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Transplantation of undiff erentiated bone marrow stromal cells 
improves sciatic nerve regeneration and functional recovery 

through inside-out vein graft  in rats

Rahim MOHAMMADI1, Saeed AZIZI1, Nowruz DELIREZH2, Rahim HOBBENAGHI3, Keyvan AMINI4

Aim: To study the eff ect of undiff erentiated bone marrow stromal cells (BMSCs) on peripheral nerve regeneration 
using a rat sciatic nerve regeneration model. In recent years, cell transplantation has become the focus of attention, and 
reliable outcomes have been achieved in regeneration of the sciatic nerve. 
Materials and methods: A 10-mm sciatic nerve defect was bridged using an inside-out vein graft  (IOVG) fi lled with 
undiff erentiated BMSCs (2 × 107 cells/mL). In the control group, the vein was fi lled with phosphate buff ered saline 
alone. Th e regenerated fi bers were studied 4, 8, and 12 weeks aft er surgery. Assessment of nerve regeneration was based 
on functional (walking track analysis), histomorphometric, and immunohistochemical (Schwann cell detection by 
S-100 expression) criteria.  
Results: Th e functional study confi rmed signifi cant recovery of regenerated axons in the IOVG/BMSC group (P < 0.05). 
Quantitative morphometric analyses of regenerated fi bers showed that the number and diameter of myelinated fi bers in 
the IOVG/BMSC group were signifi cantly higher than in the control group (P < 0.05). 
Conclusion: Th is study demonstrates the potential of using undiff erentiated BMSCs in peripheral nerve regeneration 
without limitations of donor-site morbidity associated with isolation of Schwann cells. It also reduces costs due to the 
simplicity of laboratory procedures compared to those for diff erentiated BMSCs and the reduction in the interval from 
tissue collection until cell injection. 

Key words: Sciatic nerve, peripheral nerve regeneration, undiff erentiated bone marrow stromal cells, vein graft , rat

Original Article

 Received: 26.09.2010 – Accepted: 16.12.2010
1 Department of Clinical Sciences, Faculty of Veterinary Medicine, Urmia University, Urmia - IRAN 
2 Department of Cellular and Molecular Biotechnology, Institute of Biotechnology, Urmia University, Urmia - IRAN
3 Department of Pathobiology, Faculty of Veterinary Medicine, Urmia University, Urmia - IRAN
4 Department of Veterinary Pathology, Western College of Veterinary Medicine, University of Saskatchewan, Saskatoon, Saskatchewan - CANADA
Correspondence: Saeed AZIZI, Department of Clinical Sciences, Faculty of Veterinary Medicine, University of Urmia, Nazloo Road, Urmia, 57153 1177 - IRAN
 E-mail: s.azizi@urmia.ac.ir

Introduction
In spite of the presence of various nerve coaptation materials and techniques, the achieved level 

of functional peripheral nerve regeneration is still inadequate (1). Traumatic nerve injury resulting 
in peripheral nerve gap oft en requires a graft  to bridge the defect. Autologous nerve graft ing is 
still the method of choice for bridging peripheral nerve gaps. However, it has the disadvantage 
of the sacrifi ce of a functional nerve. Numerous surgical techniques are performed each year 
for peripheral nerve regeneration (2). Veins have been used experimentally as conduits, with 
advantages including lack of donor morbidity, ease of harvesting and transplanting, availability, 
aff ordability, and lack of foreign body reactions (3,4).  
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In the last few years, cell transplantation, especially 
that of Schwann cells, has become the focus of 
attention, and reliable outcomes have been achieved 
in the regeneration of the sciatic nerve. It has been 
shown that the transplantation of diff erentiated 
bone marrow stromal cells (BMSCs) into silicone 
tube and cut ends of nerves exerts a benefi cial eff ect 
on peripheral nerve regeneration (5-8). However, 
to the best knowledge of the authors, there is still 
no report in the literature on the transplantation of 
undiff erentiated BMSCs into an inside-out vein graft .

Th e objective of the present study was to elicit 
functional recovery in peripheral nerve injury over 
a 10-mm gap defect by undiff erentiated fi broblast-
like BMSC implantation into an inside-out vein 
graft  and to evaluate its eff ectiveness on sciatic 
nerve regeneration in a rat model. Assessment of 
the nerve regeneration was based on functional 
(walking track analysis), histomorphometric, and 
immunohistochemical (Schwann cell detection by 
S-100 expression) criteria 4, 8, and 12 weeks aft er 
surgery.

