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Abstract  
Brachial plexus avulsion often results in massive motor neuron death and severe functional deficits of target muscles. However, no satisfacto-
ry treatment is currently available. Hypoxia-inducible factor 1α is a critical molecule targeting several genes associated with ischemia-hypoxia 
damage and angiogenesis. In this study, a rat model of brachial plexus avulsion-reimplantation was established, in which C5–7 ventral 
nerve roots were avulsed and only the C6 root reimplanted. Different implants were immediately injected using a microsyringe into the 
avulsion-reimplantation site of the C6 root post-brachial plexus avulsion. Rats were randomly divided into five groups: phosphate-buffered 
saline, negative control of lentivirus, hypoxia-inducible factor 1α (hypoxia-inducible factor 1α overexpression lentivirus), gel (pluronic F-127 
hydrogel), and gel + hypoxia-inducible factor 1α (pluronic F-127 hydrogel + hypoxia-inducible factor 1α overexpression lentivirus). The 
Terzis grooming test was performed to assess recovery of motor function. Scores were higher in the hypoxia-inducible factor 1α and gel + 
hypoxia-inducible factor 1α groups (in particular the gel + hypoxia-inducible factor 1α group) compared with the phosphate-buffered saline 
group. Electrophysiology, fluorogold retrograde tracing, and immunofluorescent staining were further performed to investigate neural path-
way reconstruction and changes of neurons, motor endplates, and angiogenesis. Compared with the phosphate-buffered saline group, action 
potential latency of musculocutaneous nerves was markedly shortened in the hypoxia-inducible factor 1α and gel + hypoxia-inducible factor 
1α groups. Meanwhile, the number of fluorogold-positive cells and ChAT-positive neurons, neovascular area (labeled by CD31 around av
ulsed sites in ipsilateral spinal cord segments), and the number of motor endplates in biceps brachii (identified by α-bungarotoxin) were all 
visibly increased, as well as the morphology of motor endplate in biceps brachil was clear  in the hypoxia-inducible factor 1α and gel + hypox-
ia-inducible factor 1α groups. Taken together, delivery of hypoxia-inducible factor 1α overexpression lentiviral vectors mediated by pluronic 
F-127 effectively promotes spinal root regeneration and functional recovery post-brachial plexus avulsion. All animal procedures were ap-
proved by the Institutional Animal Care and Use Committee of Guangdong Medical University, China.
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Graphical Abstract   

Effects of lentiviral vector-mediated overexpression of hypoxia-inducible factor 1 alpha (HIF-1α) delivered 
by pluronic F-127 hydrogel on brachial plexus avulsion (BPA) in rats

http://orcid.org/0000-0002-3914-4752
http://orcid.org/0000-0002-1115-3681


1070

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(6):1069-1078. doi:10.4103/1673-5374.250629

Introduction 
Brachial plexus avulsion is a severe injury mainly caused by 
traction of spinal cord roots due to physical damage such as 
injury from traffic accidents (Wang et al., 2015). It is often 
accompanied by massive motor neuron loss, which leads to 
severe functional deficits of the upper extremities (Chin et al., 
2017). To date, surgery is the most frequently used treatment 
for brachial plexus avulsion, and several surgical methods 
have been attempted. Peripheral nerve transplantation and 
ventral root implantation are two common types of opera-
tion to restore the connection between motor neurons and 
their target muscles after brachial plexus avulsion (Bertelli 
and Mira, 1994; Gu et al., 2004). Direct reimplantation of the 
avulsed nerve root into the affected spinal cord can induce 
axonal regeneration and reinnervate muscle targets, which 
is helpful for recovery of hand movement function and has 
therefore been widely studied (Chai et al., 2000; Su et al., 
2013). Nonetheless, reimplantation alone is not enough to 
achieve satisfactory results (Henderson et al., 1994). Ade-
quate blood supply is an important factor for successful nerve 
grafting, and muscle reinnervation with vascularized nerve 
grafts is 20% faster than with nerve grafts only (Breidenbach 
and Terzis, 1984; Bertelli et al., 1996). Thus, assurance of an 
adequate blood supply (which protects ischemic cells from 
death) may be necessary for an ideal treatment outcome of 
brachial plexus avulsion (Cibert-Goton et al., 2015). 

Hypoxia-inducible factor 1 (HIF-1) is a heterodimeric 
transcription factor that consists of an oxygen-regulated 
α-subunit and a constitutive β-subunit (Chai et al., 2014; 
Khan et al., 2017). HIF-1 is induced after hypoxia, ischemia, 
and inflammation, and plays an important role in several 
diseases such as Parkinson’s disease, neonatal brain damage, 
acute cerebral ischemia, and ischemia necrosis of femoral 
head (Feng et al., 2014; Wang et al., 2014; Sun et al., 2017; 
Hu et al., 2018). HIF-1α is a member of the HIF family and 
has been intensively investigated for its special role in mod-
ulation of hypoxic-ischemic injury (Fan et al., 2009). More-
over, HIF-1α activation can trigger expression of vascular 
endothelial growth factor, which participates in angiogenesis 
(Kizaka-Kondoh et al., 2003; Gessi et al., 2013; Shan et al., 
2013; Li et al., 2017). HIF-1α can also produce a strong pro-
tective effect on cortical neurons following ischemia-reper-
fusion-related injury via HIF-1α-independent mechanisms 
(Li et al., 2011). Thus, HIF-1α may have positive effects on 
angiogenesis, neuronal survival, and adaptation of isch-
emia-hypoxia, which suggests promising potential of HIF-
1α application in brachial plexus avulsion therapy. 

