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Abstract
Brachial plexus avulsion(BPA)is a devastating traumatic peripheral nerve injury complicated with
paralysis of the upper extremity. We previously reported that leucine-rich repeat and immunoglobulin-like
domain-containing NOGO receptor-interacting protein 1 (LINGO-1) has a potent role in inhibiting neuron
survival and axonal regeneration after central nervous system (CNS) damage and miR-615 is a potential
microRNA (miRNA) negatively regulated LINGO-1. However, the effect of miR-615 in BPA remains to be
elucidated. Accumulating evidence indicates that pluronic F-127 (PF-127) hydrogel could serve as a
promising vehicle for miRNA encapsulation. Thus, to further explore the potential role of hydrogel-miR-
615 in BPA-reimplantation, the present study established the BPA rat model and injected miR-615 agomir
encapsulated by PF-127 hydrogel into the reimplantation site using a microsyringe. In this study, results
indicated that hydrogel-miR-615 agomir effectively alleviated motoneuron loss by LINGO-1 inhibition,
promoted musculocutaneous nerve regeneration and myelination, reduced astrocytes activation,
promoted angiogenesis and attenuated peripheral amyotrophy, leading to improved motor functional
rehabilitation of the upper extremity. In conclusion, our �ndings demonstrate that miR-615-loaded PF-127
hydrogel may represent a novel therapeutic strategy for BPA treatment.

Introduction
Brachial plexus avulsion (BPA) involves injury of the C5-T1 spinal nerves, which is intimately responsible
for cutaneous and muscular innervation of the upper extremity. Injury to brachial plexus can occur as a
result of motorcycle accidents, obstetric trauma(Smith et al., 2018), tumors and/or in�ammation(Chen et
al., 2017), leading to massive motoneuron death, axonal damage, amyotrophy and severe functional
de�cits of the upper extremity. After peripheral nerve injury, motoneurons survival is an essential
prerequisite of neurofunctional recovery. Although general supportive treatment(Wu et al., 2003), nerve
transposition repair(Midha and Grochmal, 2019) and stem cell transplantation(Araujo et al., 2017) exert
multiple bene�cial neuronal effects for the BPA treatment, limited curative effect has been shown in
clinical practice. Therefore, an effective therapeutic strategy that alleviates neuronal death and
accelerates surviving neurons regeneration is vital and worthy for BPA treatment.

LINGO-1 is a cell-surface glycoprotein selectively expressed on neurons and oligodendrocytes in
CNS(Zhang et al., 2009). It is reported that LINGO-1 could negatively regulate neuron and oligodendrocyte
survival, neurite extension, axon regeneration and axon myelination, and inhibit neural stem cells and
oligodendrocyte precursor cells differentiation(Mi et al., 2008). Our previous work has shown that
transplantation of LINGO-1 shRNA loaded by Pluronic F-127 could improve the function recovery after
BPA through protecting motoneurons survival, promoting axonal regeneration and facilitating
neovascularization(Ding et al., 2019). Despite those evidences that LINGO-1 was involved in the
pathogenesis of CNS injury, the potential regulators of LINGO-1 have rarely been studied. Importantly, our
recent study has identi�ed miR-615 as a potential miRNA that directly targets LINGO-1(Wu et al., 2020).
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MicroRNAs, endogenous small noncoding RNAs, could silence gene expression through binding the 3’-
UTR of target mRNA, leading to protein degradation or translation repression(Bartel, 2009). Numerous
studies have shown that miRs play vital roles in neurological disorders. MiR-615 is an intronic miRNAs
and its host gene is HoxC5, a member of Hox protein family. It has been proved that Hox protein is a
pivotal determinant of spinal motoneurons identity and organization(Dasen et al., 2003, Woltering and
Durston, 2008). Moreover, the expression of miR-615 was obviously upregulated at the differentiated
embryonic stem cells, neural stem cells and neuroblastoma cell lines(Stallings et al., 2011, Tripathi et al.,
2011), implicating that miR-615 might be involved in the neuronal fate determination. Importantly, our
previous researches have revealed that miR-615, by targeted suppression of LINGO-1, facilitated the
proliferation and neuronal differentiation of neural stem cells. Besides, miR-615 also promoted axonal
regeneration and remyelination as well as function recovery of SCI rats, indicating that miR-615 might be
a promising therapeutic target for nervous system injury(Wu et al., 2020). However, it is unknown whether
miR-615 could also exert neuroprotective role after BPA, which induces most serious neuronal loss and
death.

Pluronic F-127 (PF-127), a synthetic non-cytotoxic hydrogel, is approved by US Food and Drug
Administration (FDA) for use in humans(Diniz et al., 2015). A promising characteristic of PF-127 is its
thermosensitivity, which makes it useful for encapsulating releasing therapeutics after injection into
tissues. PF-127 have been explored widely for injection into CNS tissue(Wu et al., 2013, Ding et al., 2019,
Wang et al., 2019) and have been identi�ed as safe in most animal. Previous studies showed that PF-127
could transfer LINGO-1 shRNA to brachial plexus avulsion site, leading to improved levels of functional
recovery(Wu et al., 2013, Ding et al., 2019, Wang et al., 2019). Additionally, in a spinal cord trauma model,
hirudin encapsulated in PF-127 promotes functional recovery from a demyelination lesion(Sellers et al.,
2014). Therefore, PF-127 is a stable, biocompatible and injectable nontoxic hydrogel that is suitable to
delivery therapeutics. Based on the advantage of PF-127, using PF-127 hydrogel with embedded miR-615
agomir, we sought to prolong delivery of miR-615 agomir at the avulsion site.

In this study, we identi�ed miR-615 as a novel neuronal protector that play a critical role in preserving
damaged neurons by inhibiting LINGO-1 in BPA rats. In addition, co-grafting of miR-615 agomir with PF-
127 hydrogel improved motor function recovery follow BPA-reimplantation by alleviating neuron damage,
promoting nerve �bers regeneration, relieving the astrocytes activation and attenuating amyotrophy.
Taken together, this research provides evidence that miR-615 functions as a negative regulator of LINGO-
1 and is a potential therapeutic target for BPA repair.