Materials and methods 
Experimental design
A total of 54 male white Wistar rats, each weighing 

approximately 270 g, were randomly divided into 
3 experimental groups (n = 18): a sham-operated 
group (sham), a control group (IOVG), and an 
undiff erentiated bone marrow stromal cells group 
(IOVG/BMSC). Each group was further subdivided 
into 3 subgroups of 6 animals each. Th e vein graft  
donors were 36 male white Wistar rats weighing 300-
350 g. Vein-graft  harvesting was carried out in all 
of the rats. Four rats were assigned to isolation and 
preparation of undiff erentiated BMSCs. During the 
entire experiment, and for a 2-week period before the 
experiment commenced, the animals were housed in 
individual plastic cages with an ambient temperature 
of 23 ± 3 °C, stable air humidity, and a natural day/
night cycle. Th e rats had free access to standard 
laboratory rodent food and tap water.

Isolation and culture of BMSCs 
Isolation of adult BMSCs was performed using 

the donor animals immediately aft er the harvesting 
of the vein graft , according to the method described 

by Cuevas et al. (7). Rats were euthanized and 
femurs were dissected out. Th e marrow was then 
extruded with 10 mL of Dulbecco’s modifi ed 
Eagle’s medium (DMEM, Gibco, Grand Island, NY, 
USA) supplemented with 20% fetal bovine serum 
and antibiotics (100 U penicillin and 100 mg/mL 
streptomycin, Gibco). Th e cells were incubated 
at 37 °C, 95% humidity, and 5% CO2. Aft er 48 h, 
the nonadherent cells were removed by replacing 
the medium. Th e cells were used for the graft ing 
procedure aft er the cultures had reached confl uence. 
Th e undiff erentiated BMSCs were harvested with 
0.25% trypsin and 1 mM EDTA (Gibco), suspended 
in phosphate buff ered saline solution, and loaded in 
a 1-mL syringe at a concentration of 2 × 107 cells/mL 
(Figures 1A-1C).  
Graft ing procedure

Animals were anesthetized by intraperitoneal 
administration of ketamine-xylazine (ketamine 5%, 
90 mg/kg; xylazine 2%, 5 mg/kg). Th e procedures 
were carried out based on the guidelines of the ethics 
committee of the International Association for the 
Study of Pain (9). Th e University Research Council 
approved all experiments. A 15-mm segment of 
the right external jugular vein was harvested in a 
tube aft er the donor animals had been anesthetized, 
shaved, and prepared aseptically. Graft s were 
washed in physiological solution and left  at room 
temperature for 30-40 min. A subtle retraction of 1 
mm was expected. Each graft  was inverted inside-out 
to prevent any potential branching of axons through 
the side branches during regeneration (6).

Following surgical preparation, in the sham-
operated group, the left  sciatic nerve was exposed 
through a gluteal muscle incision; aft er careful 
hemostasis, the muscle was sutured with resorbable 
4/0 sutures and the skin with 3/0 nylon. In the IOVG 
group, the left  sciatic nerve was exposed through a 
gluteal muscle incision and transected proximal to 
the tibioperoneal bifurcation, where a 7-mm segment 
was excised, leaving a gap of about 10 mm due to 
the retraction of nerve ends. Proximal and distal 
stumps were each inserted 2 mm into the graft , and 
2 nylon sutures (10/0) were placed at each end of the 
cuff  to fi x the graft  in place and assure a 10-mm gap 
between the stumps. Th e conduit was fi lled with 10 
μL of phosphate buff ered saline solution, and sterile 
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Vaseline was used to seal the ends of the tubes to 
avoid leakage. In the IOVG/BMSC group, the inside-
out vein graft  was fi lled with 10 μL of aliquots (2 × 
107 cells/mL).

Th e animals were anesthetized (see above) 
and euthanized with transcardial perfusion of a 
fi xative containing 2% paraformaldehyde and 1% 
glutaraldehyde buff er (pH = 7.4) at 4 (n = 6), 8 (n = 
6), and 12 weeks (n = 6) aft er surgery.

