 mL/kg), and a 2.0-cm long incision was
made through the sagittal median line to separate the
subcutaneous tissue and periosteum and to expose
bregma, coronal suture, biparietal suture, and bilateral
parietal bone. To maintain endocranium integrity, a 5-mm
diameter bone window was made using a hand drill at

4 mm behind the right coronal suture and 2 mm lateral to
the median line. Moderate TBI was induced by a free-falll,
30-cm high drop using a 20-driving hammer, which
impacted the endocranium. The bump-injury power was
0.048 kg-m/s. Model establishment was considered
successful if the rats exhibited all conditions, including
limb convulsion, apnea for several seconds after injury,

and unconsciousness for 2-10 hours (average 6.5 hours).

In the sham-surgery group, only the bone window was
exposed.

hUCB-MSC transplantation

Twenty-four hours after modeling, the rats were injected
with 3 x 10® hUCB-MSCs suspended in 1 mL PBS via the
tail vein. Equal volumes of PBS were administered to the
model group, and the sham-surgery group received no
treatment. All groups did not receive any
immunosuppressive agents.

Neurological evaluation

Neurological function was evaluated using a modified
Neurological Severity Score according to Mahmood'’s
method“?at 3, 7, 14, 21, and 28 days post-TBI by two
individuals blinded to the experimental groups.
Neurological functions were graded on a scale of O to 18.
A greater score represented a more severe injury.
Sample preparation of injured brain tissues

Under deep anesthesia with an intraperitoneal injection
of 10% chloral hydrate (3 mL/kg), six rats from each
group were sacrificed at 3, 7, 14, 21, and 28 days
post-transplantation. A synthetic tube was punctured and
inserted from the apex of the heart to aorta ascendens.
The left auricle was opened, and NaCl solution was
transcardially perfused at 37°C for 5-10 minutes,
followed by 200 mL 4% paraformaldehyde/0.1 M PBS
(pH 7.4). The entire brain tissues were harvested, and
the injury focus and surrounding tissues within 3 cm were
harvested, further fixed in 4% paraformaldehyde for 24
hours, dehydrated, cleared, paraffin-embedded, and
sectioned for hematoxylin-eosin, TUNEL staining,
immunohistochemistry, and in situ hybridization.

TUNEL staining for cell apoptosis in brain tissues
TUNEL staining was performed according to kit
manufacturer instructions (Tianjin Haoyang
Biotechnology, Tianjin, China). TUNEL-positive cells
from ten non-overlapping fields of view of areas
surrounding the injury were quantified under high-power
magnification (x 400; Olympus, Tokyo, Japan), and the
average number of cells was calculated.
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Immunohistochemical staining for BrdU, BDNF, NGF,
VEGF, CD34, and bFGF expression in brain tissues
Immunohistochemistry staining was performed according
to kit instructions. To visualize expression of
neuron-specific markers, sections were incubated in
primary antibodies against human-derived neuronal and
angiogenesis-specific trophic factors. Primary antibodies
were incubated overnight at 4°C in wet box with the
following dilutions: rat anti-human BrdU monoclonal
antibody (1:150; Beijing Boaosen Biotechnology, China),
rabbit anti-mouse BDNF (1:150; Boster, Wuhan, China),
NGF (1:150; Boster), VEGF (1:150; Boster), CD34
(1:100; Boster), bFGF (1:100; Beijing Boaosen
Biotechnology) polyclonal antibody. Negative control
sections were incubated with no primary antibodies. All
sections were subsequently incubated with biotinylated
goat anti-rabbit/mouse IgG (1:100; Boster) at 37°C for
20 minutes.

Vascular density and regions were analyzed by

CD34 immunohistochemical staining according to
Weidner et al . Five random areas from the peripheral
TBI region were imaged at a magnification of x 200.
Vascular areas were measured using Image-Pro Plus
software package (Media Cybernetics, Carlsbad, CA,
USA), and vascular density was calculated according to
the percentage of vascular areas in randomly selected
regions. Cells were quantified by two observers blinded
to the experimental treatment. Morphological analysis, as
well as expressional analysis of BDNF, NGF, VEGF, and
bFGF, in the temporal parietal cortex at different time
points in each group was performed. Stained cells in 20
fields of view from each section were quantified at a
magnification of x 200, and the results were expressed
as absorbance.

In situ hybridization of BDNF and VEGF mRNA
expression in brain tissues

In situ hybridization staining was performed according to
kit instructions. To visualize expression of
neuron-specific markers, sections were processed for
immunohistochemistry and in situ hybridization using
primary antibodies against human-derived neuronal and
angiogenesis-specific trophic factors (BDNF and VEGF
in situ hybridization kit; Tianjin Haoyang Biotechnology,
China). Negative control sections were incubated without
primary antibodies.

BDNF mRNA probes for in situ hybridization:

5-CTT ACT ATG GTT ATT TCATAC TTT GGT TGC
VEGF mRNA probes for in situ hybridization:

5-AGG AAC ATT TAC ACG TCT GCG GAT CTT GAT
GTT CCT

Diethyl pyrocarbonate (1:1 000) was added to all
solutions in the experiment to terminate RNA activity.
Procedures of brain tissue section preparation were
identical to immunohistochemistry methods. Tissues
were incubated with hybridization fluid (25 pL/section)
(probe density of 8 pg/mL hybridization solution) at 37°C
in a humidity chamber for 2-4 hours. Negative controls
were incubated in 0.01 M PBS. Sections were incubated
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with biotinylated rat anti-digoxin (25 pL/section) at 37°C
for 45 minutes, followed by horseradish
peroxidase-avidin (25 yL/section) at 37°C for 45 minutes.
Five random areas from the peripheral TBI region were
imaged with a magnification of x 200. Positive cells were
guantified using Image-Pro Plus software package
(Media Cybernetics, Carlsbad, CA, USA) by two
observers blinded to the experimental treatment.
Expression of BDNF and VEGF mRNA in the temporal
parietal cortex of each group was analyzed. Positive cells
from 20 fields of view from each section were quantified
at a magnification of x 200, and the results were
expressed as absorbance.

Statistical analysis

All data were expressed as mean = SD. Significance was
analyzed using independent samples t-test. Statistical
significance was set to P < 0.05.
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