Furthermore, because of blood circulatory disorder trig-
gered by brachial plexus avulsion, drug delivery via systemic 
circulation cannot easily reach the effective concentration. 
Directly injecting drugs, such as lithium and brain-derived 
neurotrophic factor, into damaged locations to repair bra-
chial plexus avulsion injury has been reported (Chen et al., 
2013; Fang et al., 2016). However, brachial plexus avulsion 
injury often results in irregular shape of the lesion cavity, as 
it may induce a high rate of drug loss and cause difficultly in 
localization to target cells or tissue. Thus, a delayed-release 

scaffold to release drugs to the injured site is important and 
valuable for brachial plexus avulsion treatment. Pluron-
ic F-127 (PF-127) is a thermosensitive hydrogel that can 
change from a liquid to a gelatinous state within a suitable 
range of temperature. PF-127 has been approved by the 
Food and Drug Administration, and used widely in tissue 
engineering because of various favorable properties such as 
non-toxicity, biocompatibility, and biodegradability (Pandit 
and McGowan, 1998; Hao et al., 2014; Shen et al., 2015). We 
previously succeeded in grafting lentiviral vector into spinal 
cord injury animals via PF-127 encapsulation (Wu et al., 
2013). Consequently, here we chose PF-127 as a carrier to 
deliver lentiviral vector-mediated HIF-1α overexpression 
at the injury site to increase viral transfection efficiency and 
determine whether co-grafting can facilitate recovery of 
brachial plexus avulsion injury. We hypothesized that this 
strategy may be of benefit to repair of similar nerve injuries.
  
Materials and Methods   
Animals 
Eighty female Sprague-Dawley rats aged 8–10 weeks and 
weighing 180–200 g were obtained from the Experimental 
Animal Center of Southern Medical University, China (li-
cense No. 44002100016020). All animal procedures were 
conducted in accordance with guidelines reviewed and 
approved by the Institutional Animal Care and Use Com-
mittee of Guangdong Medical University, China, and in ac-
cordance with the Guide for the Care and Use of Laboratory 
Animals as adopted and promulgated by the U.S. National 
Institutes of Health (Publication No. 85-23, revised 1996).

Lentiviral vector construction
The pHBLV-CMVIE-IRES-Puro lentiviral vector for HIF-1α 
overexpression was supplied by HANBIO Company (Shanghai, 
China). Final lentiviral vector titers contained 2 × 108 TU/mL.

Preparation of PF-127 hydrogel 
PF-127 (Sigma-Aldrich, St. Louis, MO, USA) was prepared 
as a 25% (w/v) suspension in 0.1 M phosphate-buffered sa-
line (PBS, pH 7.6). The mixture was shaken gently overnight 
at 4°C until complete dissolution and then filtered (0.22 μm 
aperture) and stored at 4°C until further use. 

Before injecting into the brachial plexus avulsion model, 
lentiviral vectors (2 × 108 TU/mL) were mixed with 25% PF-
127 on ice to obtain a final lentiviral vector concentration of 
2 × 107 TU/mL. All procedures were conducted under sterile 
conditions.

Brachial plexus avulsion-reimplantation model
All rats were intraperitoneally anaesthetized with 1% pento-
barbital sodium (40 mg/kg). The skin and muscles were in-
cised along the midline of the animal body to expose spinal 
segments from the 4th cervical (C4) to 2nd thoracic (T2) lam-
ina. Unilateral dorsal laminectomy was subsequently per-
formed on the right C5 to C7 laminae to expose the dorsal 
roots. Using a stereomicroscope, the right C5–7 dorsal roots 
were removed using microscissors, and the corresponding 
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ventral roots avulsed using a slender glass hook. Part of 
the C5 and C7 spinal nerves were cut, leaving a gap of ap-
proximately 5 mm between the nerve roots and spinal cord. 
Meanwhile the C6 ventral root was replanted to the avulsed 
site for regeneration (Figure 1A). Thus, the brachial plexus 
avulsion-reimplantation model was established. The Terzis 
grooming test was performed one day after surgery. Rats 
scoring 0 indicated successful modeling. During surgery, 
care was taken to avoid additional spinal cord injury. 

Group assignment and processing
Brachial plexus avulsion rats were randomly divided into five 
groups (n = 16): PBS, negative control of lentivirus (NV), gel, 
HIF-1α, and gel + HIF-1α. In each group after model estab-
lishment, implants were immediately transplanted into the 
avulsion site of the C6 ventral root with a microinjector: spe-
cifically 10 µL PBS, 1 µL negative control lentivirus suspension 
+ 9 µL PBS, 10 µL gel, 1 µL HIF-1α overexpression lentivirus 
suspension + 9 µL PBS, and 1 µL HIF-1α overexpression lenti-
virus + 9 µL gel. The implant was slowly injected into the gap 
between the C6 ventral root and avulsed site using a sterile 
glass microsyringe. After transplantation, rats were kept in 
specific-pathogen-free conditions and treated by penicillin 
streptomycin injection (10,000 U/mL; Thermo Fisher Scientif-
ic, Waltham, MA, USA) during the first 3 days post-operation.

Quantitative real-time polymerase chain reaction 
(qRT-PCR)
To detect HIF-1α mRNA expression, qRT-PCR analysis was 
performed 1 week after surgery. According to the manufac-
turer’s instructions, total RNA was extracted from C5–7 spi-
nal segments using Trizol (Thermo Fisher Scientific). cDNA 
was reverse transcribed using the PrimeScript RT reagent 
Kit (TaKaRa, Tokyo, Japan). qRT-PCR was performed using 
SYBR Premix Ex Taq (TaKaRa). Relative mRNA expression 
from each sample was normalized to β-actin levels. Gene 
expression analysis was performed by the 2–∆∆Ct method (EL-
Badawy et al., 2017). Primer sequences of HIF-1α and β-actin 
are listed in Table 1. 