Functional assessment of nerve regeneration
Walking track analysis was performed 4, 8, and 12 

weeks aft er surgery based on the methods of Bain et 
al. (10). Th e lengths of the third toe to its heel (PL), 
the fi rst to the fi ft h toe (TS), and the second toe to the 
fourth toe (IT) were measured on the experimental 
side (E) and the contralateral normal side (N) in each 
rat. Th e sciatic function index (SFI) in each animal 
was calculated with the following formula: 

Figure 1. Morphological characteristics of cultured BMSCs. Cultured BMSCs had A) small and rounded and B) 
large and fl attened morphology in the fi rst passage of initial culture and C) fi broblast-like morphology in 
the confl uent culture; representative cells with small and rounded, large and fl attened, and fi broblast-like 
morphology are indicated by Ø, ©, and *, respectively. Scale bar: 100 μm.

a b

c
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SFI = −38.3 × (EPL− NPL)/NPL + 109.5 × (ETS − 
NTS)/NTS + 13.3 × (EIT − NIT)/NIT − 8.8.

In general, the SFI oscillates around 0 for normal 
nerve function, whereas values around −100 represent 
total dysfunction. Th e SFI was assessed based on the 
IOVG group, and the normal value was considered to 
be 0. Th e SFI had a negative value, and a higher SFI 
value meant better function of the sciatic nerve.

Muscle mass
Recovery assessment was also indexed using 

the weight ratio of the gastrocnemius muscles 12 
weeks aft er surgery. Immediately aft er sacrifi cing the 
animals, the gastrocnemius muscles were dissected 
and harvested carefully from intact and injured 
sides, and they were weighed, while still wet, using 
an electronic balance. All measurements were made 
by 2 independent observers unaware of the analyzed 
group.

Histological preparation and quantitative 
morphometric studies

Graft  middle cables from the sham, IOVG, and 
IOVG/BMSC groups were harvested and fi xed in 
2.5% glutaraldehyde. Th e graft s were then embedded 
in Paraplast paraffi  n, cut into sections of 5 μm, and 
stained with toluidine blue. Morphometric analysis 
was carried out using image analyzing soft ware 
(Image-Pro Express, version 6.0.0.319, Media 
Cybernetics, Silver Springs, MD, USA). Equal 
opportunity and systematic random sampling and 
2-dimensional dissector rules were followed in order 
to cope with sampling-related, fi ber-location-related, 
and fi ber-size-related biases (11).

Immunohistochemical analysis
In this study, anti-S-100 (1:200, Dako, Glostrup, 

Denmark) was used as a marker for axons and 
myelin sheath. Prior to immunohistochemistry, 
specimens were postfi xed with 4% paraformaldehyde 
for 2 h and embedded in paraffi  n. Aft er nonspecifi c 
immunoreactions were blocked, sections were 
incubated in an S-100 protein antibody solution for 
1 h at room temperature. Th ey were washed 3 times 
with PBS and incubated in biotinylated antimouse 
rabbit IgG solution for 1 h. Horseradish peroxidase-
labeled secondary antibody was developed by 
the diaminobenzidine method. Th e results of the 
immunohistochemistry were examined under a light 
microscope.

Statistical analysis
Experimental results were expressed as means 

± SD. Statistical analyses were performed using 
PASW 18.0 (SPSS Inc., Chicago, IL, USA). Model 
assumptions were evaluated by examining the 
residual plot. Results were analyzed using factorial 
ANOVA (P < 0.05) with 2 between-subject factors. 
Th e Bonferroni test for pairwise comparisons was 
used to examine the eff ect of time and treatments. 

