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Introduction: Peripheral nerve defect is a difficult disease to treat in clinical practice. End-to-side anastomosis is a useful method to treat it. At present, the end-to-side anastomosis method does not involve the proximal nerve, which results in a waste of proximal donor nerves, and even the formation of traumatic neuromas at the proximal end. The patients suffer from traumatic neuralgia and the curative effect is unsatisfactory.

Methods: In this study, an improved end-to-side anastomosis technique was proposed in this study: both the proximal and distal ends of the damaged common peroneal nerve were sutured to an adjacent normal tibial nerve. Moreover, the possible role and mechanism of the proposed technique were explained at the physiological and anatomical levels. In this study, a 10 mm common peroneal nerve defect was made in SD rats, and the rats were randomly divided into three groups. In Group I, the distal end of the common peroneal nerve was attached end-to-side to the fenestrated tibial nerve adventitia, and the proximal end was ligated and fixed in the nearby muscle. In Group II, the tibial nerve adventitia was fenestrated and the epineurial end-to-end anastomosis surgery was performed to suture the proximal and distal ends of the common peroneal nerve. Rats in Group III were taken as control and received sham operation. Twelve weeks after the operation, the recovery of the repaired nerve and distal effector functions were examined by the sciatic functional index, electrophysiology, osmic acid staining, the muscle wet weight ratio, and the muscle fiber cross-sectional area.

Results: It was found that these results in Group II were similar to those in Group III, but better than those in Group I. Through retrograde tracing of neurons and Electrophysiological examination in Group II, the study also found that the proximal common peroneal nerve also could establish a connection with tibialis anterior, even gastrocnemius.

Discussion: Therefore, it is inferred that fostering both the proximal and distal ends of defective peripheral nerves on normal peripheral nerves using the end-to-side anastomosis technique is a more effective approach to repairing injured nerves.

KEYWORDS
peripheral nerve defect, end-to-side anastomosis, functional recovery, effective approach, repair mechanism


Introduction

Peripheral nerve injury can cause sensory and motor dysfunction, and delayed treatment will lead to poor prognosis and even lifelong disability (1). According to the severity and nature, peripheral nerve injury can be divided into nerve conduction dysfunction, nerve axon interruption and nerve rupture. After the peripheral nerve ruptures, pathological changes occur in nerve fibers, neuronal bodies and target organs (1–3). At present, common methods for repairing peripheral nerve injuries include neurolysis, nerve suture, nerve transplantation, nerve transfer and nerve implantation. With the development of orthopedics and microsurgery technology, progress has been made toward repairing peripheral nerve injuries (4, 5). However, further improvement of the repair effect is required, especially for large segmental peripheral nerve defects. The interrupted connection between the injured proximal and distal nerve fibers makes the repair more difficult in clinical treatment (6, 7).

One method to repair peripheral nerve injuries is end-to-side anastomosis, which sutures the distal end of the injured nerve to the side wall of the adjacent healthy nerve trunk. In this way, the injured nerve can regenerate and the function of the target organ can restore. Since it was proposed, end-to-side anastomosis has attracted increasing attention (8, 9). However, this repair method has some demerits. The disuse of the injured proximal peripheral nerve gives rise to a waste of donor nerves and proximal traumatic neuromas. The neuromas further result in pain and discomfort, and worsen the repair effect (10). To solve this issue, some scholars have modified the end-to-side anastomosis method, and fostered the injured proximal peripheral nerve on the side wall of an adjacent normal nerve. The updated method was proven effective in repairing injured peripheral nerves (11). Nevertheless, there are few studies on the improved method, so its specific repair effect and possible mechanism require further elaboration.

In view of this, an SD rat model with a large segmental common peroneal nerve defect was established in this paper. Besides, the improved end-to-side anastomosis technique was used to suture both the proximal and distal ends of the damaged common peroneal nerve to an adjacent normal tibial nerve. The functional recovery of the injured common peroneal nerve and its effector 12 week after repairing, and the connection between the repaired nerve and motor neurons in the anterior horn of the spinal cord were examined. The purpose of this study is to preliminarily explain the possible role and mechanism of this method at physiology and anatomy levels.



Materials and methods


Animal models

Eight-week-old 150–180 g SD rats were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. The operation was carried out following the Guidelines for Ethical Review of Animal Welfare in China (GB/T 35892-2018). All experiments were approved by the Medical Ethics Committee of Peking University People's Hospital (Permit Number: 2020PHC015, 3/1/2019). The rats were anesthetized with sodium pentobarbital intraperitoneally (Merck, Darmstadt, Germany; 30 mg/kg) before random grouping. In Group I (n = 9), the distal end of the common peroneal nerve was coapted end-to-side to the fenestrated tibial nerve adventitia, and the proximal end was ligated and fixed in the nearby muscle. In Group II (n = 9), the tibial nerve adventitia was fenestrated and epineurial end-to-end anastomosis was performed to anastomose the proximal and distal ends of the common peroneal nerve. Rats in Group III (n = 9) were taken as control and underwent sham operation. After awakening, the rats were fed in groups, and food and drinking water were automatically supplied. A 12:12 light/dark natural circle was adopted in the feeding environment.