Western blot assay 
Western blot assay was performed 1 week after surgery. 
Harvested tissue from C5–7 spinal segments was homoge-
nized in radioimmunoprecipitation assay lysis buffer (Milli-

pore, Bedford, MA, USA) supplemented with phenylmethyl 
sulfonyl fluoride (Millipore) and mammalian protease inhib-
itor mixture (Biocolor Bioscience, Shanghai, China). Protein 
lysates were immunoblotted in accordance with a standard 
western blotting protocol. Briefly, samples were subjected to 
sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
for separation, transferred to polyvinylidene fluoride mem-
brane (0.2 µm; Millipore), and blocked with 5% non-fat milk 
for 2 hours at room temperature. Membranes were subse-
quently incubated overnight with the following primary an-
tibodies at 4°C: HIF-1α (polyclonal antibody, rabbit anti-rat, 
1:1000; Cell Signaling Technology, Danvers, MA, USA) and 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (poly-
clonal antibody, mouse anti-rat, 1:1000; Thermo Fisher Sci-
entific). After washing three times in Tris-buffered saline with 
Tween-20, primary antibodies were detected with secondary 
antibodies for 2 hours at room temperature: horseradish 
peroxidase goat anti-mouse/rabbit IgG (1:5000; ABclonal, 
Cambridge, MA, USA). Signals were digitally scanned and 
then quantified by ImageJ 1.6.0 software (National Institutes 
of Health, Bethesda, MD, USA). The results were represented 
as gray values. GAPDH was used as the internal control.

Gross specimen
At the end of 6 weeks, four rats from each group were perfused 
and C5–7 cervical vertebra segments extracted along with 
both sides of forelimbs. Dorsal laminectomy was performed to 
expose the dorsal spinal cord and peripheral nerve roots. Bi-
lateral biceps and coterminous musculocutaneous nerves were 
carefully separated. Finally, the cervical cord, bilateral brachial 
plexus, both sides of musculocutaneous nerves, and biceps 
were integrally separated. The gross specimen was fixed in 4% 
paraformaldehyde at 4°C for further observation. 

Dry weight ratio of biceps brachii
Biceps tissue was collected at the 6-week endpoint after 
surgery and the dry weight ratio calculated (four rats per 
group). Affected and healthy biceps from brachial plexus 
avulsion rats in each group were heated in a 90°C oven 
for 48 hours until the difference between two consecutive 
weighing’s was < 0.2 mg. The dry weight ratio of ipsilateral 
to contralateral biceps was calculated. 

Hematoxylin and eosin staining
Paraffin cross sections of biceps were collected from two 
rats in each group at the 6-week endpoint. Sections were de-
waxed twice in xylene (5 minutes each). After rehydrating in 
a series of graded alcohol, sections were washed in distilled 
water for 2 minutes. Bicep sections were stained with he-
matoxylin solution for 10 minutes, differentiated in 1% acid 
alcohol for 30 seconds, soaked in running water, and then 
counterstained with eosin solution for 30–60 seconds. After 
washing in running water for 5 minutes, tissue samples were 
again dehydrated in a series of graded alcohol (5 minutes 
each), cleared in xylene (I, II; 5 minutes each), and mounted 
with neutral balsam. For each bicep, more than six fields 
were randomly photographed with a light microscope (20×, 

Table 1 Primer sequences

Gene         Sequence (5′–3′)     Product size (bp)

HIF-1α F: 5′-gga tct att tcc ggt gaa ttc gcc acc ATG 
GAG GGC GCC GGC G-3′ 

2472

R: 5′-tag aac tag tct cga gga att cTC AGT 
TAA CTT GAT CCA AA-3′

β-Actin F: 5′-CAC GAT GGA GGG GCC GGA-3′ 93
R: 5′-TAA AGA CCT CTA TGC CAA-3′

In HIF-1α primer sequences, lowercase letters represent lentiviral 
vector gene sequence and uppercase letters represent HIF-1α gene 
sequence. HIF-1α: Hypoxia-inducible factor 1α; F: forward primer; R: 
reverse primer. 
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ECLIPSE TS100; Nikon, Tokyo, Japan). Muscle fiber diam-
eter was quantified using ImageJ 1.6.0 software. The extent 
of fibrosis was determined by the ratio of fibroblast nuclei 
number in ipsilateral to contralateral biceps.

Behavioral testing 
The Terzis grooming test was performed to evaluate motor 
function of the upper limbs (Bertelli and Mira, 1993). Each 
rat was placed in a spacious and quiet environment. Bacte-
ria-free water was gradually sprayed on the head and neck 
of animals with a 60-mL syringe to elicit bilateral grooming 
behavior of the upper limbs. Movement of the right upper 
limb was assessed by the following rating criteria: grade 
0, no response; grade 1, elbow flexion but unable to touch 
nose; grade 2, elbow flexion and able to touch nose; grade 
3, elbow flexion and able to reach the site below the eyes; 
grade 4, elbow flexion and able to reach the eyes; and grade 
5, elbow flexion and able to reach the ears or back of the ears 
(Bertelli and Mira, 1993). Two days before operation, bilat-
eral grooming behavior was successfully elicited in all ani-
mals; each rat scored 5. At 24 hours post-surgery, rats were 
reevaluated. Successful surgery was confirmed if rats scored 
0. The Terzis grooming test was evaluated and recorded 
weekly from the second week post-surgery to the endpoint. 
Observations were made by two observers who were blinded 
to the subgroups.

Electrophysiology 
Two days before perfusion, four rats from each group were 
administered general anesthetic. The skin and muscle were 
opened to expose the right biceps brachii and homolateral 
musculocutaneous nerve. The musculocutaneous nerve was 
partially hooked onto a pair of stimulation electrodes, while 
another pair of recoding needle electrodes were inserted into 
the biceps at a depth of 1–2 mm with a distance of 3–9 mm. 
Electrical stimuli ranging from 0.8–1.2 V were applied, and 
the motor evoked potential recorded from the biceps using 
needle electrodes. In one biceps, electrical activity was per-
formed at three different motor unit locations. Stimulation 
was delivered for each trial by an electrical stimulator from 
MedLab Biological Signal Collection System (Meiyi Tech-
nology Ltd., Nanjing, China). 

