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Abstract. Recent studies regard bone marrow stromal cells as a potential
candidate for cellular therapy of traumatic brain injury and thus as an attractive
alternative for embryonic and fetal stem cells. Numerous experiments indicate
that bone marrow stromal cells play an important role in the repair of injured
brain tissue and also support healing processes. Findings of in vitro and in vivo
studies show that these cells have an ability to differentiate into cells of
multiple tissues, including neurons and glial cells and to secrete an array of
growth factors and cytokines, which have an influence on repair of damaged
tissue. In addition, treatment of traumatic brain injury with bone marrow
stromal cells promotes functional recovery of injured animals. Taking this into
consideration, there is hope for using bone marrow stromal cells in brain injury
therapy, which is very difficult because of specific events that occur in the
pathological conditions. However, mechanisms responsible for the observed
therapeutic potential of bone marrow stromal cells still remain unclear. The
review presents achievements in studies on bone marrow stromal cells as
a source of therapeutic benefits in treatment of traumatic brain injury and
addresses the question of their possible future use in clinical trials.
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INTRODUCTION

The therapy of brain injury faces many difficulties
as a result of the limited plasticity of the nervous sys-
tem and complicated pathological processes present in
the state of the brain disorder. Some of these processes
are: myelin degeneration, axonal damage, death of
neurons and glial cells, inflammation and blood-brain
barrier breakdown. Apart from the early response of
the brain to injury, there are also events detected some
time after tissue damage, which cause additional diffi-
culties for both physiological regeneration and medical
treatment. These include secondary neuronal death,
formation of glial scar and a microenvironment that
inhibits axonal regrowth and repair of injured tissue.

The limited ability of the central nervous system
(CNS) for self-renewal and all processes present dur-
ing the pathological condition are important issues for
the experimental approaches in CNS injury treatments.
Recent studies have examined the administration of
trophic factors: nerve growth factor (NGF) (Dixon et
al. 1997, Zhou et al. 2003), fibroblast growth factor-2
(FGF-2) (Yoshimura et al. 2003), insulin-like growth
factor-1 (IGF-1) (Guan et al. 2001, Saatman et al.
1997), which due to their propriety could create a pro-
regenerative environment and also help to restore lost
functions. Simultaneously, gene therapy is improving
the possibility of a continuous and lengthy delivery of
these supporting factors, which include the use of virus
vectors (Andsberg et al. 2002) and transfected cells
(Longhi et al. 2004, Philips et al. 2001). However, this
strategy needs further studies on the optimal use of
viruses and on the time regulation of factors adminis-
trated this way.

Considerable hope is vested in cellular therapy, in
which transplanted cells would be the source of factors
promoting regeneration and steering healing processes
in the appropriate direction. It could be also the source
of new cells, which will then replace the damaged
ones. To achieve this aim, new experiments are being
performed on fetal neural stem cells (Gao et al. 2006)
and embryonic stem cells (Yoshizaki et al. 2004). The
difficulties with isolation of these cells and ethical
issues are the limiting factors in their use. The needs
of multipotent cells have directed the attention of
researchers to cells that are more easily accessed, with
the potential to multiply and to differentiate into cells
of distinct origin under the presence of appropriate
stimulus. These are the bone marrow stem cells.

The bone marrow contains at least two popula-
tions of multipotent cells: hematopoietic stem cells
(HSCs), which differentiate into blood cells and
mesenchymal stem cells (also called bone marrow
stromal cells, BMSCs, colony-forming-unit fibrob-
lasts), non-hematopoietic, which residue in the bone
marrow stromal system and have the ability to give
rise to cells of mesenchymal lineage. There is evi-
dence that under appropriate conditions BMSCs can
differentiate into chondrocytes, osteocytes and
adipocytes, both in vitro and in vivo (Gronthos et al.
2003). Moreover, bone marrow stromal cells show
the potential to differentiate into hepatocytes
(Miyazaki et al. 2004), endothelial cells (Spees et al.
2003), and nervous system cells (Hermann et al.
2004, Suzuki et al. 2004). Jiang and coauthors
(2002) demonstrated multipotent adult progenitor
cells (MAPC) within BMSCs culture that differenti-
ated into endothelium, neural cells and epithelioid
cells of the endoderm.

Furthermore, implantation of BMSCs to the place
altered by the pathological processes promotes the
improvement of the heart function (Olivares et al.
2004) and the repair of bones (Crevensten et al. 2004,
Pereira et al. 1998).

