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Postoperative adhesion around nerves sometimes results in sensory and motor dysfunctions. 
To prevent these disorders, we have developed an electrospun nanofiber sheet incorporating 
methylcobalamin (MeCbl), an active form of vitamin B12 with anti-inflammatory and 
neuroregenerative effects. This study aimed to investigate the neuroprotective effects of MeCbl 
sheets against postoperative adhesion and to compare the effects of MeCbl sheets with those of 
porcine small intestinal submucosa (SIS) sheets using a rat sciatic nerve adhesion model. Behavioral 
and electrophysiological analyses showed superior results in the MeCbl sheet group compared with 
those in the untreated group, all of which were non-inferior to the SIS sheet group. Histological 
analysis revealed less collagen and inflammatory cell invasion into the nerve parenchyma and a higher 
number of residual axons and myelination rate in the MeCbl sheet group than in the untreated group. 
Moreover, the MeCbl sheet group was superior to the SIS sheet group in terms of the myelination rate 
and decreased number of infiltrating macrophages. Furthermore, the distribution of residual axons by 
diameter revealed that the MeCbl sheet group had thicker axons than the SIS sheet group. The use of 
MeCbl sheets may represent a novel approach for preventing secondary nervous system impairment 
following inflammation.

In the treatment of constrictive neuropathies, such as carpal tunnel syndrome and cubital tunnel syndrome, nerve 
decompression and neurolysis are generally performed with favorable outcomes1–4. However, postoperative 
inflammation and scarring lead to adhesions between nerves and surrounding tissues, which impair the 
physiological glide of the nerves, inhibit axonal extension due to the infiltration of scar tissues into the nerve, and 
cause demyelination, impaired blood flow, and axonal degeneration due to compression, resulting in associated 
sensory and motor dysfunctions5–8. Once inflammation occurs in the soft tissues around the nerves, scar tissue 
formation occurs both inside and outside the nerves, resulting in adhesions5–8. In general, local inflammation 
promotes vascular hyperpermeability; migration of leukocytes, including macrophages; and fibrin deposition 
at the site of inflammation. Macrophages produce several types of growth factors, such as transforming growth 
factor-beta, insulin-like growth factor, macrophage-derived growth factor, and fibroblast growth factor, attracting 
endothelial cells and fibroblasts to the site of injury9–12, followed by the deposition of collagen fibers and the 
formation of scars and granulation tissues, leading to adhesions of soft tissues. These inflammatory reactions 
persist for approximately 1–3 weeks postoperatively13, during which protecting nerves from inflammatory 
infiltration and scar tissues is crucial for preventing adhesions and subsequent nerve damage. To minimize 
postoperative inflammation and prevent subsequent nerve adhesions, surgical loupes and microscopes are used 
to reduce surgical damage caused by patronizing manipulations on the tissue, and soft tissue flaps, such as 
veins and fat valves, are used to cover the nerve3,4,14–16. However, for cases with severe tissue damage, such as 
in severe trauma, reduction of surgical damage alone is insufficient. Additionally, soft tissue covering is not a 
generalized method because of the complexity of the procedure and the possibility of inducing other disorders, 
such as donor site morbidity and sensory disturbance. For these reasons, several nerve-protective materials and 

1Department of Orthopaedic Surgery, Osaka University Graduate School of Medicine, 2-2 Yamadaoka, Suita, Osaka 
565-0871, Japan. 2Department of Orthopaedic Biomaterial Science, Osaka University Graduate School of Medicine, 
2-2 amadaoka, Suita, Osaka 565-0871, Japan. 3Department of Sports Medical Science, Osaka University Graduate 
School of Medicine, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan. email: tanaka.hiroyuki.med@osaka-u.ac.jp

OPEN

Scientific Reports |          (2025) 15:950 1| https://doi.org/10.1038/s41598-024-78933-y