Fluorogold retrograde tracing 
Fluorogold retrograde labeling of spinal motor neurons 
was performed in accordance with a previous study (Gu et 
al., 2004). Briefly, four rats from each group were re-anes-
thetized and the right musculocutaneous nerve re-exposed 
under stereoscopic microscopy. Four rats from each group 
were injected with fluorogold at the 6-week endpoint and 
two days before perfusion. A total of 2 µL fluorogold (Sig-
ma-Aldrich) was slowly injected into the musculocutane-
ous nerve using a micropump at 4.0 ± 0.5 mm distal to the 
avulsed site of the lateral cord. The muscle and skin were 
routinely sutured. At 2 days post-injection, rats were per-
fused and C5–7 spinal segments separated. Tissue was fixed 
using 4% paraformaldehyde (Solarbio, Beijing, China) for 

6–8 hours and then dehydrated in 30% sucrose for 2 days. 
Spinal segments were sliced into 20 µm frozen sections. Flu-
orogold-labeled neurons in the ipsilateral C5–7 ventral horn 
were calculated under fluorescence microscopy (Carl–Zeiss 
Axioplan 2 imaging E, Baden–Wurttemberg, Germany).

Immunofluorescence 
The immunofluorescence procedure was similar to the meth-
od performed in our previous study (three rats per group) 
(Diniz et al., 2015). The primary antibodies used were: rabbit 
polyclonal anti-choline acetyltransferase (ChAT) (motoneu-
ron marker; 1:200; Millipore), rabbit polyclonal anti-α-bun-
garotoxin (α-BtX) (motor endplate-targeting marker; 1:400; 
Thermo Fisher Scientific), mouse polyclonal anti-CD31 
(angiogenesis marker; 1:200; Millipore), and rabbit poly-
clonal anti-NeuN (neuronal marker; 1:200; Millipore). The 
secondary antibody used was mouse anti-rat conjugated to 
Alexa Fluor 568 or goat anti-rat conjugated to Alexa Fluor 
488 (1:400, Thermo Fisher Scientific). Briefly, sections were 
permeabilized in 0.3% Triton X-100 for 15 minutes and then 
blocked in 10% natural goat serum (diluted in PBS) for 30 
minutes. Afterwards, sections were incubated with primary 
antibodies overnight at 4°C and then washed three times in 
PBS. Next, tissue was incubated with secondary antibody in 
the dark for one hour at 37°C. After repeated washes, sam-
ples were counterstained with 4′,6-diamidino-2-phenylin-
dole (DAPI) (1:5000, Cell Signaling Technology) for 10 min-
utes. Fluorescence Mounting Medium (Dako, Copenhagen, 
Denmark) was used to mount tissue onto coverslips. Finally, 
samples were examined under a fluorescence microscope 
(Carl-Zeiss Axioplan 2 imaging E). 

Calculation of motor endplates and neurovascular area
Fourteen µm-thick longitudinal sections of biceps or spinal 
cord were collected and stained with α-BtX antibody (1:500; 
Alexa Fluor 488 conjugated; Thermo Fisher Scientific) and 
CD31 (1:1000; Alexa Fluor 488 conjugated; Wako, Osaka, 
Japan), respectively. Under fluorescence microscopy, motor 
endplates in biceps were captured and counted. Next, 100–
200 motor endplates from each bicep were randomly chosen 
to measure motor endplate area using ImageJ 1.6.0 software. 
Average motor endplate area was calculated in each group. 
To calculate neurovascular area in spinal cord sections, 
angiogenesis within approximately 5 mm from the avulsed 
site was observed and randomly photographed using a fluo-
rescence microscope. The area of new blood vessels was also 
measured using ImageJ.

Statistical analysis
Data are presented as the mean ± SD. All statistical data 
were analyzed using SPSS 20.0 statistical software (IBM, Ar-
monk, NY, USA). One-way analysis of variance followed by 
the least significant difference or Bonferroni post hoc tests 
was selected depending on the number of groups. All tests 
were two-tailed and values of P < 0.05 were considered sta-
tistically significant. 
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Results
Lentiviral vector effectively upregulates HIF-1α 
expression in the spinal cord
To investigate the efficiency of HIF-1α lentivirus overexpres-
sion, rats were subjected to brachial plexus avulsion (Figure 
1Aa) and HIF-1α lentivirus overexpression. Additionally, a 
compound of gel + HIF-1α was injected into the avulsed site 
post-ventral root reimplantation (Figure 1Ab). C5–7 spinal 
tissue was extracted from rats in the HIF-1α and gel + HIF-
1α groups, and HIF-1α mRNA and protein levels detected at 
7 days post-brachial plexus avulsion. qRT-PCR (Figure 1B) 
showed significantly increased HIF-1α mRNA levels after 
lowering HIF-1α lentivirus overexpression with or without 
hydrogel. Specifically, relative amounts of HIF-1α mRNA 
were higher in the HIF-1α and gel + HIF-1α groups com-
pared with the PBS group (P < 0.001). Western blot assay 
(Figure 1C) showed similar trends (P < 0.001). Together, 
this demonstrates that delivery of HIF-1α-overexpressing 
lentiviral vector in vivo effectively upregulates HIF-1α ex-
pression post-brachial plexus avulsion. 

Gross anatomical and musculature observations
Brachial plexus avulsion rats were perfused at a 6-week end-
point, and the gross anatomy carefully dissected. C5 and C7 
were completely avulsed, while C6 was closely attached to the 
ventrolateral surface of the spinal cord, demonstrating suc-
cessful reimplantation of C6. In all groups, ipsilateral biceps 
were atrophied compared with contralateral ones (Figure 
2A), which might result from denervation and deficiency of 
tropism derived from motor neuron axons. Simultaneously, 
the dry weight ratio of bilateral biceps was significantly higher 
in the HIF-1α (P < 0.01) and gel + HIF-1α groups (64.7% and 
66.7%, respectively; P < 0.01; Figure 2B). There were no ob-
vious differences between the PBS (43.4%) and NV (43.60%) 
groups. 

