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Abstract
Objective—This study was designed to investigate the effects of human bone marrow stromal cell
(hMSC) administration in rats for three months after traumatic brain injury (TBI).

Methods—Adult male Wistar rats (n = 60) were injured with controlled cortical impact and divided
into four groups. The three treatment groups (n = 10 each) were injected with 2 × 106, 4 × 106, and
8 × 106 hMSCs intravenously, whereas the control group (n = 30), received phosphate buffered saline
(PBS). All injections were performed 1 day after injury into the tail veins of rats. Neurological
functional evaluation of animals was performed before and after injury using Neurological Severity
Scores (NSS). Animals were sacrificed 3 months after TBI and brain sections were stained by
immunohistochemistry.

Results—Statistically significant improvement in functional outcome was observed in all three
treatment groups when compared with control (p < 0.05). This benefit was visible 14 days after TBI
and persisted until 3 months (end of trial). There was no difference in functional outcome among the
three treatment groups. Histological analysis showed that hMSCs were present in the lesion boundary
zone at 3 months with all three doses tested.

Conclusion—hMSCs injected in rats after TBI survive until 3 months and provide long-lasting
functional benefit. Functional improvement may be attributed to stimulation of endogenous
neurorestorative functions such as neurogenesis and synaptogenesis.
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INTRODUCTION
The use of marrow stromal cells (MSCs) to promote tissue repair after cellular injury in
different organ systems is an exciting new area of research, which has potential for great
therapeutic dividends. The multipotency of MSCs to differentiate into different tissues has
been recognized for nearly a decade (1,4,5,7). In the last few years MSCs have been used to
restore function after neural, cardiac and skeletal injury (2,8–10,12–15,17,26). We have used
MSCs as a neurorestorative agent to improve functional outcome after traumatic brain injury
(TBI). We initially used rat and then subsequently human MSCs (hMSCs) to treat TBI in rats
and found significant functional improvement with both (10,12,14,15,16,17).
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However, this functional improvement was not due to MSCs replacing damaged nerve cells,
since only a small percentage of transplanted MSCs differentiate into neurons or astrocytes
(16,17), but rather by enhancement of growth factor production by MSCs. MSCs produce
growth factors and also induce intrinsic brain cells to produce them (3,11,13), which promote
the neurorestorative actions of neurogenesis and synaptogenesis.

All of our experimental studies to date have examined the MSC effect until 1 month after
treatment (12,14,15,16,17). Long-term studies were needed to evaluate if functional
improvement persists over time. Therefore, in the present study hMSCs were injected in rats
one day after TBI and functional outcome was analyzed for three months after treatment.

MATERIALS AND METHODS
All procedures have been approved by the Henry Ford Hospital Animal Care Committee and
Institutional Review Board.

Preparation of hMSCs
hMSCs were prepared, frozen in liquid nitrogen and transported to our laboratory by Cognate
Therapeutics Inc. (Sunnyvale, CA). hMSCs were restored and a sample was selected for cell
counting by using trypan blue stain at 0.4%. Nucleated marrow cells were counted using a
cytometer to ensure adequate cell number for transplantation. The cell survival rate ranged
from 87%–97%. Dead cells were exluded from the injected cell number. hMSCs suspended in
phosphate-buffered saline (PBS) were injected into rats via the tail vein.

Animal model and injection of human MSCs
A controlled cortical impact model in rat was used (6). Male Wistar rats (n = 60) were
anesthetized with chloral hydrate 350 mg/kg bodyweight intraperitoneally. Rectal temperature
was controlled at 37° ± 0.5°C with a feedback-regulated water-heating pad. A controlled
cortical impact device was used to induce the injury. Rats were placed in a stereotactic frame.
Two 10-mm diameter craniotomies were performed adjacent to the central suture, midway
between lambda and bregma. The contralateral craniotomy allowed lateral movement of
cortical tissue (21). The dura was kept intact over the cortex. Injury was induced by impacting
the left cortex (ipsilateral cortex) with a pneumatic piston containing a 6-mm diameter tip at
the rate of 4 m/s and 2.5 mm of compression. Velocity was measured with a linear velocity
displacement transducer (6).