Materials And Methods
MiR-615 Agomir and Hydrogel Preparation

To obtain higher biostability in animal experiments, miR-615 agomir and its negative control-agomir (NC-
agomir) were synthesized through a particular chemical modi�cation process. The miR-615 agomir and
its negative control were supported by RiboBio (Guangzhou, China).
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Pluronic F-127 (Sigma, Aldrich, USA) was prepared as follows: PF-127 hydrogel powder was mixed with
0.1 M phosphate-buffered saline (PBS, pH=7.6) and a 25% (w/v) suspension was obtained. The mixture
was shaken gently at 4℃ overnight to fully dissolve into solution and stored at 4℃ for further use after
�ltrating with a �lter (0.22 µm). All procedures were carried out under aseptic conditions. 

Establishment of BPA-reimplantation Rat Model

Seventy-�ve adult female Sprague-Dawley (SD) rats (age, 8-10 weeks; weight, 180-220g) supplied by the
Experimental Animal Center of Southern Medical University (Guangdong, China) were used in this study.
All procedures using laboratory animals were conducted in compliance with the Guide for the Care and
Use of Laboratory Animals (National Research Council, 1996) and approved by the Administration
Committee of Experimental Animals, Guangdong Province, China.

Before the operation, all rats were anesthetized with 1% pentobarbital sodium (40 mg/kg)
intraperitoneally. After skin preparation, an incision along the centerline of animal body in the skin and
muscles was prepared and the spinal segments from the 4th cervical (C4) to 2nd thoracic (T2) lamina
were exposed. Subsequently, a unilateral dorsal laminectomy of the right C5 to C7 laminae was
performed to expose the dorsal root. Microscissors were used to remove the right C5-C7 dorsal roots and
the corresponding ventral roots were avulsed using a slender glass hook under the stereomicroscope. The
C5 and C7 spinal nerves were cut partly, leaving an obvious gap between the nerve roots and spinal cord.
The C6 ventral root was replanted to the avulsed site for regeneration. The Terzis grooming test was
performed for the upper extremity on the right side at the �rst day after surgery. All animals scoring 0
indicated the successful establishment of BPA-reimplantation models

Transplantation of MiR-615 agomir and PF-127 Hydrogel into BPA Rats 

In order to determine the role of miR-615 in vivo, the BPA rats were randomly divided into �ve groups: PBS
group (n=15), NC-agomir group (n=15), miR-615 agomir group (n=15), miR-615 agomir + Gel group (n=15)
and Gel group (n=15). After establishment of BPA model, each group received respective implants (10 µL
PBS, 10 µL NC-agomir, 5 µL miR-615 agomir+5 µL PBS, 5 µL miR-615 agomir+5 µL Gel, 10 µL Gel) in the
avulsion site of the C6 ventral root through 10 µL Hamilton syringe. The needle remained in reimplanted
site for 2 min and then slowly removed. After transplantation, the wound was disinfected and closed. The
animals were place on an electric blanket until emergence from anesthesia. All rats were intraperitoneally
administrated with penicillin streptomycin (10,000 U/mL; Thermo Fisher Scienti�c, Waltham, MA, USA)
once a day during the �rst week post-operation to prevent infection. 

Gross Specimen Analysis

At the end of 6-week survival period, rats were perfused after overdose anesthesia and both side of C5-7
cervical spinal cord, biceps and coterminous musculocutaneous nerves were carefully separated. The
gross specimen was �xed in 4% paraformaldehyde at 4℃ for further observation. 

Hematoxylin and Eosin Staining



Page 5/21

Bicep para�n sections were collected at 6 weeks post-operation to perform hematoxylin and eosin (H&E)
staining. The sections were dewaxed in xylene, dehydrated by graded ethanol and rinsed with distilled
water. Subsequently, the bicep sections were stained with hematoxylin solution and counterstained with
eosin solution for 30–60 seconds after differentiation in 1% acid alcohol for 30 seconds and soak in
running water. After rinsing with distilled water for 5 min, the sections were again dehydrated by graded
ethanol and cleared by xylene. Finally, the sections were mounted onto coverslips with netural resin. More
than six �elds of each bicep were randomly photographed using a light microscope (20×, ECLIPSE
TS100; Nikon, Tokyo, Japan). The muscle �ber diameter was measured and quanti�ed using ImageJ
software. The extent of �brosis was determined by the ratio of �broblast nuclei number in ipsilateral to
contralateral biceps.

Nissl Staining

To observe the neurons survival in the C6 spinal segments, cross sections of spinal cord were collected
and performed Nissl staining at 6 weeks post-surgery. Sections were washed in PBS three times and 5
minutes each time. After dehydration in graded ethanol, samples were stained in 0.05% toluidine blue for
30 minutes and washed in distilled water three times (1 minutes each time). Subsequently, C6 spinal cord
sections were differentiated in 95% alcohol for 10 minutes, dehydration in absolute ethanol (I, II; 1 minute
each), cleared in xylene (I, II; 5 minutes each) and mounted with neutral resins. 

Western Blot Assay

At one week after surgery, the C6 spinal cord segments were quickly dissected. Protein from the C6
segments were extracted using protein lysis buffer. Equal amounts of total protein were electrophoresed
on 10% SDS-PAGE, transferred onto polyvinylidene �uoride (PVDF) membrane (0.2 µm; Millipore) and
then blocked with 5% defatted milk in TBS with 0.05% Tween (TBST) for 2 hours at room temperature.
The membranes were incubated with rabbit anti-LINGO-1 antibody (1:1000, Sigma, USA), NeuN (1:1000;
Millipore, USA), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:1000; Thermo Fisher, USA)
overnight at 4℃. After washing in TBST, three times for 5 minutes each, primary antibodies were detected
with secondary antibodies as follows for 2 hours at room temperature: horseradish peroxidase goat anti-
mouse/rabbit IgG (1:5000; ABclonal, USA). Blots were then washed as described above and visualized by
chemiluminescence (ECL) kit (Pierce, USA). The density of the immunoreactive bands was analyzed
using ImageJ software. GAPDH was used as the internal control.