As previously reported, motor neurons are unable to pro-
vide trophic support for muscle fibers to maintain the normal 
morphology and function of innervated organs after brachial 
plexus avulsion (Ali et al., 2016). Thus, muscle fiber atrophy 
often leads to degradation and loss of motor function. Ac-
cordingly, we next observed structural features of bicep cross 
sections by hematoxylin-eosin staining. As shown in Figure 
2C, muscle fibers exhibited much smaller diameters in the 
PBS and NV groups. In contrast, muscle fibers were larger 
with clear myocyte nuclei in the gel, HIF-1α, and gel + HIF-
1α groups, particularly in the HIF-1α and gel + HIF-1α groups 
(P < 0.01). In the HIF-1α and gel + HIF-1α groups, 53% of 
muscle fibers had diameters larger than 30 µm. Only 20% of 
muscle fibers in the PBS and NV groups were of comparable 
size (Figure 2D). The extent of muscle fibrosis was evaluated 
from the ratio of fibroblast nuclei in ipsilateral to contralateral 
biceps. Accordingly, muscle fibrosis was significantly reduced 
in the HIF-1α (P < 0.01) and gel + HIF-1α groups (P < 0.001), 
particularly in the gel + HIF-1α group (Figure 2E). 

Co-transplantation promotes recovery of motor function 
post-brachial plexus avulsion 
Movement of the right forelimb was assessed by the Terzis 

grooming test. As shown in Figure 3A, Terzis grooming test 
scores were higher in the HIF-1α (P < 0.05) and gel + HIF-
1α (P < 0.001) groups compared with the PBS group from 
the second week to endpoint post-brachial plexus avulsion 
(Figure 3A). At 6 weeks post-surgery, 66.7% and 91.7% of 
rats scored ≥ 4 in the HIF-1α and gel + HIF-1α groups, re-
spectively. Only 41.7% of rats obtained this level in the PBS 
group (Figure 3B). These findings show that motor function 
recovery was markedly better in the gel + HIF-1α group 
than HIF-1α group. 

To further determine whether functional recovery was 
associated with electrophysiological restoration of forelimb 
function, electrophysiology testing was performed at 6 
weeks post-surgery. Electrophysiology testing is an obligato-
ry clinical examination that provides reliable evidence of de-
nervation and fasciculation in peripheral neuropathy (Mills, 
2005). Latency of motor evoked potentials was shorter in the 
HIF-1α (1.15 ± 0.05 ms) and gel + HIF-1α (1.13 ± 0.03 ms) 
groups than in the other groups. Mean latency detected in 
the PBS group was 1.27 ± 0.03 ms. The amplitude of motor 
evoked potentials was higher in the HIF-1α and gel + HIF-
1α groups than in the other treatment groups (Figure 3C 
and D). Moreover, latency was slightly shorter in the gel 
group than PBS and NV groups (P < 0.05). This suggests 
that gel may be a significant factor in the bridging role, and 

Figure 1 Brachial plexus avulsion-reimplantation model and 
efficiency of HIF-1α overexpression. 
(A) Unilateral avulsion of C5–7 nerve roots (a) and reimplantation of C6 on 
the ventral surface of the corresponding spinal segment (b). The black arrow 
indicates the lentivirus injection site. (B) mRNA expression of HIF-1α in C5–7 
spinal cord segments measured by qRT-PCR were significantly increased in rats 
treated with both HIF-1α and gel + HIF-1α. mRNA expression was determined 
by the ∆∆Ct method. β-Actin was used as the internal control. (C) Western blot 
assay (a) and quantification of HIF-1α protein (b) demonstrated marked upreg-
ulation of HIF-1α in the HIF-1α and gel + HIF-1α groups. GAPDH was used as 
the internal control. Data are presented as the mean ± SD (n = 2; one-way anal-
ysis of variance followed by the least significant difference post hoc test). ***P < 
0.001, vs. PBS group. GAPDH: Glyceraldehyde phosphate dehydrogenase; PBS: 
phosphate buffered saline; NV: negative control of lentivirus; Gel: PF-127 hydro-
gel; HIF-1α: hypoxia-inducible factor 1α overexpression lentivirus; Gel + HIF-
1α: PF-127 hydrogel combined with hypoxia-inducible factor 1α overexpression 
lentivirus.

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

 o
f H

IF
-1

α 

(a) C5–7 spinal root avulsion      (b) C6 ventral root reimplantation

Bicepts brachii Glass hook Spinal nerve 

PBS      NV       Gel   HIF-1α  Gel + HIF-1α PBS     NV     Gel    HIF-1α  Gel + HIF-1α

Gel

HIF-1α   
GAPDH

120 kDa   
37 kDa

HIF-1αPBS NV Gel + HIF-1α

A

B C

***

***

******

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

 o
f H

IF
-1

α 

(a)

(b)



1074

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(6):1069-1078. doi:10.4103/1673-5374.250629

that porous spatial structure benefits nerve regeneration. 
Consequently, gel transplantation alone may also enhance 
reconstruction of neural pathways to a certain extent.

Co-implantation facilitates axonal regeneration post-
brachial plexus avulsion 
Axonal regeneration of surviving motor neurons was next 
investigated using a retrograde tracing study. Ventral horn 
motor neurons were labeled by retrograde transport of fluo-
rogold through regenerating axons (Figure 4A). In the PBS 
group, a small percentage of neurons were fluorogold-posi-
tive, while approximately 1.5-times fluorogold-labeled neu-
rons were observed in the gel + HIF-1α group (Figure 4B; P 
< 0.001). Although more fluorogold-positive motor neurons 
were detected in rats treated with HIF-1α and gel + HIF-1α, 
the number of fluorogold-positive motor neurons was high-
est in the gel + HIF-1α group compared with other groups. 
These results suggest that the combined strategy efficiently 
promotes axonal regeneration of avulsed motor neurons and 
facilitates re-entry of regenerating axons into the peripheral 
nervous system. 

Co-transplantation enhances survival of injured motor 
neurons post-brachial plexus avulsion 
Avulsion injury usually induces severe motor neuron de-
generation and death, which has a profound effect on sub-
sequent nerve regeneration and tissue repair. To investigate 
the effect of co-transplantation on motor neuron survival 
after ventral root reimplantation, surviving motor neurons 
in avulsed C5–7 spinal cord segments were examined by the 
specific marker, ChAT (Figure 4C). Overall, there were 80% 
ChAT-positive motor neurons in the gel + HIF-1α group, 
with only approximately 65% in the PBS or NV groups (P 
< 0.01; Figure 4D). Additionally, a significant increase in 
survival rate of motor neurons was also obtained by HIF-1α 
lentivirus overexpression. Thus, these results show that HIF-
1α lentivirus overexpression with or without gel effectively 
enhances the survival rate of motor neurons. 