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-78933-y&domain=pdf&date_stamp=2025-1-6


methods have been developed in recent years, and their efficacies have been reported17–26. Historically, there 
have been reports on the protection of peripheral nerves using techniques, such as vein wrapping or placing 
muscle or fat flaps14–16,27,28. Nonetheless, the possibility of complications, such as scarring at the donor site, has 
led to the development of alternative materials of nerve protection, including silicone sheets, biodegradable 
sheets composed of poly(L-lactide) and poly(e-caprolactone) (PCL), collagen gels, and sheets17,18,21–26. However, 
symptom recurrence cannot be sufficiently prevented7and no ideal treatment for peripheral nerve scarring exists 
in clinical settings. To prevent these unfavorable events, it is important to protect nerves from postoperative 
inflammation and scar formation7,20,24,26,29. Therefore, new treatment methods are being developed. Several 
reports have described neuroprotective materials that are implanted around the nerve to act as a physical barrier 
to maintain physiological stretching and sliding of the nerve and to inhibit fibrosis and cellular infiltration inside 
and outside the nerve17–22,30. Recently, artificial nerves used for nerve defects have been reported to be effective 
against nerve adhesions. Shintani et al. reported that a tube composed of polylactic acid and PCL suppressed 
adhesions and significantly reduced nerve damage [29]. However, materials that prevent adhesions by acting 
on the inflammatory healing process have also been studied, with reports that perineural scar formation 
was reduced by covering the nerve with membrane tissues that release methylprednisolone, which inhibits 
fibroblasts and granulocytes31, and that intraperitoneal administration of minocycline, used as an antibacterial 
agent, inhibited polarity changes to inflammatory macrophages, reducing perineural scar formation and nerve 
damage32. Although some of these implants have been used in clinical practice with generally positive results24,31, 
the results have not been consistent. Additionally, a gold standard for treatment has not yet been established in 
terms of the risks of side effects of the released drug and the manufacturing cost of implants. Therefore, there is 
an urgent need to develop standardized implants that can be used in clinical practice.

To address these issues, we focused specifically on methylcobalamin (MeCbl). MeCbl, an active form of 
vitamin B12, is used worldwide for the treatment of peripheral neuropathy owing to its low cost and minimal side 
effects and has great potential for regulating inflammation and promoting nerve regeneration33. In our previous 
study, we revealed that high concentrations of MeCbl activated ERK and AKT in dorsal root ganglion neurons 
through the methylation cycle, promoting the survival of nerve cells and regeneration of peripheral nerves in vivo 
and improving motor and sensory functions after peripheral nerve injury in vivo34–36. Moreover, vitamin B12 
exerts an anti-inflammatory effect by accelerating macrophage polarization from proinflammatory (M1) to an 
anti-inflammatory (M2) phenotype37. Additionally, Suzuki et al. reported that axonal outgrowth was promoted 
even when MeCbl was applied only to the axons of rat cortical neurons, suggesting that the local administration 
of MeCbl to peripheral nerves is effective38. However, when a high-concentration dose is administered in clinical 
use, there are some problems, such as the short half-life of MeCbl, which requires frequent injections to maintain 
therapeutic blood concentrations, and the route of administration39. To compensate for these problems, we 
have engineered a biodegradable nerve-protective nanofiber sheet containing MeCbl, termed the MeCbl sheet, 
allowing local sustained release and achievement of an effective high concentration of MeCbl. In our previous 
study, we reported that the MeCbl sheet released MeCbl in an in vitro environment for up to 38 weeks after 
implantation and that the local concentration of MeCbl was significantly higher in the implantation group than 
in the non-implantation group in an in vivo rat model38. Using rat sciatic nerve crush injury, sciatic nerve 
transection, and defect models, we reported the efficacy of MeCbl sheets for the promotion of peripheral nerve 
regeneration38,40,41. However, the neuroprotective effect of MeCbl sheets against post-inflammatory scarring and 
adhesions around the peripheral nerve and their superiority over competing products remain unclear. Hence, 
this study aimed to evaluate the neuroprotective effects of the MeCbl sheets against postsurgical adhesions 
and to compare the effects of the MeCbl sheets with those of porcine small intestinal submucosa (SIS) sheets, 
which are useful neuroprotective implant to prevent perineural adhesions and used in clinical practice20,24,30. 
We hypothesized that MeCbl sheet, a synthetic nanofiber wrap containing MeCbl, would have superior anti-
inflammatory effects and subsequent neuroregenerative effects over SIS sheet, a material derived from a different 
species that can cause peri-implant inflammation.

