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Abstract: Introduction: Skeletal muscle trauma leads to severe functional deficits, which cannot be addressed by current 

treatment options. Our group could show the efficacy of local transplantation of mesenchymal stroma cells (MSCs) for the 

treatment of injured muscles. While local application of MSCs has proven to be effective, we hypothesized that a selective 

intra-arterial transplantation would lead to a better distribution of the cells and so improved physiological recovery of 

muscle function. 

Materials and Methodology: 18 female Sprague Dawley rats received an open crush trauma of the left soleus muscle. 

Autologous MSC were transduced using dsCOP-GFP and 2.5 x 10
6
cells were transplanted into the femoral artery of 9 

animals one week after trauma. Control animals (n=9) received a saline injection. Cell tracking, analysis of tissue fibrosis 

and muscle force measurements were performed after 3 weeks. 

Results: Systemic MSC-therapy improved the muscle force significantly compared to control (fast twitch: 82.4%, tetany: 

61.6%, p = 0.02). The histological analysis showed no differences in the quantity of fibrotic tissue. Histological 

examination revealed no cells in the traumatized muscle tissue 21 days after transplantation. 

Conclusions: The present study demonstrated an effect of systemically administered MSCs in the treatment of skeletal 

muscle injuries. For possible future therapeutic approaches a systemic application of MSCs seems to present an alternative 

to a local administration. Such systemic treatment would be preferable since it allows functional improvement and 

possible cellular concentration at injury sites that are not easily accessible. 
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INTRODUCTION 

 Due to non-existent treatment options, skeletal muscle 
injuries and traumata pose a challenge to any current surgical 
strategy. Moreover, iatrogenic muscle trauma such as in 
orthopedic surgery impairs the functional outcome after 
treatment. Current surgical techniques focus on the 
reconstitution of biomechanical and anatomical competences 
of the bony structures at the expense of the muscular 
components. The lack of strategies to address muscle trauma 
and injury is probably one of the greatest remaining 
challenges in orthopedic surgery. The relevance of muscle 
deficits and scar tissue formation is widely underestimated. 
Scar formation and fatty muscle degeneration certainly 
remain the most outstanding challenges in regaining 
functional recovery and so new therapeutic strategies to 
regenerate functional muscle tissue are urgently needed. 

 Stem cell therapy is a promising tool to enhance regen-
eration processes. Lee et al. could induce long-term fun-
ctional improvement following intravenous administration 
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of human neural stem cells in Huntington’s disease [1]. 
Migration of intra-arterially injected stem cells into the brain 
after traumatic brain injury was reported [2]. 

 Mesenchymal stroma cells (MSCs) have the potential to 
differentiate into mesenchymal lineages including bone, 
cartilage, tendon, fat, muscle and marrow stroma that 
support hematopoesis [3]. These characteristics make MSCs 
an ideal candidate for cell-based therapeutic strategies for 
tissue injuries for both local and systemic application. 

 In the field of myocardial regeneration, several clinical 
studies to enhance the myocardial function have already 
been performed. MSCs are thought to regenerate heart tissue 
more via paracrine effects such as stimulating angiogenesis 
and having immunmodulatory effects as opposed to via 
differentiation into myocytes and endothelial cells [4]. 
Nevertheless, systemic transplantation of bone-marrow-
derived MSCs following myocardial infarction led to 
preferential migration and colonization of the cells to the 
ischemic myocardium [5]. A consequence seems to be the 
reduction of the amount of fibrosis that is associated with 
muscle trauma [6]. 

 For initial attempts to regenerate skeletal muscle, 
myoblasts were transplanted into a mouse model for 
muscular dystrophy [7]. Studies on MSCs and skeletal 
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muscle regeneration are very rare. Natsu et al. transplanted 
MSCs seeded on a fibrin scaffold after laceration injury of 
the tibialis anterior muscle. After treatment the muscle force 
of the animals was almost completely recovered [8]. 

 The mechanisms of action of multipotent cells for the 
regeneration of muscle remain unclear. While some suggest 
that differentiation into mature muscle tissue and fusion with 
regenerating muscle fibers is the main effect others suggest a 
paracrine stimulation of the intrinsic regeneration by the 
cells [9]. 

