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Abstract
Treatment of rodents after stroke with bone marrow stromal cells (BMSCs) improves functional
outcome. However, the mechanisms underlying this benefit have not been ascertained. This study
focused on the contribution of neurotrophic and growth factors produced by BMSCs to therapeutic
benefit. Rats were subjected to middle cerebral artery occlusion and the ischemic brain extract
supernatant was collected to prepare the conditioned medium. The counterpart normal brain extract
from non-ischemic rats was employed as the experimental control. Using microarray assay, we
measured the changes of the neurotrophin associated gene expression profile in BMSCs cultured in
different media. Furthermore, real-time RT-PCR and fluorescent immunocytochemistry were
utilized to validate the gene changes. The morphology of BMSCs, cultured in the ischemic brain-
conditioned medium for 12 h, was dramatically altered from a polygonal and flat appearance to a
fibroblast-like long and thin cell appearance, compared to those in the normal brain-conditioned
medium and the serum replacement medium. Forty-four neurotrophin-associated genes in BMSCs
were identified by microarray assay under all three culture media. Twelve out of the 44 genes (7
neurotrophic and growth factor genes, 5 receptor genes) increased in BMSCs cultured in the ischemic
brain-conditioned medium compared to the normal brain-conditioned medium. Real time RT-PCR
and immunocytochemistry validated that the ischemic brain-conditioned medium significantly
increased 6/7 neurotrophic and growth factor genes, compared with the normal brain-conditioned
medium. These six genes consisted of fibroblast growth factor 2, insulin-like growth factor 1, vascular
endothelial growth factor A, nerve growth factor beta, brain-derived neurotrophic factor and
epidermal growth factor. Our results indicate that transplanted BMSCs may work as ‘small molecular
factories’ by secreting neurotrophins, growth factors and other supportive substances after stroke,
which may produce therapeutic benefits in the ischemic brain.
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Introduction
By stimulating neuroprotection and neurorestoration after central nervous system (CNS)
disorders, cell transplantation may become a therapeutic option for patients with CNS diseases
such as cerebral ischemia.1 Among several kinds of cell-based therapies, bone marrow stromal
cell (BMSC) is a strong therapeutic candidate. BMSCs enriched in vitro by self-renewal after
isolation from adult bone marrow, virtually eliminate the ethical, immunological and logistical
problems associated with embryonic or adult neural stem cell therapies. Furthermore, there is
increasing evidence from our laboratory and others showing that BMSCs survive, selectively
migrate to injured areas and provide therapeutic benefits in a variety of CNS diseases, such as
cerebral ischemia,2–4 traumatic brain injury,5 spinal cord injury6,7 and demyelinating
disorders.8,9 These studies suggest the possibility of transplantation therapy using BMSCs for
patients with various CNS disorders. However, the mechanisms by which BMSCs provide
therapeutic benefits remain unclear. BMSCs, including stem and progenitor cells, are
multipotent and capable of differentiation into mesodermal derivatives such as bone, cartilage,
fatty tissue and even neural cells such as neurons.10,11 Although the transdifferentiation theory
is attractive, it is inconsistent with in vivo data.12 Rodents after middle cerebral artery occlusion
(MCAo) obtain therapeutic benefit within days, and very few BMSCs express neural markers.
13 Clearly, weeks or months are needed for BMSCs to transdifferentiate into the lost neural
cells and appropriately integrate into complex neural connections.14,15 Alternatively,
orthotopic BMSCs naturally secrete a variety of cytokines and growth factors, which mainly
support hematopoietic stem cells to differentiate into mature blood cells.16 Interestingly, the
pattern and quantity of such functional secretion of BMSCs could be changed in response to
their existing microenvironment.17 BMSCs in ischemic conditions increase the synthesis of
some cytokines and growth factors.18–20 To expand the spectrum of neurotrophic genes
secreted by BMSCs after transplantation into ischemic brain, microarray assay was employed
in this study to characterize the change of the neurotrophic and growth factor gene expression
profile in BMSCs cultured in ischemic brain-conditioned medium, normal brain-conditioned
medium and serum replacement medium as a basic control. Real time RT-PCR and
immunocytochemistry assay were employed to validate the expression of neurotrophic and
growth factor genes.

Methods
All experimental procedures were approved by Institutional Animal Care and Use Committee
of Henry Ford Hospital.