Results   
Recovery of sciatic nerve function
Figure 2 shows SFI values in the experimental 

groups. Prior to surgery, SFI values in all groups were 
near 0. Aft er the nerve axotomy, the mean SFI decreased 
to −100 due to the complete loss of sciatic nerve function 
in all animals. Th e mean SFI was −74.4 ± −1.28 in the 
IOVG/BMSC group 4 weeks aft er surgery, compared 
to −92.8 ± −1.24 in the IOVG group. Improvement 
in SFI was observed in animals in the IOVG/BMSC 
group (−59.8 ± −1.14) at 8 weeks aft er surgery; this was 
signifi cantly higher than in IOVG animals (−74.6 ± 
−1.44; P < 0.05). Aft er 12 weeks, animals in the IOVG/
BMSC group achieved a mean SFI value of −41.9 ± 
−1.12, an approximate improvement of 58%, whereas 
in the IOVG group, a mean value of −64.1 ± −2.10, 
an approximate improvement of 35%, was found. Th e 
statistical analyses revealed that the recovery of nerve 
function was signifi cantly diff erent between the IOVG/
BMSC and IOVG groups (P < 0.05), and BMSCs 
drastically promoted functional recovery.
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Figure 2. Diagrammatic representation of eff ects on the sciatic 
nerve function index (SFI). Transplantation with BM-
SCs gave better results in functional recovery of the 
sciatic nerve than in the IOVG group. Data are pre-
sented as mean ± SD; *P < 0.05 versus IOVG group.
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Muscle mass measurement 
Th e mean ratios of gastrocnemius muscle weight 

were measured. Th ere was a statistically signifi cant 
diff erence between the muscle weight ratios of the 
IOVG/BMSC and IOVG groups (P < 0.05). Th e 
results showed that in the IOVG/BMSC group, the 
muscle weight ratio was larger than in the IOVG 
group, and weight loss in the gastrocnemius muscle 
was ameliorated by BMSC transplantation (Figure 3). 

Histological and morphometric fi ndings
Th e Table shows the quantitative morphometric 

analyses of regenerated nerves for each of the 
experimental groups. Th e IOVG/BMSC group 
presented signifi cantly greater nerve fi ber, axon 
diameter, and myelin sheath thickness 4 weeks aft er 
surgery, compared to IOVG animals (P < 0.05). 
Although the IOVG group presented regeneration 

patterns, the morphometric indices in the IOVG/
BMSC group, aft er both 8 and 12 weeks, were 
signifi cantly higher than in IOVG. Using factorial 
ANOVA analysis with 2 between-subject factors 
(group × time), axon diameters did not show a 
signifi cant diff erence between 8 and 12 weeks (P > 
0.05) in the IOVG group. Th ickness of the myelin 
sheath showed an interaction across time in the 
IOVG and IOVG/BMSC groups. Th e increase in the 
mean thickness of the myelin sheath did not show a 
statistical diff erence between 8 and 12 weeks in the 
IOVG and IOVG/BMSC groups (P > 0.05) (Figures 
4-8).

Weeks
Sham                        IOVG                   IOVG/BMSC

4 8 12 4 8 12 4 8 12

N 8124 ± 385 8379 ± 446 8028 ± 404 1849 ± 297† 3217 ± 307† 3584 ± 264† 3112 ± 264† 3852 ± 234† 6483 ± 285†

D 12.01 ± 0.01 11.93 ± 0.17 12.06 ± 0.23 3.24 ± 0.69† 7.49 ± 0.37† 7.94 ± 0.49† 7.35 ± 0.48† 9.87 ± 0.75† 10.06 ± 0.6†

d 7.03 ± 0.02 6.97 ± 0.39 7.06 ± 0.46 2.22 ± 0.47† 3.87 ± 0.25† 4.05 ± 0.02† 3.61 ± 0.32† 5.02 ± 0.23† 5.86 ± 0.19†

T 2.56 ± 0.01 2.48 ± 0.02 2.53 ± 0.01 0.51 ± 0.03† 1.82 ± 0.34† 1.9 5 ± 0.24† 1.94 ± 0.05† 2.24 ± 0.17† 2.11 ± 0.21†

N: Number of fi bers, D: diameter of fi bers (μm), d: diameter of axon (μm), T: thickness of myelin sheath (μm),
†: results were signifi cantly diff erent from those of sham-operated animals (P < 0.05).