 MSCs secrete a large variety of cytokines and growth 
factors, such as vascular endothelial growth factor (VEGF), 
Interleukin 1-beta (IL-1beta), platelet-derived growth factor 
(PDGF) and insulin like growth factor-1 (IGF-1) [10]. All of 
these factors are associated with both types of regeneration. 
The biological active factors can modify the local immune 
system, the local formation of fibrosis, influence the 
differentiation and proliferation of cells and decrease the 
amount of apoptosis [11, 12]. Onishi et al. observed the 
reduction of fibrous tissue after the injection of MSC-
conditioned medium following myocardial infarction. MSCs 
secrete matrix-metallo-proteases (MMP-1, -2, -8, -9, -13), 
which are secreted into the extracellular matrix. There these 
can digest collagen fibers and consequently inhibit the 
formation of fibrosis and allow the invasion of vessels. The 
development of fibrous tissue plays a crucial role in muscle 
regeneration since fibrous tissue can only transduce forces 
passively and this tissue is lost for a functional recovery. 
Gnecchi et al. postulated a paracrine mode of action after 
they found decreased fibrosis and apoptosis following 
injection of MSC-conditioned medium after myocardial 
infarction [13]. 

 Our group is investigating the influence of MSCs on 
skeletal muscle after severe crush injury. A dose-response 
relationship of the quantity of locally transplanted MSCs and 
force enhancement was described earlier [14, 15]. Migration 
of MRI-tracked MSCs could be excluded and histological 
analyses revealed fusion events between existing myofibers 
but only to a limited extent [16]. 

 While local therapy with MSCs has proven to be 
effective in skeletal muscle, a systemic application – like the 
one shown for myocardial infarction – in skeletal muscle 
trauma has never been analyzed to our knowledge. Therefore 
the aim of this study was to investigate the effect of an intra-
arterial transplantation of MSCs following an injury of 
skeletal muscle. Our hypothesis was that an intra-arterial 
transplantation of autologous mesenchymal stroma cells 
leads to an increase in functional regeneration in Sprague 
Dawley rats. 

MATERIALS AND METHODOLOGY 

Animals 

 Eighteen female Sprague Dawley rats (140 – 160 g, 
Charles River, Sulzbach, Germany) were used in this study. 
Animals were kept at a constant temperature with free access 
to food and water. All animal experiments were carried out 
according to the policies and principles established by the 
Animal Welfare Act, the NIH Guide for Care and Use of 
Laboratory Animals and German national animal welfare 

guidelines. The study was approved by the German local 
legal authorities of Berlin (Reg.-Number G 251/06). 

Experimental Setup 

 Bone marrow aspirations were taken from both tibiae of 
each animal under sterile conditions [14]. Two weeks later, 
the animals were separated into two groups (each n=9) and 
the left soleus muscle was bluntly crushed. Seven days later 
2.5x10

6
 MSCs were transplanted into the left femoral artery 

in Group 1. Group 2 served as a control group and received 
saline solution intra-arterial (i.a.). Three weeks after 
transplantation functional testing of the traumatized and 
contralateral healthy muscles was performed in vivo. Finally 
muscles were harvested for histological analysis. 

Bone Marrow Aspiration 

 Bone marrow aspirations were performed as described 
before [14]. Briefly, anesthetized rats were subjected to tibial 
bone marrow aspirations and the marrow transferred into 
10ml of Dulbecco's Modified Eagle Medium (DMEM, 
Gibco, Paisley, Great Britain) containing 10% fetal calf 
serum (Biochrome, Berlin, Germany) and 1% Penicillin-
Streptomycin (Sigma, Taufkirchen, Germany), seeded in 75 
cm

2
 cell culture flasks (Falcon, Heidelberg, Germany) and 

cultured at 37° C and 5% CO2. 

Cell Culture 

 Culture Medium was renewed every two days. At about 
60 % confluence, cells were split using 0.25% trypsin 
(Sigma, Germany) and cultivated until reaching passage 
three. Fluorescence-activated cell sorting (FACS) analysis 
was performed using the following antibodies: mouse -rat 
CD44 (Serotec, UK), mouse -rat CD45 and mouse -rat 
CD90 (both Acris Antibodies, Germany), mouse -rat CD73 
and rat -mouse IgG (both BD Biosciences, Germany). The 
differentiation potential was tested for osteogenic and 
adipogenic differentiation potential (osteogenic medium: 
DMEM supplemented with 200 M ascorbic acid, 7mM -
glycerophosphate and 0.01 M dexamethasone, adipogenic 
medium: DMEM supplemented with 1 M dexamethasone, 
2 M insulin, 200 M indomethacine and 500 M 
isobutylmethylxanthine). 

Green Fluorescent Protein Transduction of MSC 

 MSCs were seeded in 175 cm
2
 cell culture flasks at a 

density of 3000 cells/cm
2
 9 days prior to transplantation. 

MSCs were transduced via a lentiviral system to insert 
dscopGFP (Lentivector Expressing Systems; System 
Biosciences, Mountain View, California, USA). 
Transduction was performed by adding virus, produced in 
Human Embryonic Kidney 293 cells (HEK), to the adherent 
MSCs. No transduction reagent was added. 