Behavioral Test

The motor function of the upper extremity was evaluated by Terzis grooming test (TGT) weekly. The
entire test process was conducted in a spacious and quiet environment. Using a 50 mL syringe to spray
bacterial-free water on the neck of rats to elicit grooming behavior of the bilateral upper extremities. The
function of the right upper extremity was assess by the following 0-5 point scale: grade 0, the upper
extremity of affected side does not response; grade 1, the elbow of affected side can bent, but the upper
extremity of affected side cannot touch nose; grade 2, the upper extremity of affected side can touch



Page 6/21

nose; grade 3, the elbow of affected side can bent and the forelimb of affected side can touch the site
below the eyes; grade 4, the forelimb of affected side can touch the eyes; grade 5, the forelimb of the
affected side can touch the ears or back of the ears.

Before operation, all animals were evaluated and scored 5. Twenty-four hours after operation, all animals
were reevaluated and exhibited a successful grade 0. From the �rst week post-operation to the endpoint,
the Terzis grooming test was performed weekly and recorded by two observers who were blinded to group
assignment. If there exists a disagreement, the test was assessed by the third people. 

Fluorogold Retrograde Tracing

To observe the spinal motor neurons, the �uorogold retrograde labeling was performed at two days
before the 6-week endpoint. Animals from each group were anesthetized by intraperitoneal injection and
preoperative skin preparation was performed. Then, their right musculocutaneous nerve was exposed
under stereoscopic microscopy and a total of 0.5 µL �uorogold (Sigma-Aldrich) was slowly injected into
using a micropump at 4.0 ± 0.5 mm distal to the avulsed site of the lateral cord. At two days after
injection, animals were perfused and C5-C7 spinal cord segments were collected. Spinal cord segments
were �xed in 4% paraformaldehyde overnight and dehydrated in 30% sucrose for two days. Subsequently,
20 µm frozen sections of the spinal segments were collected. Fluorogold-retrograde labeled motor
neurons of C5-7 spinal cord ventral horn in affected side were calculated under �uorescence microscopy
(Carl–Zeiss Axioplan 2 imaging E, Baden–Wurttemberg, Germany).

Electron Microscopy Observation

In order to observe the axonal structure of musculocutaneous nerve in each group, rats were perfused
with 0.9% normal saline followed by a mixture of 4% PFA and 25% glutaraldehyde (v/v = 9:1) and the
right musculocutaneous nerve was dissected and extracted for electron microscopy at 6 weeks post-
surgery. The right musculocutaneous nerve was �xed in 4% glutaraldehyde (SPI-CHEM, USA) for 4h at
4℃ and washed three times with 0.1 M sodium cacodylate buffer. Subsequently, the tissues were �xed in
1% osmium tetroxide for at least 1 h and washed three times with distilled water. After that, the tissues
underwent gradient ethanol hydration to dehydration and embedded with epoxy resin. The tissues were
then heated to 60℃ for 48h and cut into 90 nm ultrathin cross section. Finally, the sections were stained
with 2% uranyl acetate and lead citrate, and examined using a transmission electron microscope.

Electrophysiology

 To explore whether the motor functional recovery is related to the electromyography changes of the
forelimbs, electrophysiology was performed. Firstly, the right biceps brachii and homolateral
musculocutaneous nerve was dissected, then the stimulating electrode was hooked in musculocutaneous
nerve, while recording electrodes were inserted into the biceps with the depth of 1-2 mm and distance of
3-9 mm. Electrode stimulation intensity was 0.8-1.2 V and electrical activity was performed at three
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different motor unit locations in each bicep. Stimulation was delivered by a same electrical stimulator
from MedLab Biological Signal Collection System (Meiyi Technology Ltd., Nanjing, China).

Immuno�uorescence Staining

To observe the condition of neuronal survival, astrocytes activation, and angiogenesis, C6 spinal
segments in BPA animals receiving different treatments were determined using immunohistochemistry
staining. The primary antibodies used were: rabbit polyclonal anti-NeuN (neuronal marker; 1:200;
Millipore), rabbit polyclonal anti- glial �brillary acidic protein (GFAP) (astrocyte activation marker; 1:200;
Thermo Fisher), mouse polyclonal anti-CD31(angiogenesis marker; 1:200; Millipore). The secondary
antibody used was mouse anti-rabbit conjugated to Alexa Fluor 568 or goat anti-rat conjugated to Alexa
Fluor488 (1:400, Thermo Fisher Scienti�c). Brie�y, after permeabilization in 0.3% Triton X-100 for 15
minutes, the sections were blocked in 10% natural goat serum for 30minutes. Then, sections were
incubated with primary antibodies overnight at 4°C. The next day, sections were incubated with
secondary antibody in the dark for two hours at 37°C after washing three times in PBS. After repeated
washes, sections were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (1:5000, Cell Signaling
Technology) for 15 minutes. Finally, �uorescence Mounting Medium (Dako, Copenhagen, Denmark) was
used to mount tissue onto coverslips.

Statistical Analysis

The data were analyzed using One-way analysis of variance (ANOVA) or Two-way analysis of variance
using SPSS (Version 20.0). All data were presented as means ± standard deviation (SD). P < 0.05 was
considered statistically signi�cant.

Results

MiR-615 Agomir + Gel Treatment Alleviated Muscle Atrophy
after BPA-reimplantation
To investigate the possible role of miR-615 after brachial plexus injuries, BPA-reimplantation surgery were
conducted on rats (Fig. 1a), and miR-615 agomir, with or without the PF-127 hydrogel, was immediately
injected into the avulsed site (Fig. 1b).

