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Abstract 
Objective: This study was designed to examine the effects of human umbilical cord matrix  
stem cell (hUCMSC) administration in rats for 6 weeks after traumatic brain injury (TBI).
Materials and Methods: Adult male Wistar rats (n = 30) were injured with controlled corti-
cal impact device and divided into three groups. The treatment group (n = 10) was injected 
with 2 × 106 hUCMSC intravenously, the vehicle group (n=10) received phosphate buff-
ered saline (PBS) whereas the control group (n = 10) receive nothing. All injections were 
performed one day after injury into the tail veins of the rats. All cells were labelled with 
Brdu before injection. Evaluation of the neurological function of the rats was performed 
before and after injury using Neurological Severity Scores (NSS). The rats were sacrificed 
6 weeks after TBI and brain sections were stained using Brdu immunohistochemistry.
Results: Statistically significant improvement in functional outcome was observed in the 
treatment group compared with the control group (p < 0.01). This benefit was visible 1 week 
after TBI and persisted for six weeks (end of trial). Histological analysis showed that hUC-
MSC were present in the lesion boundary zone at 6 weeks in all cell injected animals.
Conclusion: Rats injected with hUCMSC after TBI survive for at least six weeks and show 
functional improvemnt. 
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Introduction
Traumatic brain injury (TBI) influences people of 
all ages. The prevalence is greater in young adults 
and results in huge costs both for the individual 
and society. Until now there has been a shortage of 
neuroprotective therapies for neurotrauma in hu-
mans (1, 2). The pathophysiology and after-effects 
following TBI are very diverse in kind and nature 
(3), which is the most likely reason no universal 
treatment for TBI exists. Stem cells from differ-
ent sources, such as peripheral blood, bone mar-
row and embryonic stem cells, have been used to 
induce angiogenesis, associated with local prolif-
eration, differentiation and angiogenic cytokine 
production of implanted cells within ischemic 
tissues(4-7). Although the engraftment of trans-
planted cells and subsequent cytokine production 
in the targeted ischemic and traumatically injured 
organs are critically important for inducing angio-
genesis and synaptogenesis, the complex cellular 
and molecular mechanisms involved in cell-based 

formation of new synapses and neurons are still 
poorly understood. Wharton’s jelly (WJ) from the 
umbilical cord is a novel source of stem cells (8). 
Detailed immunohistochemical and ultrastructural 
examinations have found that cells from the WJ of 
umbilical cords possess characteristics of stromal 
cells. In recent studies, matrix cells from umbilical 
cord WJ have been shown to differentiate into neu-
ral-like cells both in vitro and in vivo (8, 9). In this 
study we have isolated a cell population derived 
from the WJ of human umbilical cords which was 
expanded in vitro and maintained in culture. We 
used this cell population to investigate migration 
and survival after intravenous transplantion of hu-
man umbilical cord matrix stem cell (hUCMSC) 
or WJ stem cell in TBI in rats. 

Materials and Methods
Animal model 
Adult male Wistar rats, weight 250 to 300 g, 
were used in this study. Animals were kept in a 
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room at 23°C ± 2, humidity 45% to 55% with a 
fixed 12-h artificial light period and allowed to 
eat and drink ad libitum. All animals were fed a 
standard rodent diet and received human care, as 
outlined in the guide for the care and use of labo-
ratory animals. This study was approved by the 
Ethical Committee of Iran University of Medical 
Sciences (Tehran, Iran). A controlled cortical im-
pact model in rat was used. Male Wistar rats (n = 
30) were anesthetized by intraperitoneal injection 
with chloral hydrate 350 mg/kg bodyweight. Rec-
tal temperature was controlled at 37°C ± 0.5°C 
with a feedback-regulated water-heating pad. 
A controlled cortical impact device (Fig 1) was 
used to induce the injury. Rats were placed in a 
stereotactic framee. 6-mm diameter craniotomies 
(Fig 1) were performed contiguous to the central 
suture, midway between lambda and bregma. The 
dura over the top of the cortex was kept unim-
paired. Injury was induced by impacting the right 
cortex (ipsilateral cortex) with a piston contain-
ing a 5-mm diameter tip at the rate of 4 m/s and 
2.5 mm of contusion (10). Animals were divided 

into three groups as follows:
Group 1 (10): Control group (Only TBI) 
Group 2 (10): TBI + PBS
Group 3 (10): TBI + 2 × 106 hUCMSC 

