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Abstract: Background and Aim: Recurrent laryngeal nerve injury is a common severe complication in neck surgery,
which can cause varying degrees of vocal fold paralysis and respiratory tract problems. In present study, the ef-
fects of laminin-binding brain derived neurotrophic factor (LBD-BDNF) on recurrent laryngeal nerve regeneration
were explored and its possible mechanism was investigated. Methods: LBD-BDNF or NAT-BDNF (BDNF without LBD
binding) treatment was performed in laryngeal nerve injured rabbits for sixteen weeks. The laryngeal nerve was
removed, and histological examination as well as laryngeal electromyography was employed to evaluate its morphol-
ogy and function of conduction. PC12 cells were cultured to investigate the mechanisms underlying the effects of
LBD-BDNF. Neurite outgrowth, proliferation and migration were determined in nerve cells. The expression of miRNAs
and protein of mTOR was quantified by real-time PCR and western blotting respectively. Results: In vivo experiments,
LBD-BDNF significantly improved the histological structure and function of recurrent laryngeal nerve compared with
NAT-BDNF. LBD-BDNF also markedly promoted neurite outgrowth, proliferation and migration in PC12 cells in vitro
experiments. The levels of miR-222 and p-mTOR were up-regulated by LBD-BDNF treatment in both in vivo and
in vitro experiments. miR-222 inhibitor attenuated the expression of phosphorylated mTOR and miR-222 mimic
enhanced its expression in PC12 cells. In addition, the improved nerve conduction by LBD-BDNF was canceled by
miR-222 inhibitor, and the mTOR inhibitor reversed the effects of miR-222 inhibitor on LBD-BDNF treated cells.
Conclusions: The present study revealed that LBD-BDNF promoted the recurrent laryngeal nerve regeneration in
laryngeal nerve injured rabbits. The underlying mechanism was closely related to activation of p-mTOR by miR-222.
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Introduction ing recurrent laryngeal nerve regeneration is
greatly needed.

There are two recurrent laryngeal nerves (RLN),

right and left, in the human body. The recurrent
laryngeal nerves control all intrinsic muscles of
the larynx except for the cricothyroid muscle
[1]. Recurrent laryngeal nerve may be injured
because of neck trauma, neck surgery or other
factors. Injured recurrent laryngeal nerve can
cause varying degrees of vocal fold paralysis
and respiratory tract problems [2], which seri-
ously affecting patients’ quality of life. In addi-
tion, laryngeal nerve injury is also one of the
important factors for medical dispute from
neck surgery. Except for improving surgeon
operation skKills, rapidly and efficiently promot-

Recovery of laryngeal function is dependent on
the type, extent, and site of RLN lesion [3]. It is
critical for cell body to supply sufficient meta-
bolic milieu in nerve regeneration processes.
Application of neurotrophic factors is appealing
strategy to protect injured neurons via improv-
ing neuronal survival and regeneration of nerve
fibers. Brain-derived neurotrophic factor (BDNF)
is widely used for neurogenesis both in central
nervous system and the peripheral nervous
system [4-6]. However, it is difficult to retain
BDNF at the injury neurons, which is due to its
rapid diffusion to extracellular fluids [7]. In vivo
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Figure 1. The general observation, histological examination and electromyography in laryngeal nerve of rabbits. A.
The general observation of laryngeal recurrent nerve regeneration; B. Histology of laryngeal nerve; C, D. Laryngeal
electromyography. NAT: N-terminal domain of agrin; BDNF: Brain Derived Neurotrophic Factor; LBD: Laminin-Binding
Domain.

