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Introduction: Brachial plexus injury (BPI) is one of the most destructive peripheral nerve injuries and there is still a lack of effective treatment.

Methods: This study was conducted to evaluate the effects of melatonin in the treatment of acute brachial plexus compression injury in rats using histopathological, histomorphometric, immunohistochemical and electrophysiological methods. Forty-eight adult male Sprague Dawley rats were randomly allocated into three groups: sham, melatonin and vehicle groups. The brachial plexus compression injury model was performed by a vascular clamp. Melatonin group received intraperitoneal injection of melatonin at doses of 10 mg/kg for 21 days after crush injury. The conduction velocity and amplitude of compound muscle action potential (CAMP) in the regenerated nerve, and nerve histomorphometry, as well as levels of myelin protein zero (P0) protein of the crush region were assessed.

Results: Compared with the vehicle group, the melatonin group which reported significant increased CMAP conduction velocity and amplitude also showed thicker myelin sheath and lower levels of P0 protein.

Discussion: Our results suggest that melatonin effectively promotes nerve regeneration and improves the function of damaged nerves. Melatonin treatment is a promising strategy for the treatment of acute brachial plexus compression injury.
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1. Introduction

Brachial plexus injury (BPI) is one of the most destructive peripheral nerve injuries, which can result in notable motorsensory deficits (1–3). Despite neurosurgical techniques are available to repair the lesion, function restoration of BPI remains unsatisfactory in clinical practice (2). The outcomes after nerve reconstruction are adversely affected not only by mechanical injury, also by several secondary factors such as inflammatory responses, oxidative stress and regenerative misdirection (4). Several recent studies have focused on the promising approaches involving therapeutic management of the secondary cascade resulting from BPI (4, 5).

Melatonin, the main hormone of the pineal gland, daily regulates circadian rhythms (6, 7). Various formulations of melatonin have been patented and used in the treatment of sleep dysfunction. Some previous studies show that melatonin can regulate various physiological functions including anti-inflammation, free radical scavenging and anti-oxidative properties (7). Due to these biological properties, melatonin has been used as potential pharmacotherapy for traumatic events in the central nerve system. Recently, it has been demonstrated that melatonin has have beneficial effects on peripheral nerve repair in models of sciatic nerve injury (8–13).

In this study, we evaluated the potential neuroprotective roles of melatonin in brachial plexus compression injury models of rats.



2. Materials and methods

A total of 48 adult male Sprague Dawley (SD) rats, weighing about 250 g, were obtained from experimental animal center of Zhejiang University. The animal experiment was approved by the Zhejiang University's Animal Experimentation Ethics Committee. All rats were housed in a room with constant and appropriate temperature and humidity and are subjected to a 12-h diurnal cycle. Drinking water and standard laboratory feed were available in sufficient quantities. They were allowed to acclimatize for 1 week prior to the experiments. Efforts were made to minimize animal suffering and to reduce the number of animals used during the experiments.

The animals were randomly divided into 3 groups (n = 16 each group): sham, vehicle and melatonin groups. Sham group had no operation on the brachial plexus nerve, instead, they just underwent skin incision and suturing. In melatonin and vehicle groups, all surgical procedures were performed after anesthesia with an intraperitoneal injection of xylazine and ketamine (10 and 80 mg/kg). The left brachial plexus was identified and exposed using an operating microscope. Distal to the suprascapular nerve branch, the upper trunk of the brachial plexus were crushed by a mosquito vascular clamp (Shanghai Medical Instruments Corp. Ltd.) that was fixed to the maximun extent for 30 s. Afterwards, the incision was closed by using 4.0 silk sutures. Melatonin group received intraperitoneal injection of melatonin at doses of 10 mg/kg for 21 days after injury. Normal saline was injected intraperitoneally in vehicle group (Figure 1).


[image: Figure 1]
FIGURE 1
 The modeling diagram.