Culture of human umblical cord matrix stem cell
The human umbilical cord tissues were washed 
three times with Ca2+ and Mg2+-free PBS. They 
were mechanically cut by scissors in a midline 
direction and the vessels of the umbilical artery, 
vein and outlining membrane were dissociated 
from the WJ .The jelly was then cut into pieces 
smaller than 0.5 cm3, treated with collagenase 
type 1 (Sigma) and incubated for 14-18 hours at 
37 °C in a 95% air/5% CO2 humidified atmos-
phere. The explants then were cultured in DMEM 
containing 10% fetal calf serum (FCS) and anti-
biotics at 37 °C in a 95% air/5% CO2 humidified 
atmosphere. They were left undisturbed for 5-7 
days to allow for migration of the cells from the 
explants.
The cellular morphology became homogenously 
spindle-shaped in cultures after 2-3 passages.

Fig 1: The CCI (controlled cortical impact)  set-up consists of an piston causing a mechanical trauma in 
mice and results in cortical contusions, morphological and cerebrovascular effects, subdural and intra-pa-
renchymal hematoma, edema, inflammation and changes in cerebral blood flow which clearly mimics human 
traumatic brain injury.
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Alkaline phosphatase staining procedure
We used CHEMICON’s Alkaline Phosphatase 
Detection Kit (Catalog number SCR004) hUC-
MSC cells were cultured at low to medium den-
sity for five days prior to analyzing AP activity; 
(according to our findings, five days of cultur-
ing spindle-shaped cells are optimal for good 
AP stain visualization). On day five the media 
were aspirated and the hUCMSC fixed with 4% 
Paraformaldehyde in PBS for 1-2 minutes. The 
fixative was then aspirated and the cells rinsed 
with 1 X Rinse Buffer (TBST: 20mM Tris-HCl, 
pH 7.4, 0.15 NaCl, 0.05% Tween-20). Reagents 
for Alkaline Phosphatase staining Naphthol/
Fast Red Violet Solution were prepared by mix-
ing Fast Red Violet (FRV) with Naphthol AS-
BI phosphate solution and water in a 2:1:1 ratio 
(FRV: Naphthol:water). Enough stain solution 
was added to cover each well (e.g. 0.5mL for 
each well in a 24-well plate) and plates were 
incubated in the dark at room temperature for 
15 minutes. The staining solution was then 
aspirated and the wells rinsed with 1 X Rinse 
Buffer. Cells were then covered with 1 X PBS 
to prevent drying and the number of colonies 
counted.

Stem cell labeling and transplant
To identify cells derived from hUCMSC, 3 mg/
mL bromodeoxyuridine (BrdU) (Sigma) a thy-
midine analog and marker of newly synthesized 
DNA was added to the medium 72 hours before 
transplantation. Upon harvest, cells were isolat-
ed by treatment with 0.25% trypsin and 0.5 mM 
ethylenediaminetetraacetic acid (EDTA) at 37 
°C for 10 minutes at room temperature. The di-
gestion was stopped by adding FCS. Cells were 
then washed five times with PBS. Nucleated 
hUCMSC were counted using a cytometer to en-
sure adequate cell numbers for transplantation. 
For immunostaining hUCMSC were subcultured 
in chambered slides and more than 90% of hUC-
MSC were BrdU reactive. Approximately 2×106 
hUCMSC in 200 μL PBS (n = 10) or control 
fluid 200 μL PBS (n=10) was slowly injected 
over a 5-minute period into each rat tail vein. 
Immunosuppressants were not used in animals 
in this study.