The transient MCAo model was induced by intraluminal vascular occlusion, as described
previously.21 Briefly, male Wistar rats weighing 270–300 g (n = 12) were anesthetized with
halothane in 70% N2O and 30% O2. The origin of the right middle cerebral artery was blocked
by advancing a 4–0 monofilament nylon suture from the external carotid artery into the lumen
of the internal carotid artery. Reperfusion was performed by withdrawal of the suture 2 h after
operation.

Ischemic brain tissue extracts were obtained 2–3 days after MCAo.19,22 A standard block,
centered at the territory of the MCAo (bregma −1 ∼ +1 mm23) was obtained by dissection on
ice from the ipsilateral hemisphere and the counterpart normal brain tissue were collected from
non-ischemia rats. Subsequently, the tissue pieces from each animal were homogenized by
adding Dulbecco's modified Eagle medium (DMEM) (150 mg/mL). After centrifugation for
10 min at 10 000 × g at 4°C, the supernatant from brain tissue homogenate was collected and
stored at −80°C for future treatment of mouse BMSCs.
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The primary cultured mouse bone marrow stromal cells were provided by Cognate Inc.
(Baltimore, MD, US). 1 × 106 mouse BMSCs were seeded in 35 mm dishes (three dishes per
group) and precultured at 37°C in 5% CO2 for 24 h, and then treated with serum replacement
DMEM (Knockout DMEM with 20% Knockout Serum Replacement, Gibco, New York, NY;
Invitrogen, Carlsbad, CA, US) as the basic control group, or in addition to 20% of the
supernatant collected from the normal brain extract or the ischemic brain extract.

After culture for the desired time, BMSCs were gently rinsed with phosphate buffered saline
(PBS). Cells were subsequently observed under a phase-contrast microscope (Nikon, Eclipse,
TE2000-U) with 20× magnification.

After 48 h culture, total RNA of mouse BMSCs in each group was isolated with the ArrayGrade
Total RNA Isolated Kit (SuperArray Bioscience, Frederick, MD, US). RNA concentration and
purity were measured by UV Spectrophotometry (UV160U, Shimadzu Corp, Kyoto, Japan).
Using the Truelabeling-AMP Kit (SuperArray Bioscience), antisense RNAs were synthesized
and labeled with biotinylated-UTP. After purification, the biotin-labeled cRNA target was
hybridized with customized mouse Oligo GEArray microarray membranes with 113
oligonucleotide probes representing neurotrophin associated genes (SuperArray Bioscience).
Afterward, the microarray membranes were bound with alkaline phosphatase-conjugated
streptavidin. The chemiluminescent signal was recorded using X-ray film (BioMax MR Film,
Kodak) and a flatbed desktop scanner (Power-look 1120, UMax). The web-based GEArray
Expression Analysis Suite software (SuperArray Bioscience) was utilized to perform the image
analysis and data acquisition. To gather reliable data, careful quality control of experiments,
data extraction and standardization approaches were maintained throughout the experimental
process.

For real time RT-PCR, total RNA was extracted from BMSCs using the RNeasy Mini Kit
according to the manufacturer's manual (Qiagen, Germantown, MD, US). cDNA was obtained
from total RNA using oligo(dT), dNTP mix, First-Strand Buffer, DTT, RnaseOUT, and
Superscipt III (Invitrogen). Quantitative RT-PCR was performed using SYBR Green RT-PCR
system on an ABI 7000 PCR instrument (Applied Biosystems, Foster City, CA, US) with a
three stage amplification program provided by the manufacturer as follows: 2 min at 5°C, 10
min at 95°C and then 40 cycles of amplification reaction, 15 s at 95°C and 1 min at 60°C. The
specificity of the amplicons was confirmed by the examination of the dissociation plot, a single
peak indicated that a single DNA sequence was amplified during PCR. Each sample was tested
in triplicate, and the samples obtained from four independent experiments were employed for
the analysis of relative transcription data using the 2−ΔΔCT method.

