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Introduction

It is known that there is more effective results to transplant the neuromuscular tissue than 

nerve alone for regeneration of damaged neuromuscular function. Therefore it would be 

necessary to acellular neuromuscular graft for recovery of effective myofunction. However 

the study for decellularization of skeletal muscle with motor nerve is rare. This study aims to 

establish a basis for attempting homologous transplantation from acellular neuromuscular 

scaffold of rats.

Methods

8-weeks male Sprague rats (SD rat, SPF) were operated to hervest some part of extensor 

digitorum longus (EDL) and tibialis anterior (TA) muscle with peroneal nerve. Acellular 

neuromuscular scaffolds were designed by three decellularization protocols which 

using trypsin and triton X-100 (protocol I), using Sulfobetaine(SB)-10, SB-16 and 

and triton X-100 (protocol II ) and using SB-10, trypsin and triton X-100 (protocol 

III). The degree of decellularization of the produced scaffold is evaluated and 

transplanted into the neuromuscular defect which was made on the homologous rat. 

After clinical evaluation of peroneal nerve function in rats at 2 weeks after 

transplantation, the rats were sacrificed for histological analysis.

Result
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In this study, the protocol III using SB-10, Trypsin, and Triton X-100, which are 

presented in this study, seems to be decellularized at an appropriate level which 

removed DNA of neuromuscular tissue and showed proper network structure. In 

addition, it showed no immunologic response in allografts and good biocompatibility 

with peripheral muscles. The acellular neuromuscular scaffold produced by the

protocol III was found to be successful result in histologic and clinical evaluation at 

2 weeks after allograft.

In order to use more clinical applications, further study for more specimens, 

population and long-term follow-up should be necessary to confirm the nerve 

reinnervation after transplantation of acellular neuromuscular scaffold with 

electromyography, histologic-chemical and histologic-enzymal staining.

Key words : acellular scaffold, tissue engineering, neuromuscular, peroneal nerve
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Introduction

The skeletal muscle is a highly organized complex tissue with contractile 

elements and connective tissue, including nerve fibers and blood vessels. If more 

than 20% of muscle volume loss had occur due to trauma or surgery, 

regeneration would not be successful and the defect would be filled with scar 

tissue resulting functional problems.1, 2) If serious damage or functional loss from 

a large amount of muscle defect, it could be considered to autologous muscle 

transplantation or muscular flap operation. But damage of donor tissue was 

inevitable in the case of autotransplantation.3, 4) Therefore, many researches were 

tried to using the extracellular matrix (ECM) as a biological scaffold for repair of 

damaged or missing tissue. The ECM of skeletal muscle could function as a cell 

attachment, migration, storage and releasing of growth factors, cell activity and 

differentiation, which play an important role in the maintenance and 

regeneration of skeletal muscle.5, 6) The ECM is composed of structural proteins 

such as collagen and elastic fiver, heparin, proteoglycan and unstructured 

molecules such as growth factors which help in remodeling and myogenesis. And

it is well known to be good environment for formation of skeletal muscle.1, 7-12)

Recent studies have been developed decellularization methods to make various 

extracellular matrix.13) A decellularization protocol is divided into physical, 

chemical, enzymatic, protease inhibitor method and using antibiotics for 

manufacturing biomechanical ECM scaffolds.13, 14) Inadequate decellularization 

would be result in the remnants of cells which were leading to a pro-

inflammatory response and overexposure, conversely, could lead to denaturation 

of a necessary growth factors and structural proteins.15) For clinical application of 

ECM scaffold of skeletal muscle, it should be need to adequate decellularization 

and at the same time maintain structural strength without physical damage. 

Depending on decellularization protocol, there could be changed that the degree 

of decellularization and characteristic of remained ECM. For clinical result, it is a 

necessary to develop decellularization protocol that can preserve biological and 
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physical function.

Many studies have developed a decellularization protocol through combination 

of various agents and evaluated the degree of decellularization. The most 

spotlight study is enzymatic method using trypsin (proteolytic enzyme) and 

Triton X-100 (detergent) for skeletal muscle decellularization.16) Furthermore 

Zhang et al.15) have published a study for decellularization and transplantation of 

skeletal muscle with feeding vessels, as leading to further advance the functional 

and anatomical regeneration. 