In a physiological condition, bone marrow stem
cells are characterized by their multipotency and self-
renewal. Studies show that neural stem cells have the
same properties and that is why they have become the
subject of intensive studies (Bazan et al. 2004,
Johanson et al. 1999, Kempermann et al. 2003). Their
potential to differentiate is not only limited to neuroec-
todermal cells, but they can also differentiate into the
blood system cells (Bjornson et al. 1999, Shih et al.
2001). Terskikh and colleagues (2001) found the pres-
ence of transcripts, which are expressed in both adult
bone marrow stem cells and neural progenitor cells.
Moreover, the hematopoietic growth factor — erythro-
poietin gene and its receptor are expressed in the
human, monkey, and murine brain (Marti et al. 1996).
The connection between expressions of different genes
could be one of the factors responsible for the plastici-
ty of stem cells, which is observed in in vivo and in
vitro studies.

Taking into consideration the above-mentioned
properties of bone marrow stromal cells, numerous
studies have been performed to examine the influence
of these cells on regeneration and functions restoration
of damaged tissue after brain trauma.



IN VITRO AND IN VIVO IMPLICATION FOR
BONE MARROW STROMAL CELLS USE IN
TBI THERAPY

BMSC s isolation from bone marrow is classically
performed by their adhesion to the culture plastic con-
tainers. BMSCs comprise a heterogeneous population
of cells and in the culture at least three morphological-
ly different types of cells can be seen: spindle-shaped
cells, large flat cells and small round cells. They can
divide rapidly and be induced to differentiate into mul-
tiple cell lineages under specific media containing
growth factors and/or other substances like B-glyc-
erophosphate and dexamethason in the case of
osteogenic lineages stimulation (Banfi et al. 2000).
Recently various methods of BMSCs culture have
been developed to partially transdifferentiate human,
rat or mouse adult BMSCs into neuron-like cells
(Bossolasco et al. 2005, Croft and Przyborski 2004,
Hermann et al. 2004, Kim et al. 2002, Sanchez-Ramos
et al. 2000, Woodbury et al. 2000), enhancing their
potentiality to be used in the treatment of a variety of
neurological diseases, including TBI.

The use of medium composed of retinoic acid (RA),
epidermal growth factor (EGF) and brain-derived neu-
rotrophic factor (BDNF), was conducive to stromal
cells differentiation into neural progenitor-like cells
(expression of neuron-specific nuclear protein, NeuN,
and neuronal progenitor marker, nestin) and glial-like
cells (expression of glial acidic fibrillary protein-
GFAP) in a small proportion (0.5-1%) after 2 weeks of
culture. Simultaneously coculturing BMSCs with fetal
mesencephalic cells increased the number of differen-
tiated cells at least twofold (Sanchez-Ramos et al.
2000). In another study organotypic hippocampal slice
was used as a microenvironment to demonstrate the
capacity of BMSCs for morphological differentiation.
Neuron-like differentiation occurred mostly within the
hippocampal slice boundaries but the number of neu-
ron-like cells (NeuN expression) decreased within the
two weeks of culture (Abouelfetouh et al. 2004). Thus,
the BMSCs contact with the host brain tissue and cells
plays an important role in the differentiation of
BMSCs, however differentiation potential of such
expanded cells should be precisely evaluated as
BMSCs lost their phenotypes of neuron-like cells with
culture time.

The changes in morphology and phenotype of
BMSCs were also observed after enrichment of culture
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medium with FGF and RA, and the simultaneous addi-
tion of fibronectin to the medium increased the amount
of the differentiated cells (Kim et al. 2002).

The protocol, described by Woodbury and others
(2000), induced the bone marrow stromal cells to
exhibit a neuronal phenotype, expressing neuron-spe-
cific enolase (NSE), NeuN, neurofilament-M (NF-M)
and tau. To induce neuronal differentiation, BMSCs
were cultured in serum-free medium containing B-mer-
captoethanol or dimethylsulphoxide plus butylated
hydroxyanisole. Nearly 80% of cultured cells expressed
NSE and NF-M within hours. Similar results were doc-
umented in another study, in which BMSCs treated with
antioxidants adopted a neural-like phenotype (Croft and
Przyborski 2004). This type of differentiation protocol
is however controversial as was shown by Paul Lu and
coauthors (2004) who suggested that the observed
chemical neuronal induction might be the result of cel-
lular toxicity, cell shrinkage and changes in cytoskele-
ton and did not represent neuronal differentiation.

