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PERSPECTIVE

Therapeutic capacities of human and 
mouse skeletal muscle-derived stem 
cells for a long gap peripheral nerve 
injury 

An overview of a long-gap peripheral nerve therapy: A long-
gap peripheral nerve transection injury is an irreparable injury 
to the living body, and mostly leads to permanent loss of re-
lated motor and sensory functions. In such long gap injuries, 
nerve end-to-end suture is physically impossible. Therefore, 
bridging a long nerve-gap is critical to re-establish adequate 
mechanical support for separated nerve ends, and prevent the 
diffusion of neurotrophic and neurotropic factors secreted by 
transected stumps (Deumens et al., 2010). 

Autologous nerve grafts have been used as gold standard 
treatment (Deumens et al., 2010), with the expectation of 
proliferation and activation of graft-associated Schwann cells, 
along with their production of neurotrophic factors and cyto-
kines. However, the prognosis is not always favorable, despite 
the sacrifice of a healthy nerve graft from another unaffected 
normal body part. 

Scaffold bridges, which can be of synthetic or biological ori-
gin and/or be resorbable or non-resorbable, have been studied 
with the hope that bridging conduits can provide sufficient 
mechanical support and concentration of neurotrophic/neu-
rotropic factors. However, it appears clear that the use of these 
conduits alone does not sufficiently facilitate nerve regenera-
tion across long gaps (Pfister et al., 2011).

Combinatorial use of acellular conduits with several cellular 
sources, such as Schwann cells and/or Schwann-like cells de-
rived from cultivated bone morrow stromal cells (Dezawa et 
al., 2005), olfactory ensheathing cells (Radtke et al., 2011), and 
adipose tissue-derived cells (Kingham et al., 2007) have also 
been studied. However, these methods are unlikely to match 
or exceed the performance of autologous nerve grafts, whereas 
skeletal muscle-derived stem cells showed significantly higher 
performance than that of the autologous nerve graft (see next 
section). 

Application of skeletal muscle-derived stem cells to the 
long-gap nerve injury: As an alternative method, we have 
reported the potential therapeutic use of mouse skeletal mus-
cle-derived multipotent stem cells (Sk-MSCs) in long-gap 
nerve injury treatment by bridging using an acellular conduit 
(Tamaki et al., 2014), based on the original capacity of the Sk-
MSCs as the synchronized reconstitution of the muscle-nerve-
blood vessel unit (Tamaki et al., 2005). As expected, trans-
planted mouse Sk-MSCs actively differentiated into all types of 
peripheral nerve support cells (Schwann cells and perineurial/
endoneurial cells) and blood vessel-related cells (pericytes and 
vascular endothelial cells), and showed favorable numerical 
(the number of axons and myelin) and functional recoveries 
(Tamaki et al., 2014). A significant increase in the number of 

blood vessels was also observed, along with a potentially suffi-
cient contribution of O2 and nutrition supply and elimination 
of waste products, to enable faster recovery (Tamaki et al., 
2014). These recovery achievements showed 2–3-fold higher 
scores than that of the reported gold standard treatment (De-
umens et al., 2010), showing great promise in peripheral nerve 
therapy. However, this was a mouse study, and it was unclear 
whether human skeletal muscle included stem cells compara-
ble to those in the mouse. 

Recently, we also reported optimal methods for the ther-
apeutic isolation and fractionation of human skeletal mus-
cle-derived cells (Sk-Cs), and established appropriate cell ex-
pansion culture methods (Tamaki et al., 2015). Subsequently, 
we reported that human Sk-Cs also had stem cell potential for 
skeletal muscle and peripheral nerve-vascular lineage cells in 
severely damaged skeletal muscle (Tamaki et al., 2015), sim-
ilar to mouse Sk-MSCs used previously (Tamaki et al., 2005, 
2007a, b). Therefore, it appeared that human Sk-Cs should be 
considered to be skeletal muscle-derived stem cells (Sk-SCs).

Sk-SCs have been isolated using various methods. Howev-
er, regarding our cell isolation and fractionation method, the 
most important points are that 1) the muscle samples must 
not be minced before enzymatic treatment, 2) enzymatic treat-
ment should be performed with as minimal effect protease/
peptidase activity as much as possible, and 3) CD45, CD34, 
and CD29 should be used for cell sorting immediately after 
enzymatic isolation. We have consistently used this method 
throughout our mouse and human experiments, and obtained 
Sk-34 (CD45–/34+) and Sk-DN (CD45–/34–/29+) cells. 