Co-implantation leads to healthy endplates post-brachial 
plexus avulsion 
Motor endplates are considered to be postsynaptic folds of 
neuromuscular junctions, in which a high density of ace-
tylcholine receptors (AChRs) are located and function to 
regulate contractile activity of skeletal muscle. α-BtX can spe-
cifically bind AChRs, and is used to stain muscle sections to 
assess the size and morphology changes of motor endplates. 
In rats with reimplantation alone, motor endplates tended to 
be faintly stained with an ambiguous appearance, suggesting 
obvious loss of AChRs as a consequence of weak reinnerva-
tion. In contrast, motor endplates in the gel + HIF-1α group 
were larger in size (Figure 5A). Regarding the area distribu-
tion of motor endplates, severe loss of AChRs was observed, 
with an average area of approximately 370 μm2 in the PBS and 
NV groups. As shown in Figure 5B, motor endplate area was 
larger in the HIF-1α group (P < 0.05) and gel + HIF-1α group 
(P < 0.001), particularly the gel + HIF-1α group (458.4 ± 272 

μm2). These data indicate that a compound of gel + HIF-1α 
may exert a protective effect on neuromuscular junctions.

Co-transplantation facilitates neovascularization 
post-brachial plexus avulsion 
Spinal root injury produces loss of vascular integrity, which 
contributes to enhancement of the secondary injury re-
sponse that determines the extent of functional recovery 
(Benton et al., 2008; Cibert-Goton et al., 2015). Consequent-
ly, early revascularization is of great importance for nerve 
regeneration and tissue repair. To investigate formation of 
new blood vessels, we performed immunofluorescence using 
CD31, a surface marker of neovascular endothelial cells, and 
counterstained with NeuN, a specific marker of neurons. In 
the PBS and NV groups, there were few new vessels around 
neurons. Meanwhile, the number of new vessels was in-
creased in the HIF-1α and gel + HIF-1α groups than the PBS 
and NV groups (Figure 6A). Notably, co-transplantation of 
HIF-1α (P < 0.01) and gel (P < 0.05) induced a significant 
increase of angiogenesis around neurons. Indeed, the aver-
age distribution area of nerves and blood vessels was nearly 
three-times more in the gel + HIF-1α group (P < 0.001) 
compared with the PBS and NV groups (Figure 6B). Thus, 
these immunofluorescence results show that gel and HIF-1α 
compound may promote angiogenesis, which is beneficial to 
neuronal survival.

Discussion
Brachial plexus avulsion injury is a lesion at the interface of 
the peripheral and central nervous systems, which triggers a 
hypoxic-ischemic inhibitory microenvironment and induces 
extensive degeneration of spinal motor neurons (Oliveira and 
Langone, 2000). Ventral root avulsion results in permanent 
loss of motor function in patients, thereby reducing their life 
quality. Although nerve transfer has been used clinically for 
many years, functional recovery after surgery is unsatisfactory 
(Romeo-Guitart et al., 2017). Nerve root reimplantation is an 
easy-to-operate and minimal deficit surgery that can induce 
axonal regeneration of injured motor neurons to reinnervate 
muscle targets and lead to recovery of motor function (Su 
et al., 2013). Li et al. (2015) demonstrated that after ventral 
root avulsion and immediate reimplantation, modulation of 
protein tyrosine phosphatase-σ (which is a neuronal receptor 
of chondroitin sulfate proteoglycans) by systemic delivery of 
intracellular sigma peptide, markedly enhanced regeneration 
(Li et al., 2015). In this study, to establish a brachial plexus 
avulsion model, we also avulsed C5–7 ventral nerve roots 
and then reimplanted C6 only (Li et al., 2015). Gross analysis 
showed that muscles on the affected side were visibly atro-
phic. Moreover, dry weight ratio of the affected to healthy 
side was markedly greater in the HIF-1α and gel + HIF-1α 
groups (and especially the gel + HIF-1α group) than the PBS 
and NV groups. These results suggest that co-transplanta-
tion of HIF-1α overexpression lentivirus plus gel effectively 
contributes to muscle morphology. Muscle fiber diameter 
is an important indicator of muscle reinnervation (Vleg-
geert-Lankamp, 2007). Hematoxylin-eosin staining of muscle 
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verify the effect of gel and HIF-1α on angiogenesis, we inves-
tigated vascularization at the avulsed site by double immu-
nofluorescence staining with a vascular endothelium specific 
antibody, CD31, and a neuronal marker, NeuN. Abundant 
neovascularization around neurons was observed in the gel 
+ HIF-1α group compared with the PBS group. Because 
brachial plexus avulsion is a type of “longitudinal spinal 
cord” injury, trauma to the spinal cord results in disruption 
of the local blood vessel network and initiates a multifacet-
ed pathophysiological response to injury, thereby causing 
endothelial cell death. Loss of microcirculation and imped-
iment of the tissue repair process are due to deficiency of 
an adequate blood supply (Benton et al., 2008). Meanwhile, 
HIF-1α functions as an intrinsic modulator of vascular re-
modeling-related gene expression and plays a key role in 
neovascularization (Shan et al., 2013; Imanishi et al., 2014). 
We inferred that neovascularization may be due to HIF-1α 
overexpression at the lesion site because it can improve re-
vascularization and supply blood and nutrients to the avul-
sion–reimplantation position of nerve roots and benefit neu-
ronal survival. In this study, a certain degree of angiogenesis 
was observed in the gel group, presumably because PF-127 
hydrogel serves as a sustained-controlled vector, which may 
play a role in stabilizing the C6 reimplantation nerve root 
on the surface of the spinal cord, and extending the time for 
effective concentration of lentiviral vector-mediated HIF-
1α overexpression at the nerve avulsion site. Additionally, a 
previous study provided evidence that PF-127 can enhance 
cell attachment, collagen formation, and angiogenesis to a 
certain extent (Bensaid et al., 2003).