Rats were anesthetized with chloral hydrate 350 mg/kg bodyweight intraperitoneally, and cells
suspended in 1 ml of PBS were slowly injected into the tail vein of rats one day after TBI.
Control animals received PBS only injected into their tail vein. Three different doses of MSCs
were used, and animals were divided into four groups as follows:

Group 1 (10): TBI + 2 × 106 hMSCs

Group 2 (10): TBI + 4 × 106 hMSCs

Group 3 (10): TBI + 8 × 106 hMSCs

Group 4 (30): TBI + PBS

All rats were sacrificed three months after TBI.
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Brain sample preparation
Brain tissue of all rats from each group was processed for preparation of paraffin-embedded
sections, which were used for histological evaluation and immunostaining analysis procedures.
Rat brains were removed and stored in 10% buffered formalin for 48–72 hours. Standard 2
mm-thick blocks of rat brain were cut on a rodent brain matrix (a total of 7 blocks from A to
G) and embedded with paraffin. A series of adjacent 6 μm-thick sections were cut.

Immunohistochemistry
Brain sections were stained with single as well as double fluorescent immunostaining. Single
staining was performed for identification of hMSCs, whereas double staining was used for
detection of neuronal and astrocytic differentiation of hMSCs. For single staining, sections
were immunostained with a primary mouse antihuman nuclei monoclonal antibody
(MAB-1281) for detection of the human cell (16). Briefly, after being deparaffinized, the
sections were placed in boiling citrate buffer (pH 6) in a microwave oven for 10 minutes. After
cooling at room temperature, the sections were incubated overnight in cation solution at 4°C.
After blocking in normal serum, sections were treated with the mouse monoclonal antibody
MAB-1281 (dilution, 1:500; Chemicon International, Temecula, CA) at 4°C overnight. Cy5
conjugated anti-mouse antibody (1:100) was added and incubated at room temperature in
absence of light for 2 hours and counterstained with 4′,6-diamino-2-phenylindole (DAPI). All
slices were mounted with antifade Mounting medium (Dako Citomation California, Inc.;
Carpinteria, CA) and observed under fluorescent microscopy. To identify neuronal or
astrocytic differentiation, adjacent sections were subjected to double staining, as described
previously (16). For this step, the brain sections were initially stained for the neuronal marker,
NeuN or an astrocytic marker, glial fibrillary acidic protein (GFAP), and then subsequently
double stained with MAB-1281. Briefly, for the identification of neurons, sections were
incubated in 0.1% saponin PBS at 4°C overnight with the monoclonal antibody NeuN (dilution
1:400; Sigma Chemical Co.). Antimouse FITC-conjugated F(ab’)2 fragment (dilution 1:20;
Calbiochem, San Diego, CA) was then added and incubated for 1 week. To identify astrocytes,
the sections were treated with 0.1% pepsin at 37°C for 15 minutes and then polyclonal antibody
(GFAP (dilution 1:400, Dakopatts AB, Stockholm, Sweden) was added on separated sections.
The sections were incubated with antirabbit FITC-conjugated F(ab’)2 fragment (dilution 1:20,
Calbiochem, CA) for 1 week. The above sections were subsequently processed for staining
with MAB-1281. Because the primary antibodies used against MAB-1281 and NeuN were
monoclonal antibodies, a nonspecific positive reaction could occur in double-labeled staining.
Therefore, a series of negative controls were used to assess and evaluate the
immunohistochemical staining results. Negative control sections from each animal underwent
identical staining preparation, except that the primary or secondary antibodies were omitted.

hMSCs (MAB-1281 positive cells) were identified in brain sections using fluorescent
microscopy (BX- 40; Olympus Optical Co., LTD, Tokyo, Japan). This cellular analysis was
performed on blocks E and F which contain the lesion core. Three slides with a 50-μm interval
from each rat were analyzed using the MCID (Micro Computer Imaging Device) system and
the MAB-1281/DAPI positive cells were counted within the lesion boundary zone with a 100
× objective lens. Data were presented as cells/mm2. To detect if hMSCs differentiated into
neurons or astrocytes, double-stained sections were examined to identify those MAB-1281
positive cells which colabeled with NeuN or GFAP.