experiments, it is proved that mixture injection cerebral artery occlusion in rat model [10]. In
of nerve growth factor is more effective than a addition, an enhance functional restoration fol-
single injection in improving axonal population lowing nerve damages of LBD fused nerve
[8]. Therefore, to explore the way to be sus- growth factor B (NGF-B) is observed in rat sci-
tained delivery of BDNF at injury neurons is atic nerve crush injury model [11]. However, no
useful in clinical application. studies on recurrent laryngeal nerves injury by
LBD-BDNF treatment have been conducted so
The extracellular matrix (ECM) plays a pivotal far.
role in offering anchorage points to maturing
neurons and neurites, as well as a permissive MicroRNAs (miRNAs) are involved in regulation
environment for tissue formation [9]. Laminin, of gene expression in various physiological pro-
which is extracellular matrix glycoprotein, plays cesses via binding to the 3’'untranslated regions
an important role in the central nervous sys- of target genes. The important role of miRNAs
tem. There is emerging evidence that construc- in nerve regeneration and functional recovery
tion of laminin-binding domain (LBD) to BDNF is increasingly recognized [12, 13], and the
attenuates neural-degeneration after middle altered miRNAs expression are involved in the
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Figure 2. The expression of microRNAs in recurrent laryngeal
nerve of rabbits. NAT: N-terminal domain of agrin; BDNF: Brain
Derived Neurotrophic Factor; LBD: Laminin-Binding Domain.
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28a (Novagen, USA) and BDNF DNA was
amplified by PCR. The vectors for BDNF with
or without LBD were constructed as indicat-
ed in elsewhere [10]. In brief, the escherich-
ia coli BL21 were culured at 37°C for 3 h
with vectors LBD-BDNF or NAT-BDNF. And
then treated with 1 mM isopropyl B-D-thi-
ogalactopyranoside at 37°C for 5 h. Nickel
chelate chromatography was used to purify
LBD-BDNF and NAT-BDNF under denaturing
conditions.

Animal experiments: laryngeal nerve in-
Jjured model

All animal experiments were operated
according to the Guide for the Care and Use

p-mTOR @D E @ — - ——
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Figure 3. The protein expression of mTOR in laryngeal recur-
rent nerve. NAT: N-terminal domain of agrin; BDNF: Brain De-
rived Neurotrophic Factor; LBD: Laminin-Binding Domain.

inflammation, oxidation, and apoptosis which
are critical process in the pathogenesis of
nerves injury [14]. Mammalian target of rapamy-
cin (MTOR) is a key signal in regulating the pro-
cess of cellular growth, nutrient metabolism
and redox states. Research indicates that it is
necessary to activate mTOR in axon regenera-
tion [15], and it was also reported that mTOR
was regulated by miRNAs in nerve injury [16].
Therefore, we hypothesized that miRNAs may
play a role in the recurrent laryngeal nerve
regeneration function of LBD-BDNF via regula-
tion of mTOR pathway. In vivo and In vitro exper-
iments were employed to verify this hypothesis
in present study.

Materials and methods
Preparation of NAT-BDNF and LBD-BDNF

As described previous [11, 17], N-terminal
domain of agrin (NAT) was inserted into pET-
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of Laboratory Animals from Shanghai Jiao
Tong University Affiliated First People’s
Hospital. Adult New Zealand white rabbits
were anesthetized with an intramuscular
injection of 1:1 10 mg/kg ketamine and 2
mg/kg xylazine. Ten rabbits with nerve sec-
tion in left laryngeal nerve were considered
as control group. The ones with operation in
right laryngeal nerve were included in exper-
iment group. 0.25 nmol NAT-BDNF was
injected into the injured site of laryngeal
nerve in ten rabbits, and the remaining ten
rabbits in experiments received the injec-
tion of 0.25 nmol LBD-BDNF. The same vol-
ume of PBS was injected as control. Sixteen
weeks after operation, rabbits were sacrificed
and laryngeal nerves were removed to have a
histological analysis and electromyography.

Histological analysis

The histological analysis was performed at
weeks 16 after laryngeal nerve injury. The
laryngeal nerve at the injury sites were rapidly
excised and fixed in 4% (vol/vol) formaldehyde
for 48 h and then embedded in paraffin. Serial
section was applied and sections (3 um) were
stained by H.E to observe the histological cha-
racter.