If peripheral nerve does not recover after damage to muscle and nerve due to 

trauma, it could be lead to muscle function loss, incomplete sensation or 

neuropathic pain.17) It was showed most ideal result that re-anastomosis of the 

damaged nerve but it could not be always operated. In that case, a nerve graft 

could be second options however it cannot be avoided to result the donor site 

damage in autologous graft as well as muscular graft. For these reason, many 

studies have to produce acellular nerve for transplantation.18) it is known that 

there is more effective results to transplant the neuromuscular tissue than nerve 

alone for regeneration of damaged neuromuscular function.19) Therefore it would 

be necessary that not only acellular nerve graft but also acellular neuromuscular 

graft for recovery of effective myofunction. However the study for 

decellularization of skeletal muscle with motor nerve is rare. Therefore, this study 

aims to establish a basis for attempting homologous transplantation from 

acellular neuromuscular scaffold of rat. 

Material & Method

1. Harvesting neuromuscular tissue

8-weeks male Sprague rats (SD rat, SPF) were purchased for decellularization of 

skeletal muscle from Orientbio© (Seongnam, Korea). The rats were anesthetized 

with tiletamline and zolazepam  hydrocholoride (Zoletil 50®)과 Xylazine 

(Rompun®) injected intraperitoneally 20mg per kg of body weight. The primary 

surgery was operated with removal of right thigh hair and disinfected with 
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povidone solution on prone position. Incision was made about 2cm to expose 

the peroneal nerve above the knee to posterior femur. The peroneal nerve 

branches from sciatic nerve were resected with a portion of the extensor 

digiroum longus (EDL) muscle and tibialis anterior (TA) muscle to a size of 10 

mm x  6 mm x 2 mm (length x width x depth).(Fig. 1)

2. Decellularization of neuromuscular tissue

Harvested neuromuscular tissue were treated 4 % RPMI 1640 solution (Gibco®, 

MA, USA) with 1% antibiotic Antibiotic-Antimycotic (Gibco®, MA, USA; penicillin 

10000 units/mL and streptomycin 10000 µg/mL and Fungizone® (amphotericin 

B) 25 µg/mL) for 24 hours. It was washed 3 times for 5 minutes with Phosphate 

buffer saline (PBS) after removal of connective tissue and fat from muscle and 

epineurium. And it was treated with protocol I (Trypsin, Triton X-100), II 

(sulfobetaine (SB)-10, sulfobetaine (SB)-16, Triton X-200), III (sulfobetaine (SB)-10, 

Trypsin, Triton X-100)

Control : No treatment after harvesting

Protocol-I : It was washed with PBS after incubation for 1 hour in PBS at 37°C in 

0.05% Trypsin and 0.02% EDTA. After agitation for 72 hours in 4°C in 2% Triton 

X-100-0.8% NH4OH solution, it was washed with distilled water for 48 hours and 

rinsed 3 times with PBS.14)

Protocol-II : It was agitated with 125mM SB-10 for 15 hours and washed with 

PBS. After agitation for 72 hours in 2% Triton X-100-0.6mM SB-16 solution, it was 

washed PBS 3 times for 5 minutes. After agitation for 7 hours at SB-10, it washed 

once with PBS and agitate for 15 hours with Triton X-200-SB-16. It was wash for 

24 hours with distilled water and rinsed 3 times with PBS.18)

Protocol-III : It was agitated with 125mM SB-10 for 24 hours and washed with 

PBS. It was washed with PBS after incubation for 1 hour in PBS at 37°C in 0.05% 

Trypsin and 0.02% EDTA. After agitation for 72 hours in 4°C in 2% Triton X-100-

0.8% NH4OH solution, it was washed with distilled water for 24 hours and rinsed 

3 times with PBS
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Figure 1. Harvesting gastrocnemius & soleus muscle with tibial nerve. A. 

preparation. B. skin incision. C. detecting peroneal nerve. D. myotomy of extensor 

digitorum longus (EDL) muscle and tibialis anterior (TA) muscle about 10mm×

6mm×2mm. E. tagging of peroneal nerve for preventing neuroma. F. Harvested 

neuromuscular flap.