Sciatic functional index test

The motor function of rats was measured by the CatWalk XT gait analysis system (Nodus, Netherlands), which can automatically record the motion parameters. The camera was placed at the correct position and corresponding rat parameters were setup. Before recording, the rats were trained to be familiar with the running environment. All rats in different groups were recorded automatically. The calculation formula of sciatic functional index (SFI) is SFI = 109.5 (ETS–NTS)/NTS – 38.3 (EPL–NPL)/NPL + 13.3 (EIT–NIT)/NIT – 8.8. SFI is a reliable method for the assessment of the extent of injury and the degree of recovery of the sciatic nerve of the rat. E: experimental; N: normal; PL: print length from heel to longest toe; TS: total spread, or the transverse distance between the 1st and the 5th toes; IT: intermediate toes, or the transverse distance between the 2nd and 4th toes.



Neuroelectrophysiological detection

The compound action potential of gastrocnemius and tibialis anterior muscles was detected by the Medlec synergy electrophysiological system (Oxford Instruments Inc., Oxford, UK) in each group. After the rats in each group were anesthetized with sodium pentobarbital, the repaired nerves were exposed. Then the stimulation electrodes were placed at positions A, B, C, D, and E of the nerve (Figure 1), and the electrical signals of gastrocnemius and tibialis anterior muscles were recoded through receiver electrode, separately. In the meantime, the action potentials of gastrocnemius and tibialis anterior muscles recorded at point A were taken as the maximum action potentials of Group I and Group II. The action potential of the gastrocnemius muscle recorded at point A and the action potential of the tibialis anterior muscle recorded at point B were adopted as the maximum action potentials of Group III. Statistical analysis was subsequently made to evaluate the size of the compound muscle action potential (CMAP) of each group. Rectangular pulse (0.1 ms duration, 0.06 mA intensity, 5 Hz frequency) was used to acquire the CMAP.


[image: Figure 1]
FIGURE 1
 Schematic diagram of electrophysiological detection. Green represents the tibial nerve, blue indicates the common peroneal nerve, and the red arrow denotes the location of the stimulation electrode.




Histological observation of the repaired nerve

The tibial nerve and common peroneal nerve 2 mm away from the anastomosed common peroneal nerve were collected. The nerve sample was soaked in 4% paraformaldehyde for 12 h and then dyed with 1% osmic acid for another 12 h. After the sample was dehydrated with 50, 70, 90, and 100% ethanol successively, it was embedded in paraffin, and sliced into a 2 μm-thick piece (Leica RM2135, Wetzlar, Germany). The piece was placed on the glass slide. After sealing the slide, it was observed under the microscope [Leica DM4B with Leica Application Suite X (LAS X) software, Wetzlar, Germany]. The number of myelinated nerve fibers per unit area in each group was manually counted.



Weighing and histological observation of the effector muscle

The gastrocnemius and tibialis anterior muscles of the model and opposite sides were collected from SD rats and weighed. The ratio of the wet weight of the model side muscle to that of the opposite side muscle was calculated. After trimming, the muscle was placed in 4% paraformaldehyde for fixation overnight, and then dehydrated successively with 50, 70, 90, and 100% ethanol. The muscle was embedded in paraffin, and sliced into a 7 μm-thick piece. Then Masson staining was performed. Those for Masson staining were treated with Weigert stain for 8 min and rinsed with distilled water. The sections were then treated with spring red acid complex red for 5 min, immersed in acetic acid for 1 min, treated with phosphomolybdic acid for 2 min, and immersed in acetic acid for 1 min. Next, the sections were treated with aniline blue for 2 min, immersed in acetic acid for 1 min, and rinsed with water. After sealing the slide, it was imaged under a microscope [Leica DM4B with Leica Application Suite X (LAS X) software, Wetzlar, Germany]. The cross-sectional area of gastrocnemius and anterior tibial muscle fibers was calculated using Image J software. Three visual fields of each sample were selected, and the average value was taken as the ultimate muscle fiber cross-sectional area of the sample.