Brdu immunohistochemical assessment
The injured cerebral tissues (5mm) were cut into 
coronal paraffin blocks. Single immunohisto-
chemical staining (11) was used to identify cells 
derived from hUCMSC. A series of 6-mm-thick 
sections at various levels (100-μm interval) were 

cut from this block and were analyzed by fluo-
rescent microscopy. After deparaffinization, 
sections were placed in boiled citrate buffer (pH 
6.0) in a microwave oven (650 to 720 W). After 
blocking in normal serum, sections were treated 
with the monoclonal antibody against BrdU in 
mouse (Sigma) diluted at 1:100 in PBS. After 
sequential incubation with rhodamine conjugat-
ed goat anti-mouse IgG (dilution 1:60; Chemi-
con), the secondary antibody was bound to the 
first antibody against BrdU. Cells derived from 
hUCMSC were identified by morphological cri-
teria and by immunohistochemical staining with 
BrdU (the tracer) present in the nuclei of donor 
cells. Analysis of BrdU-positive cells was based 
on the evaluation of an average of 10 slides. All 
BrdU-reactive cells, with BrdU clearly localized 
to the nucleus, were counted throughout all 10 
coronal sections (12).

Neurological functional evaluation
Neurological function (Table 1) in the rats was 
assessed using the neurological severity score 
(NSS). The NSS is composed of motor (muscle 
status, abnormal movement), sensory (visual, 
tactile and proprioceptive), reflex, and beam 
walking tests. In the severity scores for injury, 
one point is awarded for the inability to correct-
ly perform the tasks or for the lack of a tested 
reflex. The higher the NSS score observed, the 
more severe the injury. The evaluation of all rats 
was started before TBI and performed after TBI 
at one week, and weekly thereafter. All meas-
urements were performed by observers blinded 
to individual treatment (13).

Nissl staining method 
This method is used for the detection of Nissl 
bodies in the cytoplasm of neurons on parafor-
maldehyde or formalin-fixed paraffin embedded 
tissue sections. The Nissl body will be stained 
purple-blue. This stain is commonly used for 
identifying the basic neuronal structure in brain 
and spinal cord tissue. After fixing the brain 
with 4% paraformaldehyde in 0.1M PB or 10% 
formalin paraffin sections of 20 μm were cut. 
These sections were deparaffinized with 2 or 3 
10-minute changes of xylene, hydrated in 100% 
alcohol for 2×5 minutes, 95% alcohol for 3 min-
utes, 70% alcohol for 3 minutes and then rinsed 
in tap water followed by distilled water. 
They were then stained in 0.1% cresyl violet 
solution for 3-10 minutes. Staining in warmed 
cresyl violet solution (37-50 ºC in an oven) can 
improve penetration and enhance even staining. 
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It is particularly beneficial for thicker (20-50 
um) sections. After staining, sections were rinsed 
quickly in distilled water and then differentiated 
in 95% ethyl alcohol for 2-3 minutes, checked 
by microscope for optimal results and then dehy-
drated in 100% alcohol for 2×5 minutes, cleared 
in xylene for 2×5 minutes and mounted with per-
manent mounting medium.

Statistical analysis
Statistical analysis was performed using one-way 
analysis of variance (ANOVA) followed by the 
Duncan post-hoc test using SPSS 15.0. The data 
are presented as the Mean ± SD (standard devia-
tion). P-values of less than 0.05 were considered 
to denote statistically significant differences and 
P-values <0.01 were defined as denoting highly 
significant differences. All P-values >0.05 were in-
terpreted as representing no significant difference.

Results
Isolation, expansion and characterization of 
hUCMSC from human umbilical cord
After preparing the WJ primary cultures, ad-
herently growing cells of spindle-shaped mor-
phology were seen to migrate from the explants 
(Fig 2). Cells from WJ were fed and changed 
with culture medium twice weekly, and pas-
saged as necessary. Freshly isolated cells (P0) 
principally displayed a fibroblast-like appear-
ance over the first 3-4 days of culture.(Fig 
2A) During the 2nd week, they typically ap-
peared as slender cells with narrow cytoplasm 
and few lamellopodia (Fig 2B-F). After 12-14 
days, they grew to 100% confluence (Fig 2G) 
and formed colonies (Fig 2H) and P1 cells re-
sembled P0 cells. 
We used alkaline phosphatase to detect stem 
cells and observed colonies express alkaline 

Table 1: The table shows a set of modified neurologic severity scores used to grade neurologi function 
Points
3