Table. Morphometric analyses of regenerated nerves for each of the experimental groups; values are given as mean ± SD.
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Figure 3. Measurement of gastrocnemius muscle. Th e 
gastrocnemius muscle of both sides (injured left  and 
intact right) was removed and weighed in experimental 
groups 12 weeks aft er surgery. Data are presented as 
mean ± SD; *P < 0.05 versus IOVG group.
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Figure 4. Line graph of the quantitative results of fi ber counting. 
Both the IOVG and IOVG/BMSC groups showed a 
lower number of fi bers than the sham-operated group, 
even at the end of the study. From 4 to 8 weeks, the 
IOVG/BMSC group had signifi cantly more nerve fi -
bers than the IOVG group, and this signifi cant diff er-
ence had increased in favor of the IOVG/BMSC group 
at the end of the study period. *P < 0.05, IOVG/BMSC 
group compared with IOVG group.
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Immunohistochemistry 
Immunoreactivity to S-100 protein was extensively 

observed in the cross-sections of regenerated nerve 
segments. Th e expression of the S-100 protein signal 
was located mainly in the myelin sheath. Th e axon 
also showed a weak expression, indicating that a 
Schwann cell-like phenotype existed around the 

myelinated axons (Figure 9). In both groups, the 
expression of S-100 and the fi ndings resembled those 
of the histological evaluations.  

Discussion
In the present study, we analyzed and compared 

the eff ectiveness of undiff erentiated BMSCs on 
sciatic nerve regeneration. Th e results of the present 
study showed that BMSCs, when loaded into a vein 
graft , enhanced sciatic nerve functional recovery. 
As the posterior tibial branch of the sciatic nerve 
regenerates into the gastrocnemius muscle, it will 
regain its mass proportional to the amount of axonal 
reinnervation (12,13). In the present study, 12 
weeks aft er surgery, muscle mass was found in both 
experimental groups. However, the IOVG/BMSC 
group showed signifi cantly greater ratios of mean 
gastrocnemius muscle weight than the IOVG group, 
indicating indirect evidence of successful end-organ 
reinnervation.

In the histological studies, quantitative 
morphometric indices of regenerated nerve fi bers 
showed a signifi cant diff erence between experimental 
groups, indicating that BMSCs drastically improved 
sciatic nerve regeneration.
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Figure 5. Line graph of the quantitative results of mean diameter 
of nerves fi bers. Both IOVG and IOVG/BMSC groups 
showed a lower mean diameter of nerve fi bers than 
the sham-operated group, even at the end of the study. 
From 4 to 8 weeks, the IOVG/BMSC group had signifi -
cantly more mature nerves than the IOVG group. *P < 
0.05, IOVG/BMSC group compared with IOVG group.

Figure 6. Line graph of the quantitative results of mean diameter 
of axons. Both IOVG and IOVG/BMSC groups showed 
a lower mean axon diameter than the sham-operated 
group, even at the end of the study. From 4 to 8 weeks, 
the IOVG/BMSC group had signifi cantly more mature 
axons than the IOVG group, and this signifi cant 
diff erence increased in favor of the IOVG/BMSC 
group in the later period. Th e diameters of axons in the 
IOVG group did not increase aft er 8 weeks; *P <0.05, 
IOVG/BMSC group compared with IOVG group.
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Figure 7. Line graph of the quantitative results of myelin thick-
ness. Both IOVG and IOVG/BMSC groups showed a 
lower mean myelin thickness than the sham-operated 
group, even at the end of the study. From 4 to 8 weeks, 
the IOVG/BMSC group had signifi cantly lower mean 
myelin thickness than the IOVG group, and this signif-
icant diff erence increased in favor of the IOVG/BMSC 
group in the later period. Mean myelin thickness in the 
IOVG and IOVG/BMSC groups did not show a sig-
nifi cant increase aft er 8 weeks; *P < 0.05, IOVG/BMSC 
group compared with IOVG group.



R. MOHAMMADI, S. AZIZI, N. DELIREZH, R. HOBBENAGHI, K. AMINI

133

Figure 8. Light micrographs of representative cross-sections taken from: A) midpoint of normal sciatic nerve of sham group, B) middle 
cable of IOVG group, and (C) middle cable of IOVG/BMSC group 4 weeks aft er surgery; D) middle cable of IOVG and E) 
IOVG/BMSC groups 8 weeks aft er surgery; F) middle cable of IOVG and G) IOVG/BMSC groups 12 weeks aft er surgery. 
Toluidine blue, × 400.
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 In the immunohistochemistry, the expression of 
axon and myelin sheath special proteins was evident 
in the IOVG/BMSC group, which indicated a normal 
histological structure. Th e location of reactions to 
S-100 in the IOVG/BMSC group was signifi cantly 
diff erent from that of the IOVG group, further 
implying that both regenerated axon and Schwann 
cell-like cells existed and were accompanied by the 
process of myelination and the structural recovery of 
the regenerated nerves in the IOVG/BMSC group. 