A B C

D E F
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3. Evaluation of decellularization of neuromuscular scaffold

The neuromuscular scaffolds made by methods described above were 

histologically examined to evaluate the degree of decellularization and 

maintenance of ECM structure 

DNA quantification

Hematoxylin-eosin staining is standard method used primarily for histological 

evaluation and allows the observation of muscle fibers and nuclei. 20) In addition, 

another method of residual DNA quantification is that 20mg of neuromuscular 

scaffold and native sample were treated with 10% proteinase K (Qiagen, USA) in 

lysis buffer solution overnight. DNeasy kit (Qiagen, USA) was used for purifying 

DNA of each sample with manufacturer’s protocol. Optical densities from 

260/280 ratios were used to estimate the purity and yield of nuclei acids, which 

were quantified by spectrophotometer at 260 nm. And measured DNA quantity 

was normalized to the initial dry weight of the tissue.21)

3D structure evaluation 

For geometric evaluation of neuromuscular scaffold, 4% paraformaldehyde was 

treated at room temperature for 45 min and dehydrated using ethanol. The 

specimens were frozen in liquid nitrogen and then cut into 2 mm thick pieces. 

The specimens were then sputter coated and analyzed using a Scanning Electron 

Microscope at an accelerating voltage of 20 kV at 10 cm working distance.22)

4. Homologous transplantation

The neuromuscular scaffold were transplanted into four groups of defects which 

was made on the same species.

group 0 : no treatment (negative control)

group 1 : transplantation of D-protocol I

group 2 : transplantation of D-protocol II

group 3 : transplantation of D-protocol III 

In the second surgery, 6 weeks rats were operated to make a neuromuscular 

defect of the same size and site as the first operation. The muscle part was 
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sutured with 5-0 vicryl and the nerve ending was anastomosed using 10-0 vicryl 

with a 10x magnification microscope. In each rat, right hind leg was used for 

operation and the other leg was used as a normal control group. The rats were 

provided a stable environment for 2 weeks and did not specifically treat any 

medications. After nerve re-innervation clinical test (walking track analysis, toe-

spread test), each group was sacrificed at 2 weeks after transplantation 23) for 

histological evaluation with Nembutal® for 75mg per kg of body weight 22, 24)

Walking track analysis

Walking track analysis was performed at 2 weeks after surgery.23) Front planters 

of rats were stained a waterproof blue ink and hind plantar were used black ink. 

The rats allowed to walk down darkened corridor (5x7.5x42cm3), leaving their 

footprints on none-slip paper.25). 

Recordings were obtained with the lateral view of the corridor with video 

camera which is available to slow motion function. They were measured that 

angulation of tibial tuberosity to calcaneus and tarsal to 2nd digit during walking. 

(+; dorsiflexion, -; plantar flexion) 

PFI was obtained based on multiple regression analysis in the walking track of 

rat with peroneal nerve damage. Factors affecting PFI were Print length factor 

(PLF) and toe-spread factor (TSF). In addition, the print length (PL) and toe-

spread (distance between the 1st and fifth toes) were obtained from the normal 

control group (N). (Fig. 2)

PFI=174.9*(E.PL−N.PL )/N.PL +80.3*(E.TS−N.TS )/N.TS − 13.4  23)

Toe-spreading test

There is toe-spreading response when the rats raised by the tail lifting the hind 

plantar off the ground. Toe-spreading test using this response 26, 27) evaluated 

whether toes were maintaining closed together because of sciatic nerve damage 

which was leading to dorsiflexion failure. This reflex could be evaluated as 

present or absent, therefore it could be easily detected when the nerve became 

re-innervation to peri-around muscle.28) It was evaluated by applying 
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Figure 2. Measuring the print length (PL) and toe spread (TS) between 1st and 

fifth toes for walking track analysis.

PL

TS

A

PL

TS

B
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Gutmann29)’s scale to degree of progressive toe spread reflex: degree 1, minimal 

spreading of one toe; degree 2, slight spreading of all toes; degree 3, spreading 

of all toes less forcefully than normal; degree 4, full and normal spreading of all 

toes. 

Histological evaluation

Immediately after sacrifice, grafts were removed from each rats and grafted 

neuromuscular tissue was immediately frozen in isopentane cooled to -160 to -

170C. Frozen grafts were firstly taken with a freezing section (-20C), and then 

continuous sections with a thickness of 5 to 8 μm were made on the longitudinal 

and transverse sections, respectively, followed by haematoxylin-eosin staining 

which is the standard method used for tissue examination.