3

2

6

4

18

Moto tests
Raising the rat by the tail
1 Flexion of forelimb
1 Flexion of hindlimb
1 Head moved more than 10° to the vertical axis within 30 s
Walking on the floor (normal=0; maximum=3)
0 Normal walk
1 Inability to walk straight
2 Circling toward the paretic side
3 Falling down to the paretic side
Sensory tests
1 Placing test (visual and tactile test)
2 Proprioceptive test (deep sensation, pushing the paw against the 
table edge to stimulate limb muscles)
Beam balance tests (normal=0; maximum=6)
0 Balances test steady posture
1 Grasps side of beam
2 Hugs the beam and one limb falls down from the beam
3 Hugs the beam and one limbs fall down from the beam, or spins 
on beam (>60 s)
4 Attempts to balance on the beam but falls off (>40 s)
5 Attempts to balance on the beam but falls off (>20 s)
6 Falls off: no attempt to balance od hang on to the beam (<20 s)
Reflexes absent and abnormal movements
1 Pinnar reflex (a head shake when the auditory meatus is 
touched)
1 Corneal reflex (an eye blink when the cornea is lightly touched 
with cotton)
1 Strartle reflex (a motor response to a brief noise from snapping a 
clipboard and paper)
1 seizures, myoclonus, myodystony
Maximum points
One points awarded for the inability to perform the task or for the lack of a tested reflex: 13-
18=severe injury; 7-12=moderate injury; 1-6-mild injury.
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phosphatase (red or brown stem cell colonies) 
(Fig 3). hUCMSC cell culture can be main-
tained either by harvesting the neurosphere-
like cell clusters or by passage of preconfluent 

flat and spherical cells without apparent dif-
ferences. We have maintained hUCMSC cul-
tures for more than 50 population doublings 
and they continue to grow vigorously. 

Fig 2: Pluripotential cells from the human umbilical cord matrix.(A-H) Appearance and growth of fibroblastoid cells or hu-
man umbilical cord matrix stem cell at passage 0 on days 3, 7(A-F), 12 (G) 14 (H) respectively. Briefly when hUCMSC cells 
initially grow outward from explants two morphologically distinct populations of cells are present: spherical or flat mesen-
chymal cells. When the cells become confluent, they form spherical colonies that remain attached to cells. These colonies 
resemble “neurospheres” 
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Fig 3: Human umblical cord matrix stem cell colony express alkaline phosphatase activity (A-D).
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Table 2: Statistical analysis was performed using One-way analysis of variance (ANOVA) followed 
by Duncan post-hoc test with SPSS 15.0. The data are presented as the Mean ± SD

Week 6Week 5Week 4Week 3Week 2Week 1      Time
Group

5.5 ± 0.5276.1 ± 0.5677.1 ± 0.5678.6 ± 0.5169.4 ± 0.69910.3 ± 0.483Control
5.5 ± 0.5276.1 ± 0.5677.1 ± 0.5678.6 ± 0.5169.4 ± 0.69910.3 ± 0.483Sham
3.9 ± 0.7374.9 ± 0.7375.8 ± 0.6326.6 ± 0.6998.2 ± 0.9189.2 ± 0.632hUCMSC

Fig 4: Results of behavioral functional tests (modified neurologic severity score [mNSS] test) before and after 
traumatic brain injury (TBI). Rats were treated to traumatic brain injury alone (Control) (n = 10) or were in-
jected with cultured human umblical cord matrix stem cell  (hUCMSC) (n = 10) or SHAM (PBS) (n = 10) 1 day 
after TBI. Significant functional recovery was detected in rats treated with hUCMSC compared with control 
and sham, p-value<0.01. The data are presented as the Mean ± SD. (W=Week)
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Three cellular characteristics indicate that 
undifferentiated hUCMSC are a type of stem 
cell: (1) the number of passages through which 
they have been maintained in culture; (2) the 
fact that UCM cells are telomerase-positive; 
and (3) UCM cells make the receptor for stem 
cell factor, c-kit (5).