Then, we found that the mouse Sk-DN cells were situated 
hierarchically upstream of the Sk-34 cells, showing the identi-
cal differentiation and regenerative capacity as similar lineage 
cells (Tamaki et al., 2008). However, the human Sk-DN/29+ 

and Sk-34 cells showed completely different differentiation 
and regenerative capacity. The Sk-DN/29+ cells showed specif-
ic to myogenic differentiation/regeneration (probably mainly 
satellite cells), but the Sk-34 cells exerted multipotent differen-
tiation into peripheral nerve and vascular cell lineages (Tamaki 
et al., 2015). 

Further, we applied human Sk-34 and Sk-DN/29+ cells to 
the long-nerve gap therapy study (Tamaki et al., 2016), strictly 
followed the previous mouse experiment protocol (Tamaki et 
al., 2014). The results clearly indicated that human Sk-34 cells 
showed comparable therapeutic capacities to those seen with 
the mouse Sk-MSCs, with regard to cell biology, tissue mor-
phology, and physiology (Tamaki et al., 2016). 

Comparison of the mouse Sk-MSCs and human Sk-SCs: The 
achievements of numerical, cell biological, and functional re-
coveries in cases of mouse Sk-MSCs (Tamaki et al., 2014) and 
human Sk-SCs (Sk-34 and Sk-DN/29+) (Tamaki et al., 2016) 
in long-gap nerve therapy are summarized in Table 1. The cell 
differentiation capacity of the mouse Sk-MSCs and the human 
Sk-34s are comparable, showing differentiation into peripheral 
nerve cells (Schwann cells and endoneurial/perineurial cells) 
and vascular cells (endothelial cells and pericytes). Favorable 
numerical recovery of the total number of axons and myelin is 
also similar, whereas an increase in the number of blood ves-
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sels was relatively higher in the mouse (7–9 fold vs. 3–4 fold). 
Interestingly, significant numerical recovery of axon/myelin 
was also observed in Sk-DN cells (since they were clearly low-
er in number than those in the Sk-34 transplantation), where-
as complete elimination of Sk-DN/29+ cells occurred within 
2–4 weeks after transplantation. In addition, an increase in the 
number of blood vessels was also evident (4–5 fold), associated 
with moderate functional recovery. Therefore, the paracrine 
effects of transplanted Sk-DN/29+ cells during the first 2–4 
weeks may have positively affected overall recovery, acting as 
an adjuvant for the repair of damaged nerve tissue. 

Several angiogenic paracrine factors were detected at the 
protein level in the three cell fractions, and these are sum-
marized as paracrine capacity in Table 2. All three cell types 
showed active expression of angiogenesis-relating cytokines 
just before transplantation with only a few minor differences. 
Therefore, it is possible that the presence of these cytokines 
in the Sk-DN/29+ cells may accelerate blood vessel formation 
during the early recovery phase, and lead to setup of a favor-
able oxygen/glucose environment in the nerve conduit. This 
also suggests the important observation that an appropriate 
treatment during the first 4 weeks after injury markedly affects 

Table 1 Comparison of numerical and functional recoveries and differentiation capacity of the mouse Sk-MSCs, human Sk-34, and human 
Sk-DN/29+ cells

Cell Mouse Sk-MSCs Human Sk-34 Human Sk-DN/29+

Recipient animala C57BL/6 Athymic nude mice (BALB/cA Jcl-nu/nu)
Numerical recovery in the conduit at 8 weeks

Total number of axonb 78–94% 74–98% 67–88%
Total number of myelinated nerveb 55–62% 75–100% 65–85%
Increase in the number of blood vesselsc 7–9 fold 3–4 fold 4–5 fold

Differentiation capacity at 8 weeksd

Schwann cell + + -
Endoneurial cell + + -
Perineurial cell + + -
Endothelial cell + + -
Pericyte + + -

Functional recovery indexe 76–84% (8 weeks) 97–99% (12 weeks) 63–80% (12 weeks) 

aNerve gap (7 mm). bEvaluated in the central portion of the conduit. cCompared to normal control value. dDetected by immunohistochemistry & 
immunoelectron microscopy. eEvaluated by the walk across a log (mouse case) and electrical stimulation induced tetanic tension output (human 
case). The data are based on the previous reports (Tamaki et al., 2014, 2016).