After dissection of injured animals at six-week post BPA, all replanted C6 ventral roots were found to be
successfully connected with the surface of corresponding spinal segment in each group, while an
obvious laceration was observed in C5 and C7 roots. Mild in�ammation or �brotic reaction was detected
at the reimplant site. The reimplanted C6 ventral roots was similar to the counterparts of health side in
dimensions and length. However, remarkable nerve root retraction was observed in avulsed C5/C7 ventral
roots. Moreover, the biceps of affected side exhibited obvious atrophy compared with the contralateral
ones, which mainly results from the denervation of musculocutaneous nerve (Fig. 1c).
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Denervated muscle not only leads to muscle atrophy and �brosis, but also motor dysfunction. To
evaluate the pathological changes of biceps brachii atrophy after surgery, the biceps brachii muscles of
both the ipsilateral and contralateral forelimbs were assessed by H&E staining. For the sake of assessing
the extent of muscle �brosis, the ratio of �broblast nuclei in the ipsilateral to the contralateral biceps was
calculated. As illustrated in Fig. 1d and e, muscle �bers in PBS group displayed much smaller diameters,
unclear myocyte, obvious �brosis and partial rupture, suggesting apparent muscle atrophy of the avulsed
biceps. Conversely, when treated with miR-615 agomir and miR-615 agomir + Gel, muscles �bers with
larger diameters, clearer myocyte and less �broblasts were observed, indicating signi�cant therapeutic
effects of miR-615 agomir with or without gel on muscle atrophy. There is evidence suggestive of a
bene�cial role of gel on hemostasis, biocompatibility and biodegradation, although the effect of gel alone
in this study on preventing biceps brachii atrophy were no signi�cant. Taken together, these �ndings
demonstrated that transplantation of miR-615 agomir or miR-615 agomir with gel effectively alleviated
biceps brachii atrophy after BPA-reimplantation, especially in the latter group.

MiR-615 Agomir + Gel Treatment Facilitated the Survival of Motor Neurons after Avulsion/reimplantation

Spinal root avulsion usually leads to motoneuron degeneration and death in corresponding spinal cord.
The surviving neurons of avulsed C5-C7 spinal segments were detected by Nissl staining (Fig. 2a).
Overall, the viable residual neurons in the miR-615 agomir and miR-615 agomir + Gel groups were much
more than those in the PBS group, especially in the latter (Fig. 2b). To assess neuronal injury and
regeneration, we chose NeuN, a neuronal marker which is expressed in nucleus of mature neurons.
Consistently, immuno�uorescence results show that the number of NeuN+ neurons was higher in groups
treated with miR-615 agomir with gel than other groups (Fig. 2c and d), suggesting the protect role of
miR-615 on motoneurons post-BPA.

To further explore the potential mechanism underlying miR-615 on neuron preservation, LINGO-1, a
signi�cant inhibitor in neuron survival and axonal regeneration was detected by western blot assay
(Fig. 2e). The protein levels of LINGO-1 were signi�cantly decreased in miR-615 and miR-615 + gel groups
(Fig. 2f), accompanied by the increased expression of NeuN (Fig. 2g and h), indicating that miR-615
might rescued motoneurons loss via LINGO-1 suppression. Besides, the PF-127 hydrogel did not disturb
the integrity and bioactivity of the miR-615 agomir, for no signi�cant difference was detected in miR-615
agomir and miR-615 agomir + Gel groups.

MiR-615 Agomir + Gel Treatment Was Bene�cial to The Motor Functional Restoration of Monoplegia
Right Upper Extremity

BPA usually causes the sensorimotor dysfunction of affected upper extremities. To investigate the effect
of miR-615 agomir with gel on the motor functional recovery of the monoplegia right upper extremity
after BPA, Terzis grooming test was performed weekly in this study. Apart from paralysis in right upper
extremity, all animals in each group barely exist obvious neurological defect after surgery. At sixth week
after BPA-reimplantation, most rats in miR-615 agomir and miR-615 agomir + Gel groups could touch their
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eye or ear. By contrast, animals treated with PBS, NC-agomir and gel hardly could touch their eye.
(Fig. 3a) Within the �rst week after injury, all the animals displayed abnormal elbow �exion with a mean
score of 0–1, indicating the motor function almost completely lost and proved a successful operation.
Within 1–3 weeks after injury, TGT scores increased from week to week in all surgical groups.
Additionally, the mean TGT scores were dramatically improved from three to six weeks in miR-615 agomir
and miR-615 agomir + Gel groups after injury, when compared with PBS group. At the sixth week post-
injury, the TGT score in two agomir-treated groups were the highest among other groups. Furthermore,
rats in miR-615 agomir + Gel treatment exhibited better locomotor performance and TGT scores than in
miR-615 agomir alone (Fig. 3b).

To explore whether the improved motor functions was attributed to the axonal regeneration of
motoneurons and injured brachial nerve, FG-retrograde tracing study was conducted at two days before
perfusion (Fig. 3c). About 0.5µL FG was injected into the musculocutaneous nerve at 4.0 ± 0.5 mm from
the avulsion site. At the 6-week time point, only few FG-labeled motoneurons were detected in the PBS
group. However, we found a signi�cant increase in the number of FG-positive motoneurons in rats treated
with miR-615 agomir and miR-615 agomir + Gel, which illustrated approximately 2-fold and 2.21-fold,
respectively, in comparison to those in the PBS group (Fig. 3d). Collectively, these results indicated that
the combination therapy could promote more regenerated motoneurons to extend their axons into the
distal peripheral nerve trunk. Subsequently, the remyelination of distal musculocutaneous nerves was
evaluated by electron microscope (EM) (Fig. 3e). After avulsion/reimplantation, electron micrographs
revealed extensive demyelination in PBS, NC-agomir and gel groups. In turn, the neuropathies in myelin
sheath were dramatically attenuated in miR-615 agomir and miR-615 agomir + Gel groups, signifying the
improved myelination of eroded myelin sheath. Electrophysiology testing is critical for re�ecting the
status of muscles and nerve damage. Electrophysiology testing was performed to con�rm the
electrophysiological restoration of monoplegia right upper extremity (Fig. 3f). Compared with PBS group,
the amplitudes of motor evoked potentials (MEPs) in the miR-615 agomir and miR-615 agomir + Gel
groups were higher. It was worth noting that the highest MEPs appeared in the miR-615 agomir + Gel
group. The mean MEPs detected in miR-615 agomir (1.4478 mv) and miR-615 agomir + Gel groups
(1.6836 mv) were approximately 2.16-time and 2.52-time in comparison to those in the PBS group
(0.6676 mv), respectively (Fig. 3g). Together, these results indicated that miR-615 agomir and gel might
promote injured nerves regeneration, myelination and neural conduction functions, which was bene�cial
to the motor functional restoration of monoplegia right upper extremity.