A major rate-limiting step in the induction of 
nerve regeneration across a gap is the proliferation 

and migration of Schwann cells between the nerve 
stumps. Th erefore, formation of a properly aligned 
extracellular matrix scaff old is essential to enhance 
Schwann cell proliferation in a conduit, through which 
blood vessels and other cell types migrate and form the 
primordial assembly for the formation of a new nerve 
structure (14). We used a vein graft  as a conduit to 
provide a scaff old for BMSCs and to facilitate Schwann 
cell migration. Th e vein as a conduit has been utilized 
to repair segmental nerve tissue loss, which proved to 
be a supportive conduit for peripheral nerve axonal 
regeneration and maturity (3,15,16).

a b

c

Figure 9. Immunohistochemical analysis of the regenerated nerves 12 weeks aft er surgery from middle cable of A) 
sham, (B) IOVG, and (C) IOVG/BMSC groups. Th ere is clearly more positive staining of the myelin sheath-
associated S-100 protein (arrow) within the periphery of nerve, indicating well-organized structural nerve 
reconstruction in BMSC transplanted nerves. Scale bar: 10 μm
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Bone marrow stromal cells have become one of 
the most interesting targets for the study of tissue 
regeneration because of their plasticity. BMSCs 
are multipotential cells that contribute to the 
regeneration of tissues, such as bone, cartilage, fat, 
and muscle, and to the expression of many cytokines 
and cellular factors (17-21).

It has been demonstrated that BMSC-derived 
elements bear the capacity to localize in the murine 
peripheral nervous system in order to integrate in 
these tissues and assume the morphology of some 
resident cells (22). Given the pluripotency of BMSCs, 
the prospect of using them to elicit neuroprotection 
has been explored in peripheral nerve injury (7,8,23). 
Others have reported that the transplantation of 
neural stem cells into a peripheral nerve gap results in 
signifi cant axonal regeneration; it has been suggested 
that neural stem cells might diff erentiate into Schwann 
cell-like supportive cells (24). Schwann cells have great 
importance in organizing the structure of the peripheral 
nerve because they produce a basement membrane 
containing extracellular matrix proteins that support 
axonal growth and form the endoneurial tubes through 
which regenerating axons grow (25). BMSCs have 
signifi cant advantages over neural stem cells. Marrow 
cells are readily accessible, which overcomes the risks 
of obtaining neural stem cells from the brain. Recent 
studies have shown that diff erentiated BMSCs, when 
implanted into the cut ends of peripheral nerves, are 
capable of supporting nerve fi ber regeneration (7,8,26). 
It has been reported that the potential for using BMSCs 
to promote axonal regeneration in peripheral nerve 
defects is strongly correlated with the production of 
trophic substances. Multiple mechanisms may exist 
in stem cell therapy. Stem cells could aid regeneration 
by transdiff erentiation into Schwann cells or the 
release of soluble nerve growth factors such as brain-
derived neurotrophic factor or angiogenic molecules, 
including vascular endothelial growth factor (27,28). 
It has been previously shown that only diff erentiated 
BMSCs, rather than untreated BMSCs, can stimulate 
nerve regeneration (8,27). In contrast, the present 
study indicated that undiff erentiated BMSCs can also 
enhance regeneration and lead to improved motor 
function using a vein graft . 

Th e value or necessity of isolating and 
proliferating specifi c adherent cell lines from each 

tissue source, and the impact of additional growth 
factors contained in bone marrow, are poorly 
understood. Additionally, regulatory authorities such 
as the FDA allow autologous minimally manipulated 
cell therapy when the procedures do not appreciably 
change the cells (i.e. diff erentiation), whereas more 
manipulative methods, such as diff erentiation and 
sorting, may require formal approval as a drug before 
clinical use (29). Undiff erentiated BMSCs provide an 
alternative source of multipotent cells in the form 
of concentrated nucleated cell populations, many 
of which may be clinically relevant when compared 
with diff erentiated bone marrow (30). Th us, the 
choice of undiff erentiated BMSCs as a more readily 
accessible and instant source of multipotent cells 
might seem more favorable than diff erentiation for 
cell therapy. Our results suggest that some form of 
transdiff erentiation might occur in vivo as the result 
of local signals from injured Schwann cells and axons. 
However, the long-term eff ect of undiff erentiated 
cells remains to be determined, and therefore we will 
continue to study the mechanisms of undiff erentiated 
BMSCs in hope of generating clinically useful cells 
for the treatment of peripheral nerve injuries. 