By 7 and 14 days after surgery, 6 rats were anesthetized and perfused transcardially with 0.5% glutaraldehyde in 0.1 M phosphate buffer. Short 5 mm segments of the brachial plexus were collected. The specimens were fixed in 2.5% phosphate-buffered glutaraldehyde solution (PBS) for 1 h at room temperature and then at 4°C, until processed. Tissue paraffin blocks were fabricated by post-fixing specimens in 1% OsO4 in PBS, dehydrating in a graded series of alcohol and propylene oxide, embedding in resin, and then polymerizing at 60°C. Transverse semi-thin sections (1 mm) were obtained using an ultramicrotome, and were respectively stained with Fast blue (Abcam, UK), silver (Amresco, USA) and H&E staining (Abcam, UK). By 7 days after surgery, ultrathin sections (70 nm) of nerve samples were stained with uranyl acetate and citrate and were evaluated by JEM1400 transmission electron microscope (JEOL Ltd., Tokyo, Japan).

Three weeks after surgery, the injured sites of the brachial plexus were excised and lysed, and resolved by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis, and then transferred to a polyvinylidene difluoride membrane, blocked with 5% non-fat dry milk. Subsequently, the membrane was incubated with mouse polyclonal antibody to P0 (1:1,000; Santa Cruz Biotechnology, USA) and mouse monoclonal antibody to GAPDH (1:5,000; Santa Cruz Biotechnology). After washing with 0.1 M Tris buffered saline (Ph 7.2) containing 0.1% Tween-20 (TBST) for three times (10 min for each), the membranes were incubated with rabbit anti-mouse IgG (1:5,000; Santa Cruz Biotechnology), for 2 h at room temperature. Band optical density values were determined using Gel-Pro Analyzer Software, version 4.0 (Media Cybernetics, USA).

Three weeks after surgery, 4 rats were anesthetized and the left brachial plexus was isolated. Bipolar stimulating electrodes were placed near the injury site while the bipolar recording electrode was placed in the upper limb muscle. The amplitude and latency of compound muscle action potential (CMAP) were recorded with an electromyogram instrument. The bipolar stimulating electrodes were used to stimulate the regenerated nerves and the bipolar recording electrodes inserted into the muscle were to record electrical activity through a digital MYTO electromyograph machine (Esaote, Genoa, Italy).

All pathological manifestations, Fast blue staining, HE staining, silver staining or transmission electron microscopic images, were evaluated by a pathologist who was blinded to this study. Quantitative variables were described using means and standard deviations (SD), and compared using t-tests. The level of significance was set to p < 0.05. All analyses were done in SPSS 23.0.



3. Results

Well-arranged and distributed nerve fibers were observed in sham group (Figures 2A–C). On the contrary, the typical characteristics of peripheral nerve injury were present in vehicle group on day 7, including axonal degeneration, myelin abnormalities, and endoneurial edema (Figures 2D–F). By day 14, the density of nerve fibers was further reduced, and the axonal degeneration was increased markedly. More axons had collapsed and the number of Schwann's cells increased (Figures 2G–I). Compared with vehicle group, less axonal degeneration and vacuolization were observed in melatonin group (Figures 2J–O). And the vehicle group showed slightly more increase in endoneural space than the melatonin group. Similarly, the transmission electron microscope analysis showed there was a significant difference in myelin sheath thickness and endoneural space between the vehicle and melatonin group (Figures 3A, B).
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FIGURE 2
 The general views of histological sections stained by Fast blue, silver and H&E. (A–C) Sham group: well-arranged and distributed nerve fibers were observed; (D–I) vehicle groups at 7 and 14 days: typical features of peripheral nerve injury after 7 days could be seen in (D–F), including myelin loss with Wallerian degeneration (arrow), and endoneurial edema (*). (G–I) A further decrease in nerve fiber density, disruption of fiber arrangement, and a marked increase in fibrosis (triangle) and axonal vacuolization (arrowhead) at day 14. (J–O) Melatonin groups at 7 and 14 days: compared with vehicle group, less axonal degeneration and vacuolization, as well as fibrosis were observed, with more regenerating axon clusters (star) and the nerve fibers were are neatly aligned.
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FIGURE 3
 Transmission electron micrographs showing the ultrastructure of brachial plexus day 7 after injury. (A) Vehicle group; (B) melatonin group. Nerves in the melatonin group showed thicker myelin sheaths and narrower endoneural gaps compared to the vehicle group. Scale bar = 5 mm.