Immunocytochemistry was performed after 72 h culture in all experimental groups, as
previously described.24 The cultured cells were fixed with 4% paraformaldehyde for 20 min,
and incubated in the blocking buffer containing 1% bovine serum albumin, 0.1% Triton X-100
at 37°C for 1 h. Antibodies against fibroblast growth factor 2 (FGF2) (1:200, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA), transforming growth factor beta 1 (TGFβ1)
(1:200, R & D Systems, Minneapolis, MN, US), insulin-like growth factor 1 (IGF1) (1:200,
Santa Cruz Biotechnology, Inc.), vascular endothelial growth factor A (VEGFa) (1:500, Santa
Cruz Biotechnology, Inc.), nerve growth factor, beta (NGFB) (1:1000, Santa Cruz
Biotechnology, Inc.), Brain derived neurotrophic factor (BDNF) (1:500, Santa Cruz
Biotechnology, Inc.) and epidermal growth factor (EGF) (1:500, Santa Cruz Biotechnology,
Inc.) were used for immunofluorescent staining of the BMSCs in different culture media.
BMSCs were then washed in PBS for 3 times and treated with Cy3 conjugated secondary
antibody. Nuclei were counterstained with 4′,6′-diamidino-2-phenylindole (DAPI; Vector
Laboratories, Burlingame, CA, US). Cells were examined under a fluorescent microscope
(Nikon, eclipse, TE2000-U). Micrography was performed using a 20× objective and images
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were processed with imaging software (MetaMorph Imaging System, Universal Imaging Corp,
Downingtown, PA, US).

Anova was used to evaluate differences between the experimental groups and the control in
real time RT-PCR and immunocytochemistry assay. P < 0.05 was considered statistically
significant.

Results
To mimic bone marrow stromal cell transplantation into the ischemic brain microenvironment,
the BMSCs were treated with the brain supernatant conditioned medium. After 12 h culture in
the serum replacement medium, the BMSCs showed a polygonal and flat appearance under
the phase-contrast microscope (Fig. 1A). However, the morphology of most BMSCs in the
ischemic brain-conditioned medium was altered to a fibroblast-like long and thin cell
appearance with bipolar or multipolar processes (Fig. 1C). Only a small part of BMSCs in the
normal brain-conditioned medium were protracted (Fig. 1B).

Forty-four neurotrophic and growth factor genes were identified among 113 genes in BMSCs
cultured in all three culture media (Fig. 2). Ratios of normalized signal intensities of the
ischemic brain-conditioned medium group to both the normal brain-conditioned medium and
the serum replacement control groups were evaluated for changes of gene expression in
BMSCs. Using an arbitrary cut-off of 2.0-fold change, we found that, compared with the serum
replacement medium, 14 genes (7 neurotrophic and growth factor genes and 7 receptor genes)
and six genes (2 neurotrophic and growth factor genes and 4 receptor genes) increased in
BMSCs in the ischemic brain-conditioned medium and the normal brain-conditioned medium,
respectively (Table 1). Twelve genes (7 neurotrophic and growth factor genes and 5 receptor
genes) increased in BMSCs subjected to the ischemic brain-conditioned medium, compared
with the normal brain-conditioned medium (Table 1).

In order to validate the microarray results, real time RT-PCR with specific primers (Table 2)
was used to evaluate the expression profile of the seven neurotrophic and growth factors. The
results showed that compared with the serum replacement medium control, the mRNA levels
of seven genes from BMSCs were significantly up-regulated after 48 h of exposure to the
ischemic brain-conditioned medium and four genes were significantly increased in BMSCs
cultured in the normal brain-conditioned medium (n = 4, P < 0.05, Fig. 3). Six out of the seven
genes, except tgfb1, increased in the BMSCs subjected to the ischemic brain-conditioned
medium, compared with the normal brain-conditioned medium. The gene expression of
tgfb1 in BMSCs significantly increased in both the ischemic and normal brain-conditioned
media compared with the serum replacement medium.

The gene expression changes at the protein level of the seven genes in BMSCs were further
evaluated by fluorescent immunocytochemistry. Compared with the serum replacement
medium, seven and one genes increased in BMSCs cultured in the ischemic brain-conditioned
medium and the normal brain-conditioned medium, respectively. Except TGFB1, 6/7
neurotrophic factors showed significantly enhanced immunostaining in BMSCs in the ischemic
brain-conditioned medium compared with the normal brain-conditioned medium (P < 0.05,
Fig. 4).