In conclusion, undiff erentiated BMSCs could 
provide an injectable, instant, and more readily 
accessible source of cells than diff erentiated BMSCs. 
Th ey enhanced sciatic nerve regeneration, which 
could be taken into consideration in the emerging 
fi eld of regenerative medicine and surgery. Th e 
interval from tissue harvest to injection of the 
cellular product is shorter in undiff erentiated BMSCs 
compared with results for diff erentiated BMSCs. It 
also reduces costs due to the simplicity of laboratory 
procedures compared to those for undiff erentiated 
BMSCs and the reduction in the interval from tissue 
collection to cell injection. It could be considered 
clinically as a translatable route toward new methods 
to enhance peripheral nerve repair in clinical 
applications without the complications associated 
with diff erentiated BMSCs.

Acknowledgments
Th e authors would like to thank Dr Behfar, Dr 

Dalir-Naghadeh, and Mr Matin, Department of 
Clinical Sciences, and Mr Jaafary, Urmia Pathobiology 
Center, for their technical expertise. 



Undiff erentiated BMSCs improve nerve repair

136

References
1. Cemil B, Ture D, Cevirgen B, Kaymaz F, Kaymaz M. Compari-

son of collagen biomatrix and omentum eff ectiveness on pe-
ripheral nerve regeneration. Neurosurg Rev 2009; 32: 355-62.

2. di Summa PG, Kingham PJ, Raff oul W, Wiberg M, Terenghi G, 
Kalbermatten DF. Adipose-derived stem cells enhance periph-
eral nerve regeneration. J Plast Reconstr Aesthet Surg 2010; 63: 
1544-52.

3. Benito-Ruiz J, Navaro-Monzonis A, Piqueras A, Baena-Mon-
tilla P. Invaginated vein graft  as nerve conduit: an experimental 
study. Microsurgery 1994; 15: 105-15.

4. Risitano G, Cavallaro G, Lentini M. Autogenous vein and 
nerve graft s: a comparative study of nerve regeneration in the 
rat. Journal Hand Surgery (British Volume) 1989; 14B: 102-4.

5. Bryan DJ, Wang KK, Chakalis-Haley DP. Eff ect of Schwann 
cells in the enhancement of peripheral nerve regeneration. J 
Reconstr Microsurg 1996; 12: 439-46.

6. Choi BH, Zhu SJ, Kim BY, Huh JH, Lee SH, Jung JH. Trans-
plantation of cultured bone marrow stromal cells to improve 
peripheral nerve regeneration. Int J Oral Maxillofac Surg 2005; 
34: 537-42.

7. Cuevas P, Carceller F, Garcia-Gomez I, Yan M, Dujovny M. 
Bone marrow stromal cell implantation for peripheral nerve 
repair. Neurol Res 2004; 26: 230-2.

8. Dezawa M, Takahashi I, Esaki M, Takano M, Sawada H. Sci-
atic nerve regeneration in rats induced by transplantation of in 
vitro diff erentiated bone-marrow stromal cells. Eur J Neurosci 
2001; 14: 1771-6. 

9. Zimmermann M. Ethical guidelines for investigations of ex-
perimental pain in conscious animals. Pain 1983; 16: 109-10. 

10. Bain JR, MacKinnon SE, Hunter DA. Functional evaluation of 
complete sciatic, peroneal, and posterior tibial nerve lesions in 
the rat. Plast Reconstr Surg 1989; 83: 129-36. 

11. Geuna A, Gigo-Benato D, Rodrigues Ade C. On sampling and 
sampling errors in histomorphometry of peripheral nerve fi -
bers. Microsurgery 2003; 23: 72-6.