Result

A total of 18 neuromuscular samples were obtained and decellullarized for one 

week according to protocol I (Trypsin, Triton X-100), protocol II (SB-10, SB-16, 

Triton X- 200), and protocol III (SB-10, Trypsin, Triton X-100) with appropriate 

allocation of solution and time in protocols I and II. Six samples were produced 

per each protocol. There were observed transparently change on D-protocol I 

and III, however no color change was observed on D-protocol II.(Fig. 3)

DNA quantification

Cellular content was significantly reduced from 162.5 ± 17.33 μg/mg in 

untreated control tissue (n=4) to 25.75 ± 12.45 μg/mg in protocol I (n=4) and 

35.25 ± 6.55 μg/mg in protocol III (n=4), but not enough to reduce in protocol II 

(143.25 ± 41.65 μg/mg, n=4).(Fig. 4) These results showed that DNA components 

had successfully removed in protocol I and III.

Histological analysis

Fig. 5 showed typical H&E staining of muscle part of neuromuscular scaffold 

after decellularization protocol. The image showed cell nuclei present in D-

protocol II but absent in D-protocol I and III. Tissue structure was relatively 

maintained in D-protocol II, followed by D-protocol III and I. 
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Figure 3. After decellularization of neuromuscular scaffold. A: D-protocol I 

(Trypsin, Triton X-100). B: D-protocol II (SB-10, SB-16, Triton X-200), C: D-protocol 

III (SB-10, Trypsin, Triton X-100).

A B

C
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Figure 4. DNA contents in dry weight samples.
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Figure 5. Hematoxylin-eosin stained sections of decellularized neuromuscular 

scaffold with protocol I (Trypsin, Triton X-100), II (SB-10, SB-16, Triton X-200), III 

(SB-10, Trypsin, Triton X-100). Protocol I (A), II (C), III (E) (Scale bar: 200µm) and 

protocol I (B), II (D), III (F) (Scale bar: 50 µm).

A B

C D

E F

X 40 X 200
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rotocol I
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rotocol II
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3-D structure evaluation 

SEM was used to evaluate the 3D structure of muscle part in untreated control 

tissue and neuromuscular scaffold after protocol I and II, III. Nanofibrous 

structure was observed in D-protocol II (Fig. 6 (C)) similar to control tissue (Fig. 6 

(A)). It was also observed in D-protocol III (Fig. 6 (D)) with a little damage and in 

D-protocol I (Fig.6 (B)) with significant alter ECM structures.

Transplantation

All neuromuscular scaffolds constructed according to three decellularization 

protocols showed enough structural strength to suture with 5-0 vicryl in muscle 

part and 10-0 vicryl in nerve part. (Fig. 7) immunoreactivity and infection 

symptoms were not observed in all groups for 2 weeks, and it was observed that 

the continuity of peroneal nerve and neuromuscular scaffold was maintained in 

all groups. (Fig. 8 (B, D, H)) there was moderate recovery and continuity of D-

protocol I and remained EDL and TA without volumetric loss.(Fig. 8 (A)) Although 

adhesion aspect with around muscle was observed, poor recovery of D-protocol 

II and remained EDL and TA was detected with volumetric loss of implanted D-

protocol II. (Fig. 8 (C)) however, there was observed that fibrous tissue grew 

above D-protocol III covered with fascia. (Fig. 8 (E, F)) In addition, it showed 

relatively significant recovery and continuity of D-protocol III and remained EDL 

and TA without volumetric loss. (Fig. 8 (F)

Walking track analysis 

In the walking track analysis performed 2 weeks after transplantation, group 0, 

1 and 2 were observed to walk on the instep but the rat of group 3 walked with 

rotation. There was observed that negative angulation of ankle plantar at 

dorsiflexion in group 0, 1 and 2. But it showed positive angulation in group 3, 

though the planter was not completely extended as control rat. (Fig. 9, 10) In the 

foot print, groups 0, 1 and 2 showed a similar pattern, while group 3 showed 

different aspect of rotation. (Fig. 10) In the PFI measured using foot print, the 

groups 0, 1, 2 and 3 were calculated to -163.24, -152.15, -150.69 and -21.6 in 

order. (Table 1)
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Figure 6. SEM images of decellularized neuromuscular scaffold. A. untreated 

control tissue B. protocol I (Trypsin, Triton X-100) C. protocol II (SB-10, SB-16, 

Triton X-200) D. protocol III (SB-10, Trypsin, Triton X-100). (Scale bar = 500µm)

B

C

A

D
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Figure 7. Transplantation of neuromuscular scaffold. A: preparation of 

neuromuscular defect. B: adjustment of neuromuscular scaffold for muscular 

scaffold trimming. C: anastomosis of peroneal nerve and neuromuscular scaffold 

with 10-0 vicryl. D: intermuscular suture with 5-0 vicryl.