MiR-615 Agomir + Gel Treatment Improved Neovascularization and Reduced Astrocyte Activation after
BPA-reimplantation

It is believed that the widespread vascular damage usually contributes to motoneuron death and
functional recovery following brachial plexus avulsion. To analyze the revascularization after avulsion
injury, immuno�uorescence assay of the neovascular endothelial cells marker CD31 in ipsilateral C6
spinal cord segments was conducted at six weeks post-injury (Fig. 4a). As shown in Fig. 4A, few new
blood vessels formation in the PBS, NC-agomir and gel groups were detected. On the contrary, miR-615
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agomir and miR-615 agomir + Gel administration signi�cantly promoted angiogenesis, in which the
relative CD31 staining area were 3.61-fold and 5.00-fold compared with those in the PBS group,
respectively (Fig. 4b). Taken together, these results suggested that miR-615 agomir and gel combination
might improve the nerve regeneration through enhancing angiogenesis.

Excessive astrocyte activation is against for the axonal regeneration after BPA, which results in glial scar
formation and many inhibitory molecules production. Reducing astrocyte scar is also one of the
therapeutic strategies of SCI and BPA repair. In this study, we performed immuno�uorescence using GFAP
to evaluate the extent of astrocyte activation. As shown in Fig. 4c, astrocyte activation was signi�cantly
decreased by miR-615 agomir with or without gel compared with PBS application. Indeed, the relative
area fraction of GFAP was approximately 2.27-time and 2.45-time mores in the miR-615 agomir + Gel
group compared with the PBS and NC-agomir groups (Fig. 4d). Taken together, co-graft of miR-615
agomir and gel might promote angiogenesis and reduce the level of astrocyte activation, which is
bene�cial to improve the axonal regeneration and motor function recovery.

Discussion
BPA represents a sophisticated nerve injury in the upper extremity characterized by the sudden tear of
rootlets from the surface of the spinal cord, accompanied by widespread spinal motoneuron
degeneration and targeted muscle denervation(Yuan et al., 2000). BPA is responsible for the most serious
injury of upper extremity and often occurs in young adults. Fortunately, various miRNAs have been
involved in the neural system injury. The aim of current study is to evaluate the function of miR-615 in the
BPA recovery. Results from the present study found that miR-615 agomir loaded by PF-127 hydrogel
effectively rescued damage neurons, promoted the axonal regeneration and myelination of
musculocutaneous nerve, prevented amyotrophy, facilitated neovascularization and eventually resulted in
better motor functional restoration of BPA rats. Based on those �ndings, we discovered that hydrogel-
miR-615 could potentially protected motoneurons from BPA-induced stress by suppressing LINGO-1.

Our results demonstrated that LINGO-1 was highly expressed in the spinal cord of BPA-reimplantation
rats. LINGO-1, a potent negative regulator of neuron survival, was highly expressed after various CNS
injury(Mi et al., 2008). Additionally, previous study has shown that the expression of LINGO-1 is up-
regulated in the substantia nigra of Parkinson’s disease patients and in Parkinson’s disease mice models
after neurotoxic lesions(Inoue et al., 2007). Our previous study also suggesting that the downregulation
of LINGO-1 could promote motor functional recovery by protecting neurons from BPA-induced nerve injury
in rats. Similarly, another study suggests that LINGO-1-RNAi treated neural stem cells transplantation into
rats improves functional recovery after complete spinal cord injury by promoting axonal regeneration and
remyelination(Chen et al., 2016), which was consistent with our previous in vivo experimental results.

In addition, our recent study veri�ed that LINGO-1 was a target gene of miR-615 using luciferase reporter
assays and miR-615 overexpression could inhibit LINGO-1 expression, therefore contributing to neural
stem cells differentiation in vitro and spinal cord recovery in vivo (Wu et al., 2020). Here, the current study
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suggests that miR-615 also could protect neuron against brachial plexus avulsion-induced motoneuron
damage and loss. Generally, our current study is consistent with several researches supporting the
neuroprotective effect of miR-615 in nervous system damage. Evidence from the brain ischemic injured
animal models have shown that miR-615-3p might regulate conventional protein kinase C βII, γ and novel
PKC ε-interacting proteins, which were involved in hypoxic pre-conditioning-induced neuroprotection(Liu
et al., 2012). Another research has also suggested that miR-615-5p acts as a protector against retinal
neurodegeneration, which is inhibited by circular RNA-ZNF609, an endogenous miR-615 sponge. During
retinal neurodegeneration, circular RNA-ZNF609 overexpression leads to the sink of miR-615 and removes
the miR-615-mediated inhibitory role on METRN expression(Wang et al., 2018). Interestingly, miR-615-3p
expression was increasing during the differentiation of human embryonic stem cells into neural
precursors(Yan et al., 2018), suggesting miR-615-3p may be involved in neural fate determination. Similar
conclusions can also be drawn based on present study which indicated that miR-615 could play a
neuroprotective role after BPA-reimplantation by upregulating NeuN expression and blocking LINGO-1
expression.

Accumulating studies have described that the reactive astrocytes could undergo hypertrophy and
aggravate neuronal damage after neurological injury through synthesizing and releasing pro-
in�ammatory cytokines, which can destruct local neurons(Farina et al., 2007). Therefore, inhibiting
astrocyte activation could reduce neuronal injury and improve neurological functional recovery. In the
current study, we found that miR-615 agomir with PF-127 hydrogel could signi�cantly decrease
astrocytes activation after BPA, and provided an appropriated environment for motor nerve functional
recovery in rats.