Retrograde tracing of neurons

Three SD rats were taken from each group for the tracing and labeling experiment, and the method proposed in (12) was adopted. The regenerated sciatic nerve of rats was re-exposed and cut off. The distal ends of the common peroneal nerve and tibial nerve were immersed in 5% Fluoro-Ruby (FR, Life Technologies) and 4% Fluoro-Gold (FG, Life Technologies) for 2 h, respectively. The wound was washed and sutured layer by layer. Then rats were fed for 7 days so that the retrograde tracer could label the spinal cord neurons. After anesthetizing, the heart of rats was isolated and perfused. L4–L6 lumbar spinal cord segments containing sciatic nerves were cut off and fixed in 4% paraformaldehyde for 12 h. The sample was dehydrated in 10, 20, and 30% sucrose for 12 h, and then sliced to a 40 μm-thick piece by a frozen slicer (Leica CM 1950, Germany). Subsequently, the sample was placed on the glass slide and sealed, and the slice was imaged by the 20 × microscope objective. The excitation wavelength was FG330nm and FR561nm. Finally, the acquired fluorescence image was analyzed using Image J software to detect the neurons labeled by FG only, FR only, and both FG and FR.



Data analysis

All measurement data were expressed by (mean ± standard deviation). One-way ANOVA was employed to analyze data in different groups, followed by Tukey's post-hoc multiple comparison test. SPSS 18.0 was used for statistical processing. P < 0.05 meant that the difference was statistically significant.




Results


Gross observation of nerve repair

The proximal and distal common peroneal nerves at the repair site were observed in vivo and in vitro. In Group I, only the distal common peroneal nerve remained intact, while in Group II, both the proximal and distal ones were complete (Figure 2).


[image: Figure 2]
FIGURE 2
 In vivo and in vitro specimen observation of the repaired nerve. In Group I, only the distal end of the common peroneal nerve was sutured; in Group II, both proximal and distal ends of the common peroneal nerves were sutured.




Sciatic functional index for nerve repair detection

Since the common peroneal nerve and tibial nerve constitute the sciatic nerve, the sciatic functional index can be used to detect the recovery of nerve function. In this paper, the regeneration and repair of the common peroneal nerve were analyzed using the sciatic functional index. The results showed that the sciatic functional indexes of Group I, Group II and Group III were (−30.09 ± 5.9, n = 6), (−11.64 ± 5.12, n = 6), and (−0.05 ± 4.09, n = 6), respectively. Significant statistical difference was found (p < 0.05). The sciatic functional index of Group II was better than that of Group I and closer to that of Group III (Figure 3).


[image: Figure 3]
FIGURE 3
 Sciatic functional index. In Group I, only the distal end of the common peroneal nerve was fostered; in Group II, both proximal and distal ends of the common peroneal nerve were fostered; Group III was sham operated normal group. Data are expressed as mean ± SD (n = 6 in Group I, 6 in Group II and 6 in Group III). *P < 0.05, vs. Group III; #P < 0.05, vs. Group II.




Electrophysiological detection of functional recovery of repaired nerves and their innervating effectors

In clinical practice, electromyography is often used to record the electrophysiological characteristics of nerves and muscles. In this study, the functional recovery of the repaired nerves and their innervating effectors were detected by electrophysiology. The CMAP size depends on the number of functional muscle fibers. The detection results suggested that the waveforms of gastrocnemius and tibialis anterior muscles in Group I, Group II, and Group III were not different. The CMAP amplitudes of the gastrocnemius muscle in Group I, Group II and Group III were (26.80 ± 3.10) mV, (27.30 ± 1.80) mV, and (29.00 ± 3.20) mV, respectively, and no significant difference was found (p > 0.05). The CMAP amplitude of the tibialis anterior muscle in Group I, Group II and Group III was (8.70 ± 1.60) mV, (12.20 ± 2.10) mV, and (19.70 ± 1.90) mV, respectively, and there was significant statistical difference (p < 0.05). The CMAP amplitude of the tibialis anterior muscle in Group II is closer to Group III than Group I is to Group III (Figure 4).


[image: Figure 4]
FIGURE 4
 Waveform and amplitude of the compound action potential of gastrocnemius and tibialis anterior muscles detected by electrophysiology. In Group I, only the distal end of the common peroneal nerve was fostered; in Group II, both proximal and distal ends of the common peroneal nerves were fostered; Group III was sham operated normal group. Data are expressed as mean ± SD (n = 6 in Group I, 6 in Group II and 6 in Group III). *P < 0.05, vs. Group III; #P < 0.05, vs. Group II.


Stimulation electrodes were placed at different positions to check whether the proximal end of the common peroneal nerve was fostered on the tibial nerve, and whether the proximal common peroneal nerve could control the anterior tibial muscle or even the gastrocnemius muscle. According to the results, stimulating point A could cause the contraction of gastrocnemius and anterior tibial muscles in Group I and Group II. When stimulating point B, the gastrocnemius and anterior tibial muscles in Group II tightened. The gastrocnemius and anterior tibial muscles in Group I and Group II constricted as the point C was stimulated. Stimulating point D could lead to the contraction of the gastrocnemius muscle in Group I, Group II and Group III. When the point E was stimulated in Group I, Group II and Group III, the anterior tibial muscle tightened (Table 1).