Table 2 Paracrine capacity and expression of angiogenic cytokines

Cell Mouse Sk-MSCs Human Sk-34 Human Sk-DN/29+

Angiogenin + + +
Angiopoietin-1 – + –

Angiopoietin-2 – + –

Angiopoietin-3 + – –

Dipeptidyl peptidase-4 – + +
Epidermal growth factor – + +
Endostatin + + +
Endothelin-1 + – +
Insulin-like growth factor-binding protein 3 + + +
Interleukin-6 + + +
Monocyte chemotactic protein-1 + + +
Matrix metallopeptidase 9 – + +
Pentraxin-3 + + +
Placental growth factor + + +
Serine protease inhibitor E1 + + +
Serpin F1 (also known as pigment epithelium-derived factor) + + +
Tissue inhibitor of metalloproteinase 1 + + +
Vascular endothelial growth factor + + +

The key cytokines related to vascular regeneration were analyzed protein levels using an antibody array kit (Proteome Profiler Array, Mouse and 
Human angiogenesis array kit, ARY015, 007, R & D Systems, Minneapolis, MN, USA). Cell culture supernatants and/or cell lysate were prepared 
for use just prior to transplantation. Culture medium containing 20% fetal calf serum (FCS) was also prepared as the negative control. A part of 
these data (human cells) were reported previously with the comparison of relative protein expression levels (Tamaki et al., 2016).  Sk-MSCs: Skeletal 
muscle-derived multipotent stem cells.
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subsequent numerical and functional nerve recovery. In fact, 
functional recovery of downstream muscle began at 2 weeks 
after surgery (Tamaki et al., 2016). Thus, this should be a con-
sideration in future nerve injury therapy. 

Elimination of skeletal muscle fiber formation in the pe-
ripheral nerve niche: Elimination of skeletal muscle cells, 
with an inhibition of maturation of the fibers, in the nerve 
regeneration niche has been also observed in the case of the 
mouse Sk-MSCs transplantation (Tamaki et al., 2014). In the 
mouse Sk-MSCs, it is impossible to separate myogenic cells 
and the other nerve-vascular cells, because of their clonal mul-
tipotency for muscle-nerve-vascular cell lineage (Tamaki et al., 
2007b). Therefore, cell differentiation into three lineages be-
gins together, but myogenic cell differentiation arrests during 
the first 2–3 weeks, probably owing to the lack of factors pro-
moting differentiation into mature myofibers in the nerve spe-
cific niche (Tamaki et al., 2014). At least, myogenic capacity is 
not necessary for nerve regeneration, and preliminary separa-
tion of them is possible in the human case, and this is thought 
to be advantageous for therapeutic applications.

Prospect for therapeutic use: In terms of therapeutic appli-
cation, we found that there were no differences in the differ-
entiation/regenerative capacity of human Sk-SCs whether 
the muscle samples were obtained from the leg or abdominal 
muscles (Tamaki et al., 2015). Therefore, we propose that a 
small sample removal (around 3 g) from the abdominal wall 
muscle would allow donor cells to be obtained relatively easily 
and safely, with minimal sacrifice. In cases of open traumatic 
injury, sampling around the nerve-damaged site is also pos-
sible. For the nerve conduit, we presently think that an ap-
propriate size vein, after acellular treatment by 70% ethanol, 
would be the best candidate. However, the use of an artificial 
biodegradable tube (probably polyglyconate and/or collagen) 
is less invasive and much better for the patient. However, fur-
ther consideration/improvement, such as adjustable size, sub-
stance permeability, and physical tenderness of tubes, should 
be considered. 

Conclusion: It is possible that human Sk-SCs have favorable 
properties similar to that of mouse Sk-MSCs in peripheral 
nerve regeneration therapy, when using our original cell iso-
lation/fractionation/expansion method. Therefore, human Sk-
SCs are a potential practical source for autologous stem cell 
therapy following severe nerve injury.
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