Neurological and motor function evaluation
Injury in the right hemispheric cortex of rats 
produced neurological functional problems, as 
measured by the NSS, which is a combination of 
motor, sensory, reflex and beam walking inspec-
tions. These rats exhibited high scores on mo-
tor, sensory, reflex, and beam balance tests in the 
early phase after injury (first week post injury). 
Recovery began in the end of first week and con-
tinued at all following appraisal times in both 
PBS-treated and hUCMSC groups. Motor func-
tion assessed by the NSS recovered faster than 
sensory and beam balance functions. NSS scores 
for all hUCMSC-treated groups were signifi-
cantly below the NSS scores of the PBS-treated 
and control groups; p-value <0.01 betokening an 
amelioration of the functional consequence of 
injury (Table 2 and Fig 4).

Presence of brdu positive cells 
The analysis of BrdU-reactive cells is based 
on the evaluation of an average of 10 histology 
slides per treatment animal taken from multiple 
areas of the ipsilateral hemisphere, including 
cortexes, striatum of the ipsilateral hemisphere. 
The massive bulk of BrdU-labeled cells were 
located in the traumatic core and its boundary 
zone. A small number of cells were discerned 

in the contralateral hemisphere. In summary, 
hUCMSC-treated traumatic rats exhibited sig-
nificantly increased numbers of BrdU immuno-
reactive cells in their traumatic core compared 
with control and saline injected traumatized rats 
(Fig 5).

Discussion 
We have determined that intravenous injection 
of 2×106 hUCMSC one day after TBI signifi-
cantly ameliorates functional impairment com-
pared with non-treated rats. Morphological 
analysis of the tissue reveals that BrdU-labeled 
hUCMSC are more likely to enter into damaged 
brain than into contralateral non traumatic brain. 
What are likely to be the mechanisms or factors 
that amplify the reduced impairment observed 
with hUCMSC transplantation after TBI Whar-
ton Jelly is composed of myofibroblast-like stro-
mal cells (14). Myofibroblasts are important in 
growth, development and repair and are found 
throughout the body (15). As previously shown, 
new blood vessel growth was thought to be ex-
clusively dependent on the growth of endothe-
lial cells (16). However, the exact mechanism 
that leads to angiogenesis or collateral circula-
tion of arteries after stem cell transplantation is 
not yet known. A recent study pointed out not 
only endothelial cells may be essential (17). 
Many reports have proposed that the “injured” 
brain might specifically draw in stem cells or 
that stem cells might “home in” on the injured 
brain (18, 19). Recently Stumm et al. demon-
strated that focal cerebral ischemia causes an 
extension in SDF-1 expression in regions proxi-
mate to the infarcted area (20). SDF-1 is a CXC 

Fig 5: 42 days after traumatic brain injury 41 days after  hUCMSC  intravenous transplantation, cells 
derived from hUCMSC identified by  rhodamin conjugated secondary antibody (B-red ) distribute in the 
territory of the TBI (× 40).
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chemokine constitutively produced by bone 
marrow stromal cells and is a vigorous chemo-
attractant for stem cells. In one study (21) a le-
sion-induced upregulation of endothelial SDF-1 
(RT-PCR results) and the arrival of increased 
bis-benzimide-labeled CXCR4-expressing cells 
in the ischemic hemisphere might imply that cer-
ebro-endothelial SDF-1 is a chemo-attractant for 
hUCMSC. Additionally, bis-benzimide-labeled 
stem cells, co-stained with a specific marker for 
doublecortin (22) and transplanted in the stria-
tum were detected to migrate into the penumbra 
of the ischemic cortex 1 month after transplan-
tation. This result implies that, after traumatic 
brain injury, hUCMSC were commanded toward 
sites of brain injury, where they could be in-
volved in brain repair and functional recovery. 
Our data also demonstrate that traumatic brain 
tissue persuaded migration and homing of hUC-
MSC into damaged tissues. An SDF-1/CXCR4 
interaction may be directly involved in vascular 
remodeling, angiogenesis and neurogenesis , as 
a result of that alleviating  traumatic symptoms. 
In addition, hUCMSC migrating to the traumatic 
hemisphere could produce local chemical gra-
dients and localized chemokine accumulation, 
dictating a directional response in endothelial, 
neuronal and glial progenitor cells (23). As a 
logical result of this autocrine regulatory path-
way, endothelial and neuronal progenitor cells 
could mobilize and fuse with each other, a step 
required for subsequent formation of a structured 
network of branching vessels and neurons (24). 
In this study significant functional recovery was 
found 7 days after transplantation of hUCMSC. 
Thus, we sugest that the repair mechanism after 
stem cell transplantation in the traumatic brain 
might be separated into two stages of “growth 
factor” and “cell repair”, as follows. Initially, it 
is improbable that these transplanted hUCMSC 
are incorporated into the traumatic tissue and 
make viable connections within days after trans-
plantation due to the short time period. Instead, 
it seems likely that during the “growth factor 
phase” transplanted hUCMSC interact with the 
host CNS and lead to the production of cytokines 
or growth factors that then elevate the functional 
recovery of the remaining survival neurons and 
decrease apoptosis at the traumatic boundary 
zone. This hypothesis is based on the fact that 
growth factors and cytokines are the molecular 
signals that govern cell survival, proliferation 
and differentiation (25) and that exogenously 
administered neurotrophic growth factors have 
been shown to restrain the breadth of acute 