A B

C D
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Figure 8. 2 weeks after transplantation. A: moderate recovery and continuity of 

D-protocol I and remained EDL and TA without volumetric loss. B: maintaining 

the continuity of peroneal nerve and D-protocol I. C: poor recovery of D-protocol 

II and remained EDL and TA with volumetric loss. D: maintaining the continuity of 

peroneal nerve and D-protocol II. E: removal of fascia covering D-protocol III. F:

engrowth of fibrous tissue above D-protocol III. G: relatively significant recovery 

and continuity of D-protocol III and remained EDL and TA without volumetric loss. 

H: maintaining the continuity of peroneal nerve and D-protocol III.

D

A B

C
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Figure 9. Measuring angulation of ankle plantar at dorsiflexion. 2D digital video 

analysis of the ankle (tibial tuberosity to calcaneus) & toe angles (tarsal to 

second digit) at toe-off (TO): A. control B. group 0, 1 and 2 at 2 weeks after 

surgery. C. group 3 at 2 weeks after surgery.

TO
+

A

TO-

B

C

+ TO
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Figure 10. Walking track analysis. A: foot print of group 0 (negative control), B: 

foot print of group 1 (D-protocol I), C: foot print of group 2 (D-protocol II), D: 

foot print of group 3 (D-protocol III). (blue color : front plantar, black color : hind 

plantar, red arrow : treated right hind feet)

  

A

D

D

B

B
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Table 1. Peroneal functional index (PFI) on each group

Peroneal functional index (PFI)

Group 0 (negative 

control)

-163.24

Group 1 (D-protocol I) -152.15

Group 2 (D-protocol II) -150.69

Group 3 (D-protocol III) -21.6
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Toe-spreading test 

Toe-spreading response was showed in group 3 that was slightly spreading of 

all toes as Gutmann’s spread reflex recovery degree 2. But toes of group 0, 1 and 

2 were close together and couldn’t be dorsiflexed at the ankle. (Fig. 11)

Histological analysis

In H & E staining, group 1 showed that blood vessels grew into the scaffold. 

However, there were observed that little remaining ECM structure and lysis 

aspect without ingrowth of cells. (Fig. 12 (A)) In group 2, ECM structure was 

observed clear patterns but generally lysed without blood vessel infiltration. (Fig.

12 (B)) While in group 3, there was observed no lysis pattern and well 

maintained ECM structure with blood vessel and cellular engrowth. (Fig. 12 (C))

Discussion

In the rabbit study in which comparing three methods of neurorrhaphy, nerve 

graft and nerve regeneration though muscle repair, the motor nerve damaged 

muscle was evaluated that the neurorrhaphy was best effective as 73% of normal 

function on degree of muscular contraction after 6 months. However, in the case 

of nerve regeneration by muscle repair, the degree of nerve regeneration was 

confirmed to some extent by electromyography, but the degree of recovery was

extremely low compared with neurorrhaphy, nerve graft.30) Therefore, it is better 

to operate nerve graft or neuromuscular flap to operate neuromuscular 

anastomosis when there is a large muscle defect with myofunction disorder. 

Since the problem of donor defects could not be avoided when nerve graft or 

neuromuscular flap was used, the necessity of artificial nerve or neuromuscular 

scaffold has been emerging.

As development of tissue engineering, there are proposed many studies on the 

production of extracellular matrix (ECM), which contains regulating and 

regenerating functions of muscle fibers to regenerate damaged or missing tissue 

and decellularization protocol using various materials.1, 7-12, 31) Among various 

materials, trypsin is a very specific enzyme that breaks down the linkage of 
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Figure 11.  Toe-spreading test at 2 weeks after transplantation. A: normal control, 

B: negative control, C: group 1 (D-protocol I), D: group 2 (D-protocol II), E: group 

3 (D-protocol III).