Methods
Preparation of methylcobalamin sheets
We prepared MeCbl sheets (Fig. 1a) in the same manner as previously reported[19]. Briefly, the MeCbl sheets 
were created by electrospinning a mixture of PCL and MeCbl at an applied voltage of 20  kV (Nanon-01  A; 
MECC Co., Ltd., Fukuoka, Japan) with collector plate separation and a 24-gauge needle. The flow rate was 1.0 
mL/h. The PCL/solvent ratio (w/v) was 10wt%. The weight ratio of MeCbl to PCL in the MeCbl sheets was 3%.

Animals
All experiments were approved (approval number J007998-004) by the Ethics Review Committee for Animal 
Experimentation at Osaka University. Thirty 6-week-old male Wistar rats (weight, 180–220 g; Charles River 
Laboratories, Tokyo, Japan) were used in this study. The rats were monitored daily in a temperature-controlled 
central animal facility with free access to chow and water. This study was conducted in accordance with the 
ARRIVE guidelines, and all methods described below were performed in accordance with the relevant guidelines 
and regulations.

Surgical procedures
The rats were anesthetized with a subcutaneously injected mixture of midazolam (2  mg/kg), butorphanol 
(2.5  mg/kg), and medetomidine (0.15  mg/kg). The left sciatic nerve was exposed to sterile conditions and 
released from the surrounding tissues in the area spanning from the sciatic notch to its trifurcation. To stimulate 
the local fibrotic responses, the surface of the neural bed was repeatedly burned using a bipolar coagulator 
(Bovie Medical Corporation, Clearwater, FL). Subsequently, the epineurium and perineurium were carefully 
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removed circumferentially and stripped distally by 8 mm, with careful attention to avoid damage to the axons 
(Fig. 1b). The rats were randomized to four groups: sham group (n = 4), in which only the sciatic nerve was 
exposed without the epi- and perineurectomy or burning the surface of the neural bed; untreated group (n = 10), 
in which no treatment after the injury was performed; MeCbl sheet group (n = 8), in which the sciatic nerve was 
wrapped in an MeCbl sheet after the injury (10 × 7 mm) (Fig. 1c); and SIS sheet group (n = 8), in which the sciatic 
nerve was wrapped in a SIS sheet after the injury (10 × 7 mm). The fascia and skin were closed using 4 − 0 nylon 
sutures. The same surgeon performed all procedures and was blinded to the animals assigned to each group. Two 
weeks after surgery, the rats were euthanized with an overdose of sodium pentobarbital, and the left sciatic nerve 
was harvested from each implant (Fig. 1d, e).

von Frey filament test
The von Frey filament test was performed to assess the mechanical sensitivity 2 weeks postoperatively. The paw 
withdrawal threshold was measured, as previously described (0.008–300 g; TouchTest; North Coast Medical, 
Morgan Hill, CA, USA)42,43. Briefly, the rats were placed on a metal mesh plate, and from a point 1.5 cm away 
from the hind limb, the filament was brought into contact with the sole of the foot for 1 s and then gradually 
pressed for another 1  s. The weights of the filaments were recorded when proper withdrawal behavior was 
observed. The same procedure was performed on the contralateral hind limb, and the ipsilateral/contralateral 
ratio was calculated.

Fig. 1. Methylcobalamin (MeCbl) sheet and intraoperative gross findings of rat sciatic nerve. (a) For 
implantation, MeCbl sheet was cut to a size of 10 × 7 mm. (b) Untreated group, in which the soft tissue 
around the sciatic nerve was burned using a bipolar coagulator, followed by stripping, without any subsequent 
treatment. (c) MeCbl sheet group, in which the soft tissue around the sciatic nerve was burned using a bipolar 
coagulator followed by stripping and wrapping of the sciatic nerve with an MeCbl sheet. (d) Untreated group 2 
weeks postoperatively. (e) MeCbl sheet group 2 weeks postoperatively.
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Hargreaves test
The paw withdrawal threshold was measured to assess thermal sensitivity 2 weeks postoperatively. The Hargreaves 
test was performed as previously reported44,45. Briefly, the rats were placed on a glass chamber, and the paw 
planter surface was thermally stimulated using infrared irradiation equipment (I.R. Heat - Flux Radiometer; 
Ugo Basile, Varese, Italy) at 52.5 °C. The latency to paw withdrawal behavior was measured, and the ipsilateral/
contralateral ratio was calculated.

