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Abstract: Identification of multipotent progenitors has been difficult due to their rarity in adults. Here, we report a novel 

type of neuroepithelial myogenic progenitor that can be isolated from adult murine skeletal muscle. In culture, these 

progenitors generated radial glia-like cells that initiated mosaic myotubes, and subsequently developed into embryonic/fetal-

like myoblasts capable of robust myofiber formation. These cells could also differentiate into neuronal lineage. By contrast, 

progenitors from bone marrow produced progenies more uniformly of an adult myoblast lineage. When grafted into dystrophic 

muscles of mdx mice, the muscle- and marrow-derived cells restored dystrophin expression; however, fetal-like myogenesis 

towards a defective adult fate was demonstrated in the muscle-derived cells. This impaired regenerative capacity resembled 

Duchenne muscular dystrophy patients, suggesting a potential connection between the neuroepithelial myogenic progenitor 

and the etiology of this myopathy. The distinct fates of the two types of progenitors imply their different roles in muscle 

regeneration and pathogenesis. 

Keywords: Neuroepithelial Myogenic Progenitors, Bone Marrow Myogenic Cells, Neural Differentiation, Myogenesis,  

Cell Transplantation, Muscular Dystrophy 

 

1. Introduction 

Isolation and identification of purified multipotent 

progenitor/stem cells from postnatal tissues have become a 

major focus of basic and clinical investigations [1, 2]. These 

cells can provide a range of tissue-specific progenitors for 

repair of damaged tissues or modeling human disease [3, 4]. 

Over the past decade, different tissue-associated progenitor 

cells have been isolated, and tested for muscle regeneration, 

especially in the animal models of Duchenne muscular 

dystrophy (DMD) [5–11]. DMD is the most common and 

severe form of congenital muscle disease, in which the 

absence of dystrophin in the membrane of myofibers results 

in muscle fiber necrosis and progressive muscle weakness 

[12]. Stem cell therapy may provide the opportunity to 

restore dystrophin expression and replace the damaged 

muscle tissue [13, 14]. To date, the efficiency of initial 

grafting myoblasts or muscle satellite cells is too low to meet 

therapeutic objectives, and the recent advances in the 

strategies have encountered different challenges [13, 14]. 

Adult bone marrow has been considered as accessible 

sources for isolation of multipotent myogenic progenitors. A 

side population (SP cells) sorted by their ability to efflux the 

Hoechst dye and mesenchymal stromal cells (MSCs) 

separated as adherent cells in culture or by lineage markers, 

have been tested for muscle differentiation [5, 7, 8, 11]. 

However, poor engraftments have resulted from 

transplantation of bone marrow-derived cells, including SP 

cells and MSCs into dystrophic mice [5, 8, 15]. More 

immature subpopulations of myogenic progenitors sorted by 

pre-defined cell surface markers from skeletal muscle are 

able to contribute to the satellite cell pool and give improved 

engraftments in dystrophin-deficient mdx mice [16–18]. 

Different populations of myogenic cells have also been 

derived from vascular progenitor cells [9], adipose-derived 

progenitors [10], genetically modified mesenchymal stem 

cells [19], and embryonic stem cells [20]. While the 

efficiency of engraftments is improving, muscle function has 
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been limited, and variable [21, 22], and tumorigenesis has 

been reported in studies [19, 20]. These outcomes raise 

critical issues about the heterogeneity of the original 

progenitor cells transplanted and the physiological role of 

multipotent progenitors in muscle regeneration. 

Most of the investigations have focused on the 

development of adult myogenic progenitor/stem cells for use 

in cell replacement therapy. Indirect evidence from human 

pathology, however, suggests the presence of more immature 

progenitors in postnatal tissues. For example, despite the 

origin of single cells, both neuroblastoma and 

rhabdomyosarcoma contain embryonic-like tissues with 

muscle and neural cell phenotypes [23]. This suggests that a 

rare number of primitive myogenic cells may exist in 

postnatal tissues, and function differently from tissue-specific 

progenitor/stem cells. Identification of these primitive 

progenitors is crucial when considering the proposed 

therapeutic roles of multipotent cells in regenerative 

medicine. In addition, understanding of the basic biology of 

the immature progenitors may provide insights into the 

cellular origin of human diseases [3, 4, 24]. Because of the 

low frequency of these cells in adults, isolation and 

identification of purified primitive cells in a given tissue have 

been difficult. 

In the present study, we aimed to isolate purified primary 

colonies of multipotent progenitors with myogenic potential 

from adult skeletal muscle. To test whether myogenic 

progenitors could be obtained from other sources, we also 

isolated primary colonies from bone marrow by similar 

approaches. We report in this paper the identification and 

characterization of the most primitive cells from normal 

murine skeletal muscle, termed neuroepithelial myogenic 

progenitors (NEMPs), by comparing their marker profiles, 

myogenic/neurogenic potential, and transplantation capacity 

with myogenic cells isolated from bone marrow (BMMCs). 

2. Experimental Procedures 

2.1. Cell Isolation 

NEMPs were isolated from the hindlimb muscle of normal 

C57BL/6 mice (five weeks old) by clonal isolation. A subset 

of suspension cells was first collected from primary muscle 

cultures at isolation day 5, using a modified preplate 

technique reported previously [6, 25, 26]. The suspension 

cells were then seeded at a clonal density (15–30 cells/cm
2
) 

in culture wells, and developed primary colonies in two 

weeks. NEMPs were originally from three primary colonies, 

presumably three primitive NEMP cells. The frequency of 

the primary NEMP colonies is one in 130 mg hindlimb 

muscle (from five independent isolations). Two primary 

clonal populations of NEMP-c1 and NEMP-c2 were 

established by two times of cloning to confirm single cell 

nature of the NEMP colonies. BMMCs were isolated from 

the femurs of normal mice (seven weeks old) by similar 

technique of preplate and clonal isolation used for NEMP 

cells, except that the marrow cells were treated with the 

supernatant of muscle extract before progressing preplate. 

We filtered the supernatant and checked no cells in it. The 

frequency of BMMC colony is approximately one per 10
5
–

10
6
 marrow cells. All the cell populations were of female 

origin except the NEMP-c1, which was deliberately derived 

from male mice. The detailed information for isolation can be 

found in supplementary information. 

2.2. Cell Growth 

Each primary clone/colony contained 50–100 cells, and 

thus expansion of these cells was carried out and was set as 

passage 1 (P1). The NEMP populations tended to differentiate 

and fuse rapidly in the early cultures. To establish adequate 

less differentiated cells, the expansion of NEMPs and 

BMMCs at P1–5 was carried out in the growth medium (20% 

serum) at a density of 0.5–2.5 × 10
3
 cells/cm

2
. The medium 

was changed daily. The BMMCs could be expanded at a 

higher cell density without fusing. The passages at this stage 

are defined as the times when trypsin was used to detach the 

cells, starting from the initial expansion of the primary 

colonies. From P6, the cells were seeded at a cell density of 

1.5 × 10
3
 cells/cm

2
 and passaged when the culture reached 

~7.5 × 10
3
 cells/cm

2
 (NEMPs) and ~1.5 × 10

4
 cells/cm

2
 

(BMMCs). The medium was changed every 2 days. The 

number of cells per cm
2
 was counted at daily intervals for 

calculating the population doublings, and two culture 

samples were used for each cell type from P6. 