In conclusion, transplantation of lentiviral vector-mediat-
ed HIF-1α overexpression combined with PF-127 hydrogel 
into brachial plexus avulsion rats can improve recovery of 
motor function, reconstruction of the neural pathway, and 
protection of motor neurons. HIF-1α may have a positive 
effect on angiogenesis, neuronal survival, and adaptation of 
the ischemia-hypoxia condition. Although our experimental 
results show promising potential of gel and HIF-1α appli-
cation in brachial plexus avulsion therapy, the molecular 
mechanism of HIF-1α on regulating functional recovery 
after brachial plexus avulsion has not been fully investigat-
ed. Therefore, further research on the relationship between 
HIF-1α and brachial plexus avulsion is needed to find a bet-
ter therapy for brachial plexus avulsion injury. 
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fibers has confirmed the above conclusion. A previous study 
reported that hypoxia can influence muscle fiber atrophy, 
while HIF-1α activation can improve adaptation of skeletal 
muscle to hypoxia (Favier et al., 2015). Here, we delivered 
HIF-1α lentivirus with PF-127 hydrogel to the lesion site, and 
induced HIF-1α overexpression, which may be beneficial for 
improving skeletal muscle adaptation to hypoxia.

The Terzis grooming test is often used to assess behavioral 
changes of brachial plexus avulsion rats (Hao et al., 2018). 
Compared with other groups, Terzis grooming test score 
was highest in the gel + HIF-1α group from the second week 
to endpoint after brachial plexus avulsion. This shows that 
co-transplantation of gel and HIF-1α promotes recovery of 
motor function after brachial plexus avulsion. Furthermore, 
motor evoked potential latency of musculocutaneous nerve 
was examined to assess restoration of the nerve-muscle elec-
trical pathway. Latency represents the time from nerve stim-
ulation to muscle contraction: shorter latencies indicate bet-
ter nerve conduction capacity. Electrophysiological results 
showed the shortest motor evoked potential latency in the 
gel + HIF-1α group. Integrity of the motor unit (which con-
sists of motor neurons, nerve fibers, and motor endplates) is 
important for nerve conduction. In this study, we examined 
the morphology of motor endplates by α-BtX staining. We 
found larger average motor endplate area mainly in the gel 
+ HIF-1α group. This may indicate that regenerating motor 
axons in this group can reach the innervated target muscle 
more efficiently and facilitate recovery of motor function 
(Cullheim et al., 1989). Taken together, co-transplantation 
of gel and HIF-1α contributes to reconnection of neural 
pathways and facilitates recovery of upper limb motor func-
tion after brachial plexus avulsion injury. 