TABLE 1 Contraction of gastrocnemius/tibialis anterior muscles after stimulation of different positions of nerves.

[image: Table 1]



Osmium acid staining for detecting the recovery of peripheral nerves at the repair site

The numbers of myelinated tibial and common peroneal nerve fibers per unit area were calculated using osmium acid staining in each group. The number of myelinated tibial nerve fibers per unit area in Group I, Group II and Group III was (14,883 ± 835) mm2/piece, (14,783 ± 1,091) mm2/piece and (15,017 ± 608) mm2/piece, respectively, and no significant difference is observed (p > 0.05). The number of myelinated common peroneal nerve fibers per unit area in Group I, Group II and Group III was (6,750 ± 903) mm2/piece, (8,967 ± 1,269) mm2/piece, and (14,917 ± 488) mm2/piece, respectively, and there was significant statistical difference (p < 0.05). The number of myelinated common peroneal nerve fibers per unit area in Group II is closer to Group III than Group I is to Group III (Figure 5).


[image: Figure 5]
FIGURE 5
 Observation of myelinated tibial and common peroneal nerve fibers per unit area. Osmic acid staining, scale bar = 25 μm. In Group I, only the distal end of the common peroneal nerve was sutured; in Group II, both proximal and distal ends of the common peroneal nerve were repaired; Group III was sham operated normal group. Data are expressed as mean ± SD (n = 6 in Group I, 6 in Group II and 6 in Group III). *P < 0.05, vs. Group III; #P < 0.05, vs. Group II.




Macroscopic and microscopic observation and detection of effector muscle function

The wet weight ratio and the cross-sectional area of gastrocnemius and tibialis anterior muscle fibers were measured using gross specimen and Masson staining methods. The wet weight ratio of gastrocnemius muscle in Group I, Group II and Group III was (0.99 ± 0.02), (0.99 ± 0.02), and (1.00 ± 0.02), respectively. The cross-sectional area of gastrocnemius muscle fibers was (2,025 ± 121) μm2, (2,011 ± 76) μm2, and (2,061 ± 107) μm2, respectively. Both the wet weight ratio and fiber cross-sectional area of gastrocnemius muscle were not significantly different between Group I and Group II (p > 0.05). The wet weight ratio of tibialis anterior muscle in Group I, Group II and Group III was (0.46 ± 0.08), (0.64 ± 0.08), and (0.99 ± 0.02), respectively. The cross-sectional area of tibialis anterior muscle fibers was (1,131 ± 130) μm2, (1,325 ± 103) μm2, and (1,971 ± 90) μm2, respectively. Significant statistical difference was found between Group I and Group II in the wet weight ratio and fiber cross-sectional area of gastrocnemius muscle (p < 0.05). The wet weight ratio and fiber cross-sectional area of tibialis anterior muscle in Group II is closer to Group III than Group I is to Group III (Figures 6, 7).


[image: Figure 6]
FIGURE 6
 Macroscopic specimen observation of gastrocnemius and tibialis anterior muscles. In Group I, only the distal end of the common peroneal nerve was repaired; in Group II, both proximal and distal ends of the common peroneal nerve was repaired; Group III was sham operated normal group. Data are expressed as mean ± SD (n = 6 in Group I, 6 in Group II and 6 in Group III). *P < 0.05, vs. Group III; #P < 0.05, vs. Group II.
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FIGURE 7
 Microscopic specimen observation of gastrocnemius and tibialis anterior muscle. Masson stain, scale bar = 50 μm. In Group I, only the distal end of the common peroneal nerve was repaired; in Group II, both proximal and distal ends of the common peroneal nerve were repaired; Group III was sham operated normal group. Data are expressed as mean ± SD (n = 6 in Group I, 6 in Group II and 6 in Group III). *P < 0.05, vs. Group III; #P < 0.05, vs. Group II.




Analysis of the relationship between the repair nerve and motor neurons in the anterior horn of the spinal cord by retrograde tracing of neurons

Retrograde tracing of neuron was carried out to explore the reinnervation connection between neurons and effectors. There were only FG-labeled, both FG- and FR-labeled fluorescent neurons in the spinal cord of Group I. But there were no only FR-labeled fluorescent neurons. In Group II, only FG-labeled, only FR-labeled and both FG- and FR-labeled fluorescent neurons were observed in the spinal cord. In Group III, only FG-labeled and only FR-labeled fluorescent neurons were found in the spinal cord, but there were no fluorescent neurons labeled by both FG and FR (Figure 8).


[image: Figure 8]
FIGURE 8
 Retrograde tracing of neurons showed the reinnervation connection between neurons and effectors. In Group I, only the distal end of the common peroneal nerve was fostered; in Group II, both proximal and distal ends of the common peroneal nerve were fostered; Group III was sham operated normal group.