2.3. In Vitro Myofiber Formation 

To investigate early spontaneous differentiation, the 

NEMPs and BMMCs at P3–5 were seeded in 12-well plates at 

a density of 2.5–5 × 10
3
 cells/cm

2
. After culturing in the 

growth medium for 5 days, SMMts/myotubes developed and 

the cells were fixed with cold methanol for 

immunocytochemistry and myofiber formation. To examine 

induced myofiber formation, NEMPs and BMMCs at P8–12 

and P16–20 were seeded in 6-well plates and grown to a 

density of 1.5–2 × 10
4
 cells/cm

2
. The growth medium was 

then replaced with differentiation medium (2% horse serum) 

for 5 days. The cells were fixed and the number of nuclei in 

myotubes and the total number of nuclei were scored in five 

random fields (×100) per well. Quantitative analysis of 

differentiation kinetics was performed in five or six 

individual trials by measuring the fusion index, which was 

expressed as the percentage of nuclei incorporated into 

myotubes [27]. 

2.4. Cell Transplantation 

We grafted BMMCs, NEMPs and NEMP-c1 (P8–12) into 

the gastrocnemius medialis of dystrophin-deficient mdx mice 

(C57BL/10ScSn-Dmd
mdx

/J, 6–14 weeks old) as single 

injection. For each muscle, 1.5 × 10
5
 or 3 × 10

5
 cells, 

suspended in 15 µl of HBSS (Life Technologies), were used. 

The total number of cells grafted was varied due to the 

difficulty in expansion of NEMP myogenic cells. The mice 

were sacrificed at 14 days or 40–50 days post-grafting and 
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the entire gastrocnemius muscles were frozen for analysis. 

BMMCs (5 × 10
4
) were also injected into the irradiated 

tibialis anterior muscles of mdx nu/nu mice and the injected 

muscles were assessed 35 days after grafting [16]. 

2.5. Immunohistochemistry and Histochemistry 

2.5.1. Dystrophin Immunostaining 

Serial cryosections (10 µm) were collected throughout 

the gastrocnemius muscles. The sections were fixed in 

acetone for 5 min at -20°C, and blocked in 5% serum or 1% 

BSA for 30 min at room temperature. For dystrophin 

staining, sections were incubated with rabbit anti-

dystrophin antibody (1:1, Neo Markers) for 30 min and 

Alexa Fluor 594 (1:500, Life Technologies) for 30 min, and 

counterstained with Hoechst 33342 (Sigma-Aldrich). The 

cross sections with the highest number of dystrophin
+ 

fibers 

were counted in the grafted gastrocnemius medialis. The 

percentage of CNFs, and the diameter of myofibers were 

measured from an average of 600 dystrophin
+
 fibers 

(172−2141) in between five and 10 sections for each 

injected muscle. The diameter of dystrophin
+
 fibers was 

measured from the short diameter of polygonal myofibers 

(the relative diameter). For the non-grafted areas, five 

sections of the gastrocnemius lateralis were counted for the 

average of dystrophin
+
 fibers, and an average of 392 and 

309 myofibers from three randomly chosen areas were 

measured for the percentage of CNFs and the diameter of 

myofibers. To evaluate dystrophin
−
 fibers in the late grafts, 

the gastrocnemius medialis with large numbers of small 

dystrophin
−
 fibers were used. The percentage of 

dystrophin
−
 fibers with peripheral or central nuclei was 

measured by differential interference contrast (DIC) images 

merged with dystrophin and Hoechst staining, from an 

average of 602 dystrophin
−
 fibers (465−752) in between 

three and five sections for each grafted muscle. 

2.5.2. Developmental Myosin Heavy Chain (Dev-MyHC) 

and Dystrophin Double Staining 

The sections were incubated with anti-dev-MyHC (1:20, 

Vector Laboratories) for 90 min, and the next steps were 

performed according to the instructions of M.O.M.
TM

 kit 

manufacturer (Vector Laboratories). The sections were then 

stained with anti-dystrophin as described above. 

2.5.3. Pax7 and Dystrophin Double Staining 

The sections were incubated with mouse anti-Pax7 (1:50, 

R&D Systems) for 2 h and Alex Fluor 594 goat anti-mouse 

IgG1 (1:500, Life Technologies) for 1 h. The sections were 

then stained with anti-dystrophin (1:1, Neo Markers) 

followed by Alexa Fluor 488 donkey anti-rabbit IgG (1:500, 

Life Technologies), and counterstained with Hoechst. The 

number of Pax7
+
 cells was counted in 15–20 fields (× 200) of 

both grafted (dystrophin
+
 fibers) and non-grafted areas 

(adjacent dystrophin− fibers), in three to six sections of each 

injected muscle. 

2.5.4. Pax7 and Laminin Double Staining 

Staining was performed as described above except that 

anti-dystrophin was replaced by anti-laminin (1:100, Sigma-

Aldrich). 

2.5.5. MyoD and Dystrophin Double Staining 

Staining was performed as described for Pax7 and 

dystrophin double staining except that anti-Pax7 was 

replaced by anti-MyoD (1:80, BD Biosciences). 

2.5.6. Hematoxylin & Eosin Stain 

Staining was performed according to the manufacturer’s 

instructions (Sigma-Aldrich). 

2.6. Statistics 

Data were presented as mean ± SEM. Student’s t-test was 

used to compare differences between NEMPs and BMMCs in 

expression of the transcripts, the myofiber formation, the 

population doubling time, and the transplantation capacity. 

An alpha level of P ≤ 0.05 was set for statistical significance. 

Additional methods (Neural Differentiation, 

Immunocytochemistry, Flow Cytometry, SDS-PAGE and 

Western Blotting, Real-Time RT-PCR, NEMP Clone 

Isolation and In Situ Hybridization) can be found in the 

supplementary information of the paper. 

3. Results 

3.1. Cell Populations and Marker Profiles 

NEMPs and BMMCs were used in the main analysis of the 

study. NEMP-c1 and NEMP-c2 were also used in separate 

experiments due to the small number of primitive NEMP 

cells. In the growth medium, NEMPs and BMMCs could be 

propagated for more than 20 passages (Fig. 1A), which is 

equivalent to 48 (for NEMPs) and 62 population doublings 

(for BMMCs). Based on our primary focus on the primitive 

progenitors and their differentiation, the NEMPs at passages 

3–6 (P3–6), P8–12, and P16–20, and their BMMC counterparts 

were analyzed. 

We first evaluated the marker profiles in activated 

primitive (P3) and more differentiated NEMPs and BMMCs 

(P11) by quantitative RT-PCR (Fig. 1B). In NEMP-P3, neural 

progenitor marker nestin [28] was 2.12-fold higher (P < 0.05) 

than in P11, which fits high expression of nestin in neural 

progenitors and low expression in their differentiated cells. In 

BMMCs, Nestin was low in P3 and slightly higher in P11 

(1.38-fold, P > 0.05). Since > 85% of BMMC cells in P11 

were committed to a myogenic lineage (see below), the 

increased nestin expression is unlikely related to a neural 

progenitor phenotype. In P3, myogenic regulatory factors 

(MRFs) MyoD and myogenin were higher in NEMPs than in 

BMMCs, suggesting NEMP’s high potential for myogenic 

differentiation. In P11, MyoD transcript remained at a higher 

level in NEMPs than in BMMCs. By contrast, Myf5 

transcript, one of the MRFs, was lower in P3 and up-

regulated in P11 of both NEMPs and BMMCs. Embryonic 

muscle progenitor marker Pax3 [29–31] was observed in 

NEMP-P3 and rapidly up-regulated in P11. For BMMCs, 

although Pax3 became detectable in all the samples of P11, its 
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expression was 6-fold higher in NEMPs. In P3, satellite cell 

marker Pax7 was detected in two of four samples of NEMPs 

and BMMCs. Embryonic stem cell marker Oct-4 and PNS 

glial marker Sox10 were not detected in NEMPs and 

BMMCs, although Sox10 was observed in an independent 

NEMP population (not shown). The data indicate (Fig. 1C) 

that activated NEMPs expressed high levels of markers for 

neural progenitor and muscle lineage (P3, 

nestin
hi

MyoD
hi

myogenin
hi

) and differentiated into embryonic-

like myogenic cells (P11, MyoD
hi

Myf5
hi

Pax3
hi

), but BMMCs 

displayed more homogeneous myogenic marker profiles in P3 

and P11. 