Survival of affected motor neurons is ultimately import-
ant for axonal regeneration (Hallin et al., 1999; Li and Wu, 
2017). Neurotrophic factors such as glial cell line-derived 
neurotrophic factor and brain-derived neurotrophic factor 
are beneficial to motor neuron survival, but high levels of 
neurotrophic factors prevent directional growth of axons 
of surviving motor neurons into implanted root (Blits et 
al., 2004). In this study, we used the specific marker, ChAT, 
to detect motor neurons in each group, providing further 
evidence for the protective role of gel + HIF-1α compound 
in neurons. A recent report showed that HIF-1α represents 
a critical transcriptional regulator in regenerating neurons 
and stimulating axonal regeneration under hypoxic condi-
tions (Cho et al., 2015). Consequently, using HIF-1α over-
expression lentivirus to protect surviving neurons may be 
beneficial. Appropriately, retrograde tracing confirmed that 
the number of fluorogold-positive cells was increased in the 
HIF-1α and gel + HIF-1α groups compared with the PBS, 
NV, gel, HIF-1α, and gel + HIF-1α groups. Thus, HIF-1α 
with or without gel treatment can increase survival of spinal 
motor neurons and may benefit reconstruction of neural 
pathways after brachial plexus avulsion. It has been widely 
demonstrated that HIF-1α is an important mediator of the 
hypoxic response and upregulates angiogenic factors, such 
as vascular endothelial growth factor (Sato et al., 2012). To 
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Figure 2 Gross anatomical and musculature 
observations at 6 weeks post-brachial plexus 
avulsion. 
(A) Representative photographs of gross anatomical 
specimens of rats from different groups. Reimplanted 
C6 ventral roots (black arrows) closely attached to the 
ventrolateral surface of ipsilateral C6 spinal segments 
and regrew into spinal roots. In contrast, an obvious 
gap was observed between C5–7 spinal roots and the 
corresponding spinal segments. Atrophied biceps 
were observed on the ipsilateral side (white arrows). 
(B) Dry weight ratio of ipsilateral to contralateral 
biceps. (C) Representative photomicrographs of longi-
tudinal bicep sections by hematoxylin-eosin staining: 
muscle fibers and fibroblast nuclei were observed by 
light microscopy. In PBS and NV groups, biceps with 
shrunken sarcoplasm and abundant fibroblast nuclei 
(black arrows) displayed severe muscle atrophy. Con-
trarily, HIF-1α and gel + HIF-1α treatment resulted in 
less extensive fibrosis, demonstrated by fewer fibro-
blast nuclei and an abundant clear myocyte nucleus 
(white arrows). Scale bar: 50 µm. (D) Quantitative 
analysis of muscle fiber diameter. (E) The extent of fi-
brosis was determined by the ratio of fibroblast nuclei 
number in ipsilateral to contralateral biceps. Data are 
presented as the mean ± SD (n = 2; one-way analysis 
of variance followed by  the least significant difference 
[B, D] or Bonferroni [E] post hoc test). *P < 0.05, **P 
< 0.01, ***P < 0.001, vs. PBS group. PBS: Phosphate 
buffered saline; NV: negative control of lentivirus; Gel: 
PF-127 hydrogel; HIF-1α: hypoxia-inducible factor 
1α overexpression lentivirus; Gel + HIF-1α: PF-127 
hydrogel combined with hypoxia-inducible factor 1α 
overexpression lentivirus.
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Figure 3 Transplantation of gel + HIF-1α promotes recovery of motor function of rats after brachial plexus avulsion. 
(A) Terzis grooming test scores were recorded from the second week to endpoint post-surgery. (B) Percentage of Terzis grooming test scores ≥ 4 at 6 weeks after sur-
gery among different groups. Significant functional improvement was achieved in the gel + HIF-1α group. (C) Electrophysiological responses of musculocutaneous 
nerve in each subgroup. Black arrows represent the stimulus mark. (D) Action potential latency of musculocutaneous nerve in each group at 6 weeks after surgery. 
Data are presented as the mean ± SD (n = 4; one-way analysis of variance followed by the least significant difference post hoc test). *P < 0.05, **P < 0.01, ***P < 0.001, 
vs. PBS group. TGT: Terzis grooming test; PBS: phosphate buffered saline; NV: negative control of lentivirus; Gel: PF-127 hydrogel; HIF-1α: hypoxia-inducible factor 
1α overexpression lentivirus; Gel + HIF-1α: PF-127 hydrogel combined with hypoxia-inducible factor 1α overexpression lentivirus. 
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Figure 5 Gel + HIF-1α treatment leads to healthier motor 
endplates in affected biceps at 6 weeks after brachial plexus 
avulsion. 
(A) Representative images of motor endplates from affected 
biceps in each treatment group. Immunofluorescence staining 
for α-BtX (which specifically binds acetylcholine receptors) in 
affected biceps at 6 weeks post-surgery (green: motor endplates). 
In rats with reimplantation alone (PBS group) and the NV group, 
motor endplates were smaller and tended to be faintly stained 
with an ambiguous appearance. In contrast, motor endplates in 
the gel, HIF-1α and gel + HIF-1α groups were bigger and had a 
clear morphology under fluorescence microscope. (B) Average 
area of motor endplates in all groups at 6 weeks after surgery. 
Data are presented as the mean ± SD (n = 3; one-way analysis of 
variance followed by least significant difference post hoc test). *P 
< 0.05, ***P < 0.001, vs. PBS group. Scale bar: 100 μm. α-BtX: 
α-Bungarotoxin; PBS: phosphate buffered saline; NV: negative 
control of lentivirus; Gel: PF-127 hydrogel; HIF-1α: hypoxia-in-
ducible factor 1α overexpression lentivirus; Gel + HIF-1α: PF-
127 hydrogel combined with hypoxia-inducible factor 1α over-
expression lentivirus. 
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Figure 4 Transplantation of gel + HIF-1α promotes axonal regeneration and reduces neuronal 
death in ipsilateral spinal segments at 6 weeks after brachial plexus avulsion. 
(A) Representative images of fluorogold-labeled motor neurons in ipsilateral C5–7 spinal seg-
ments. In total, 2 µL fluorogold was slowly injected into musculocutaneous nerve at the 6-week 
endpoint and two days before perfusion. Spinal cord segments were collected from each group (n 
= 4 rats per group). Fluorogold-labeled motor neurons were observed by microscopy of frozen 
sections. Increased number of fluorogold-labeled cells were observed in the HIF-1α and gel + 
HIF-1α groups (white arrows: fuorogold-labeled cells; golden yellow: motor neurons). (B) Relative 
amounts of fluorogold-labeled motor neurons in ipsilateral C5–7 spinal cord at 6 weeks after sur-
gery. (C) Motor neurons in ipsilateral spinal cord (C5–7 segments) were distinguished by immu-
nofluorescence staining with ChAT antibody (cholinergic neuron marker; green: motor neurons) 
(n = 3 rats per group). Motor neuron loss was visibly decreased by transplantation of gel + HIF-
1α. White arrows represent fluorogold-labeled motor neurons. (D) Survival rate of motor neurons 
was observed by fluorescence microscopy and calculated as a ratio of ChAT-positive cell number 
in ipsilateral (C5-7 segments) to contralateral spinal cord at 6 weeks after surgery. Data are pre-
sented as mean ± SD (one-way analysis of variance followed by the least significant difference post 
hoc test). *P < 0.05, **P < 0.01, ***P < 0.001, vs. PBS group. Scale bar: 25 µm. FG: Fluorogold; 
ChAT: choline acetyltransferase; PBS: phosphate buffered saline; NV: negative control of lentivi-
rus; Gel: PF-127 hydrogel; HIF-1α: hypoxia-inducible factor 1α overexpression lentivirus; Gel + 
HIF-1α: PF-127 hydrogel combined with hypoxia-inducible factor 1α overexpression lentivirus. 

Figure 6 Gel and HIF-1α treatment facilitates neovascularization after brachial plexus avulsion. 
(A) Representative immunofluorescence images of angiogenesis and neurons: immunofluorescence 
staining for CD31 (surface marker of neovascular endothelial cells) and NeuN (neuronal marker) 
around avulsed sites in ipsilateral C6 spinal cord segments (green: CD31; red: NeuN; blue: DAPI). 
(B) Quantitative analysis of neurovascular areas at 6 weeks after surgery. In PBS and NV groups, 
minimal angiogenesis was detected, while a significant increase of neovascularization was observed 
in the gel + HIF-1α and HIF-1α groups by fluorescence microscopy. Data are presented as the 
mean ± SD (n = 3; one-way analysis of variance followed by the least significant difference post hoc 
test). *P < 0.05, **P < 0.01, ***P < 0.001, vs. PBS group. Scale bar: 50 μm. CD31: Platelet endo-
thelial cell adhesion molecule-1, PECAM-1/CD31; NeuN: NEUronal Nuclei; DAPI: 4′,6-diamid-
ino-2-phenylindole; PBS: phosphate buffer saline; NV: negative control of lentivirus; Gel:PF-127 
hydrogel; HIF-1α: hypoxia-inducible factor 1α overexpression lentivirus; Gel + HIF-1α: PF-127 
hydrogel combined with hypoxia-inducible factor 1α overexpression lentivirus. 
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