Discussion

Cut, pull and compression induced peripheral nerve injuries can bring about motor, sensory and nutritional dysfunction in the innervated area, and patients may be disabled as a result of delayed treatment (13, 14). The clinical treatment effect for a large segmental peripheral nerve defect is poor, which has become a thorny problem for orthopedic doctors (15, 16). End-to-side anastomosis, first proposed by foreign scholars in 1901, is one method to repair peripheral nerve injuries. This method anastomoses the distal end of the injured nerve with an adjacent normal nerve (17, 18), while the injured proximal end is left open to restore the function of effectors. However, the application of this method is restricted because it wastes the injured proximal peripheral nerve and is prone to cause neuromas and other complications. To overcome the above shortcomings, both the proximal and distal ends of injured nerves should be attached to normal peripheral nerves. In this study, an SD rat model with a large segmental common peroneal nerve defect was established, and end-to-side anastomosis was employed to suture the proximal and distal stumps of the damaged common peroneal nerve to an adjacent tibial nerve. Twelve weeks after repair, the functional recovery of the injured nerve and its effector was assessed, and the connection between the repaired nerve and motor neurons in the anterior horn of the spinal cord was analyzed.

The functions and mechanisms were explored at neuroanatomy and physiology levels. The analysis results showed that when the proximal and distal stumps of the injured common peroneal nerve were simultaneously coapted to the adjacent normal tibial nerve, both ends remained intact without neuromas detected. This finding suggests that to repair the proximal common peroneal nerve is better than to keep the proximal common peroneal nerve open. The tibialis anterior muscle and gastrocnemius muscle are innervated by the common peroneal nerve and tibial nerve, respectively. According to the experimental results of this study, no matter whether the proximal end of the common peroneal nerve was fostered or not, the ipsilateral tibialis anterior muscle and gastrocnemius muscle constricted when the tibial nerve near the distal foster point of the common peroneal nerve was stimulated. When the proximal end of the common peroneal nerve was sutured, stimulating the proximal end of the common peroneal nerve could also make the ipsilateral tibialis anterior and gastrocnemius muscles contract. However, when the distal end of the common peroneal nerve was open, two muscles did not tighten. As for the CMAP, it was found that the compound action potential of the gastrocnemius muscle when stimulating the distal foster point of the common peroneal nerve or the open proximal end was not significantly different from that when stimulating the normal nerve at the same level. This result remains true no matter whether the proximal end of the common peroneal nerve was repaired or not. The compound action potential of the tibialis anterior muscle in the foster group was higher than that in the open group and closer to that in the normal group. The wet weight ratio and cross-sectional area of the gastrocnemius muscle in the three groups had no significant difference. The wet weight ratio and cross-sectional area of the tibialis anterior muscle in the foster group were greater than those in the open group and closer to those in the normal group. Similar results were obtained in detecting the recovery of the tibial nerve and the common peroneal nerve 2 cm below the distal foster nerve of the same height in the three groups. There was no significant difference in the number of myelinated tibial nerve fibers per unit area among the three groups. The number of myelinated common peroneal nerve fibers per unit area in the foster group was more than that in the open group and closer to that in the normal group. Previous studies have confirmed (19, 20) the importance of repairing proximal nerves in the treatment of peripheral nerve injuries. The reason may be that more nerves are available for attracting peripheral repair materials, and donor nerve epineuria act as a bridge for axon regeneration. In this process, proximal nerve endings can grow directly to the distal end, and serve as a catheter to allow the peripheral repair materials to reach the distal injury site through the donor nerve adventitia (11). A similar effect was observed in the present research. When the proximal and distal common peroneal nerves were injured and sutured simultaneously to the peripheral normal tibial nerve, the conditions of injured nerves and corresponding effectors after repair were better than those when only the injured distal common peroneal nerve was sutured. This may be due to the secretion of such endogenous substances as nerve growth factors (21), basic fibroblast growth factors (22), and glial cell derived neurotrophic factors (23) around the injured nerve through relevant signaling pathways (e.g., PI3K/AKT, Notch, TAK1-MAPK/NF-κB etc.) (24–26). These factors affect the function of Schwann cells (27) or macrophages (28) and promote the repair of injured peripheral nerves. During the proximal foster caring process, abundant endogenous factors can further regulate relevant signaling pathways and act on cells around the injured proximal and distal nerves through the bridge between the outer membrane of the donor and the distal end. A benign cycle is thus formed, which helps accelerate the repair process and promote the protection and recovery of effector functions. Bontioti et al. (29) believed that fostering both the proximal and distal stumps on peripheral normal nerves was not beneficial to the recovery of the injury effector function, but this does not affect the interpretation of the results of this research. In the study of Bontioti, the rat model of brachial plexus injury was used. Since the rat's forepaw has more complex functions than its hind paw, damage repair is more difficult. However, the specific mechanism deserves further investigation.