Isometric tetanic force test
To assess motor function, an isometric tetanic force analysis was performed 2 weeks postoperatively, as previously 
described46. The tibialis anterior muscle was meticulously separated from the tibia, and the muscle tendon 
was detached and subsequently affixed to a force transducer. To immobilize the hind limbs, an 18G needle 
was inserted into the distal aspect of the femoral condyle and ankle joint, securing them onto a cork board. 
Bipolar stimulating electrodes were placed on the sciatic nerve at the level of the sciatic notch, and the stimulus 
was applied. The force transducer signal was processed using a PowerLab device and software (PowerLab; AD 
Instruments, Bella Vista, Australia). The maximum isometric tetanic force was determined as the highest force 
plateau.

Wet muscle weight of the tibialis anterior
Wet muscle weight was measured to evaluate motor function. The tibialis anterior muscle on the experimental 
side 2 weeks postoperatively was harvested and weighed.

Electrophysiology
Electrophysiological analyses were performed 2 weeks postoperatively. Bipolar stimulating electrodes were 
placed on the sciatic nerve at the level of the sciatic notch. Terminal latency (TL) and compound muscle action 
potential (CMAP) were recorded using electrodes inserted into the tibialis anterior muscle. Bipolar stimulating 
electrodes were also placed 10 mm distal to the level of proximal stimulation to calculate nerve conduction 
velocity (NCV). A PowerLab device and software (PowerLab; AD Instruments, Bella Vista, Australia) were used 
to detect and measure CMAP, TL, and NCV.

Histology
Histomorphological analyses of the sciatic nerves at the midpoint of the operated site were performed 2 weeks 
postoperatively. The left sciatic nerves with the surrounding tissues and implanted sheet were harvested, fixed in 
4% paraformaldehyde overnight, and soaked in 0.01 M phosphate-buffered saline (PBS) with 30% sucrose for 2 
days. Neural tissues were frozen in frozen-section media (FSC 22 Frozen Section Media; Leica Biosystems, San 
Diego, CA, USA) and cut into 10 μm cross-sections onto glass slides. Masson’s trichrome staining was performed 
to quantify collagen deposition. For each nerve, the percentage of intraneural collagen (intraneural collagen area/
neural area) was calculated using a light microscope (BZ-X800; Keyence, Osaka, Japan) and ImageJ software 
(version 1.54f). For immunohistological staining, sections were blocked with PBS containing 5% Blocking 
one (Blocking one; Nacalai Tesque, Kyoto, Japan) and 10% bovine serum albumin for 30 min. Samples were 
incubated at 4 °C overnight using primary antibodies to neurofilament 200 (NF200) (1:1,000; N4142; Sigma-
Aldrich, St Louis, MO, USA) and CD68 (1:200; ab31630; Abcam, Boston, MA, USA) or myelin basic protein 
(MBP) (1:1,000; NE1018; Calbiochem, San Diego, CA, USA) and then incubated at 20–25 ℃ for 1 h using the 
following secondary antibodies: Alexa Fluor 488 goat anti-rabbit immunoglobulin G (IgG) and Alexa Fluor 
568 goat anti-mouse IgG (1:1,000; Life Technologies, Carlsbad, CA, USA). Nuclei were stained with Permafluor 
mounting solution containing 4’,6-diamidino-2-phenylindole (DAPI) (D532; DOJINDO, Kumamoto, Japan). 
For each nerve, the number of intraneural DAPI + or CD68 + cells, number of axons, distribution of axon 
diameters, and myelination ratio (MBP + axon number/total axon number) were calculated using the ImageJ 
software (version 1.54f).