Skeletal Muscle Trauma 

 Rats were anesthetized, the left leg was shaved, 
disinfected and an open crush injury of the left soleus 
muscles was performed [17]. The soleus muscles were 
crushed with a curved artery forceps (Aesculap, Tuttlingen, 
Germany) three times and distally to the insertion of the 
medial neurovascular bundle. An additional crushed injury 
was performed two times proximally of the neurovascular 
bundle, thereby preserving innervation and blood supply to 
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the whole muscle structure. Standardization of the trauma 
was guaranteed by applying the forceps with constant 
pressure (closing pressure: 112 ± 5.1 N, data obtained from 
the material testing device Zwick 1455 (Zwick GmbH, Ulm, 
Germany)). 

MSC Transplantation and Sham Injections 

 One week after the trauma MSCs were prepared, re-
suspended in 1 ml 0.9% saline solution and stored on ice 
until further use. Rats were anesthetized, the left leg and 
inguinal region were shaved. A 2 cm incision was made 
longitudinally on the proximal thigh. The left inguinal 
vessels were prepared carefully, the femoral artery was 
exposed and embraced distally and proximally with sutures 
(Fig. 1). A 27 Gauge Microflon (BD Biosciences, San Jose, 
USA) was introduced into the femoral artery and the re-
suspended cells were infused during 1 minute. The femoral 
artery was closed with a patch of autologous fat fixed with 
Histoarcyl® glue (B. Braun Melsungen AG, Melsungen, 
Germany). 

 

Fig. (1). Intraoperative photo before intra-arterial transplantation of 

MSC. Proximal femoral artery (FA) is embraced distally (dist) and 

proximally (prox) with suture wires. Parallel to the FA the femoral 

vain (FV) can be identified. 

Biomechanical Evaluation 

 The animals were anesthetized as described before [17]. 
The sciatic nerve and the soleus muscle were dissected and 
the tendon of the soleus muscle separated from the Achilles 
tendon. Muscles were tested serially. The lower extremity 
was fixated at the knee and ankle joint and the sciatic nerve 
was connected to a stimulator (Experimetria, Budapest, 
Hungary) [18, 19]. The soleus muscle tendon was connected 
to the force transducer using vicryl suture. The computer-
controlled muscle force measurement device applied a pre-
tension of 0.15 N to the muscle and subsequently the sciatic 
nerve was stimulated bipolarly in two different modes (fast 
twitch: 5 pulses at 9 mA / 75 Hz, duration 0.01 s; tetany: 5 
pulses at 9 mA / 75 Hz, duration 3 s; intervals 5 s, 
respectively). The animals were sacrificed by intra-cardiac 
potassium injection. 

Histological Analysis 

 Picro-sirius red staining was performed for collagenous 
connective tissues analysis. Cryo-preserved muscles were 

sectioned longitudinally (6 m). Total area of endo- and 
perimysial fibrosis was analyzed on images of whole 
longitudinal sections of the muscle by using a Leica DMRB 
light microscope (Leica, Wetzlar, Germany) equipped with 
an AxioCam MRc digital camera (Carl Zeiss, Gottingen, 
Germany). 

Statistical Analysis 

 The median and standard error of the median were 
determined for each parameter. A statistical significance 
analysis was performed using the non-parametric Mann-
Whitney-U test for independent samples for comparisons 
between the treatment and the control group. The level of 
significance was set to 0.05. Left contraction forces were 
individually normalized to the uninjured right soleus muscle. 

RESULTS 

 Twitch stimulation of the healthy right soleus muscles 
resulted in a contraction force of 0.52 ± 0.14 N. Forces of 
tetanic contraction in the uninjured muscles reached 0.98 ± 
0.27 N. Maximum contraction forces after twitch stimulation 
of traumatized muscles were reduced to 0.43 ± 0.08 N. 
Tetanic stimulation revealed a reduction of the maximum 
contraction capacity to 0.52 ± 0.08 N (Group 2). These 
results represent a decrease of muscle force of 17.3 ±6% 
after fast twitch and 46.9 ± 16% after tetanic stimulation due 
to the trauma. 

 The intra-arterial MSC-transplantation improved the 
muscle force of the injured soleus significantly compared to 
the control (fast twitch: 82.4± 30 %, p=0.02, tetany: 58.9 ± 
13%, p=0.02; Fig. 2). 

 The histomorphometric analysis showed a quantity of 
fibrotic tissue of 27.3 ± 8.6% of cell treated soleus muscles 
and of 28.5 ± 7.0% (p=0.38) in sham treated muscles. GFP 
positive MSC could not be found in histologic analysis of 
soleus muscle. 