The axon has the ability of collateral regeneration (30–32). In this paper, the axon was also proven capable of reinnervating the recipient nerve and effector through collateral sprouting during end-to-side anastomosis. Especially when both the proximal and distal ends were anastomosed, the proximal common peroneal nerve could reinnervate the distal common peroneal nerve, tibial nerve and effector. The improved end-to-side anastomosis method proposed in this paper provides more donor nerves, so the nerve function recovers better. This research has some limitations. Firstly, previous studies have confirmed that with the extension of repair time, only one axon sprouting from the lateral branch can be retained (12, 33). In this study, when both the injured proximal and distal nerves are hosted on the peripheral nerves, the axons sprouting from the lateral branch and especially, the neurons with multiple axons, can maintain their functions. Nevertheless, this result requires further validation. Secondly, in this paper, the molecular mechanism for injured distal nerve and effector repair by coapting the injured proximal and distal nerves simultaneously to the peripheral nerves is analyzed based on only previous study findings. The specific mechanism needs to be verified through molecular biology experiments.



Conclusion

An effective method to repair injured peripheral nerves with a large segmental defect is to anastomose both the injured proximal and distal ends to the normal peripheral nerve. To repair the injured proximal peripheral nerve is also an important factor to recover the function of injured nerve. The injured nerves can be innervated by establishing a connection with the distal effector through the fostered nerve.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.



Ethics statement

The animal study was reviewed and approved by Medical Ethics Committee of Peking University People's Hospital.



Author contributions

DL, QY, FY, and JP designed the experiments. DL, QY, FY, XL, JJ, GL, KB, and SJ carried out the experiments. FY and JP supervised the whole experimental process and revised the manuscript. XL, JJ, GL, KB, and SJ analyzed the data. DL and QY wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was continuously funded by the National Natural Science Foundation of China (Nos. 82102568, 82102076, 82172432, and 82001319), National and Local Joint Engineering Research Center of Orthopaedic Biomaterials (No. XMHT20190204007), Shenzhen High-level Hospital Construction Fund, Shenzhen Key Medical Discipline Construction Fund (No. SZXK023), Shenzhen San-Ming Project of Medicine (No. SZSM201612092), Research and Development Projects of Shenzhen (Nos. Z2021N054 and JCYJ20210324110214040), Guangdong Basic and Applied Basic Research Foundation (No. 2021A1515012586), Bethune Charitable Foundation and CSPC Osteoporosis Research Foundation Project (No. G-X-2020-1107-21), and the Scientific Research Foundation of Peking University Shenzhen Hospital (No. KYQD2021099).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Heinzel JC, Dadun LF, Prahm C, Winter N, Bressler M, Lauer H, et al. Beyond the knife-reviewing the interplay of psychosocial factors and peripheral nerve lesions. J Pers Med. (2021) 11:1200. doi: 10.3390/jpm11111200

 2. Qu S, Ma N, Wang W, Chen S, Wu Q, Li Y, et al. Human adipose-derived stem cells delay muscular atrophy after peripheral nerve injury in rats. Cell Biochem Biophys. (2022) 80:555–62. doi: 10.1007/s12013-022-01082-4

 3. Cintron-Colon AF, Almeida-Alves G, VanGyseghem JM, Spitsbergen JM. GDNF to the rescue: GDNF delivery effects on motor neurons and nerves, and muscle re-innervation after peripheral nerve injuries. Neural Regen Res. (2022) 17:748–53. doi: 10.4103/1673-5374.322446

 4. Nuelle JAV, Bozynski C, Stoker A. Innovations in peripheral nerve injury: current concepts and emerging techniques to improve recovery. Mo Med. (2022) 119:129–35.

 5. Adidharma W, Khouri AN, Lee JC, Vanderboll K, Kung TA, Cederna PS, et al. Sensory nerve regeneration and reinnervation in muscle following peripheral nerve injury. Muscle Nerve. (2022) 66:384–96. doi: 10.1002/mus.27661

 6. Mao R, Wei Z, Li W, Zhu X, Du D, Xu W. Analysis of influencing factors of repair effect after peripheral nerve injury. Comput Math Methods Med. (2021) 2021:8294267. doi: 10.1155/2021/8294267

 7. Lopes B, Sousa P, Alvites R, Branquinho M, Sousa AC, Mendonca C, et al. Peripheral nerve injury treatments and advances: one health perspective. Int J Mol Sci. (2022) 23:918. doi: 10.3390/ijms23020918

 8. Viterbo F, Magnani LV, Nunes HC. Zygomatic muscle neurotization with nerve grafts and end-to-side neurorrhaphies: a new technique for facial palsy. Plast Reconstr Surg Glob Open. (2022) 10:e4288. doi: 10.1097/GOX.0000000000004288