Discussion
We are the first to use the mouse oligo-microarray assay to investigate the effect of ischemic
brain tissue extract on cultured mouse BMSCs. The present study demonstrates that 44
neurotrophin-associated genes (Table 2) among 113 genes in the microarray membrane are
identified by microarray assay from BMSCs cultured in ischemic brain-conditioned medium,
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normal brain-conditioned medium, and serum replacement medium. Using an arbitrary cut-off
2.0-fold change, several genes, consisting of neurotrophic and growth factor genes and receptor
genes are up-regulated when BMSCs are cultured in the ischemic brain-conditioned medium
compared with the normal brain-conditioned medium and the serum replacement medium.
Real-time RT-PCR and immunocytochemistry confirmed that the ischemic brain-conditioned
medium significantly increased gene production of seven neurotrophic and growth factors
compared with the serum replacement medium. These seven genes consist of fibroblast growth
factor 2 (fgf2), transforming growth factor beta 1 (tgfβ1), insulin-like growth factor 1 (igf1),
vascular endothelial growth factor A (vegfa), nerve growth factor beta (ngfβ), brain derived
neurotrophic factor (bdnf), and epidermal growth factor (egf). Six out of the seven genes are
significantly increased in the BMSCs cultured with the ischemic brain-conditioned medium
compared with the normal brain-conditioned medium, except tgfβ1, which increases in BMSCs
cultured in both the ischemic and normal brain-conditioned media, compared with the serum
replacement medium. These findings suggest that the gene expression pattern of neurotrophic
and growth factors in BMSCs is altered in response to the surrounding brain ischemic
microenvironment, and this may contribute to the therapeutic benefit of MSC transplantation
after stroke.

To test the morphological changes of BMSCs, the ischemic brain-conditioned medium is used
to mimic the complicated ischemic brain microenvironment, as previously reported.19,22 After
12 h culture in the ischemic brain-conditioned medium, the morphology of most BMSCs is
dramatically altered from a polygonal and flat appearance to a fibroblast-like long and thin cell
appearance with bipolar or multipolar ‘processes’ (Fig. 1). The similar morphological change
is only found in a small part of BMSCs in the normal brain-conditioned medium. These
morphological changes of BMSCs indicate that BMSCs respond to the ambient environment,
reprogram the cellular organization and modulate gene and protein expression. More work is
required to clarify the mechanisms underlying the morphological changes, which may be
related to a restructuring of the cytoskeleton of BMSCs cultured in the ischemic brain-
conditioned medium.

Neurotrophic and growth factors have been shown to support the survival and differentiation
of many neural populations of the CNS during fetal development25 or repair after cerebral
injury in the adult.8 FGF2 has potent survival-promoting and protective effects against neural
loss,26 and FGF2 also amplifies neurogenesis in the adult brain after injury.27 Cerebral
ischemia induced in FGF2−/− mice results in enlarged infarct volume and loss of BDNF mRNA
induction compared to wild type.28 NGF promotes the survival and differentiation of sensory
and sympathetic neurons both in the development and the repair period after stroke.25 NGF/
Trk A is neuroprotective following various forms of brain injury.8,29 EGF is a polypeptide
involved in directed cell migration30 and connexin 43 gap junction communications.31
Following cerebral ischemia, TGFβ1 is strongly up-regulated in the CNS.32 TGFβ1 shows
neuroprotective activity against ischemia-induced neuronal death through suppressing the
expression and phosphorylation of proapoptosis factors such as Bad, and activating the MAPK/
Erk signal pathway.32 TGFβ1 also regulates the fate of multipotential neural or mesenchymal
stem cells by modulating the expression or function of tissue-specific transcription factors, as
well as selectively regulating the expression of required growth factors and their receptors.
33 Interestingly, we found that the gene tgfβ1 significantly increased in BMSCs in both the
ischemic and normal brain-conditioned media, compared with the serum replacement medium.
The increased expression of tgfβ1 in BMSCs may be caused by the changed culture
environment, independent of ischemia. VEGF is an angiogenesis protein with therapeutic
potential in stroke.34 Endogenous VEGF increases in the postischemic brain and represents a
natural neuroprotective mechanism improving survival after stroke.35 Exogenous VEGF,
administered pharmacologically or genetically, reduces infarct size and apoptosis, improves
neurological performance and enhances the survival of newborn neurons35 and after stroke in
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the adult.34 IGF1 is a neurotrophic polypeptide that improves somatosensory function by
reducing the size of cortical infarction and protecting neurons from ongoing progressive death
after ischemia,36 and increases myelination and glial numbers in white matter after ischemia
in near-term fetal sheep by suppressing apoptosis and boosting proliferation of the
oligodendrocytes.37 BDNF, an abundantly expressed neurotrophin in the mature CNS, is
involved in long-term survival of newborn neurons,38 biochemical differentiation and
modulation of synaptic plasticity.39