 

Figure 1. Growth Property and Early Lineage Identification by Quantitative RT-PCR. 

(A) Growth curves of population doublings versus days in subcultures, started from passages 1–20 (P1–20). 

(B) Real-time RT-PCR of activated NEMPs (P3) and their differentiated progeny (P11), compared with BMMCs. Values represent mean ± SEM (n = 4 for P3, n 

= 6 for P11, * P < 0.05, ** P < 0.01, *** P < 0.001). PriCells: Primary muscle cells cultured for five days. 

(C) Diagram summarizes different levels of transcripts from Figure 1B, showing nestinhiMyoDhimyogeninhi and Pax3 in NEMP-P3 and MyoDhiMyf5hiPax3hi in 

NEMP-P11, but more uniform transcripts in BMMC-P3 and -P11. 

Analysis of additional neural progenitor markers by 

immunocytochemistry revealed that Musashi 1 (Msi1) and 

glial fibrillary acidic protein (GFAP) were expressed in 

98.7% and 50.4% of NEMPs (P5–6), but were weakly (84.9%) 

or negatively detected in BMMCs (Fig. 2A). Thus, the 

majority of MyoD
+
 cells (19.3%) in NEMPs co-expressed 

Msi1 at this stage; in contrast, 37.4% of BMMCs co-

expressed MyoD and low levels of Msi1 (Fig. 2A). In P8–12, 

41.6% of NEMPs expressed MyoD, but only 9.6% of MyoD
+
 

cells were detected in P16-20 (Fig. 2B). However, 85.4–95.3% 

of BMMCs expressed MyoD and Pax7 in P8–12, and 

maintained at 42.7–57.8% in P16-20. By flow cytometry, both 

populations expressed stem cell markers ABCG2 and Sca-1, 

but CD34 (27.9%) and CD24 (60.1%) were detected in 

BMMCs (Fig. 2B), which are markers for hematopoietic 

progenitors, and also are expressed in non-blood cells [32]. 

The results further supported that early NEMPs exhibited 

phenotypes for neural/muscle progenitors 

(nestin
hi

Msi1
hi

GFAP
+
MyoD

hi
). By contrast, while the marker 

profiles suggest the multipotency of BMMCs, the cells could 

produce adult-like myoblasts (MyoD
+
Pax7

+
) for more than 

50 population doublings. 



 Cell Biology 2015; 3(4): 58-73 62 

 

 

Figure 2. Analysis of Marker Profiles by Immunocytochemistry and Flow 

Cytometry. 

(A) Immunostaining of neural progenitor markers shows positive/high 

expression of GFAP and Msi1 in NEMP-P6, and negative/low expression of 

these markers in BMMCs. Arrowheads indicate MyoD+/Msi1hi cells in 

NEMPs, and MyoD+/Msi1low cells in BMMCs. Note that Msi1 was localized 

in nuclei and cytoplasm. 

(B) Immunocytochemistry (*) and flow cytometry (**) of P8-12 and P16-20. 

The percentage of positive cells in (A) and (B) was: −, < 5%; +, 5–25%; ++, 

26–50%; +++, 51–90%; ++++, > 90%. The values in parentheses indicate 

the weakly stained cells. 

Scale bars, 20 µm in A. 

3.2. NEMPs, but Not BMMCs, Underwent Initial 

Neuromuscular Differentiation and Produced 

Embryonic-Like Myotubes in Culture 

A distinct feature of the early NEMPs was their 

spontaneous differentiation into spindle-shaped mosaic 

myotubes (SMMts), some of which resulted from radial glia-

like cells and myoblasts (Fig. 3A). The initial generation of 

SMMts did not require common differentiation conditions 

(2% serum), and is agreement with high expression of MyoD 

and myogenin transcripts of the cells. Immunocytochemistry 

revealed that SMMts expressed glial marker S-100, neuron-

specific beta-III tubulin, and early myogenic cell marker 

desmin (Fig. 3A). They were also positive for radial glial 

marker GFAP, and a few of them (0.7%) became organized 

into a tissue pattern (Fig. 3B). Approximately half of the 

SMMts expressed neural markers beta-III tubulin, GFAP, and 

S-100, and 93% of them expressed desmin, supporting their 

myotube phenotype (Fig. 3C). In comparison, the majority of 

BMMCs did not fuse in the growth medium (Fig. 3D), 

although occasional cells expressed S-100 (4%) and beta-III 

tubulin (3%). One of the characteristics of BMMCs was their 

ability to form desmin
+ 

colonies with myoblasts. Quantitative 

analysis indicated that only 0.6% of BMMCs formed 

myotubes, while 15.3% of NEMP cells could generate 

SMMts following initial differentiation (Fig. 3E). 

 

Figure 3. NEMPs, but Not BMMCs, Underwent Initial Neuromuscular Differentiation. 

(A, B) Differential interference contrast (DIC) images merged with immunostaining show that radial glia-like cells (arrows) and SMMts expressed neural and 

myogenic markers in NEMP cultures. 

(C) For each staining, 55–84 SMMts and 1130–1550 cells were counted. 

(D) BMMCs generated S-100−/beta-III tubulin−/desmin+ colonies (arrows). 

(E) Percentage of cells fused into SMMts (mean ± SEM, n = 5 to 6 cultures, *** P < 0.001). 

(F, G) NEMP-c1 and –c2 cells differentiated into GFAP+  radial glia-like cells, GFAP+MyoD+ cells, and SMMts. Quantitative analysis was carried out from two 

to three separate cultures. 

(H) RT-PCR was performed with two samples from each cell type, confirming the neuromuscular phenotypes of SMMts. B-III tub and b-actin: beta-III tubulin 

and beta-actin. 

White scale bars, 25 µm; black scale bars, 100 µm. 
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Similar to NEMPs, NEMP-c1 and -c2 also differentiated 

into GFAP
+
 radial glia-like cells, MyoD

+
GFAP

+
 cells, and 

SMMts (Fig. 3F and 3G). RT-PCR confirmed the presence of 

beta-III tubulin, microtubule-associated protein 2 (MAP2, a 

neuronal marker), myelin basic protein (MBP, an 

oligodendrocyte marker) and MyoD mRNAs in NEMP-c1 

and -c2 cultures, as well as GFAP in NEMP-c1 (Fig. 3H). 

The SMMts resembled embryonic myotubes that formed in 

culture [33–35]; however, the neural commitment of NEMP 

cells to myotubes suggests a novel myogenic pathway. 

3.3. Long-Term Myotube Formation of BMMCs Versus 

Limited Myogenic Potential of NEMPs in Culture 

In the growth medium, NEMP’s early progeny rapidly lost 

their ability to fuse into SMMts. However, the NEMPs at P8–

12 could undergo secondary myofiber formation in the 

differentiation medium, leading to many long and 

multinucleated myotubes (Fig. 4A), like the fetal myofibers 

[33–35]. By contrast, BMMCs maintained myotube 

formation from P8 to P20 (Fig. 4A). NEMP-c1/c2 could also 

generate multinucleated myotubes during differentiation (Fig. 