 9. Braga Silva J, Busnello CV, Becker AS, Moriguchi CA, de Melo RO, Waichel VB. End-to-side neurorrhaphy in peripheral nerves: Does it work? Hand Surg Rehabil. (2022) 41:2–6. doi: 10.1016/j.hansur.2021.08.010

 10. Fagotti de Almeida CE, Farina Junior JA, Colli BO. Morphometric and functional analysis of axonal regeneration after end-to-end and end-to-side neurorrhaphy in rats. Plast Reconstr Surg Glob Open. (2015) 3:e326. doi: 10.1097/GOX.0000000000000280

 11. Hosseinian MA, Gharibi Loron A, Nemati B, Khandaghy M. Comparison of a distal end-to-side neurorrhaphy with a proximal-distal end-to-side neurorrhaphy: in a rat model. Eur J Orthop Surg Traumatol. (2015) 25:1261–4. doi: 10.1007/s00590-015-1699-x

 12. Yu Y, Zhang P, Han N, Kou Y, Yin X, Jiang B. Collateral development and spinal motor reorganization after nerve injury and repair. Am J Transl Res. (2016) 8:2897–911.

 13. Frostadottir D, Ekman L, Zimmerman M, Dahlin LB. Cold sensitivity and its association to functional disability following a major nerve trunk injury in the upper extremity-A national registry-based study. PLoS ONE. (2022) 17:e0270059. doi: 10.1371/journal.pone.0270059

 14. Yao X, Yan Z, Li X, Li Y, Ouyang Y, Fan C. Tacrolimus-induced neurotrophic differentiation of adipose-derived stem cells as novel therapeutic method for peripheral nerve injury. Front Cell Neurosci. (2021) 15:799151. doi: 10.3389/fncel.2021.799151

 15. Sarcon AK Li NY, Houdek MT, Moran SL. Restoration of hamstring function following sciatic nerve resection at the greater sciatic foramen with reconstruction involving acellular nerve allograft and vascularized sural nerve autograft: a case report. Microsurgery. (2022) 42:824–8. doi: 10.1002/micr.30970

 16. Matsumoto T, Banda CH, Kondo E, Yoshida K, Hirata T, Ikeda T, et al. Laparoscopic repair of segmental obturator nerve injury defect using an artificial nerve conduit: a case report. J Obstet Gynaecol Res. (2021) 47:4118–21. doi: 10.1111/jog.14920

 17. de Barros RSM, Brito MVH, de Brito MH, de Aguiar Ledo Coutinho JV, Teixeira RKC, Yamaki VN, et al. Morphofunctional evaluation of end-to-side neurorrhaphy through video system magnification. J Surg Res. (2018) 221:64–8. doi: 10.1016/j.jss.2017.08.003

 18. Chen Y, Yuan W, Zeng X, Ma Y, Zheng Q, Lin B, et al. Combining reverse end-to-side neurorrhaphy with rapamycin treatment on chronically denervated muscle in rats. J Integr Neurosci. (2021) 20:359–66. doi: 10.31083/j.jin2002035

 19. Jung JM, Chung MS, Kim MB, Baek GH. Contribution of the proximal nerve stump in end-to-side nerve repair: in a rat model. Clin Orthop Surg. (2009) 1:90–5. doi: 10.4055/cios.2009.1.2.90

 20. Nepomuceno AC, de Faria JC, Politani EL, Silva EG, Salomone R, Longo MV, et al. Convergent end-to-end neurorrhaphy: an alternative technique for dual innervation of the gastrocnemius muscle in rats. Microsurgery. (2019) 39:535–42. doi: 10.1002/micr.30433

 21. Zhang S, Zhou Y, Xian H, Shi Y, Liu Y, Li Z, et al. Nerve regeneration in rat peripheral nerve allografts: an assessment of the role of endogenous neurotrophic factors in nerve cryopreservation and regeneration. Eur J Neurosci. (2022) 55:1895–916. doi: 10.1111/ejn.15655

 22. Ahmed MN, Shi D, Dailey MT, Rothermund K, Drewry MD, Calabrese TC, et al. Dental pulp cell sheets enhance facial nerve regeneration via local neurotrophic factor delivery. Tissue Eng Part A. (2021) 27:1128–39. doi: 10.1089/ten.tea.2020.0265

 23. Fang X, Zhang C, Yu Z, Li W, Huang Z, Zhang W, et al. Pretreatment overcomes Schwann cell phenotype mismatch to promote motor axon regeneration via sensory graft. Exp Neurol. (2019) 318:258–66. doi: 10.1016/j.expneurol.2019.05.011

 24. Yao Y, Wen Y, Li Y, Zhu J, Tian T, Zhang Q, et al. Tetrahedral framework nucleic acids facilitate neurorestoration of facial nerves by activating the NGF/PI3K/AKT pathway. Nanoscale. (2021) 13:15598–610. doi: 10.1039/D1NR04619E