The levels of P0 protein at 3 weeks after surgery in all three groups were shown in Figure 4. The levels of P0 protein were significantly decreased in vehicle group compared with the sham group (P < 0.05). Whereas, the P0 protein levels in the melatonin group, although slightly lower than the sham group, were significantly higher compared with vehicle group (P < 0.05).


[image: Figure 4]
FIGURE 4
 P0 protein/GAPDH protein levels were assessed using western blotting in the injured sites of rats in all 3 groups, 3 weeks after injury. p-value * <0.05.


Table 1 showed the results of electrophysiological assessment at 3 weeks after surgery in all three groups. The CMAP amplitude was reduced markedly (p < 0.05), while the CMAP latency was prolonged significantly (p < 0.05) in vehicle group compared with that in Sham group. Moreover, melatonin-treated group displayed distinctly higher CMAP amplitude (p < 0.05) and markedly shorter CMAP latency (p < 0.05) compared with vehicle group.


TABLE 1 The results of electrophysiological evaluation in all three groups.
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4. Discussion

Peripheral nerve injury of the upper limb is a common and extremely inconvenient clinical disease. The main mechanisms of its occurrence are compression, trauma, peripheral nerve tumor, inflammation, neuronal degeneration, and radiation exposure (14–16). The brachial plexus is not only the most complicated structure in the peripheral nervous system, but highly susceptible to trauma, or may be damaged secondary to lesions of adjacent structures (17). The present study demonstrated continuous treatment with melatonin can significantly increase CMAP conduction velocity, enhance myelin sheath thickness and at the same time, increase P0 protein levels in the regenerated brachial plexus nerve after injury compared with vehicle treatment. These results suggest that melatonin can effectively promotes nerve regeneration and improves the function of damaged nerves. Melatonin treatment is a promising strategy for the treatment of acute brachial plexus compression injury.

There are some basic pathological changes in the early stage of peripheral nerve injuries, including axonal degeneration, myelin abnormalities, and endoneurial edema (4). And severe peripheral nerve injuries can finally lead to the Wallerian degeneration of the distal segment of the nerve, which means rupture of the axonal membrane, degradation of cytoskeletal components and lysis of myelin sheaths (4, 18). Therefore, several pharmacological agents have been investigated to facilitate myelination and functional recovery after peripheral nerve injury.

In the process of peripheral nerve repair, Schwann cells proliferate and construct the myelin sheath to enhance axonal regeneration from proximal to distal (18). P0, the major peripheral nervous system myelin protein, belongs to the immunoglobulin supergene family of membrane proteins and can mediate homotypic adhesion (19, 20). P0 is considered as a fundamental structural component of peripheral nervous system myelin, and is directly or indirectly involved in the regulation of myelin gene expression and myelin morphogenesis (20). And the levels of P0 expression are related to Schwann cell myelination in peripheral nerve repair (21). The experimental results of the present study showed that P0 protein levels in the myelin sheath were increased after melatonin treatment, from which it can be inferred that melatonin treatment triggered Schwann cell proliferation and myelination, thus promoting the repair and regeneration of damaged nerves. Other histomorphological findings corroborate this supposition. The electrophysiological assessment showed that injured nerve after melatonin treatment can provides lower latency recordings and higher amplitude measures, which indicated a higher number of normally functioning axons in the melatonin treatment group. And histological observation manifested the presence but not nimiety of Wallerian degeneration, more regenerating axon clusters, higher myelin thickness and nerve fiber density, more orderly nerve fiber arrangement in the melatonin group, all of which support the promotion of melatonin for nerve regeneration.

Melatonin is a hormone secreted by the pineal gland of brain and produce a marked effect on the regulation of sleep and circadian rhythm (1, 2). Previous studies demonstrated melatonin has neuroprotective effects in the treatment of peripheral nerve injury (8–13, 22). Melatonin treatment can markedly increase the number of axons and thickness of myelin sheath in rat models of sciatic nerve injury (8–13, 22). And structural protection of the myelin lamellae can be preserved following repeated low dosage of melatonin administration (13). Even a single injection of high-dose melatonin can act to protect myelin sheath, prevent axonal loss, and accelerate functional recovery of the injured sciatic nerve (12). Pan et al. (11) illustrated that melatonin might promote peripheral nerve regeneration by improving the proliferation and migration of Schwann cells through the Shh signaling pathway after sciatic nerve injury. Moreover, recently simultaneous use of melatonin and chondroitin sulfate ABC synergistically promoted nerve regeneration in the brachial plexus nerve-root avulsion model (23). All these experimental results were consistent with our findings.