In this study, we found that compared with the normal brain-conditioned medium, 6/7
neurotrophic factors were significantly up-regulated in BMSCs placed in the ischemic brain-
conditioned medium. We have previously reported that BMSCs increased the production of
BDNF, NGF, VEGF and HGF at the protein level when cultured in the supernatant from
ischemic or traumatic brain tissue extract.19,22 The increased level of neurotrophic and growth
factors directly from transplanted BMSCs could enhance the repair of injured cells around the
ischemic brain tissue by increasing their viability and proliferation, or by decreasing apoptosis
of the injured neural cells. BMSC production of neurotrophic and growth factors may be a
major mechanisms underlying the BMSC-based therapeutic benefits.

Co-culture of BMSCs with ischemic astrocytes significantly enhances the gene expression of
bdnf, vegfa and fgf2 from the injured astrocytes and dramatically protects these injured
astrocytes from apoptotic cell death and increases cell survival and proliferation.24 Co-culture
of BMSCs with astrocytes pretreated in oxygen and glucose-deprived medium significantly
increased bone morphogenetic protein (BMP) 2/4 expression of ischemic astrocytes, which
subsequently promoted subventricular zone neural stem/progenitor cells to differentiate into a
glial fibrillary acidic protein (GFAP) positive linage.40 The above studies also showed that
BMSCs could indirectly enhance the injured astrocytes to increase the secretion of bioactive
factors, neurotrophic and growth factors, which may also contribute to BMSC-based
therapeutic benefits.

All these findings suggest that BMSCs may work as ‘small molecular factories’ by secreting
cytokines, neurotrophins, growth factors, and other supportive substances at least acutely after
stroke which activates the restorative properties on endogenous brain parenchymal cells.
Altered neurotrophic and growth factor gene expression may be the initial spark for therapeutic
progress, which may produce therapeutic benefits in the ischemic brain.
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Fig. 1.
Microphotographs of the mouse bone marrow stromal cells (BMSCs) exposed to the serum
replacement (SR) control medium (A), the normal brain extract (NBE) conditioned medium
(B) and the ischemic brain extract (IBE) conditioned medium (C) for 12 h. Most BMSCs
exhibited flat and polygonal appearances in SR control medium (A, arrow). The appearance
of BMSCs changed to fibroblast-like cells with bipolar or multipolar ‘processes’ (C,
arrowhead). A small part of BMSCs in NBE medium were protracted to from fibroblast-like
cells (B, arrowhead). Scale bar = 100 μm.
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Fig. 2.
Image patterns of neurotrophic and growth factor gene changes in microarray membranes of
bone marrow stromal cells (BMSCs) cultured in the serum replacement control medium (A)
and the 20% supernatant of normal brain-conditioned medium (B) and the 20% supernatant of
ischemic brain-conditioned medium (C) for 48 h. Both of the housekeeping genes and the
biotinylated artificial sequence landmarkers are circled in the upper left corner and the lowest
row. Other individual spots in the membranes represent specific single genes, with the density
proportional to the gene expression level.
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Fig. 3.
Changes of mRNA levels for seven neurotrophic and growth factors in mouse bone marrow
stromal cells (BMSCs) after 48 h culture by real-time RT-PCR. The mRNA levels of seven
and four genes from BMSCs were significantly up-regulated after 48 h of exposure to the
ischemic brain-conditioned medium (IBE) and the normal brain-conditioned medium (NBE),
respectively, compared with the serum replacement (SR) control medium (n = 4, P < 0.05).
Compared with the NBE medium group, 6/7 genes, except tgfβ1, increased in the BMSCs
subjected to the ischemic brain-conditioned medium.
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Fig. 4.
Fluorescent immunostaining showed that at the protein level in bone marrow stromal cells
(BMSCs), the seven neurotrophic and growth factors significantly increased when cultured
with the ischemic brain extract (IBE) conditioned medium for 72 h (C, F, I, L, O, R, U)
compared with the serum replacement (SR) control medium (A, D, G, J, M, P, S). And 6/7
proteins in the BMSCs significantly increased when cultured with the IBE medium, compared
with the normal brain extract (NBE) conditioned medium (B, E, H, K, N, Q, T). A, B, C for
FGF2; D, E, F for NGFB; G, H, I for EGF; J, K, L for TGFB1; M, N, O for VEGFA; P, Q, R
for IGF1 and S, T, U for BDNF. Scale bar = 100 μm (from A to U).
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