 25. Wang W, Gu MF, Wang ZF, Shen XM, Zhang J, Yang L. Let-7a-5p regulated by lncRNA-MEG3 promotes functional differentiation to Schwann cells from adipose derived stem cells via directly inhibiting RBPJ-mediating Notch pathway. Apoptosis. (2021) 26:548–60. doi: 10.1007/s10495-021-01685-x

 26. Dai WL, Yan B, Bao YN, Fan JF, Liu JH. Suppression of peripheral NGF attenuates neuropathic pain induced by chronic constriction injury through the TAK1-MAPK/NF-kappaB signaling pathways. Cell Commun Signal. (2020) 18:66. doi: 10.1186/s12964-020-00556-3

 27. Li R, Li D, Wu C, Ye L, Wu Y, Yuan Y, et al. Nerve growth factor activates autophagy in Schwann cells to enhance myelin debris clearance and to expedite nerve regeneration. Theranostics. (2020) 10:1649–77. doi: 10.7150/thno.40919

 28. Chen CC, Chang LC, Yao CH, Hsu YM, Lin JH, Yang TY, et al. Increased calcitonin gene-related peptide and macrophages are involved in astragalus membranaceus-mediated peripheral nerve regeneration in rats. Am J Chin Med. (2018) 46:69–86. doi: 10.1142/S0192415X18500040

 29. Bontioti E, Kanje M, Dahlin LB. End-to-side nerve repair: attachment of a distal, compared with a proximal and distal, nerve segment. Scand J Plast Reconstr Surg Hand Surg. (2006) 40:129–35. doi: 10.1080/02844310600574056

 30. Qi Z, Li D, Li L, Meng D, Deng J, Jin B, et al. Studies on the manner of collateral regeneration from nerve stem to motor endplate. Front Physiol. (2021) 12:795623. doi: 10.3389/fphys.2021.795623

 31. Batty NJ, Torres-Espin A, Vavrek R, Raposo P, Fouad K. Single-session cortical electrical stimulation enhances the efficacy of rehabilitative motor training after spinal cord injury in rats. Exp Neurol. (2020) 324:113136. doi: 10.1016/j.expneurol.2019.113136

 32. Adula KP, Shorey M, Chauhan V, Nassman K, Chen SF, Rolls MM, et al. The MAP3Ks DLK and LZK direct diverse responses to axon damage in zebrafish peripheral neurons. J Neurosci. (2022) 42:6195–210. doi: 10.1523/JNEUROSCI.1395-21.2022

 33. Brushart TM. Motor axons preferentially reinnervate motor pathways. J Neurosci. (1993) 13:2730–8. doi: 10.1523/JNEUROSCI.13-06-02730.1993



OPS/images/fneur-14-1088983-g005.gif





OPS/images/fneur-14-1088983-g006.gif
Group Il

Group il

Group|

snuwausonsed p—






OPS/images/fneur-14-1088983-g003.gif
SISAOUN XBPU) SANU SPNIOS

N





OPS/images/fneur-14-1088983-g004.gif
Groupll Group Il

Group |

2|9SNW SNjWauUs01SED

3losnw [e|qp JoAUY





OPS/images/fneur-14-1088983-t001.jpg
Pos

Group I ++ =~ +I+ +/-
Group IT +i+ +i+ +i+ +/- -+
Group 11T +/- -+ +/- +/- -+

“4” means there is muscle contraction activity, and

means no muscle contraction activity;
The front of “/” stands for the contraction of the gastrocnemius muscle, and the back of “/”

represents the contraction of the tibialis anterior muscle.





OPS/images/fneur-14-1088983-g007.gif





OPS/images/fneur-14-1088983-g008.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Experimental study on the repair of peripheral nerve injuries via simultaneously coapting the proximal and distal ends of peripheral nerves to the side of nearby intact nerves



		Introduction



		Materials and methods



		Animal models



		Sciatic functional index test



		Neuroelectrophysiological detection



		Histological observation of the repaired nerve



		Weighing and histological observation of the effector muscle



		Retrograde tracing of neurons



		Data analysis







		Results



		Gross observation of nerve repair



		Sciatic functional index for nerve repair detection



		Electrophysiological detection of functional recovery of repaired nerves and their innervating effectors



		Osmium acid staining for detecting the recovery of peripheral nerves at the repair site



		Macroscopic and microscopic observation and detection of effector muscle function



		Analysis of the relationship between the repair nerve and motor neurons in the anterior horn of the spinal cord by retrograde tracing of neurons







		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Neurology

Experimental study on the repair
of peripheral nerve injuries via
simultaneously coapting the
proximal and distal ends of
peripheral nerves to the side of
nearby intact nerves





OPS/images/fneur-14-1088983-g001.gif
Groupll






OPS/images/fneur-14-1088983-g002.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Neurology