Neurological Functional Evaluation
Neurological function in the rats was assessed using the neurological severity scores (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 of injury, one point
is awarded for the inability to correctly perform the tasks or for the lack of a tested reflex. The
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higher the NSS score is, the more severe the injury (22). The evaluation of all rats was started
before TBI and performed after TBI at 1 and 2 weeks, and biweekly thereafter. All
measurements were performed by observers blinded to individual treatment.

Statistical Analysis
Data were analyzed by ANOVA for multiple comparisons.

RESULTS
Presence of MAB-1281 positive cells

We did not find MAB-1281 positive cells in the brain sections of the PBS-treated group;
however, MAB-1281 positive cells were found in the hMSC treated groups. These cells were
mainly found in the boundary zone of injured cortex (Fig. 1), though a few scattered cells were
also seen in other areas of ipsilateral cortex, corpus callosum, striatum and contralateral cortex.
This finding confirmed the survival of injected hMSCs at 3 months. The number of cells was
significantly more in animals receiving 4 × 106 and 8 × 106 hMSCs than those receiving 2 ×
106 (Fig. 2); however, there was no significant difference between animals receiving 4 × 106

and 8 × 106 hMSCs.

Double fluorescent immunostaining showed that none of the MAB-1281 positive cells showed
positive staining for GFAP or NeuN in any of the treatment groups. This demonstrates that
hMSCs do not express neuronal or astrocytic markers three months after transplantation.

Neurological and motor function evaluation
Injury in the left hemispheric cortex of rats caused neurological functional deficits, as measured
by the NSS, which is a composite of motor, sensory, reflex and beam walking tests. These rats
presented with high scores on motor, sensory, reflex, and beam balance tests in the early phase
after injury (first week postinjury). Recovery began in the second week and persisted at all
subsequent evaluation times in both PBS-treated and MSC-treated groups. Motor function
tested by the NSS recovered faster than sensory and beam balance functions. From 8 w to 12
w postinjury, residual deficit scores were present mainly on the beam balance and sensory tests
of the NSS. NSS scores for the all hMSC-treated groups were significantly lower than the NSS
scores of the PBS-treated groups, indicating an improvement in the functional outcome (Fig.
3). The treated animals uniformly showed this improvement with little variation among
themselves and this improvement was seen as early as 14 days after TBI and was still evident
at day 84. However, no significant difference in NSS scores was observed between different
doses.

DISCUSSION
In the current study we found that hMSCs injected intravenously in rats survive until 3 months
after treatment, and that hMSC treatment promotes functional recovery until 3 months after
treatment.

In a previous study we demonstrated functional improvement after treatment with 2 × 106

hMSCs at 1 month after TBI (16), whereas no functional benefit was detected with 1 × 106

hMSCs. To date, this study (16) is the only report investigating the effects of hMSCs on TBI.
Further studies were needed to substantiate the initial findings and to investigate if the benefit
seen acutely after treatment persists over time, since unless hMSCs can provide long-lasting
benefit, their clinical application is limited. It was also necessary to evaluate other doses of
MSCs to determine the optimum dose. Our data show that functional benefit induced by MSC
treatment was obvious at 2 weeks after treatment and persisted until the end of the trial (3
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months). This long-lasting benefit of hMSC treatment demonstrates the efficacy of hMSCs in
promoting functional recovery.