According to a study performed by Tondreau and
others (2004) human bone marrow-derived mesenchy-
mal stem cells express neuronal markers (nestin, neu-
ron-specific class III beta-tubulin, Tuj-1, tyrosine
hydroxylase, TH, microtubule-associated protein-2,
MAP-2) and glial marker (GFAP) without any stimula-
tion. The more mature neuronal and glial proteins were
seen after five passages of BMSCs and specific neuro-
genic induction caused further differentiation of
BMSCs into cells of neuronal origin by increasing the
expression of TH, MAP-2 and GFAP and decreasing
the expression of Tuj-1. Similar results were also
shown by Bossolasco and colleagues (2005) who
demonstrated in vitro neuro-glial potential of mes-
enchymal stem cells before and after treatment with
different media. After five passages mesenchymal stem
cells expressed NSE, Btubulin 111, GAP 43, MAP2,
GFAP by RT-PCR and NF-M, nestin, O4 by flow
cytometry before any induction. However the expres-
sion of these genes at protein level was not detected by
immunocytochemical analysis, what might be caused
by too low level of protein expression or by the lack of
specific additional signals required for that expression.

The transdifferentiation of bone marrow stromal
cells was also demonstrated in vivo. Genetically or flu-
orescently labeled BMSCs migrated to the brain,
engrafted the parenchyma and expressed the pheno-
type of neurons and astrocytes (Lee et al. 2004,
Munoz-Elias et al. 2004, Zhao LR et al. 2002).
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Although in the specific condition BMSCs seem to be
able to display a morphology and protein expression
profile characteristic for neural properties, there is still
a question how closely they approach a mature, func-
tional neural phenotype and integrate into functional
neural circuitry, especially that other studies shown
that phenotypic differentiation of transplanted bone
marrow stromal cells is not the result of transdifferen-
tiation but rather cell fusion (Terada et al. 2002).

Apart from cellular replacement as the potential
therapeutic approach in BMSCs studies, the second
possibility for therapeutic use of mesenchymal stem
cells is connected with growth factors and cytokines
production by these cells. BMSCs in themselves could
be the source of neurotrophic factors in the damaged
tissue, promoting the regeneration with a simultaneous
inhibition of the processes which impede the repair.
The BMSCs potential to produce NGF and glial cell
line-derived neurotrophic factor (GDNF) was demon-
strated in culture by using the RT-PCR technique and
ELISA (Chen Q et al. 2005, Garcia et al. 2004, Ye et al.
2005). BMSCs cultured in DMEM medium secreted
NGF, BDNF, GDNF, neurotrophin-3 (NT-3). However,
during seven weeks of BMSCs culture, the most sig-
nificant increase in the amounts of trophic factor was
seen in the NGF level (Chen Q et al. 2005). According
to Ye and coauthors (2005), the GDNF expression in
the cells and culture medium increased gradually from
3 to 10 days of culture. Moreover, BMSCs express the
genes for several neurotrophic factors including NGF-8,
BDNEF, ciliary neurotrophic factor (CNTF), IGF-1,
(Crigler et al. 2006, Yamaguchi et al. 2006), promote
survival of neuroblastoma cells and neuritogenesis in
vitro (Crigler et al. 2006), indicating their therapeutic
role in the protection of the injured central nervous
system. Isele and colleagues (2007) demonstrated that
BMSCs protected neurons against apoptotic stress by
stimulation of endogenous survival signaling pathways
in neurons such as PI3-K/Akt and MAPK.

These data demonstrate that BMSCs have an ability
to produce trophic factors and protect injured tissue in
standard culture conditions. The additional factors in the
injured brain might influence the properties of BMSCs,
especially given that the increase in the amount of NGF
was also shown in the cerebrospinal fluid of rats after
intraventricular injection of BMSCs (Chen Q et al.
2005). Furthermore, the ability of bone marrow stromal
cells to migrate and differentiate into CNS-origin cells
gives new opportunities for their usage in the gene ther-

apy. Curative proteins might be incorporated by these
cells into the pathologically changed brain and provide
the valuable factors for neuroprotection and neuroregen-
eration (Zhao LX et al. 2004).