Overall, this study strengthens the idea that melatonin promoted axonal regeneration after brachial plexus compression injury, which may provide a promising therapeutic strategy for peripheral nerve injury. However, our study had some limitations. Firstly, histomorphometric changes with experimental injury and healing response were assessed only by histology and immunohistochemistry. Secondly, we did not conduct functional evaluation. In addition, further experiments should be conducted on the proper dosage and possible side effects.



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 author.



Ethics statement

The animal study was reviewed and approved by the First Affiliated Hospital, College of Medicine, Zhejiang University.



Author contributions

HL and XL designed the study. XL, HZ, and MG performed data collection. AA, JF, YD, and CY analyzed the results. JL, ZW, VK, MA, and SE drafted the manuscript. All authors have read and approved the final manuscript.



Funding

This study was funded by the Zhejiang Provincial Continuing Education Program (grant number 2022-04-07-001). The funding bodies had no role in the design of the study, in collection, analysis, and interpretation of data, and in drafting the manuscript.



Acknowledgments

This work was supported by Alibaba Cloud.



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. Noland SS, Bishop AT, Spinner RJ, Shin AY. Adult traumatic brachial plexus injuries. J Am Acad Orthop Surg. (2019) 27:705–16. doi: 10.5435/JAAOS-D-18-00433

 2. Limthongthang R, Bachoura A, Songcharoen P, Osterman AL. Adult brachial plexus injury: evaluation and management. Orthop Clin N Am. (2013) 44:591–603. doi: 10.1016/j.ocl.2013.06.011

 3. Jiang S, Shen H, Tan WQ, Lu H. Arterial thoracic outlet syndrome caused by cervical ribs-an unusual case report. Medicine. (2019) 98:e14778. doi: 10.1097/MD.0000000000014778

 4. Modrak M, Talukder MAH, Gurgenashvili K, Noble M, Elfar JC. Peripheral nerve injury and myelination: potential therapeutic strategies. J Neurosci Res. (2020) 98:780–95. doi: 10.1002/jnr.24538

 5. Grinsell D, Keating CP. Peripheral nerve reconstruction after injury: a review of clinical and experimental therapies. BioMed Res Int. (2014) 2014:698256. doi: 10.1155/2014/698256

 6. Cipolla-Neto J, Amaral FGD. Melatonin as a hormone: new physiological and clinical insights. Endocrine Rev. (2018) 39:990–1028. doi: 10.1210/er.2018-00084

 7. Chitimus DM, Popescu MR, Voiculescu SE, Panaitescu AM, Pavel B, Zagrean L, et al. Melatonin's impact on antioxidative and anti-inflammatory reprogramming in homeostasis and disease. Biomolecules. (2020) 10:1211. doi: 10.3390/biom10091211

 8. Sayan H, Ozacmak VH, Ozen OA, Coskun O, Arslan SO, Sezen SC, et al. Beneficial effects of melatonin on reperfusion injury in rat sciatic nerve. J Pineal Res. (2004) 37:143–8. doi: 10.1111/j.1600-079X.2004.00145.x

 9. Zencirci SG, Bilgin MD, Yaraneri H. Electrophysiological and theoretical analysis of melatonin in peripheral nerve crush injury. J Neurosci Methods. (2010) 191:277–82. doi: 10.1016/j.jneumeth.2010.07.008

 10. Turgut M, Kaplan S. Effects of melatonin on peripheral nerve regeneration. Recent Patents Endocrine Metabol Immune Drug Discov. (2011) 5:100–8. doi: 10.2174/187221411799015336

 11. Pan B, Jing L, Cao M, Hu Y, Gao X, Bu X, et al. Melatonin promotes Schwann cell proliferation and migration via the shh signalling pathway after peripheral nerve injury. Eur J Neurosci. (2021) 53:720–31. doi: 10.1111/ejn.14998