Increasing evidence indicates that neurogenesis and angiogenesis are strongly related(Ruan et al., 2015,
Zhai and Feng, 2019). Neurons and vascular endothelial cells are closely connected, and are integrated
within the neurovascular unit. Any injury to one component of this unit may destruct the system(Mabuchi
et al., 2005). Importantly, most neural precursor cells prefer proliferating in angiogenic environment(Zhai
and Feng, 2019). Meanwhile, endothelial cells could secrete various neuronal growth factors, such as
BDNF, BMPs and PEDF, which could promote neuronal precursor cells expansion(Butler et al., 2010). In
the current study, to verify the effect of hydrogel-miR-615 compound on angiogenesis, we investigated
neovascularization using immuno�uorescence staining with CD31, a newborn microvessels marker. Our
data suggest that miR-615 treatment may contributes to better neovascularization compared with PBS
treatment. We also demonstrated the positive impact of hydrogel-miR-615 treatment on angiogenesis,
neurogenesis and motor functional recovery following BPA, but the mechanisms involved remain
unidenti�ed. Recent studies also suggest that miR-615-5p could protect human umbilical vein endothelial
cells from hyperglycemia-induced apoptosis, inhibit pathological angiogenesis and promote endothelial
cell migration and tube formation of endothelial cells(Liu et al., 2017). However, another study indicates
that miR-615-5p also has an anti-angiogenic effect by regulating the VEGF-AKT/eNOS pathway. In
wounds of diabetic mice and skin of diabetics, the expression of miR-615-5p is increased and aberrant
expression of miR-615-5p signi�cantly suppresses proliferation, migration and tube formation of
endothelial cells. Local administration of miR-615-5p inhibitor signi�cantly increases angiogenesis and
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improves wound healing in diabetic mice(Icli et al., 2019). Therefore, neutralization of miR-615-5p may
serve as a promising angiogenic therapy target which deserves us to further study.

In summary, hydrogel-miR-615 compound promoted neurogenesis at least in part by suppressing of
LINGO-1, inhibit astrocyte activation and promote function recovery after BPA. These data indicate that
miR-615 may serve as a potential therapeutic target for BPA treatment. However, the detailed
mechanisms of miR-615 in neuroprotective effects in BPA rats still deserve further exploration.

Declarations
Ethics Approval All procedures using laboratory animals were conducted in compliance with the Guide for
the Care and Use of Laboratory Animals (National Research Council, 1996) and approved by the
Administration Committee of Experimental Animals, Guangdong Province, China.

Consent for Publication No con�ict of interest exits in the submission of this manuscript, and this
manuscript is approved by all authors listed for publication.

Availability of Data and Materials The materials used during the present study are available from the
corresponding author on reasonable request.

Competing Interests The authors declare that they have no con�ict of interest.

Funding This work was supported by grant from the National Natural Science Foundation of China, No.
82071374 (to HFW), Characteristic Innovation Project of Colleges and Universities in Guangdong
Province of China, No. 2018KTSCX075 (to HFW), the Key Project of Social Development of Dongguan of
China, No.20185071521640 (to HFW), Second-level projects of discipline construction in Guangdong
Medical University, No.1.13 and No. 4.1.19 (to HFW), College Students Science and Technology
Innovation Cultivation Project in Guangdong of China, Nos.pdjh2020b0257 (to HFW), pdjh2020b0263 (to
HFW), College Students Innovative Experimental Project in Guangdong Medical University, China, Nos.
ZZDS006 (to HFW), ZYDS005 (to HFW), ZYDB004 (to HFW), FYDY003 (to HFW), College Students’
Science and Technology Innovation Training Project, Nos. 202010571027 (to HFW), 202010571054 (to
HFW), 202010571055 (to HFW), 202010571084 (to HFW), 202010571099 (to HFW), GDMU2019054 (to
HFW), GDMU2019055 (to HFW), GDMU2019099, GDMU2019123 (to HFW), GDMU2019027 (to HFW),
GDMU2019084 (to HFW), the Scienti�c and Technological Projects of Dongguan City, No.
202050715023190 (to HFW) and Scienti�c Research Project of Traditional Chinese Medicine in
Guangdong Province, No.20202098(to TW).

Authors' Contributions Kangzhen Chen, Lu Ding and Hua Shui designed and performed the research;
Yinru Liang, Xiaomin Zhang, Tao Wang, Linke Li, Shuxian Liu and Hongfu Wu analyzed the data;
Kangzhen Chen and Lu Ding wrote the manuscript. All authors read and approved the �nal manuscript.

Acknowledgements We would like to acknowledge Zhe Zhu for establishing BPA-reimplantation rat
model.



Page 13/21

References
1. Araujo MR, Kyrylenko S, Spejo AB, Castro MV, Ferreira JR, Barraviera B, Oliveira A (2017) Transgenic

human embryonic stem cells overexpressing FGF2 stimulate neuroprotection following spinal cord
ventral root avulsion. EXP NEUROL 294:45–57

2. Bartel DP (2009) MicroRNAs: target recognition and regulatory functions. CELL 136:215–233

3. Butler JM, Kobayashi H, Ra�i S (2010) Instructive role of the vascular niche in promoting tumour
growth and tissue repair by angiocrine factors. NAT REV CANCER 10:138–146

4. Chen AM, Yoshizaki T, Velez MA, Mikaeilian AG, Hsu S, Cao M (2017) Tolerance of the Brachial
Plexus to High-Dose Reirradiation. Int J Radiat Oncol Biol Phys 98:83–90

5. Chen N, Cen JS, Wang J, Qin G, Long L, Wang L, Wei F, Xiang Q, Deng DY, Wan Y (2016) Targeted
Inhibition of Leucine-Rich Repeat and Immunoglobulin Domain-Containing Protein 1 in Transplanted
Neural Stem Cells Promotes Neuronal Differentiation and Functional Recovery in Rats Subjected to
Spinal Cord Injury. CRIT CARE MED 44:e146–e157

�. Dasen JS, Liu JP, Jessell TM (2003) Motor neuron columnar fate imposed by sequential phases of
Hox-c activity. NATURE 425:926–933

7. Ding L, Zhu Z, Wang Y, Zeng L, Wang T, Luo J, Zou TB, Li R, Sun X, Zhou G, Liu X, Wu HF (2019)
LINGO-1 shRNA Loaded by Pluronic F-127 Promotes Functional Recovery After Ventral Root
Avulsion. Tissue Eng Part A 25:1381–1395

�. Diniz IM, Chen C, Xu X, Ansari S, Zadeh HH, Marques MM, Shi S, Moshaverinia A (2015) Pluronic F-
127 hydrogel as a promising scaffold for encapsulation of dental-derived mesenchymal stem cells. J
Mater Sci Mater Med 26:153