A

B C

D E
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Figure 12. Hematoxylin-eosin stained. Sections at 2 weeks after transplantation of 

neuromuscular scaffold. D-protocol I (A), II (C), III (E) (Scale bar: 200µm) and D-

protocol I (B), II (D), III (F). (arrow: lysis, arrowhead: blood vessel, *: ECM structure, 

Scale bar: 50µm).
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arginine and lysine and is most active at 37 ° C in a solution at pH 8.0.13)

In many studies, trypsin has been demonstrated to be successfully 

decellularized, but, it is observed that cytoplasmic debris in muscle tissue 

treatment. Tripton has been reported to reduce collagen density 31) and to 

change the molecular structure of the elastic fiber, which has resistance to 

damage, or to damage the fiber shape that leads to destruction of the fiber.32)

Through Alcian Blue staining, it was observed that tripton eliminated a 

considerable amount of GAGs present in skeletal muscle.32) This is a 

disadvantageous result because GAGs help maintain the mechanical resistance of 

the scaffold.33) Therefore, in order to function as a neuromuscular scaffold for 

myofunction regeneration, a protocol that can maintain the mechanical structure 

while suppressing the immune response through decellularization is needed. 

In the meantime, studies have been reported on acellular nerve grafts to 

obtain scaffolds for restoring dysfunction caused by nerve damage.18) Although 

immediate neural anastomosis is the most ideal result for neural innervation, it 

has been reported that neuromuscular transplantation is more effective than 

nerve graft alone if it could not be immediately operated.19) As a muscle defect 

caused to myofunctional disorder, artificial acellular neuromuscular scaffold could 

be considered as a more effective graft than decellularizing skeletal muscle. 

Recently, there have been reported to suggest a protocol to decellularization of 

vascularized muscle tissue15), but the study of decellularization protocol of 

neuromuscular tissue is rare. In this study, the new decellularization protocol 

(protocol III) for neuromuscular tissue was designed that combination of 

muscular decellularization protocol 14) which was reported excellent structural 

stability with deficient decellularization for skeletal muscle and neural 

decellularization protocol which was successfully reported by Hudson et al. 18)

The purpose of decellularization is minimization of damage to the extracellular 

matrix while maintaining the mechanical and structural strength of skeletal 

muscular connective tissue. The successful decellularization is the absence of 

visible nuclei stained with 4’,6-diamidino-2-phenylindole (DAPI) and below 200 
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base pairs in remaining DNA fragments or below 50ng dsDNA/mg ECM dry 

weight.34-36) while D-protocol II was calculated more than 50ng dsDNA/mg, D-

protocol I and III was successfully produced acellular neuromuscular scaffold less 

than 50ng dsDNA/mg ECM dry weight. In addition H-E staining revealed that D-

protocol I and III were muscle / neuromuscular acellular matrix. In the ECM 

structure, D-protocol II was observed to maintain almost a native muscular 

nanofibrous structure. However, it was observed that many muscle fibers were 

loosened in D-protocol I. D-protocol III showed better matrix structure than D-

protocol I, but it was observed to be damaged in comparison with D-protocol II. 

This neuromuscular scaffold mostly consisted of muscle tissue, and protocol II 

which is suitable for nerve was ineffectively decellularized to muscle. In this 

reason, D-protocol II was observed remaining amount of DNA and maintaining 

ECM structure. On the other hand, protocol I showed to have the effect of 

producing acellular muscle matrix, while damage ECM structure. It was estimated 

that protocol III was better for decellularization of muscle than protocol II and 

more suitable than protocol I for maintaining the nanofibrous structure.

It is also important to maintain a stable physical structure in order to function 

as a proper scaffold. The elastic fibers are arranged to form a three-dimensional 

network and are important in resisting the physical stress of the fabricated 

scaffold because it plays a role in restricting the expansion force of the tissue 

while preventing excessive elongation.32) In this study, it was observed that D-

protocol I, II and III maintained the structural strength to enduring sutures in 

both nerve and muscle. In the SEM, the nanofibers were found to be damaged in 

the D-protocol I like the histological findings and the D-protocol II are observed 

almost similar to the native muscle. However, D-protocol III was showed actually 

less damage to the ECM structure on the SEM than observed on H & E staining. 

Therefore, it can be considered as a basis to support the excellence of the 

protocol III in the neuromuscular scaffold preparation.

Walking-track analysis is used in many studies because it can clinically assess 

the degree of rehabilitation of muscles by observing the actual voluntary 
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movement.25, 37) In particular, the hind limb function by the sciatic nerve and 

branches is quantifiable, reliable, and useful for evaluation through foot print.37) It 

is known to be more useful to use less slippery paper than thinner radiation 

films to track footprints.38) Hasegawa et al.39) reported a method of evaluating 

functional recovery after sciatic nerve crushing using the distance between the 

1st and fifth toes and the distance between the 2nd and fourth toes in the hind 

limb of the rats. 