 12. Yazar U, Çakir E, Boz C, Çobanoglu Ü, Baykal S. Electrophysiological, functional and histopathological assessments of high dose melatonin on regeneration after blunt sciatic nerve injury. J Clin Neurosci Off J Neurosurg Soc Aust. (2020) 72:370–7. doi: 10.1016/j.jocn.2020.01.006

 13. Daglioglu E, Serdar Dike M, Kilinc K, Erdogan D, Take G, Ergungor F, et al. Neuroprotective effect of melatonin on experimental peripheral nerve injury: an electron microscopic and biochemical study. Central Eur Neurosurg. (2009) 70:109–14. doi: 10.1055/s-0029-1220712

 14. Jiang S, Shen H, Lu H. Multiple schwannomas of the digital nerves and common palmar digital nerves: an unusual case report of multiple schwannomas in one hand. Medicine. (2019) 98:e14605. doi: 10.1097/MD.0000000000014605

 15. Li P, Lou D, Lu H. The cubital tunnel syndrome caused by intraneural ganglion cyst of the ulnar nerve at the elbow: a case report. BMC Neurol. (2018) 18:217. doi: 10.1186/s12883-018-1229-7

 16. Zhou H, Bai Q, Hu X, Alhaskawi A, Dong Y, Wang Z, et al. Deep CTS: a deep neural network for identification MRI of carpal tunnel syndrome. J Dig Imag. (2022) 4:1–12. doi: 10.1007/s10278-022-00661-4

 17. Ferrante MA. Brachial plexopathies: classification, causes, and consequences. Muscle Nerve. (2004) 30:547–68. doi: 10.1002/mus.20131

 18. Nocera G, Jacob C. Mechanisms of Schwann cell plasticity involved in peripheral nerve repair after injury. Cell Mol Life Sci CMLS. (2020) 77:3977–89. doi: 10.1007/s00018-020-03516-9

 19. Eichberg J. Myelin P0: new knowledge and new roles. Neurochem Res. (2002) 27:1331–40. doi: 10.1023/A:1021619631869

 20. Xu W, Manichella D, Jiang H, Vallat JM, Lilien J, Baron P, et al. Absence of P0 leads to the dysregulation of myelin gene expression and myelin morphogenesis. J Neurosci Res. (2000) 60:714–24. doi: 10.1002/1097-4547(20000615)60:6<714::AIDJNR3>3.0.CO;2-1

 21. Morrison S, Mitchell LS, Ecob-Prince MS, Griffiths IR, Thomson CE, Barrie JA, et al. P0 gene expression in cultured Schwann cells. J Neurocytol. (1991) 20:769–80.

 22. Atik B, Erkutlu I, Tercan M, Buyukhatipoglu H, Bekerecioglu M, Pence S. The effects of exogenous melatonin on peripheral nerve regeneration and collagen formation in rats. J Surg Res. (2011) 166:330–6. doi: 10.1016/j.jss.2009.06.002

 23. Guo WL Qi ZP, Yu L, Sun TW, Qu WR, Liu QQ, et al. Melatonin combined with chondroitin sulfate ABC promotes nerve regeneration after root-avulsion brachial plexus injury. Neural Regen Res. (2019) 14:328–38. doi: 10.4103/1673-5374.244796



OPS/images/fneur-14-1111101-t001.jpg
Group Sha Vehicle Melatonin

CMAP latency (ms) 221£0.08 | 3.57£0.16* 3.08 £ 0.06°

CMAP amplitude (Mv) | 116808 | 192:+024* 534 0.14°

*P < 0.05 for the sham compared with vehicle group; *P < 0.05 for the melatonin compared
with vehicle group.





OPS/images/fneur-14-1111101-g003.gif





OPS/images/fneur-14-1111101-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The effects of melatonin in the treatment of acute brachial plexus compression injury in rats



		1. Introduction



		2. Materials and methods



		3. Results



		4. Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		References

















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

The effects of melatonin in the
treatment of acute brachial plexus
compression injury in rats





OPS/images/fneur-14-1111101-g001.gif





OPS/images/fneur-14-1111101-g002.gif









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





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