ischemic neural injury and reinforce functional 
recovery after stroke (26). It has been proved 
(21) that mRNA levels of neurotrophic factors 
including SDF-1, BDNF and GDNF increased 
significantly 7 days after transplantation in hUC-
MSC-treated rats’ brains compared to controls. 
Therefore we suggest that the grafted hUCMSC 
and their migration into the injured tissue may 
make available a neurotrophic factor production 
source and interact with the host brain, resulting 
in hUCMSC and parenchymal cells producing 
supplemental neurotrophic factors which may 
be involved in functional reorganization of the 
traumatic brain. hUCMSC may, as a result, be 
directly associated in promoting plasticity of 
traumatically damaged neurons or in instigating 
glial cells to secrete neurotrophins (BDNF and 
NGF) (27). It has been shown (9) that injection 
of porcine UCM cells into rat brain do not evoke 
an immune response. It has been described (8) 
that human UCM cells have the facility to dif-
ferentiate into a neuronal phenotype in vitro. It 
has been shown that rat UCM cells are myofi-
broblast-like stem cells, similar to those sepa-
rated from porcine and human umbilical cord. 
They express markers similar to those found in 
the adult bone marrow stromal stem cell (SMA 
and vimentin) and embryonic stem cells (Oct-4) 
(28). These findings suggest that the UCM is an 
profuse, easily obtainable source of primitive 
Oct-4+ stem cells that might be intermediary 
between embryonic and adult stem cells. It has 
been shown that unlike embryonic stem cells, 
hUCMSC cells do not form teratomas, nor do 
they evoke a detectable immune response (29). 
Mesenchymal stem cells from cord blood, while 
having many of the same characteristics as the 
hUCMSC cells, are less profuse and might be 
less primordial than those found in hUCMSC. 
Because of these attributes, hUCMSC cells 
might be a better substitute for embryonic, bone 
marrow stromal, or umbilical cord blood cells 
for cell-based therapies. It shown the presence 
of Oct-4+ RUCM (rat umbilical cord matrix 
cells)  in the site of ischemia stimulates and in-
crease the speed of the proliferation and recruit-
ment of the endogenous neuronal stem cells, in-
cluding re-entry of quiescent stem cells, into the 
rescue effort (28). Other probabilities comprise 
the production of extracellular surroundings that 
reinforce and aid restitution of the intrinsic abil-
ity of the brain tissue to self-repair.

Conclusion
Given the restricted accessibility of organs for 
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transplantation, cell transplant is an innovative 
and promising treatment for the repair of injured 
organs, such as brain. Nevertheless, although 
results in animal models and some introductory 
clinical trials appear to be hopeful, it is too early 
to make any definitive judgment as to the use-
fulness of such therapy. Furthermore, a number 
of essential questions remain: what is the best 
type of cells for and how many cells do we need 
to inject to be forcible? what is the best time 
(acute or chronic) for administration of cells and 
what is the best method for cell delivery? We 
are undoubtedly at the starting-point of a new 
and challenging field. New animal studies and 
scrupulously planned phase 1 clinical trials are 
needed to try to answer some of these questions 
and many new ones that will follow.
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