THE BONE MARROW STROMAL CELLS IN
CONTACT WITH TBI

Traumatic brain injury is followed by many
changes, including contusion, hemorrhage, edema,
axonal degeneration, anoxia and ischemia. In the site
of the injury, the blood-brain barrier breakdown, dis-
turbances in electrolytes homeostasis, apoptotic and
necrotic death of neurons and oligodendrocytes and
activation of astrocytes and microglia occur. The cells
from the blood also infiltrate to the site of the injury.
The inflowing macrophages together with the
microglia initiate the inflammation (Tzeng and Wu
1999) and by cooperation with astrocytes and fibro-
cytes they contribute to glial scar formation (Fitch and
Silver 1997). The scarring process depends on the rela-
tionship between those cells and on their function con-
nected with cytokines production.

Apart from scar tissue, the secondary neuronal death
occurs, which is also the obstacle preventing regenera-
tion. Inflammation processes seem to be the factor
responsible for neuronal death, during which toxic sub-
stances for neurons are produced (Holmin et al. 1997).

TBI therapy needs actions, which are directed
towards: the reduction of secondary trauma results; the
restoration of the tissue, which has suffered injury; and
the neurological function improvement. Taking into
consideration the fact that a number of processes co-
exist after trauma, treatment of only one pathological
event may be insufficient to prevent other conse-
quences of injury. Thus, the possibility of using mes-
enchymal stem cells attracts the attention of
researchers engaged in TBI therapy, because these cells
might have multiple potential therapeutic applications.

The latest studies show that bone marrow stromal
cells, besides having the ability to replace damaged
cells from the neuronal system, can also produce an
array of trophic factors important for the repair
processes under the influence of the injured tissue.
Xiaoguang Chen and coauthors (2002) cultured human
bone marrow stromal cells in the presence of injured
brain tissue extract. They observed that the increase in
the amount of BDNF, NGF, FGF, vascular endothelial
growth factor (VEGF) and hepatocyte growth factor



(HGF) in the culture medium depended on the culture
time and the time of brain tissue isolation. This corre-
lation was also found in the pathological condition in
vivo, in which the increase in the NGF and BDNF
expression in the injured brain was observed after
intravenous administration of stromal cells (Mahmood
et al. 2004a) and after injection to Cistern Magnum
(Hu et al. 2005). Thus, bone marrow stromal cells
might be the new strategy of administration of factors
essential for the repair.

On the other hand, bone marrow stromal cells may
change their fate in the environment of neurotrophic
factors. BMSCs cultured in the presence of BDNF and
NGF resulted in more intensive migration and engraft-
ment of the host’s injured brain tissue, with a simulta-
neously observed improvement of functional recovery
in comparison with the results derived after transplan-
tation of stromal cells cultured in the standard condi-
tion (Mahmood et al. 2002). It was also shown after
intraarterial transplantation of BMSCs and the addition
of NGF and BDNF to the culture medium promoted
the expression of neuronal protein MAP-2 (Lu D et al.
2001a). Thus, the environment of the culture or the
damage tissue influences the transplanted stromal cells
in two different ways: by induction of growth factors
production and/or initiating their differentiation into
neuronal or glial cells.

The differentiation of rat’s bone marrow stromal
cells was observed in the cortical compact injury (Lu D
et al. 2001b) and fluid percussion model (Lu J et al.
2006) of TBI after intravenous injection of these cells.
It was shown that a small number of transplanted cells
expressed a neuronal marker NeuN (Lu D et al. 2001b),
astrocytic marker GFAP (Lu D et al. 2001b, Lu J et al.
2006), MAP-2, oligodendrocyte marker CNPase and
microglial marker OX-42 (Lu J et al. 2006). At the
same time, the sensorimotor function was improved.
However, no connection between differentiated graft
cells and host cells was found, and the number of the
differentiated cells was low. The researchers’ hypothe-
sis was that the functional outcome might be the result
of the interaction between the injected cells and the host
tissue, reflected in the production of growth factors and
cytokines. It might be also the effect of enhanced
endogenous cellular proliferation after BMSCs trans-
plantation (Mahmood et al. 2004b).