12. Evans GR, Brandt K, Widmer MS, Lu L, Meszlenyi RK, Gupta 
PK et al. In vivo evaluation of poly (L-lactic acid) porous con-
duits for peripheral nerve regeneration. Biomaterials 1999; 20: 
1109-15.

13. Hou Z, Zhu J. An experimental study about the incorrect elec-
trophysiological evaluation following peripheral nerve injury 
and repair. Electromyogr Clin Neurophysiol 1998: 38; 301-4.

14. Williams LR, Longo FM, Powell HC, Lundborg G, Varon S. 
Spatial-temporal progress of peripheral nerve regeneration 
within a silicone chamber: parameters for a bioassay. J Comp 
Neurol 1983; 218: 460-70.

15. Barcelos AS, Rodrigues AC, Silva MD, Padovani CR. Inside-
out vein graft  and inside-out artery graft  in rat sciatic nerve 
repair. Microsurgery 2003; 23: 66-71.

16. Rodrigues AC, Silva MD. Inside-out versus standard artery 
graft  to repair a sensory nerve in rats. Microsurgery 2001; 21: 
102-7. 

17. Bhagavati S, Xu W. Isolation and enrichment of skeletal muscle 
progenitor cells from mouse bone marrow. Biochem Biophys 
Res Commun 2004; 318: 119-24.

18. Deans RJ, Moseley AB. Mesenchymal stem cells: biology and 
potential clinical uses. Exp Hematol 2000; 28: 875-84.

19. Dormady SP, Bashayan O, Dougherty R. Immortalized multi-
potential mesenchymal cells and the hematopoietic microenvi-
ronment. J Hematother Stem Cell Res 2001; 10: 125-40.

20. Jackson KA, Majka SM, Wang H, Pocius J, Hartley CJ, Majesky 
MW et al. Regeneration of ischemic cardiac muscle and vas-
cular endothelium by adult stem cells. J Clin Invest 2001; 107: 
1395-1402. 

21. Pittenger MF, MacKay AM, Beck SC, Jaiswal RK, Douglas R, 
Moorman MA et al. Multilineage potential of adult human 
mesenchymal stem cells. Science 1999; 284: 143-7.

22. Sanchez-Ramos J, Song S, Cardozo-Pelaez F, Hazzi C, Sted-
eford T, Willing A et al. Adult bone marrow stromal cells diff er-
entiate into neural cells in vitro. Exp Neurol 2000; 164: 247-56.

23. Mimura T, Dezawa M, Kanno H, Sawada H, Yamamoto I. Pe-
ripheral nerve regeneration by transplantation of bone marrow 
stromal cell-derived Schwann cells in adult rats. J Neurosurg 
2004: 101; 806-12. 

24. Murakami T, Fujimoto Y, Yasunnaga Y, Ishida O, Tanaka N, 
Ikuta Y et al. Transplanted neuronal progenitor cells in a pe-
ripheral nerve gap promote nerve repair. Brain Res 2003: 974; 
17-24.

25. Lundborg G, Kanje M. Bioartifi cial nerve graft s: a prototype. 
Scand J Plast Reconstr Surg Hand Surg 1996; 30: 105-10.

26. Cuevas P, Carceller F, Dujovny M, Garcia-Gómez I, Cuevas B, 
González-Corrochano R et al. Peripheral nerve regeneration 
by bone marrow stromal cells. Neurol Res 2002; 24: 634-8.

27. Keilhoff  G, Goihl A, Langnase K, Fansa H, Wolf G. Transdif-
ferentiation of mesenchymal stem cells into Schwann cell-like 
myelinating cells. Eur J Cell Biol 2006; 85: 11-24.

28. Zhao L, Wei X, Ma Z, Feng D, Tu P, Johnstone BH et al. Adi-
pose stromal cells-conditional medium protected glutamate-
induced CGNs neuronal death by BDNF. Neurosci Lett 2009: 
452; 238-40.

29. Nixon AJ, Dahlgren LA, Haupt JL, Yeager AE, Ward DL. Eff ect 
of adipose-derived nucleated cell fractions on tendon repair in 
horses with collagenase-induced tendinitis. Am J Vet Res 2008; 
69: 928-37.

30. Strem BM, Hedrick MH. Th e growing importance of fat in re-
generative medicine. Trends Biotechnol 2005; 23: 64-6.