If there is severe damage to the sciatic nerve, it is difficult to determine only 

the width of the toes in the walking track. For this case, De medinaceli et al40)

suggested a calculation using a random value of 6 mm. 

In the study of Hoogeveen et al.,41) 30% toe spreading could be seen as 100% 

motor function loss, and 65% toe spreading can be seen as 50% motor function 

loss. Bervar et al.42) suggested that a simple ratio of the distance between the 1st 

and fifth toes of the injured per the unaffected hind leg is more advantageous 

than the traditional walking track analysis. In general, PFI measurement is known 

to be suitable for short and narrow foot prints due to lack of dorsal flexion of 

toe and ankle due to complete injury of peroneal nerve.43) In this study, the sole 

of group 3 was rotated at walking and the lateral surface of sole was trod on the 

ground. While other groups trod on instep. As a result, PFI was seen as a 

significant improvement in group 3 at 2 weeks after transplantation but there is 

need to more experimentation for statistical significance. 

Among passive measures of measuring the degree to which a toe is stretched, 

24, 44) Toe-spreading test is a simple and useful method for evaluating 

reinnervation after sciatic nerve damage.26, 27) Rats hold toe-spreading reflexes 

when lifted by the tail. If there is damage to the sciatic nerve, the toe is held 

together because the dorsiflexion fails. This reflex can be assessed as present or 

absent, even though the nerve is not fully recovered.28) A study has shown that 

the rats of crushed peroneal nerve showed a positive response to toe-spreading 

test at two weeks.23) In the present study, D-protocol III showed a positive signal 

in the toe-spreading test after 2 weeks of transplantation. According to 
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Gutmann’s scale29), group 3 was degree 2 and the others were degree 0. Toe 

spreading requires reinnervation of the extensor digitorum muscle. Therefore, it 

could be clinically effective to transplantation D-protocol III, but a larger number 

and long-term follow-up are required for accurate evaluation. To evaluate the 

peroneal nerve recovery of the neuromuscular scaffold transplanted with the PFI 

values and toe-spreading test of this study, however it is difficult to obtain 

statistical significance due to the small sample size and short follow-up period. 

And further studies on neuronal regeneration may be needed.

The reliable methods for evaluation of reinnervation are the electromyographic 

examination (nerve conduction and electromyography test), the muscle 

contraction test and the axonal transport study using horseradish peroxidase 

(HRP). Among these, the most reliable test for the evaluation of nerve 

reinnervation is to observe muscle contraction and actual voluntary movement.45)

The electromyographic test consists of test using motor nerve conduction and a 

needle electrode test. The motor nerve conduction test was performed by 

attaching the electrode to the examined muscle and taking the maximal electrical 

stimulation to the control nerve to detect latency from the muscle to the origin 

of the complex muscle activity potential. The latency of the complex muscle 

activity potential recorded in the muscle, the nerve conduction velocity using this 

latency, and the amplitude of this complex muscle activity potential are used as a 

measure of nerve conduction study. The needle electrode test is a clinically useful 

diagnostic assistant that can be widely used to differentiate between neurogenic 

lesions and myogenic lesions and to evaluate the conduction function of 

neuromuscular junctions. The insertion activity and the spontaneous activity of 

the muscle in the relaxed state and the motor unit action potential of the motor 

unit observed when the needle electrode is inserted. In addition, we use the 

shape and recruitment pattern of the exercise unit activity potential as a 

minimum contraction of the muscles.46).

For histological and chemical staining of muscles, there is modified Gomori's 

trichrome staining for verifying myofibers and connective tissues, Verhoeff van 
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Gieson staining, Periodic acid-Schiff (PAS) staining for confirmation of glycogen 

in muscle fibers, red O or Sudan black B staining for fat. In Modified Gomori's 

trichrome staining, the muscle fibers are stained blue-green, the collagen fibers 

are light blue-green, and the nucleus, the nerves and the mitochondria are dyed 

with red dots. The Verhoeff-van Gieson stain is known to be suitable for 

observing the proliferation of collagen fibers because the muscle fibers are 

yellow and the collagen fibers are stained with pink.47) There are ATPase, NADH-

TR, succinate dehydrogenase(SDH), lactic acid dehydrogenase(LDH) for enzymatic 

histologic-chemical staining for muscles. In ATPase (pH 9.4) staining, muscle 

fibers can be classified as weakly stained type 1 and dark stained type 2, and in 