4B). The percentage of cells fused into myotubes was 81.8% 

in P8–12 and 5.2% in P16–20 of NEMPs, and 70.2% in P8–12 and 

48.4% in P16–20 of BMMCs (Fig. 4C). The population 

doubling time of BMMCs was significantly shorter than that 

of NEMPs and NEMP-c1 (Fig. 4D). Thus, under the same 

culture conditions, BMMCs frequently produced more 

myotubes than NEMPs. To confirm the myotube phenotype, 

we examined myosin heavy chain (MyHC) isoforms and 

observed muscle-specific proteins MyHC-I and MyHC-

embryonic isoforms in BMMC- and NEMP-related myotubes 

(Fig. 4E). 

We further investigated the nature of NEMP-P20 after 5-

day differentiation in the low serum medium. By skeletal 

myosin immunostaining, we observed well-developed 

SMMts consisted of multinucleated myotubes several 

millimeters in length in the cultures (Fig. 4F). By scanning 

three entire 60-mm culture wells, three tissue-like SMMts 

expressing myosin were observed. The unique structure of 

these SMMts provided important evidence for a potential 

physiological role of NEMP’s initial neuromuscular 

differentiation (Fig. 4G). 

 

Figure 4. In Vitro Myotube Formation of NEMPs and BMMCs. 

(A) Many long and multinucleated myotubes were generated by BMMC- and NEMP-P8–12 (upper panels), and also BMMC- but not NEMP-P16–20 (lower 

panels). 

(B) NEMP-c1 (upper) and -c2 (lower) could also generate myotubes. 

(C) Fusion index was expressed by the percentage of nuclei in myotubes to total nuclei. Values represent mean ± SEM (n = 5 to 6 individual trials, * P < 0.05, 

** P < 0.01, *** P < 0.001). 

(D) Population doubling time (PDT) was analyzed in P8–12 (mean ± SEM, n = 8 cultures, * P < 0.05, ** P < 0.01). 

(E) MyHC isoforms were identified in myotubes from P8–12. The adult soleus muscle and newborn muscle (nbm) were used as positive controls for MyHC-I 

(in soleus) and MyHC-embryonic bands (in nbm). 

(F) A well-developed SMMt was present in differentiated NEMPs. 

(G) Scheme shows the generation of SMMt and its hypothetical role in early muscle formation. 

Scale bars, 100 µm in A, B and F. 
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3.4. NEMPs and BMMCs Restored Dystrophin Expression 

but NEMPs Produced Embryonic/Fetal-Like Myofibers 

in Dystrophic Muscles 

To examine the transplantation capacity of the cells, we 

grafted NEMPs, NEMP-c1 and BMMCs into the 

gastrocnemius muscles of dystrophin-deficient mdx mice, 

an animal model for DMD. Cells at P8–12 were used due to 

their proliferation and myotube formation in vitro. 

Numerous dystrophin
+
 fibers were detected in the 14-day 

grafts of NEMPs and BMMCs (Fig. 5A), and also observed 

heterogeneously (3:10) in 40–50-day NEMP (Fig. 5B) and 

NEMP-c1 grafts (not shown). Notably, two types of NENP 

grafts were identified by distinct donor myofibers (Fig. 

5A): being large and centrally nucleated (CNFs), or tiny 

and peripherally nucleated (PNFs). These myofibers 

resembled the skeletal muscle that formed during 

embryogenesis [35, 36], which is correlated with the 

phenotype of grafted cells (Pax3
hi

MyoD
hi

Myf5
hi

). By 

contrast, the early grafts of BMMCs consisted of more 

homogeneous dystrophin
+
 CNFs (Fig. 5A). Given the high 

percentage of Pax7
+
MyoD

+
 cells grafted, the central 

nucleation of BMMC fibers fits the characteristic of 

regenerating fibers developed from postnatal muscle 

precursors [37]. Interestingly, although the majority of 

BMMC myofibers were lost in eight late grafts of mdx mice 

(Fig. 5C), more than 800 healthy dystrophin
+
 fibers were 

generated 35 days after grafting a small number of BMMCs 

(5 × 10
4
) into irradiated muscles of mdx nu/nu mice (Fig. 

5D). The irradiation has been reported to inhibit 

endogenous myoblast activation, thus improving the long-

term survival of donor myofibers [38]. 

Quantitative analysis revealed that the number of 

dystrophin
+
 fibers was high in the 14-day grafts of BMMCs 

and NEMPs, and decreased dramatically by 87% and 77% in 

40–50-day grafts, but remained higher in grafted sites than 

non-grafted sites (Fig. 5E). The percentage of dystrophin
+
 

CNFs in NEMP grafts was lower than that in the BMMC 

grafts (Fig. 5F). The dystrophin
+
 fibers of NEMP-c1 were 

smaller than the fibers in non-grafted sites (Fig. 5G). 

Generally, BMMCs produced homogeneous dystrophin
+
 

fibers in early grafts in terms of the percentage of CNFs 

(average 33.7%, ranged 30.1%–36.0%) and the relative 

diameter of fibers (average 18.0 µm, ranged 17.6–18.6 µm). 

By contrast, the grafts of NEMPs and NEMP-c1 were largely 

heterogeneous with regard to the number, nuclear location, 

and diameter of donor fibers. We observed ten grafts from 13 

NEMP-injected muscles. Of these grafts, six had a low 

percentage of CNFs (average 11.9%, ranged 9.9%–17.1%), 

five of which were correlated with the small diameter of 

fibers (average 13.3 µm). Four grafts had a higher percentage 

of CNFs (average 41.1%, ranged 34.7%–47.7%), three of 

which were correlated with the large diameter of myofibers 

(average 28.5 µm). In summary, NEMPs generated two 

major types of grafts resembling enlarged embryonic and 

fetal myofibers, which are distinct from the regenerating 

fibers of BMMCs (Fig. 5H). 

Next, we analyzed the histological features of six late 

grafts that exhibited large numbers of dystrophin
– 

fibers in 

the grafted sites (Fig. 5I). In the area, the percentage of 

dystrophin
−
 PNFs was higher in NEMP/NEMP-c1 grafts than 

in BMMC grafts (Fig. 5J). In the NEMP/NEMP-c1-grafted 

sites, there were numerous small, rounded, regenerating 

PNFs, and increased endomysial tissue (Fig. 5I). These 

resembled the histopathological features of skeletal muscle 

disease, and were distinct from the satellite cell-regenerated 

CNFs (Fig. 5I). The presence of disease-like tissues provides 

an explanation for the loss of NEMP-derived dystrophin
+
 

fibers in some of the late grafts. 

3.5. Maturation Analysis of Dystrophin
++++ Fibers Associated 

with MyHC Expression and Muscle Satellite Cells 

To track the maturation of donor-related myofibers, we 

further examined the expression of developmental MyHC in 

the grafted muscles. The MyHC was detected in 

approximately 70% of dystrophin
+ 

fibers in the 14-day grafts 

of NEMPs, but was < 1% in the 40–50-day grafts of NEMPs 

and NEMP-c1 (Fig. 6A and 6C). The results suggest that 

maturation of NEMP myofibers in host muscle had occurred. 

Interestingly, > 99% of BMMC fibers did not express 

development MyHC in the 14- and 40–50-day grafts (Fig. 6B 

and 6C). The findings indicated that the majority of NEMP 

fibers were homogeneous in donor origin, while the 

dominant dystrophin
+
 fibers in BMMC grafts were 

heterotypic, a result from fusion of donor cells with host 

fibers or myoblasts [39]. 

We then examined whether adult muscle progenitors 

existed in the grafts. Following transplantation, Pax7
+
 cells 

were detected in BMMC, NEMP and NEMP-c1 grafts (Fig. 