Histologic analysis showed that 3 months after administration, hMSCs were still visible in the
recipient brain, primarily around the lesion site; however, their number was less compared to
a postmortem analysis performed at 1 month (16). With 2 × 106 hMSCs injected, the average
number of cells found in the recipient brain at 1 month was 25 cells/mm2 (16) compared to 4
cells/mm2 at 3 months. Also at three months none of the hMSCs found in the brain showed
astrocytic or neuronal differentiation. At one month post-transplantation the number of hMSCs
showing astrocytic or neuronal differentiation was also very low (6–13%) (16). A
preponderance of data indicate that MSC-induced functional recovery from stroke and brain
injury is not due to MSCs replacing the damaged neurons but rather by MSCs inducing growth
factor production and promoting intrinsic neurorestorative functions of the brain (9,11,13). The
vital role of neurotrophic growth factors in neural repair and regeneration has been well
established (9,11,13,18–20,25). We have previously shown that MSCs express as well as
induce intrinsic parenchymal cells to express multiple growth factors such as brain-derived
neurotrophic factor (BDNF), nerve growth factor (NGF), fibroblast growth factor (bFGF), and
vascular endothelial growth factors (VEGF) both in vitro as well as in vivo (3,13). Also, this
induction of growth factor production persists over time and is evident at least until 3 months
after treatment (report submitted for publication). In addition to growth factors, MSCs have
recently been shown to produce brain natriuretic peptide (BNP), an important vasoactive factor
that exerts powerful natriuretic, diuretic and vasodilatory effects (23,24). BNP may facilitate
recovery from neural injury by improving cerebral perfusion, decreasing intracranial pressure
and reducing cerebral edema (23). BNP production by MSCs is enhanced by adding growth
factors to their culture media (23) and since MSCs intrinsically produce growth factors, this
may serve as an autoinductive stimulus to increase the expression of BNP.

Our data also showed that all three doses of hMSCs (i.e., 2 × 106, 4 × 106 and 8 × 106) were
equally effective in improving functional outcome with no significant difference between them,
even though the number of cells found in recipient brain was significantly more with 4 × 106

and 8 × 106 hMSCs than with 2 × 106 hMSCs. This may be due to a ceiling effect with 2 ×
106 hMSCs providing an optimal number of cells to induce neurorestorative function with no
added benefit observed by increasing the cell number. However, we also acknowledge that this
lack of observed enhanced effect may be due to the limitation of functional tests. The NSS,
though comprehensive, still do not encompass all aspects of neurological function, and dose
increment may improve certain facets of neurological performance that remain undetected by
NSS.

There was no histologic or clinical evidence of immunorejection observed with hMSC
transplantation in rats. hMSCs have been used before in rat models of stroke, TBI and cardiac
ischemia (8,9,16) without any problems of graft rejection. However, the duration of all these
studies was short (2–4 weeks) and the probability of late graft rejection could not be ruled out.
The present study addressed this important question and demonstrated that hMSC
transplantation does not cause early or late xenograft rejection. This may be because of weak
immunogenicity of hMSCs (16). Li et al (9) studied mixed lymphocyte reaction and the
development of cytotoxic T lymphocytes after injecting MSCs in a stroke model in rats. They
did not find any evidence of immune rejection or development of cytotoxic T cell response to
hMSC administration.

Biological transplantation using MSCs as a means of inducing neuroplasticity to treat TBI and
neural injury is a promising new therapy. However, before these laboratory insights can be
translated into clinical therapeutic interventions, questions such as optimum dose and long-
term effects both toxic and beneficial have to be investigated. Our present data addresses some
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of these questions and brings us closer to the clinical applications of these agents. However,
other questions such as the molecular and genetic basis of this neural restoration induced by
hMSCs require further investigation.
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Fig. 1.
Photomicrographs showing the immunohistochemical staining for identification of hMSCs
using MAB 1281 (red) counterstained with DAPI (blue) for nuclear staining. MAB 1281-
positive cells are seen in the lesion boundary zone (a) with inset magnified in b to show the
cells (arrow) more clearly. Scale bar (shown in b) equals 100 μm in a and 25 μm in b.
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Fig. 2.
Bar graph showing the number of MAB1281-positive cells in injured brain 3 months after TBI.
Significantly more MAB1281-positive cells were measured in 4 × 106 and 8 × 106 hMSC-
treated groups than in the 2 × 106 treated group (*< 0.05). No significant difference was found
between 4 × 106 and 8 × 106 groups.
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Fig. 3.
Results of Neurological Severity Scores (NSS) before and after TBI. Significant functional
recovery was detected in rats treated with 3 different doses of hMSCs (2 x106, 4 × 106, and 8
× 106) compared with controls. This recovery was evident at 2 weeks after TBI and persisted
at all subsequent time points. There was no difference among the three treatment groups.
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