Cell culture

PC12 cells were cultured in RPMI1640 medi-
um, which supplemented with 5% fetal bovine
serum, 10% heat-inactivated horse serum, 25
U/ml penicillin and 25 U/ml streptomycin. PC12
cells were incubated in in 24-well culture plates

Am J Transl Res 2015;7(6):1071-1080
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coated with poly-D-lysine/laminin. Gradient 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
concentration (O ymol, 0.5 ymol, 1 pmol, 2 zolium bromide (MTT) assay was performed to
umol and 4 ymol) of NAT-BDNF or LBD-BDNF evaluate the cell viability as described else-
was co-incubated with medium in PC12 for 48 where [18]. The absorbance was determined at
h. a wavelength of 490 nm by using SpectraMax
1074 Am J Transl Res 2015;7(6):1071-1080
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M5 (Molecular Devices, USA). The quantifica-
tion of neurite outgrowth was conducted by the
instruction as mentioned in report [19].

Transwell

The effects of LBD-BNDF on the relative migra-
tion in PC12 cells were evaluated by Transwell
chambers (BD Bioscience, USA). The bottom
surface of each membrane was coated with 10
mg/ml fibronectin. PC12 cells (the concentra-
tion is 10° cells/ml) were resuspended in RP-
MI1640 and then transferred to the top cham-
bers. The lower chambers were supplied with
600 ml complete medium. After 8 h, the upper
chambers were cleaned with a cotton swab,
and then counted the cells adhering to the bot-
tom surface after staining with 0.1% Crystal
Violet. Migrating cells in five fields on each
chamber were counted to calculate the av-
erage.

Down-regulation and overexpression of miR-
222

The expression of miR-222 in PC12 was down-
regulated or overexpressed by transiently
transfected with miR-222 inhibitor or miR-222
mimic using the Lipofectamine 2000 reagent
(Invitrogen, USA) following the manufacturer’s
instructions. The miR-222 inhibitor and miR-
222 mimic were produced by RiboBio Co., Ltd.
(Guangzhou, China). 100 nmol/L Rapamycin
(sigma, Germany), an inhibitor of mTOR, was
dissolved in DMSO and supplemented in cul-
tured cells system to suppresses the expres-
sion of mTOR.

Real-time PCR

TRIzol reagent (Invitrogen, USA) was used to
extract the miRNAs from nerve tissue and
PC12 cells. 2 pg of RNA was quantified to do
reverse transcription-PCR using ImProm-lI™
(Promega, USA) following the manufacturer’s
instructions. The expression of targets miRNAs
were detected by 7500HT Real-Time PCR
System (Applied Biosystems, USA), and U6
small nuclear RNA served as an internal nor-
malized reference.

Western blotting

Protein extracts were extracted from PC12
cells or nerve tissues. Equal amounts of protein
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were loaded onto sodium dodecyl sulfate-poly-
acrylamide gels (SDS-PAGE) and transferred to
nitrocellulose membrane (Bio-Rad, USA), which
was blocked with 5% non-fat dry milk in Tris-
HCI buffered saline incubated with the primary
antibodies (Cell signaling, USA) according to the
manufacturer’'s recommendations. Immunore-
activity was detected by enhanced chemilumi-
nescence (Millipore, USA). B-actin was served
as a control protein to quantify the expression
of target protein.

Statistical analysis

The results are presented as means + standard
deviation. Statistical analyses were performed
by SPSS 17.0. A one-way analysis of variance
(ANOVA) and Student’s t-test were utilized for
comparison between groups. P < 0.05 was con-
sidered statistically significant.