9. Farina C, Aloisi F, Meinl E (2007) Astrocytes are active players in cerebral innate immunity. TRENDS
IMMUNOL 28:138–145

10. Icli B, Wu W, Ozdemir D, Li H, Cheng HS, Haemmig S, Liu X, Giatsidis G, Avci SN, Lee N, Guimaraes RB,
Manica A, Marchini JF, Rynning SE, Risnes I, Hollan I, Croce K, Yang X, Orgill DP, Feinberg MW (2019)
(MicroRNA-615-5p Regulates Angiogenesis and Tissue Repair by Targeting AKT/eNOS (Protein
Kinase B/Endothelial Nitric Oxide Synthase) Signaling in Endothelial Cells. Arterioscler Thromb Vasc
Biol 39:1458–1474

11. Inoue H, Lin L, Lee X, Shao Z, Mendes S, Snodgrass-Belt P, Sweigard H, Engber T, Pepinsky B, Yang L,
Beal MF, Mi S, Isacson O (2007) Inhibition of the leucine-rich repeat protein LINGO-1 enhances
survival, structure, and function of dopaminergic neurons in Parkinson's disease models. Proc Natl
Acad Sci U S A 104:14430–14435

12. Liu C, Peng Z, Zhang N, Yu L, Han S, Li D, Li J (2012) Identi�cation of differentially expressed
microRNAs and their PKC-isoform speci�c gene network prediction during hypoxic pre-conditioning
and focal cerebral ischemia of mice. J NEUROCHEM 120:830–841

13. Liu C, Yao MD, Li CP, Shan K, Yang H, Wang JJ, Liu B, Li XM, Yao J, Jiang Q, Yan B (2017) Silencing
Of Circular RNA-ZNF609 Ameliorates Vascular Endothelial Dysfunction. THERANOSTICS 7:2863–



Page 14/21

2877

14. Mabuchi T, Lucero J, Feng A, Koziol JA, Del ZG (2005) Focal cerebral ischemia preferentially affects
neurons distant from their neighboring microvessels. J Cereb Blood Flow Metab 25:257–266

15. Mi S, Sandrock A, Miller RH (2008) LINGO-1 and its role in CNS repair. Int J Biochem Cell Biol
40:1971–1978

1�. Midha R, Grochmal J (2019) Surgery for nerve injury: current and future perspectives. J NEUROSURG
130:675–685

17. Ruan L, Wang B, ZhuGe Q, Jin K (2015) Coupling of neurogenesis and angiogenesis after ischemic
stroke. BRAIN RES 1623:166–173

1�. Sellers DL, Kim TH, Mount CW, Pun SH, Horner PJ (2014) (Poly(lactic-co-glycolic) acid microspheres
encapsulated in Pluronic F-127 prolong hirudin delivery and improve functional recovery from a
demyelination lesion. BIOMATERIALS 35:8895–8902

19. Smith BW, Daunter AK, Yang LJ, Wilson TJ (2018) An Update on the Management of Neonatal
Brachial Plexus Palsy-Replacing Old Paradigms: A Review. JAMA PEDIATR 172:585–591

20. Stallings RL, Foley NH, Bray IM, Das S, Buckley PG (2011) MicroRNA and DNA methylation
alterations mediating retinoic acid induced neuroblastoma cell differentiation. SEMIN CANCER BIOL
21:283–290

21. Tripathi R, Saini HK, Rad R, Abreu-Goodger C, van Dongen S, Enright AJ (2011) Messenger RNA and
microRNA pro�ling during early mouse EB formation. GENE EXPR PATTERNS 11:334–344

22. Wang JJ, Liu C, Shan K, Liu BH, Li XM, Zhang SJ, Zhou RM, Dong R, Yan B, Sun XH (2018) Circular
RNA-ZNF609 regulates retinal neurodegeneration by acting as miR-615 sponge. THERANOSTICS
8:3408–3415

23. Wang T, Zeng LN, Zhu Z, Wang YH, Ding L, Luo WB, Zhang XM, He ZW, Wu HF (2019) Effect of
lentiviral vector-mediated overexpression of hypoxia-inducible factor 1 alpha delivered by pluronic F-
127 hydrogel on brachial plexus avulsion in rats. NEURAL REGEN RES 14:1069–1078

24. Woltering JM, Durston AJ (2008) MiR-10 represses HoxB1a and HoxB3a in zebra�sh. PLOS ONE
3:e1396

25. Wu H, Ding L, Wang Y, Zou TB, Wang T, Fu W, Lin Y, Zhang X, Chen K, Lei Y, Zhong C, Luo C (2020)
MiR-615 Regulates NSC Differentiation In Vitro and Contributes to Spinal Cord Injury Repair by
Targeting LINGO-1. MOL NEUROBIOL 57:3057–3074

2�. Wu HF, Cen JS, Zhong Q, Chen L, Wang J, Deng DY, Wan Y (2013) The promotion of functional
recovery and nerve regeneration after spinal cord injury by lentiviral vectors encoding Lingo-1 shRNA
delivered by Pluronic F-127. BIOMATERIALS 34:1686–1700

27. Wu W, Li L, Yick LW, Chai H, Xie Y, Yang Y, Prevette DM, Oppenheim RW (2003) GDNF and BDNF alter
the expression of neuronal NOS, c-Jun, and p75 and prevent motoneuron death following spinal root
avulsion in adult rats. J Neurotrauma 20:603–612



Page 15/21

2�. Yan T, Ooi WF, Qamra A, Cheung A, Ma D, Sundaram GM, Xu C, Xing M, Poon L, Wang J, Loh YP, Ho J,
Ng J, Ramlee MK, Aswad L, Rozen SG, Ghosh S, Bard FA, Sampath P, Tergaonkar V, Davies J, Hughes
JR, Goh E, Bi X, Fullwood MJ, Tan P, Li S (2018) HoxC5 and miR-615-3p target newly evolved
genomic regions to repress hTERT and inhibit tumorigenesis. NAT COMMUN 9:100