DISCUSSION 

 The aim of this study was to analyze the effect and 
feasibility of an intra-arterial mesenchymal stroma cell 
therapy for treating skeletal muscle injuries. We 
hypothesized that an intra-arterial transplantation of 
autologous mesenchymal stroma cells leads to an increase in 
functional regeneration. However, the cells could not be 
identified in the muscle tissue three weeks after 
transplantation. 

 Regeneration of muscle tissue follows an identical 
pattern independent of the trauma. Basically, the process of 
regeneration is induced via an inflammatory response which 
itself represents the first phase of this process (Phase I). 
Satellite cells proliferate and migrate into the center of 
myofibers (Phase II). The process is terminated by the 
formation of fibrosis (Phase III) [20]. Kääriäinen et al. 
reported the formation of scar tissue just 2 days after trauma 
[21]. 

 Previously it was shown that MSCs can secrete matrix-
metallo-proteases (MMP). MSC transplantation reduced the 
formation of fibrosis and increased contractility in cardiac 
muscle. Our histological analysis showed no reduction of 
fibrosis following intra-arterial transplantation. These results 
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are in accordance with our previous investigations where no 
influence on the formation of fibrous tissue was found [14-
16]. Vaittinen et al. did show the formation of fibrous tissue 
after laceration. The resulting scar tissue was even detectable 
after 12 months and the separated muscles were connected 
via myotendinous junctions without showing definite fusion 
[21]. Previously it was assumed that the reduction of fibrous 
tissue would result in a higher contraction capability. If the 
results of our present and previous studies are taken into 
consideration then it can be hypothesized that the fibrous 
tissue might be important for force transduction. An 
uncontrolled degradation of the fibrosis might result in an 
instable biomechanical situation of soleus muscle. The 
presence of fibrous tissue, on the other hand, does not appear 
to be detrimental for a sufficient contraction force 
development. 

 Surprisingly, transplanted cells could not be found in the 
traumatized muscle tissue indicating an effect of the cells by the 
secretion of soluble factors. Meng et al. transplanted muscle-
derived stem cells systemically into dystrophic mice and were 
also unable to detect cells within the target muscle [22]. A 
functional assessment was not performed and so a possible 
paracrine effect could not be excluded. Earlier investigations by 
our group after local transplantations showed fusion events of 
transplanted MSCs and regenerating myofibers but only to a 
very limited extent. The observed increase in functional 
regeneration could not be attributed to these events alone [16]. 
As we also observed an increased functional recovery following 
systemic transplantation, we assume a mode of action via 
soluble factors of the transplanted MSCs. 

 A possible mode of action of MSCs is via their 
immunomodulatory abilities. In vitro and in vivo investigations 
showed an immunosuppressive effect of MSCs on T-cells [23, 
24]. MSCs were able to inhibit the proliferation of T-cells, 
which were stimulated by allogeneic lymphocytes. It has also 

been demonstrated that MSCs inhibit the proliferation, 
maturation and activation of dendritic cells [25, 26] and reduce 
the proliferation, cytokine secretion and cytotoxicity of natural 
killer cells [27]. MSCs also reduce the effect of 
necrosis/apoptosis-inducing cells and have cytoprotective effect. 
Further investigations have to address a possible effect through 
soluble factors of MSC on the attenuation of the intramuscular 
immune response. 

CONCLUSION 

 To conclude, a systemic transplantation of bone marrow-
derived cells for the improved regeneration of injured 
musculature appears to be feasible. A major advantage of an 
intra-arterial transplantation of cells is that they can be 
performed highly selectively in patients via interventional 
radiographic catheters. This opens up the possibility of treating 
skeletal muscle injuries in regions that are normally not easily 
accessible. 
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Fig. (2). Fast Twitch (FT) and tetanic (Tet) contraction forces of control animals (Sham) and after intra-arterial transplantation (Cells) of 

2,5x10
6
 autologous MSC. 
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ABBREVIATIONS 

dist = Distally 

DMEM = Dulbecco's Modified Eagle Medium 

FT = Fast twitch 

FACS = Fluorescence-activated cell sorting 

FA = Femoral artery 

FV = Femoral vain 

HEK = Human Embryonic Kidney 293 cells 

IGF-1 = Insulin like growth factor-1 

IL-1beta = Interleukin 1-beta 

i.a. = Intra-arterial 

MMP = Matrix-metallo-proteases 

MSCs = Mesenchymal stroma cells 

PDGF = Platelet derived growth factor 

prox = Proximally 

Tet = Tetany 

VEGF = vascular endothelial growth factor 
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