Results

General observation of laryngeal recurrent
nerve regeneration

The model of laryngeal recurrent nerve injured
rabbits was established. As showed in Figure
1A, the laryngeal recurrent nerve with NAT-
BDNF treatment had local swollen markedly
and tight adherence with surround-tissue.
Treated animals with LBD-BDNF, no significant
scar and swell were observed in laryngeal
recurrent nerve. The histological examination
results (Figure 1B) showed that nerve fiber was
well arranged and distributed in control rabbits.
A large amount of fibrous connective tissue and
sparse regenerating nerve axonal were ob-
served in nerves treated with NAT-BDNF. LBD-
BDNF prominently increased the number of
regenerating fibers and axonal, while the am-
ount of fibrous connective tissue was markedly
decreased. The laryngeal electromyography
(Figure 1C, 1D) presented that the amplitude
and nerve conduction velocity (NCV) of RLN
were significantly decreased in NAT-BDNF gr-
oup compared with control, and LBD-BDNF
markedly restored the amplitude and NCV.

Expression of microRNAs in laryngeal recur-
rent nerve

To investigate the role of miRNAs in regenera-

tion of laryngeal recurrent nerve by LBD-BDNF,
the expression of miRNAs including miR-133b,

Am J Transl Res 2015;7(6):1071-1080
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Figure 5. The effects of miR-222 inhibitor on
P12 cells treated with LBD-BDNF. The relative
miR-222 level was detected by real-time PCR (A
and C); the expression of p-mTOR and T-mTOR
was quantified by western blotting (B). The neu-
rite outgrowth detected by neurite outgrowth as-
say (D); the hyperplasia of neurite detected by
MTT (E); The migration of neurite evaluated by
Transwell (F).

time PCR results showed that miR-133b, miR-
221, miR-222 and miR-15b were down-regulat-

Am J Transl Res 2015;7(6):1071-1080
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Figure 6. The effects of miR-222 inhibitor and mimic on p-mTOR expression of P12 cells. The expression of p-mTOR
was quantified by western blotting (A and B); the relative miR-222 level was quantified by real-time PCR (C).

ed and miR-16 was up-regulated in NAT-BDNF
group compared with the Normal. However,
only the expression of miR-222 by LBD-BDNF
treatment was observed significantly higher
than that in NAT-BDNF group (Figure 2).

Expression of mTOR in laryngeal recurrent
nerve

Western blotting was used to evaluate the pro-
tein expression of p-mTOR and T-mTOR. As
shown in Figure 3, all three groups had roughly
an equal amount of T-mTOR expression. The
level of p-mTOR was decreased in NAT-BDNF
compared with Normal, and LBD-BDNF elevat-
ed the expression of p-mTOR in laryngeal recur-
rent nerve.

Effects of laminin-binding domain on neurite
outgrowth, hyperplasia and migration of PC12
cells

To better understand the mechanism of LBD-
BDNF involved in the laryngeal recurrent nerve,
PC12 cell line was employed. As shown in
Figure 4, cells treated with LBD-BDNF had a
significantincrease in neurite outgrowth (Figure
4A), value of OD490 (Figure 4B) and migration
rate (Figure 4C). The effects of LBD-BDNF were
in a protein concentration-dependent manner.

Effects of miR-222 inhibitor on P12 cells treat-
ed with LBD-BDNF

Treated PC12 cells with 4 yM LBD-BDNF, The
miR-222 expression was up-regulated (Figure
5A) and the level of p-mTOR was also increa-
sed (Figure 5B) compared with cells exposed to
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NAT-BDNF. The miR-222 inhibitor effectively
silenced the miR-222 expression in PC12 cells,
which resulted in significant down-regulation of
the miR-222 level (Figure 5C). The silence of
miR-222 significantly abolished LBD-induced
increase of neurite outgrowth level (Figure 5D),
cell survival rate (Figure 5E) and relative migra-
tion (Figure 5F). However, these effects of miR-
222 inhibitor on cells were reversed by rapamy-
cin, an inhibitor of mTOR.

Effects of miR-222 inhibitor and mimic on p-
mTOR expression of P12 cells

To investigate the effects of miR-222 on mTOR
expression, cells were treated with miR-222
inhibitor or miR-222 mimic. As shown in Figure
6, miR-222 inhibitor decreased the expression
of p-mTOR (Figure 6A) and overexpression of
miR-222 increased the level of p-mTOR (Figure
6B, 6C).