Statistical analyses
Statistical analyses were performed using one-way analysis of variance, followed by Tukey–Kramer’s multiple 
comparison test. The analyses were performed using E-Z R software (version 1.55)47. Data are expressed as the 
mean and standard error of the mean (SEM). Significance was set at p < 0.05.

Results
Sensory and motor functional evaluation
To evaluate the neuroprotective effect of MeCbl sheets against postoperative adhesion, sensory and motor 
functions were assessed 2 weeks postoperatively. The untreated group (1.9 ± 0.55) showed a significantly lower 
response to the mechanical stimulus than the sham group (1.0 ± 0.12, p < 0.01). However, mechanical sensitivity 
remained both in the MeCbl (1.1 ± 0.37) and SIS (1.3 ± 0.65) sheet groups, showing no significant difference 
compared with that in the sham group. The MeCbl sheet group showed significantly preserved mechanical 
sensory function compared with the untreated group (p < 0.01) (Fig. 2a). Similarly, the thermal sensitivity was 
significantly lower in the untreated group (1.3 ± 0.22) than in the sham group (1.0 ± 0.12, p < 0.05). However, 
there were no significant differences among the MeCbl (1.0 ± 0.08), SIS (1.1 ± 0.18), and sham groups. The MeCbl 
sheet group showed significantly higher thermal sensory function than the untreated group (p < 0.05) (Fig. 2b). 
To evaluate motor function, the isometric tetanic force was measured 2 weeks postoperatively. The untreated 
(8.5 ± 7.9 g), MeCbl sheet (9.3 ± 6.3 g), and SIS sheet (7.0 ± 4.2 g) groups had significantly lower isometric tetanic 
force than the sham group (37.3 ± 10.5 g, p < 0.001). There were no significant differences among the untreated, 
MeCbl, and SIS sheet groups (Fig. 2c). The wet weight of the tibialis anterior muscle 2 weeks postoperatively 
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was significantly lower in the untreated (371.7 ± 100.0 mg, p < 0.001) and SIS (460.42 ± 146.0 mg, p < 0.01) sheet 
groups than in the sham group (723.2 ± 67.4 mg). However, the MeCbl sheet group (568.9 ± 97.8 mg) remained 
comparable to the sham group and had significantly higher wet weight of the tibialis anterior muscle than 
the untreated group (p < 0.01). There were no significant differences among the MeCbl and SIS sheets groups 
(Fig. 2d). These results indicate that MeCbl sheets are beneficial for maintaining sensory and motor functions 
after nerve adhesion injury.

Electrophysiological evaluation
At 2 weeks postoperatively, CMAP amplitude was significantly lower in the untreated (6.9 ± 3.2 mV, p < 0.001) 
and SIS (12.7 ± 7.8 mV, p < 0.01) sheet groups than in the sham group (29.4 ± 9.3 mV). However, there were no 
significant differences between the MeCbl (18.2 ± 10.0 mV) and sham groups. The MeCbl sheet group showed 
significantly higher CMAP amplitude than the untreated group (p < 0.05) (Fig. 3a). NCV was also significantly 

Fig. 2. Methylcobalamin (MeCbl) sheets mitigate the impairment in sensory function and decrease in tibialis 
anterior muscle wet weight. (a) von Frey filament test. (b) Hargreaves test. (c) Isometric tetanic force test. (d) 
Wet weight of the tibialis anterior muscle. *p < 0.05, **p < 0.01, and ***p < 0.001, one-way analysis of variance 
followed by Tukey–Kramer’s test.
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higher in the MeCbl sheet group (42.5 ± 8.3 mS) than in the untreated group (21.4 ± 8.1 mS, p < 0.05) (Fig. 3b). 
No significant differences were observed between the groups with respect to TL (Fig. 3c). These results suggest 
that MeCbl sheets may prevent nerve damage caused by inflammation and adhesions or hasten the recovery of 
peripheral nerves.