6D). In the early grafts, the number of Pax7
+
 cells in 

NEMP-grafted sites was 2.8-fold greater than that in 

BMMC-grafted sites (Fig. 6F). Analysis of MyoD, which is 

expressed in activated but not quiescent adult myoblasts 

[40,41], showed that no differences were observed between 

Pax7
+
 and MyoD

+
 cells in BMMC grafts, while Pax7

+
 cells 

were 3.3-fold greater than MyoD
+
 cells in NEMP grafts. 

Consistent with the phenotype, large numbers of donor 

fibers in NEMP grafts remained small and peripherally 

nucleated, which did not support an adult myoblast function 

of the Pax7
+
 cells, because satellite cell-mediated muscle 

regeneration in adults will result in the fuse of cells into 

CNFs [37, 42]. Notably, in the most significant late graft of 

NEMPs with more than 800 donor myofibers, 10.6% of 

CNFs, and myofiber diameter of 21.5 µm, we were unable 

to detect clear Pax7
+
 satellite cells (Fig. 6E). Thus, growth 

of these myofibers is independent of the Pax7
+
 cells 

observed in the early NEMP grafts. Together, the results 

indicate that BMMCs function as more committed muscle 

precursors, but the NEMP myofibers encounter impaired 

maturation with a defective adult fate in vivo, as 

characterized by the presence of non-fusing Pax7
+
 cells or 

the lack of satellite cells in grafts. 
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Figure 5. NEMPs and BMMCs Generated Distinct Myofibers in Dystrophic Mice. 

(A) Dystrophin+ fibers in three early grafts (E). The box areas in the left panels were magnified in the right panels showing large CNFs (upper) or small PNFs 

(middle) in NEMPs, and more uniform CNFs in BMMCs (lower). 

(B) Many PNFs were present in one of the NEMP’s late grafts. 

(C) Dystrophin+ fibers decreased dramatically in BMMC late grafts. 

(D) BMMCs generated large late grafts in irradiated mdx nu/nu mice. 

(E–G) Quantitative analysis of dystrophin+ (dys+) fibers in mdx mice (mean ± SEM, n = 3, 3, 8, 5 and 5 muscles in E, and n = 3–6 muscles in F and G, * P ≤ 

0.05, ** P < 0.01, *** P < 0.001). The number of dys+ fibers has been normalized to the number of injected cells in E (3 × 105 cells). The muscles with low 

numbers of dys+ fibers are not shown in F and G: in this case, the data were impossible to interpret due to the presence of revertant fibers from spontaneous 

mutations [59]. Re-diameter: Relative diameter. 

(H) Scheme summarizes two types of NEMP grafts with embryonic- or fetal-like myofibers, and homogeneous BMMC grafts with regenerating fibers. ND: 

No grafts with large clusters of dys+ fibers (> 50 fibers) were detected. 

(I) Serial sections of three muscles show disorganized dystrophin– PNFs and increased interstitial tissues in NEMP-grafted sites, histopathologically distinct 

from satellite cell-regenerated CNFs in non-grafted sites. 

(J) The percentage of dys–-PNFs and dys–-CNFs in grafted sites (mean ± SEM, n = 3 muscles). 

White scale bars, 150 µm in A–D; 75 µm in I; Blue scale bars, 25 µm in A, B and I. 
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Figure 6. Differential Maturation of Dystrophin+ Fibers from NEMPs and BMMCs. 

(A, B) Dystrophin (dys) and developmental MyHC (dev-MyHC) double immunostaining of the early (E) and late grafts (L). 

(C) Dev-MyHC+ myofibers per 100 dys+ fibers: −, 0−0.2%; +/−, 71.5%. Each value represents the mean of three muscles. ND: Not determined. 

(D) Pax7+ cells (arrows) in CNFs (left panels) or small PNFs (middle and right panels). 

(E) Same muscle section of a late NEMP graft shows no Pax7+ cells in grafted sites, and Pax7+ cells (arrows) in non-grafted sites, where CNFs were revealed 

by laminin staining in a serial section. 

(F) Histogram shows no differences between Pax7+ and MyoD+ cells in BMMC-grafted sites, but higher Pax7+ cells than MyoD+ cells in NEMP-grafted sites 

(mean ± SEM, n = 3 muscles, * P < 0.05). 

Scale bars, 100 µm in A and B; 25 µm in D and E. 

3.6. Multi-Lineage Neural Differentiation of NEMPs 

Versus Limited Neural Potential of BMMCs 

Based on the initial neuromuscular differentiation of 

NEMPs, we then investigated the neurogenic potential of 

NEMP-P8-12, compared with BMMCs. In standard culture 

conditions, we observed higher levels of neuronal transcripts 

beta-III tubulin and MAP2 in NEMPs and NEMP-c1, and a 

high level of NG2 (a marker for oligodendrocytes and 

pericytes) in BMMCs (Fig. 7A). When cultured in the 

neurosphere formation and differentiation conditions 

supplemented with brain-derived neurotrophic factor, MAP2
+ 

and beta-III tubulin/Tuj1
+
 cells were observed in all the 

populations, some of which had typical neuronal 

morphology, especially in the NEMP-c1 (Fig. 7B and 7C). 

Very few of BMMCs showed the morphology of neurons. 

Thus, the generation of neurons in NEMP populations 

correlates with their higher expression of neuronal transcripts 

in the untreated cells. RT-PCR confirmed the expression of 

lineage markers for neurons and oligodendrocytes in the 

treated NEMP cells and BMMCs (Fig. 7D). In particular, 

astrocyte marker GFAP was detected in both treated and 

untreated NEMPs. The findings demonstrate multi-lineage 

neural differentiation of NEMP-P8-12. However, given the 

defective adult fate for the myogenic lineage, it remains 

unknown whether mature neurons could be established from 

the embryonic-like progenitors. 

Next, we developed NEMP clones by seeding single cells 

into the 96-well plates. After isolation and expansion for a 

short period, analysis of two clones revealed that clone 1 

displayed low levels of Msi1, high levels of NSE (neuron-

specific enolase), and 31.6% of MyoD
+
 cells, while the clone 
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2 showed high levels of Msi1, low levels of NSE, and only 

1.1% of MyoD
+
 cells (Fig. 7E). Thus, single cells from 

NEMPs differentiated into neural and muscle cells. 

Due to the glial differentiation in vitro, we tracked NEMP-

c1 in four grafted muscles of female mice by FISH analysis, 

and detected Y-chromosome
+
 cells at a low frequency in the 

peripheral nerves (6.88 ± 0.43, mean ± SEM, n = 4 muscle 

samples; 0, n = 3 control samples, average of 15 sections per 

sample). Immunostaining revealed some Y-chromosome
+
 

cells relevant to GFAP-expressing glial cells (Fig. 7F). 

 

Figure 7. Multi-Lineage Neural Differentiation of NEMPs versus Limited Neural Potential of BMMCs. 

(A) Quantitative RT-PCR was performed with untreated cells in two samples from each cell type, showing higher levels of beta-III tubulin and MAP2 in 

NEMP cells and higher NG2 in BMMCs. 

(B, C) Cells were treated by neurosphere formation and differentiation, and expressed neuronal markers in the cultures of NEMP-c1. 

(D) Transcripts were measured by RT-PCR and adult brain tissues were used as the positive control. Both untreated and treated cells expressed identical 

mRNAs with the exception that MAP2 and MBP were not detected in the treated NEMP-c1 or NEMPs in Trial 1, but were expressed in Trial 2 when laminin 

was added into the neurobasal medium. GFAP was only detected in NEMPs. 