ATPase (pH 4.3) staining, muscle fibers are strongly stained as type 1 and very 

weakly stained as type 2. According to NADH-TR staining, type 1 muscle fibers 

are the most intense, type 2A is the middle type, and type 2B is the most 

dyed.47) On the other hand, the histologic-chemical staining of nerve does not 

reveal all components of cells when they are stained by one method. Therefore, 

each component should be stained and observed and then synthesized.48)

Methods for staining neural tissue are staining with basic aniline dye, toluidine 

blue, methylene blue, thionine, and cresyl violet. Myelin staining is proceeding 

with potassium dichromate, followed by hematoxylin -toxylin (Weigert method), 

or Luxol fast blue staining. Reduced silver stain and golgi method are typical 

staining examination of nerve axon.48)

Zheng et al. 49) reported that a reliable test for nerve reinnervation is motor 

nerve ending test which is to measure the number of motor nerve endings. If the 

reinnervation went successful, there is constantly increased in the number of 

motor nerve ending. Therefore, as in the previous study22), it seems necessary to 

follow-up study for redistribution of nerve using –NF-200 antibody or to count 

motor nerve neurons using combined silver acetylcho-linesterase. In order to 

confirm nerve reinnervation, it is necessary to collect tissue specimens at the 

time of recovery of nerve and compare with control group. Because there are 

studies to observe the neuromuscular acellular scaffold for up to 180 days after 



28

the neurorrhaphy50), a study for the recovery time of the neuromuscular acellular 

scaffold through walking track analysis should be need to the long term 

observation.

Conclusion

In this study, a successful neuromuscular decellularization protocol was 

proposed. Through detailed characterization, it was confirmed that the important 

three dimensional structure of the acellular scaffold fabricated through this 

protocol, which is expected to maintain important ECM component and 

mechanical strength.

The protocol III using SB-10, Trypsin, and Triton X-100, which are presented in 

this study, seems to be decellularized at an appropriate level in H & E staining 

and DNA quantification with proper network structure on SEM. In addition, it 

showed no immunologic response in allografts and good biocompatibility with 

peripheral muscles.

In order to use more clinical applications, further study for more specimens, 

population and long-term follow-up should be necessary to confirm the nerve 

reinnervation after transplantation of acellular neuromuscular scaffold with 

electromyography, histologic-chemical and histologic-enzymal staining. 
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국문요약

배경및목적

손상된 신경근 기능의 재생을 위해 신경 단독보다신경근 조직을 이식하는 것이 더

효과적인결과가있다는것이알려져있다. 따라서효과적인근육기능회복을위한탈

세포화신경편이필요하다. 그러나운동신경을이용한골격근탈세포화연구는드물

다. 이연구는쥐의무세포신경 근육 발판에서동종 이식을시도하기위한기초를확

립하는것을목표로한다.

방법

8 주수컷 Sprague rats (SD rat, SPF)에서비장근 (EDL)과경골근위 (TA) 근육의일부

를비골신경과함께채취한다. 채취한근신경편은 Trypsin과 triton X-100을이용한

protocol I, Sulfobetaine(SB)-10, SB-16과 triton X-100을 이용한 protocol II, 그리

고 SB-10, trypsin, triton X-100을 이용한 protocol III의 3가지프로토콜에따라탈

세포화를 진행한다. 제작된 scaffold의 탈세포화 정도를 평가한 뒤 동종 쥐에 만든 근

신경결손부에 이식한다. 2주뒤 쥐의 비골신경 기능에 대한 임상적 평가를 한 뒤 희생

하여조직학적분석을한다.  

결과

이연구에서 SB-10, trypsin 그리고 triton X-100을이용한프로토콜 III은근신경조직

의 DNA를성공적으로제거했으며, 구조적강도가유지되는것이관찰되었다. 이프로

토콜을통해제작한탈세포화된근신경조직을동종이식한 2주후에시행한조직학적, 

임상적 평가에서 긍정적인 결과로 관찰되었다. 그러나 신경재지배 양상을 평가하기

위해서는 더 많은 개체와 장기간의 경과관찰을 통한 추가적인 연구가 필요할 것으로

보인다.

중심단어 :탈세포화비계, 조직공학, 근신경, 비골신경
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