Histological evaluation of the sciatic nerve
To examine the neuroprotective effects of MeCbl sheets in more detail, histological evaluation was performed. 
The amount of intraneural collagen deposition during scar formation was measured to investigate intraneural 
scarring 2 weeks after perineurectomy of the sciatic nerves using Masson’s trichrome staining (Fig.  4a, b). 
Significantly higher areas of intraneural collagens were observed in the untreated (36.0 ± 5.8%, p < 0.001), MeCbl 
sheet (24.0 ± 8.3%, p < 0.05), and SIS sheet (33.7 ± 13.6%, p < 0.001) groups than in the sham group (8.5 ± 1.6%). 
Although there was no significant difference between the MeCbl and the SIS sheet group, the MeCbl sheet group 
showed a significantly lower collagen area than the untreated group (p < 0.05), whereas the SIS sheet group 
showed no difference compared with the untreated group (Fig. 4c).

Collagen infiltration is also thought to be caused by the invasion of inflammatory cells, fibroblasts, and other 
cells48. The number of DAPI + cells in the sciatic nerve harvested 2 weeks postoperatively was counted as a 
reflection of cell invasion (Fig. 5a). The untreated (1,678.2 ± 442.5/mm2, p < 0.001), MeCbl sheet (1,186.1 ± 277.2/
mm2, p < 0.001), and SIS sheet (1,347.6 ± 161.7/mm2, p < 0.001) groups had significantly higher number of 
DAPI + cells than the sham group (128.1 ± 44.2/mm2), but only the MeCbl sheet group showed significantly 
lower values than the untreated group (p < 0.05) (Fig. 5b). Additionally, we counted the number of macrophages 
infiltrating the nerve to reflect initial inflammation and scar formation (Fig. 5a). The untreated (314.3 ± 75.8/
mm2, p < 0.001) and SIS sheet (290.4 ± 128.4/mm2, p < 0.001) groups showed significantly higher number of 
macrophages than the sham group (22.4 ± 5.7/mm2), whereas the MeCbl sheet group (87.1 ± 42.7/mm2) showed 
no significant difference compared with the sham group. Moreover, it yielded significantly lower cell counts than 
both the untreated (p < 0.001) and SIS sheet groups (p < 0.001) (Fig. 5c). These results suggest that MeCbl sheets 
protect nerves from postoperative scarring and infiltration of inflammatory cells, fibroblasts, and other cells.

Immunohistological evaluation of axon density and proportion of myelinated axons
Next, we examined whether MeCbl sheets alter the axon number and myelinated axon ratio, resulting from 
the protection of nerves from inflammatory cells and collagen infiltration. The number of axons, myelinated 
axon ratio, and distribution of each axonal diameter in the sciatic nerve were evaluated. The numbers of 
axons in the sham (12,805 ± 2958/mm2, p < 0.001), MeCbl sheet (12,515 ± 2,527.6/mm2, p < 0.001), and SIS 
sheet (11,372.8 ± 1,883.3/mm2, p < 0.001) groups was significantly higher than that in the untreated group 
(5,584.7 ± 1,206.2/mm2). There were no significant differences among the MeCbl sheet, SIS sheet, and sham 
groups (Fig. 6a, b). However, the myelinated axon ratio was significantly lower in the untreated (49.3 ± 7.1%, 
p < 0.001), MeCbl sheet (80.2 ± 4.3%, p < 0.05), and SIS sheet (71.1 ± 7.4%, p < 0.001) groups than in the sham 
group (92.1 ± 3.4%). However, the MeCbl sheet group showed a significantly higher myelinated axon ratio than 
the SIS sheet (p < 0.05) and untreated (p < 0.001) groups (Fig. 6c). Additionally, evaluation of the distribution 
of axons by diameter showed that the rate of thin axons < 2 μm in diameter was significantly higher in the SIS 
sheet group (41.2 ± 8.1%, p < 0.05) than in the MeCbl sheet group (27.6 ± 4%), whereas relatively thick axons 
between 4 and 6 μm in diameter were more common in the MeCbl sheet group (15.6 ± 3.6%, p < 0.05) than in 
the SIS sheet group (10.1 ± 1.3%). Furthermore, axons with diameters > 6 μm also tended to be more numerous 
in the MeCbl sheet group than in the SIS sheet group, although there were no significant differences between the 