(E) Two single clones were established from cultured NEMPs, and analyzed for the expression of Msi1, NSE and MyoD. Note that clone 2 (-2) generated a 

new clone (Msi1hi, lower left panel) during expansion. Nuclei were stained by Hoechst. 

(F) Y chromosomes were detected in peripheral nerves of NEMP-c1-grafted muscles. NF: Neurofilament. 

Scale bars, 25 µm in B; 15 µm in C and F; 100 µm in E. 
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4. Discussion 

In the present study, we have demonstrated two new types 

of multipotent myogenic progenitors from adult skeletal 

muscle and bone marrow. The differentiation of NEMPs into 

radial glial and embryonic/fetal myoblast lineages has been 

the first report by using muscle cell isolations. In addition, 

the isolation of myogenic cells from bone marrow supports 

previous observations [5, 7], but also provides additional 

evidence for a distinct subset of bone marrow, capable of 

generating muscle cells for more than 50 population 

doublings. The original NEMPs are considered to be one cell 

per 130 mg mouse muscle. The rarity and lack of a 

physiological role to postnatal muscle tissue suggest the 

potential identity of NEMPs as embryonic remnants. This 

character distinguish NEMPs from subpopulations of muscle 

satellite cells [16–18, 43], or muscle-derived pericytes and 

interstitial progenitors [44–46], which are relative abundance 

in tissue (hundreds or thousands of sorted cells per 100 mg 

muscle), and functionally related to postnatal muscle, 

vasculature or connective tissues. However, whether NEMPs 

exist in some of the muscle-based cell cultures is unknown, 

and their potential impact on the biological behaviors of 

these cells needs to be established. Notably, the vascular-

related progenitors (pericytes or mesoangioblasts) have been 

presumed to represent embryonic cells present in the 

postnatal tissue [44]. It might be interesting to examine 

whether the multi-lineage differentiation of such cells is 

related to an embryonic fate. 

In a previous report, a small population of CD34
+
/Sca-1

+
 

progenitors was isolated from muscle of newborns, which 

exhibited extensive proliferation as myogenic cells for 30 

passages [6]. Interestingly, we did not find a similar 

population in adult skeletal muscle, despite analyzing 

multiple primary colonies from 5-, 7- and 10-week-old mice. 

A reasonable explanation for this discrepancy is that the 

CD34
+
/Sca-1

+
 cells represent a distinct high-proliferating 

myogenic population in newborn muscles [47, 48], which 

may overgrow to replace the slow-dividing NEMPs when the 

initial culture contains both cell types. 

The distinct myogenic fates of NEMPs and BMMCs 

suggest that their differentiation in vitro might mimic 

distinctive stages in muscle development. During limb 

myogenesis, Pax3
+
 muscle progenitors differentiate into 

MyoD and Myf5-expressing embryonic and fetal myoblasts 

that form different stages of skeletal muscle in embryos [29–

31]. At postnatal stage, quiescent adult myoblasts/satellite 

cells expressed Pax7 [49], and also MyoD and/or Myf5 when 

activated, to produce regenerating myofibers [40, 41]. 

Compared to this model, early activated BMMCs expressed a 

higher level of Myf5 and produced Pax7
+
MyoD

+
 adult 

myoblasts for more than 50 population doublings. By 

contrast, NEMPs generated two waves of myogenic cells by 

a temporal manner: initial up-regulation of Pax3 in early 

passages and a higher level of MyoD/Myf5 in late passages, 

similar to embryonic and fetal myogenic pathways. The 

different expression patterns of myogenic markers in NEMPs 

and BMMCs were further confirmed by their respective 

generation of distinct myotubes/myofibers in culture and in 

transplants. The findings demonstrate that after activation in 

vitro, the NEMPs function as embryonic muscle progenitors, 

while the BMMCs serve as postnatal myogenic precursors 

(Fig. 8). 

Neurogenic conversion of muscle-derived cells has been 

examined [50, 51]; the present study, however, was designed 

to characterize a novel type of neurogenic/myogenic 

progenitors from skeletal muscle. The activated NEMP cells 

expressed high levels of neural progenitor markers nestin, 

Msi1 and GFAP [28, 32], and could generate radial glia and 

neurons in culture. Radial glial cells normally arise from the 

embryonic neuroepithelium and function to guide migration 

of immature neurons [52]. Our findings, therefore, support 

the NEMPs as embryonic neural progenitors present in 

postnatal skeletal muscle. The co-expression of MyoD and 

GFAP in the activated single NEMPs and their spontaneous 

differentiation into radial glia-associated myotubes/SMMts 

demonstrate a unique progenitor for both neuroepithelial and 

myogenic lineages. Although similar progenitors have not 

been reported previously, the co-presence of cells with 

muscle, glial and neuronal phenotypes in rhabdomyosarcoma 

[23] suggests the existence of such progenitors in postnatal 

muscle. In the present study, we did not explore the potential 

location of NEMPs in tissue. Based on the generation of 

SMMts, we hypothesize a possible source of NEMPs in 

association with a small number of neuromuscular spindles, 

the stretch receptor organs within skeletal muscle. 

Transplantation experiments demonstrated distinct roles of 

NEMPs and BMMCs in muscle regeneration. The BMMCs 

established healthy engraftments in mdx (early grafts) and 

irradiated mdx nu/nu mice, the latter showing one of the best 

engraftments with this animal model [16]. Because one 

BMMC can produce at least 10
9
 muscle cells, it provides 

efficient myogenic precursors in cell replacement strategy. 

The generation of large numbers of dystrophin
+
 myofibers by 

BMMCs also demonstrates the in vivo muscle differentiation 

of marrow-derived cells [5, 7] rather than a simply non-

myogenic fusion. By contrast, the NEMP cells produced 

unusual grafts with embryonic/fetal-like dystrophin
+
 

myofibers that could, to some extent, adapt to a postnatal 

differentiation program, leading to the long-term survival of 

engraftments. However, the presence of Pax7
+
 non-fusing 

cells or the lack of satellite cells in grafts suggests abnormal 

or restricted adult fates of NEMPs in vivo, presumably due to 

their intrinsic differentiation potential and the lack of a 

normal developmental niche in the dystrophic muscles. 

In cell transplantation, mdx mice, which lack dystrophin 

in the membrane of muscle fibers, were used. Compared 

with DMD patients, the mdx mice show less severe 

myopathology, and efficient muscle regeneration, resulting 
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in more than 50% of CNFs in the adult animals [42, 53]. 

However, grafting of NEMPs altered the histopathological 

features of mdx muscle to that similar to DMD patients. 

First, NEMPs produced fetal-like myofibers or regenerating 

myofibers with a low percentage of CNFs, which has only 

been reported in patients with DMD [54], and in the 

extensively damaged diaphragm of mdx mice [55]. Second, 

the fetal-like grafts lacking satellite cells or showing 

increased number of non-fusing Pax7
+
 cells is in agreement 

with the features of satellite cell deficiency [56], or the 

presence of defective satellite cells in DMD patients [57, 

58]. Third, dystrophin
–
 fetal-like fibers existed in grafted 

sites. The recapitulation of DMD patient’s muscle tissue 

suggests that activated primitive NEMPs and their early 

myogenic progeny are potentially associated with DMD 

pathogenesis, and should be excluded in cell transplantation 

for repair of muscle damage in this myopathy.  

In conclusion, we have demonstrated that embryonic-like 

neural/muscle progenitors can be isolated from adult skeletal 

muscle, and differentiate in vivo into fetal-like muscles 

recapitulating myofiber and satellite cell abnormalities of 

DMD patients, thus representing a potential cellular origin of 

diseased tissues. In parallel studies, bone marrow-derived 

progenitors contribute to adult muscle precursors capable of 

repairing dystrophic mice. Identification of the two types of 

embryonic- and adult-like progenitors may have different 

implications in cell replacement strategy, and enhance our 

understanding the etiology and progression of relevant 

human diseases. Based on the embryonic fate and lack of 

physiological roles, we suggest that the adult-origin NEMPs 

may provide a unique disease-associated cell type for 

therapeutic development. 