29. Yuan Q, Wu W, So KF, Cheung AL, Prevette DM, Oppenheim RW (2000) Effects of neurotrophic factors
on motoneuron survival following axonal injury in newborn rats. NEUROREPORT 11:2237–2241

30. Zhai ZY, Feng J (2019) Constraint-induced movement therapy enhances angiogenesis and
neurogenesis after cerebral ischemia/reperfusion. NEURAL REGEN RES 14:1743–1754

31. Zhang Z, Xu X, Zhang Y, Zhou J, Yu Z, He C (2009) LINGO-1 interacts with WNK1 to regulate nogo-
induced inhibition of neurite extension. J BIOL CHEM 284:15717–15728

Figures



Page 16/21

Figure 1

Co-transplantation of miR-615 agomir with gel alleviated muscle atrophy after avulsion/reimplantation. a
Right-sided avulsion of C5-C7 spinal nerve roots and reimplantation of C6 ventral root into the surface of
the corresponding spinal segment. b The injector indicates the reimplanted site and the miR-615 agomir
and pluronic F-127 hydrogel injection site. c Representative pictures of gross anatomical specimen of rats
with BPA-reimplantation from different groups. Reimplanted C6 ventral roots (black triangle) tightly
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connected to the original avulsion site. On the contrary, two obvious defects were observed between C5
and C7 nerve roots and the corresponding spinal segments. Compared with the heathy side, atrophied
biceps were common in the affected side (black arrows). d Longitudinal sections of right affected biceps
by hematoxylin and eosin staining. In PBS and NC-agomir groups, shrunken sarcoplasm and large
�broblast nucleus (white arrow) were common in atrophied biceps. Instead, miR-615 agomir and miR-615
agomir+Gel group showed less �brosis, demonstrated by fewer �broblast nucleus and a great many of
clear myocyte nucleus (white triangle). e The level of �brosis was decided by the ratio of �broblast nuclei
number in ipsilateral to contralateral biceps. Data are presented as the mean ± SD (one-way analysis of
variance followed by the least signi�cant difference post hoc test). **p <0.01, ***p <0.001, vs. PBS group.
Scale bar(C):100μm¬.
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Figure 2

Co-transplantation of miR-615 agomir with gel stimulated axonal regeneration and reduced neuronal
death in affected spinal segments after avulsion/reimplantation. a-b Representative micrographs and
quantitative analysis of the survival neurons around the avulsed epicenter by Nissl’s staining at low and
high magni�cation, respectively, indicating a signi�cant increasement of neurons in miR-615 agomir+Gel
rats. c Immuno�uorescence photos of neurons around avulsed site in the ipsilateral C6 segment. d
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Relative number of neurons were measured and counted. e-f Western blot assay and relative
quanti�cation of LINGO-1 protein demonstrated dramatic downregulation of LINGO-1 in miR-615 agomir
and miR-615 agomir+Gel group. The results illustrated that miR-615 negatively regulated LINGO-1.
GAPDH was used as an internal control. g-h Western blot assay and relative quanti�cation of NeuN, a
neuron-speci�c protein, demonstrated dramatic upregulation of NeuN in miR-615 agomir and miR-615
agomir+Gel group. GAPDH was used as an internal control. Data are presented as the mean ± SD (one-
way analysis of variance followed by the least signi�cant difference post hoc test). *p <0.05, **p <0.01,
***p <0.001, vs. PBS group. Scale bar (a-upper row) =500μm, scale bar (b-lower row) =250μm, Scale bar
(c) =200μm.

Figure 3

Co-transplantation of miR-615 agomir with gel improved the motor functional restoration of monoplegia
right upper limb after avulsion/reimplantation. a Locomotion evaluation of animals in each group at sixth
week after BPA-reimplantation. These pictures show a signi�cant motor functional restoration appeared
on miR-615 agomir and miR-615 agomir+Gel group, whereas the rats in other groups performed little
recovery. b Terzis grooming test was carried out weekly post BPA. Rats treated with miR-615 agomir+Gel
acquired highest scores from third week to sixth week after BPA-reimplantation. c Fluorescence
photomicrographs of FG-labeled motor neurons in ipsilateral C5-7 spinal segments. d Relative amounts
of �uorogold-labeled motor neurons in ipsilateral C5–7 spinal cord. The number of �uorogold-labeled
motor neurons in miR-615 agomir and miR-615 agomir+Gel groups were more than PBS group. e Electron
micrographs of musculocutaneous nerve. Distinct demyelination (red arrow) was observed in PBS, NC-
agomir and gel groups, yet the axons treated with miR-615 agomir with or without gel were more intact. f
Electrophysiological activity of avulsed right forelimbs in each group at 6-week endpoint. g The amplitude
of electromyography appears larger in the miR-615 agomir+Gel group compared to PBS group, indicating
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better recovery of neuromuscular activity. Data are presented as the mean ± SD (one-way analysis of
variance followed by the least signi�cant difference post hoc test). *p<0.05, **p <0.01, ***p <0.001, vs.
PBS group. Scale bar (c) =50μm, Scale bar (e-upper row) =1μm, scale bar (e-lower row) =0.5μm.

Figure 4

Co-transplantation of miR-615 agomir with gel enhanced neovascularization and reduced the astrocyte
activation after brachial plexus avulsion. a Immuno�uorescence photos of angiogenesis around avulsed
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site in the ipsilateral C6 segment. b Analysis of neurovascular areas at 6 weeks after surgery. The PBS
rats exhibited few angiogenesis, while the rats in miR-615 agomir and miR-615 agomir+Gel groups
displayed a signi�cant increase of neovascularization. c Immuno�uorescence photos of GFAP around
avulsed site in the ipsilateral C6 segment. d Relative area fraction of GFAP at 6 weeks after surgery. The
miR-615 agomir and miR-615 agomir+Gel groups rats exhibited few astrocyte activations, while the rats
in PBS, NC-agomir and Gel groups displayed a signi�cant increase of astrocyte activation. Data are
presented as the mean ± SD (one-way analysis of variance followed by the least signi�cant difference
post hoc test). *p <0.05, **p <0.01, ***p <0.001, vs. PBS group. Scale bar(a and c) = 200μm.