Fig. 3. Electrophysiological evaluation 2 weeks postoperatively. Methylcobalamin sheets mitigate the decrease 
in compound muscle action potential (CMAP) amplitude and nerve conduction velocity (NCV). (a) CMAP 
amplitude. (b) NCV. (c) Terminal latency. *p < 0.05, **p < 0.01, and ***p < 0.001, one-way analysis of variance 
followed by Tukey–Kramer’s test.
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Fig. 4. Methylcobalamin sheets reduce intraneural collagen scar formation. (a) Representative cross-sectional 
slices of sciatic nerves with surrounding tissues stained with Masson’s trichrome stain; scale bars = 200 μm. 
(b) Intraneural areas of sciatic nerves cropped using ImageJ stained with Masson’s trichrome stain; scale 
bars = 200 μm. (b) Percentage of area of collagen infiltration into the nerve. *p < 0.05, ***p < 0.001, one-way 
analysis of variance followed by Tukey–Kramer’s test.
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groups (Fig. 6d). These results suggest that MeCbl sheets prevent axonal degeneration and demyelination and 
the decline of motor and sensory functions and improve therapeutic outcomes.

Discussion
In this study, the MeCbl sheet group exhibited significantly better results in terms of sensory and motor function 
tests and in electrophysiological examinations than the untreated group (Figs. 2 and 3). Additionally, there was 
significantly less infiltration of collagen and inflammatory cells within the nerve, and the MeCbl sheet group 
showed good results in terms of the residual axon count, axon diameter distribution, and myelination ratio 
compared with the untreated group (Figs. 4c and 5b and c, and 5d). Regarding the cause of nerve adhesions 
leading to nerve dysfunction, Masear and Colgin reported that demyelination and axonal degeneration were 
caused by compression, impaired gliding of the nerve, and inhibition of axonal extension due to infiltration 
of inflammatory cells and scar tissues into the nerve after peripheral nerve injury or decompression surgery 
[27]. This is consistent with the histological findings in this study, suggesting that the MeCbl sheet prevents 
inflammation and scar infiltration, thereby preventing demyelination and axonal degeneration.

Fig. 5. Methylcobalamin sheets reduce intraneural cell and macrophage invasion. (a) Representative 
immunofluorescence micrographs showing cross-sectional slices of sciatic nerves labeled with 4’,6-diamidino-
2-phenylindole (DAPI) (blue) and CD68 (red) and neurofilament 200 (green) antibodies; scale bar = 100 μm. 
(b) The total numbers of intraneural DAPI + cells. (c) The total numbers of intraneural macrophages 
(CD68 + cells). *p < 0.05, **p < 0.01, and ***p < 0.001, one-way analysis of variance followed by Tukey–Kramer’s 
test.
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Fig. 6. Methylcobalamin (MeCbl) sheets mitigate the decrease of axons and proportion of myelinated axons 
and show larger axon diameter distribution. (a) Representative immunofluorescence micrographs showing 
cross-sectional slices of sciatic nerves with labeling for myelin basic protein (red) and neurofilament 200 
(green); scale bars = 20 μm. (b) Total numbers of axons/mm2. (c) Myelination ratio of total axons (%). (d) 
Population of axons according to diameter. Daggers (†) in the graph show only the relationship between the 
MeCbl and small intestinal submucosa sheet groups. *p < 0.05, **p < 0.01, and ***p < 0.001, †p < 0.05, one-way 
analysis of variance followed by Tukey–Kramer’s test.
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Another purpose of this study was to compare MeCbl sheets with sheets already in clinical use. SIS sheets, 
which were used as a comparison group in this study, improved the postoperative myelination ratio and number 
of axons in a rabbit sciatic nerve transection model and the results of electrophysiological examinations20. SIS 
sheets have also been used clinically, and their safety and efficacy in recurrent cases of carpal tunnel syndrome 
have already been reported [24]; their efficacy was similarly confirmed in our study (Figs. 2, 3, 4 and 5). Our 
results showed that MeCbl sheets were non-inferior to SIS sheets in several parameters or even significantly 
better in some parameters such as intraneural macrophage invasion, myelinated axon ratio, and axon diameter. 
This indicates that MeCbl sheets have better neuroprotective effects than SIS sheet and may be useful as new 
neuroprotective materials against inflammation and scar formation. Furthermore, vitamin B12 has an anti-
inflammatory effect on nerve tissues37,49–51. Ehmedah et al. reported that vitamin B complex, including B12, 
attenuated neuroinflammatory responses by transforming macrophage polarization from proinflammatory 
(M1) to anti-inflammatory (M2) in a rat femoral nerve transection model37. Based on these results, the 
superiority of the MeCbl sheet group in this experiment is not only due to the barrier function of the MeCbl 
sheet, which suppressed cell infiltration, but also due to the anti-inflammatory and neuroregenerative effects 
of MeCbl. The combination of barrier function and anti-inflammatory and neuroregenerative effects of the 
sheet prevented adhesions to soft tissues outside the nerve and the infiltration of inflammatory cells into the 
nerve and the subsequent infiltration of fibroblasts and collagen fibers. This inhibited scar tissue formation, 
contributing to superior outcomes in terms of the residual axon count, axon diameter distribution, myelination 
ratio, sensory and motor function assessments, and electrophysiological evaluations when compared with those 
of the untreated and SIS sheet groups.