 

Figure 8. The Differentiation Hierarchy and Cell Fate of NEMPs and BMMCs Compared with Limb Myogenesis. 

(A) During myogenesis, muscle progenitors (Pax3+) differentiate into embryonic (EMb), fetal (FMb), and neonatal/adult myoblasts (NMb/AMb), which 

generate different stages of skeletal muscles. In adults, quiescent satellite cells (SCs) express Pax7, and also MyoD and Myf5 when activated (a), to produce 

regenerating myofibers (RMFs). 

(B) The activated NEMPs express neuroepithelial and myogenic progenitor markers, and differentiate into early myoblasts that form embryonic/fetal-like 

myofibers (EMFs) in vivo. 

(C) BMMCs can differentiate into adult-like myoblasts (Pax7+/MyoD+) that regenerate dystrophic muscles. Large arrows indicate the NEMP and BMMC 

hierarchy in association with limb myogenesis. 

Abbreviations 

BMMCs, bone marrow myogenic cells; CNFs & PNFs, 

centrally or peripherally nucleated fibers; MyHC, myosin 

heavy chain; DMD, Duchenne muscular dystrophy; GFAP, 

glial fibrillary acidic protein; MAP2, microtubule-associated 

protein 2; MBP, myelin basic protein; NEMPs, 

neuroepithelial myogenic progenitors; SMMts, spindle-

shaped mosaic myotubes 

Supplementary Information 

(Experimental Procedures) 

1. Animals 

Normal C57BL/6 mice, and mdx mice (C57BL/10ScSn-

Dmd
mdx

/J, purchased from Jackson Laboratories, USA) were 

used in this study. The mice were maintained in the Animal 

Facilities of the Panum Institute, University of Copenhagen 
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and the animal protocols were approved by the Animal Care 

and Ethics Committee in Copenhagen. 

2. Cell Isolation 

NEMPs were isolated from skeletal muscle of C57BL/6 

mice (five weeks old). Briefly, the hindlimb muscles were 

digested by 0.2% collagenase-type XI (Sigma-Aldrich) at 

37°C for 1 h, 0.25% dispase for 45 min, and 0.1% trypsin-

EDTA for 30 min. The cells were then filtered through a 70-

µm nylon mesh (BD Biosciences) and centrifuged at 3 500 

r/min for 5 min. The pellets were resuspended in the growth 

medium, and the cells were plated onto 0.01% collagen type 

1-coated flasks (BD Biosciences) and cultured in a 

humidified incubator at 37°C with 5% CO2. The growth 

medium consisted of DMEM supplemented with 10% horse 

serum, 10% fetal bovine serum, 0.5% chick embryo extract 

(Sera Laboratory International), and 1% penicillin-

streptomycin (all reagents were purchased from Life 

Technologies unless stated otherwise). The primitive NEMPs 

took 5–6 days to attach to culture flasks, and thus they can be 

separated by preplate from the majority of cells that attached 

during the first 4 days [6, 25, 26]. On day 5, the floating cells 

were collected and centrifuged. The pellets were resuspended 

in the growth medium and seeded onto 12-well dishes at 

~15–30 cells/cm
2
 to develop NEMP clones from primary 

cultures. During the following 2 weeks, the medium were 

changed daily and the initial NEMP colonies with 50–100 

cells were formed. The early NEMP cells were small round 

or spindle-shaped, and phase-bright. To confirm the clonal 

property, the primary colonies were picked up, and seeded in 

new 12-well dishes at the clonal density. When new colonies 

were formed within another two weeks, the wells containing 

single colonies were chosen as the primary NEMP clones. 

Colony cylinders (Sigma-Aldrich) were used to select 

primary colonies or purified clones. 

To isolate BMMCs, the femurs of C57BL/6 mice (seven 

weeks old) were removed, and the bone marrow was flushed 

out with HBSS using a 25-gauge needle. The bone marrow 

samples were centrifuged at 3 500 r/min for 5 min, and the 

cells were collected and incubated with muscle extract for 30 

min. To prepare the muscle extract, 300 mg of hindlimb 

muscle of normal mice was minced and incubated in 5 ml of 

0.2% collagenase-type XI (Sigma-Aldrich) at 37°C for one 

hour, and then centrifuged at 3 500 r/min for 5 min. The 

supernatant (collagenase-muscle extract) was collected and 

filtered through 0.2–0.4 µm pores to avoid muscle cell 

contamination. We checked the filtered muscle extract and did 

not find cells in it. Although we do not know the precise 

function of the muscle extract, in a pilot study, no myogenic-

like cells were present in cultures when marrow cells were not 

treated with muscle extract, suggesting its potential role for 

inducing muscle differentiation of bone marrow. After 

incubation with muscle extract, the bone marrow cells were 

centrifuged, and resuspended in the growth medium. The cells 

were cultured in a collagen-coated flask, and further separated 

by preplate and clonal isolation as described for NEMPs. 

3. Neural Differentiation 

The neurosphere formation and differentiation were 

performed as described [50], with modification. In brief, cells 

were cultured in non-coated 6-well plates in neurobasal 

medium supplemented with 1% penicillin-streptomycin, L-

glutamine (2 mM), B27, basic fibroblast growth factor 

(bFGF, 20 ng/ml), and epidermal growth factor (EGF, 20 

ng/ml). Neurospheres were present after 1 day and were 

grown for 5 days. The cells were then switched to poly-L-

lysine-coated plates in neurobasal medium supplemented 

with N2, EGF (20 ng/ml), bFGF (20 ng/ml), L-glutamine and 

laminin (1 µg/ml, Sigma-Aldrich) for 1 day. Afterwards, the 

cells were incubated in neurobasal medium with N2, brain-

derived neurotrophic factor (15 ng/ml) and laminin for 2–3 

days (all reagents were purchased from Life Technologies 

unless stated elsewhere). Expression of specific markers for 

neuronal and glial lineages in the untreated and treated cells 

was determined by immunocytochemistry, RT-PCR and real-

time RT-PCR. 

4. Isolation and Analysis of NEMP Clones 

NEMPs (P16) were plated onto collagen type 1-coated 96-

well dishes at a density of 25–50 cells/ml medium, and 

checked for single cells 1 h after plating. The cells were 

grown in the growth medium for six days, and single clones 

were picked up for further expansion. Expression of specific 

markers for muscle (MyoD) and neural cell lineages (Msi1 

and NSE) in two clones was determined by 

immunocytochemistry. 