Similar results have been obtained after intravenous
transplantation of human bone marrow stromal cells to
the rats’ brain exposed to TBI (Mahmood et al. 2003).
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The engrafting of brain parenchyma by BMSCs was
accompanied by the differentiation of some cells into
neurons and astrocytes and also by neurological recov-
ery. The absence of the graft rejection was the impor-
tant issue. The graft-versus-host (GvH) disease symp-
toms were not also observed after the administration of
rat’s bone marrow cells suspension directly to the rat’s
cerebral cortex and striatum. What is more; the evi-
dence of motor function recovery was demonstrated
(Mahmood et al. 2001). It was not stated whether graft-
ed bone marrow cells influenced the inflammation
processes in the damaged tissue, as the increase of the
proinflammatory cells number in the injured area
might cause neurotoxic effects and disturbance in the
CNS self-control of the inflammation, which refer to
the local regulation of antigen expression, number of
cytokines and ending of the inflammatory process
(Bauer et al. 2001).

The experimental models of TBI cause the distur-
bance features approximate to symptoms observed in
clinical TBI. Unfortunately, the clinical trials can give
results which differ considerably from studies on the
animal model, especially given that studies are made in
standardized conditions. Moreover, the optimal thera-
peutical number of injected BMSCs have to be esti-
mated in further pre-clinical trials. In addition, the time
of transplantation after injury should also be consid-
ered. In two recent works Mahmood and colleagues
(2005, 2006) have demonstrated long-term recovery
after BMSCs transplantation. In the first one three
treatment groups of male rats were injected intra-
venously with three different doses of human BMSCs
(2x10°, 4x10° 8x10° 1 day after brain injury.
Statistically significant improvement in functional out-
come was observed in all three treatment groups
3 months after injury and there were no differences
between them. The difference between the groups was
only seen in the number of engrafted cells (Mahmood
et al. 2005). In the later work the same doses of rats’
BMSCs were injected intravenously to female rats
1 week after brain injury. After three months function-
al outcome was significantly better in rats that received
4x10° and 8x10° whereas no improvement was seen in
animals that received 2x10° BMSCs. Furthermore, the
dose of 2x10° caused lower expression of BDNF in the
injured brain in comparison with two other doses
(Mahmood et al. 2006).

Moreover, the culture condition and the route of
cells administration may also be significant. Dunyue
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Lu and coauthors (2002) cocultured BMSCs with neu-
rospheres prepared from fetal brain tissue. BMSCs
united with embryonic cells, created long processes
and at the same time, the growth of these cells in cul-
ture was increased. In the second phase of this study,
cultured cells were transplanted directly to the injured
site. These cells showed a better survival rate in com-
parison with the bone marrow stromal cells and neu-
rospheres cultured alone. The decrease in the injury
site dimension and neurological function outcome
were also observed. Usage of new cell culture condi-
tions and transplantation combined with additional
pro-regenerative factors, including gene therapy, are
the novel therapeutical strategies adopted in the studies
of TBI treatment.

The influence of bone marrow stromal cells on sec-
ondary processes found after injury, such as secondary
neuronal death and glial scar formation, seems to be
the essential issue in further studies on BMSCs use in
TBI therapy. Glial scar is considered to be the main
obstacle to axonal regeneration. On the other hand it
isolates the still-intact brain tissue from the secondary
neuronal degeneration, and their components release
factors that could promote neuronal survival and
regeneration (Ribotta et al. 2004). From a therapeutical
point of view, it would be important to find methods
for such a modification and modulation of gliosis, that
it retains the healing features along with retaining the
possibility of axonal regeneration.

CONCLUSIONS

The perspective of using bone marrow stromal cells
as a part of the therapy for TBI seems to be closer.
Experimental studies indicate many opportunities for
the application of these cells, depending on: time and
localization of bone marrow cells administration; the
source of transplanted bone marrow stromal cells (the
type of transplantation); the conditions of BMSCs cul-
ture and transplantation to the injured tissue. The results
of different preclinical studies demonstrate the ability
of bone marrow stromal cells to migrate, engraft into
the damaged brain tissue, and differentiate into residen-
tial-like cells. The neurological recovery is simultane-
ously observed. BMSCs seem to be also an important
source for gene therapy, by which different compounds
and factors, essential for the regeneration and repair of
the injured tissue, can be administrated to the brain over
long periods. All of these phenomena require, however,

further studies on the conditions of use of BMSCs
including, animal models of CNS disease, methods of
analysis of obtained results and neurological outcome
tests. The mechanism responsible for observed changes
in cell phenotype and function and for behavioral
recovery must be established and fully understood.
Although the results of pre-clinical studies are opti-
mistic, the question whether bone marrow stromal cells
could help in TBI therapy is still open.
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