This study has the following limitations. First, a single-time endpoint of 2 weeks was used for all evaluations. 
Long-term outcomes, such as impaired sensory and motor functions, are unknown, and further studies using 
late endpoints after the scar proliferation period are necessary to gain further insights into the protective effects 
of MeCbl sheets. Second, we did not perform the SFI test. Although the SFI test is known to be a useful test 
for evaluating sciatic nerve function, we did not perform that in this study because the test is reported to be 
unreliable in the early stages of peripheral nerve injury52and, as previously reported53, we found autotomy in 
our rat model, making it difficult to collect accurate data. Third, macrophage polarization was not evaluated. We 
found that the MeCbl sheet group had significantly fewer infiltrating macrophages within the nerve but did not 
reveal the ratio of M1 to M2 macrophages among the infiltrating macrophages in this study. However, based on 
the results obtained, it is assumed that the MeCbl sheets prevent macrophage infiltration, whereas the sustained 
release of MeCbl shifts the polarization of these macrophages from M1 to M2, thus suppressing inflammation. 
Fourth, there was no comparison with MeCbl-free PCL sheets in this study. Although the usefulness of PCL 
sheets has already been reported, no reports have compared them with MeCbl sheets. However, there are some 
reports that have compare PCL sheets and SIS sheets, and they reported that both PCL and SIS sheets showed 
neuroregenerative and anti-inflammatory effects, but there was no difference in macrophage infiltration into 
the nerve, which suggests inflammation, and no significant difference in the number of regenerative axons or 
axon diameter25,30. In this study, we found that the PCL sheet with methylcobalamin (MeCbl sheet) significantly 
inhibited macrophage infiltration into the nerve compared to the SIS sheet, and was superior in terms of the 
number of regenerating axons and axon diameter, unlike previous reports. Therefore, we hypothesized that 
MeCbl sheet is superior to the blank sheet, which is reported to have the same effect as the SIS sheet. Further 
studies are required to address these limitations.

In conclusion, to the best of our knowledge, this is the first study to investigate the neuroprotective effects 
of MeCbl sheets compared with those of other neuroprotective materials in a rat sciatic nerve adhesion model. 
The barrier function and anti-inflammatory effect of the MeCbl sheets alleviated postoperative inflammatory 
cell infiltration and scar formation and contributed to the maintenance of good nerve function, in contrast to 
the untreated group. This result was not inferior to that of the group using SIS sheets, and histological evaluation 
suggests that the neuroprotective function of MeCbl sheets may be superior to that of SIS sheets. Based on these 
results, we believe that MeCbl sheets may be useful as a new material to prevent nerve injury caused by post-
inflammatory adhesions.

Data availability
All data analyzed in this study are available from the corresponding author upon request.
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