5. Immunocytochemistry 

Cells were fixed in cold methanol for 5–10 min, washed in 

PBS and blocked in 5% serum or 1% bovine serum albumin 

for 30 min at room temperature. Primary antibodies used in 

this study were rabbit anti-desmin (1:100, Sigma-Aldrich), 

mouse anti-MyoD (1:80, BD Biosciences), mouse anti-

myogenin (1:80, BD Biosciences), mouse anti-Pax7 (1:50, 

R&D Systems), goat anti-Wnt-1 (1:20, R&D Systems), rabbit 

anti-Msi1 (1:100, Abcam), rabbit anti-Nanog (1:100, 

Abcam), mouse anti-Pax3 (1:100, R&D Systems), rabbit 

anti-S-100 (1:300, Sigma-Aldrich), rabbit anti-GFAP (1:200, 

Sigma-Aldrich), mouse anti-beta-III tubulin (1:300, 

Millipore), mouse anti-beta-III tubulin/Tuj1 (1:200, R&D 

Systems), rabbit anti-MAP2 (1:600, Millipore), rabbit anti-

NSE (1:100, Sigma-Aldrich), and mouse anti-skeletal myosin 

fast (1:500, Sigma-Aldrich). Staining was revealed by 

species-specific Alexa Fluor 594 or 488 (1:500, Life 

Technologies). The nuclei were revealed by Hoechst 33342 

(Sigma-Aldrich). The percentage of positive cells was 

determined as the ratio of labeled cells to the total number of 

cells in five randomly chosen fields at 100 × or 200 × 

magnification. The cells labeled only with secondary 

antibody, or with irrelevant antibodies were used as negative 

controls. Fluorescent images were performed using an 

Olympus IX71 inverted microscope. 
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6. Flow Cytometry 

NEMPs and BMMCs were grown in 75-cm
2
 flasks until 

15–25% confluence. The cells were then detached with cell 

scrapers (Sigma-Aldrich) and spun down. Staining was done 

in PBS containing 1% BSA at 4°C. FITC- or R-PE-

conjugated monoclonal antibodies to Sca-1 (BD 

Pharmingen), CD133 (eBioscience), CD34 (BD 

Pharmingen), CD24 (Millipore), and Bcrp1/ABCG2 

(Millipore) were used. Flow cytometry was performed using 

EPICS XL-MCL flow cytometer (Coulter) and the 

percentage of positive cells was assessed by Winlist software. 

7. Sodium Dodecyl Sulfate Polyacrylamide Gel 

Electrophoresis (SDS-PAGE) and Western Blotting 

Myosin heavy chain isoform analysis was performed using 

SDS-PAGE. To determine the MyHC isoform composition in 

the BMMCs and NEMP-c1 cells, a 10–25 µl pellet obtained 

from the myotube cultures of each cell population, was 

dissolved in 150 µl HBSS, mixed with 350 µl Laemmli 

sample buffer and heated for 4 min at 90°C. Twenty to 

seventy-five milligrams of muscle from the soleus muscle of 

adult C57BL/6 mice, and entire legs from newborn C57BL/6 

mice, were homogenized in 350–750 µl Laemmli sample 

buffer and heated for 4 min at 90°C. The myosin-containing 

samples (8–25 µl) were loaded on an SDS-PAGE gel 

containing 6% polyacrylamide and 30% glycerol. Gels were 

run at 4°C at 70 V for 42–44 h. Subsequently, one set of gels 

was stained with Coomassie Blue to visualize the MyHC 

bands directly. Another set of gels was blotted onto a PVDF 

membrane at 500 mA overnight. Membranes were blocked 

with 5% skimmed milk powder overnight, washed with TBS-

T and incubated with the primary antibodies BA-F8 (anti-

MyHC-I, 1:100) and BF-G6 (anti-MyHC-embryonic, 1:50) 

[60] for 2 h at 37°C, washed in TBS-T and incubated in the 

secondary antibody (1:600, Dako) for 1 h at 37°C, and finally 

developed with DAD. 

8. Real-Time RT-PCR 

Total RNA from 5,000–50,000 cells was purified using 

150 µl TriReagent (Molecular Research Center) containing 

80 µg glycogen. Total RNA (20 ng) was converted into 

cDNA in 20 µl using the Omniscript reverse transcriptase 

(Qiagen). For each target mRNA, 0.5 µl cDNA (0.05 µl for 

MyoD and beta-actin) was amplified in a 25 µl SYBR Green 

PCR reaction containing 1×Quantitect master mix (Qiagen) 

and 100 nM of each primer. The amplification was monitored 

real-time using the MX3000P Real-time PCR machine 

(Stratagene). The Ct values were related to a standard curve 

made with the cloned PCR products or with cDNA dilutions. 

The quantities were normalized to total RNA (cDNA per ng 

RNA). For visualization, after PCR to 50 cycles the PCR 

products were run in 3% agarose gels containing Gelstar 

(Cambrex). RNA from primary muscle cells, the brain of 

adult or newborn mice, and 7-day embryos were used as 

positive controls. The following gene expression assays were 

performed: Pax3, Pax7, MyoD, Myf5, myogenin, nestin, 

Sox10, GFAP, beta-III tubulin, beta-actin, MAP2, MBP, NG2 

and Oct-4. Detailed information for primers is shown in the 

table below. 

Table 1. Primers 

Name Oligo Sequence 

Mouse Tubulin-b3 SybrS TTCGTCTCTAGCCGCGTGAAGT 

Mouse Tubulin-b3 SybrA CATCGCTGATGACCTCCCAGAA 

Mouse Sox10 SybrS ACCACCGGCACCCAGAAGAAG 

Mouse Sox10 SybrA TGGGGTGGTTGGAGGGGTTG 

Mouse Pax7 SybrS TGGCACAGAGGACCAAGCTCAC 

Mouse Pax7 SybrA CCCGGCAGAAGGTGGTTGAAG 

Mouse Pax3 SybrS ACAGACAGCTTTGTGCCTCCATC 

Mouse Pax3 SybrA CGTGGTTGGTCAGAAGTCCCATT 

Mouse NG2 SybrS CCAGCCGTCTCTGGAAGAACAAAG 

Mouse NG2 SybrA TAGGAGGTTGGCGGCATCAAGG 

Mouse Nestin SybrS GCAGCAACTGGCACACCTCAA 

Mouse Nestin SybrA CGAGAGTTCTCAGCCTCCAGCA 

Mouse Myogenin SybrS CAACTCCCACAGCGCCTCCT 

Mouse Myogenin SybrA GTAGGGTCAGCCGCGAGCAA 

Mouse MyoD SybrS CGGCAGAATGGCTACGACACC 

Mouse MyoD SybrA GCTCGACACAGCCGCACTCTT 

Mouse myf5 SybrS CCCGAAAGAACAGCAGCTTTGAC 

Mouse myf5 SybrA GACAAGCAATCCAAGCTGGACAC 

Mouse MBP SybrS ACGGCCGGACCCAAGATGAA 

Mouse MBP SybrA CCCTTGGGATGGAGGTGGTG 

Mouse MAP2 SybrS TAATCTGCCACCTTCGCCACCA 

Mouse MAP2 SybrA GGAGCCTGAGCCAAGTCACCAC 

Mouse GFAP SybrS GGTTGAATCGCTGGAGGAGGAG 

Mouse GFAP SybrA CCACGTGGACCTGCTGTTGG 

Mouse bActin SybrS TGCTGACAGGATGCAGAAGGAGA 

Mouse bActin SybrA CAGAGTACTTGCGCTCAGGAGGA 

Mouse Oct-4 SybrS CGAAGCCCTCCCTACAGCAGA 

Mouse Oct-4 SybrA GGCGCCGGTTACAGAACCATAC 

9. In Situ Hybridization 

For the detection of the Y-chromosome in NEMP-c1-

grafted muscles, a mouse chromosome Y probe (IDMB1055, 

ID Labs Inc) was used. FISH analysis was carried out 

according to the manufacturer’s instructions, and 

immunofluorescent staining with neurofilament and GFAP 

was performed prior to in site hybridization. Sections were 

fixed in acetone/methanol (1:1) for 10 min at - 20°C, and 

blocked in 1% BSA for 30 min at room temperature. Sections 

were then incubated with rabbit anti-neurofilament (1:400, 

Life Technologies) or rabbit anti-GFAP antibody (1:200, 

Sigma-Aldrich) for 90 min, FITC-labeled sheep anti-rabbit 

IgG (1:200, Sigma-Aldrich) for 60 min. 
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