Discussion

Recurrent laryngeal nerve (RLN) injury, which
can cause varying degrees of vocal fold paraly-
sis and respiratory tract problems, is a com-
mon severe complication in neck surgery and
seriously affects the quality of life in patients
[20, 21]. In present study, The LBD fused BDNF
was used to promote recurrent laryngeal nerve
regeneration. In vivo experiments, LBD-BDNF
significantly improved the histological structure
and function of recurrent laryngeal nerve in
rabbits after 16 weeks following surgery. LBD-
BDNF also markedly promoted neurite outgro-
wth, proliferation and migration in PC12 cells in

Am J Transl Res 2015;7(6):1071-1080
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vitro experiments. The effects of LBD-BDNF on
nerve regeneration were probably related to
the activation of mTOR signal pathway by
miR-222.

Neurotrophic factors are a family of proteins
that are responsible for the growth and survival
of developing neurons and the maintenance of
mature neurons [22]. BDNF, a member of neu-
rotrophic factors, which is widely used in the
recovery of injured neurons [10, 23, 24]. How-
ever, the injury site treated with BDNF alone is
difficult to be retained, and previous studies
proved that mixture injections are needed to
achieve the therapeutic concentration [24].
Laminin is extra cellular matrix glycoproteins
with multiple functions in the central nervous
system and laminin is rapidly produced in neu-
rons after the CNS injury and neuronal degen-
eration. LBD-BDNF is actually a tripartite fusion
protein containing laminin, N-terminal domain
of agrin and BDNF, which is reported to attenu-
ate neural-degeneration and improve neuro-
genesis in dentate gyrus of hippocampi after
middle cerebral artery occlusion in rats recently
[10]. In present study, the numbers of regener-
ating fibers and axonal are significantly elevat-
ed and nerve conduction was restored by LBD-
BDNF after recurrent laryngeal nerve injury in
rabbits. In vitro experiments confirmed that
LBD-BDNF could promote neurite outgrowth,
proliferation and migration in PC12 cells, which
implies that LBD-BDNF has a potential strategy
to regenerate the injured recurrent laryngeal
nerve.

Even so, the molecule mechanisms of LBD-
BDNF involved in laryngeal nerve regeneration
remains unclear. Studies have found that miR-
NAs are essential for functional recovery of
peripheral nerve injury [25, 26]. Schachner et
al reported that miR-133b play an important
role in regulating regenerative capacity of
zebrafish after spinal cord injury via directly
increasing the expression of RhoA [27], which
is a small GTPase protein known to regulate the
actin cytoskeleton in the formation of stress
fibers. A study also showed that longevity assur-
ance homologue 2 was a direct target of miR-
221/222 to promote Schwann cells prolifera-
tion and migration [25]. In current research, the
levels of miR-133b, miR-221, miR-222, miR-16
and miR-15b were quantified in laryngeal nerve
of rabbits. The present data showed that only
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the expression level of miR-222 was increased
by LBD-BDNF treatment after laryngeal nerve
injury in vivo. Therefore, the further experi-
ments of miR-222 were performed to explore
the possible molecular mechanisms underlying
the effects of LBD-BDNF on laryngeal nerve
regeneration.

mTOR is a key factor in an intracellular signaling
pathway that regulates protein synthesis, cell
growth and proliferation. It has been known
that mTOR signaling pathway is involved in the
process of neurite outgrowth, nerve regenera-
tion and synaptic plasticity, which acts as a
critical role in the injured neuron and its axon
[15]. It was also reported that mTOR was regu-
lated by miRNAs in spinal cord injury [16]. In
present study, the level of phosphorylated
mTOR as well as the expression of miR-222 was
elevated by LBD-BDNF treatment in laryngeal
nerve injured rabbits compared with NAT-BDNF
group, and the up-regulated levels of phosphor-
ylated mTOR and miR-222 were also observed
in PC12 cells treated with LBD-BDNF. The fur-
ther study in vitro experiments showed that
miR-222 inhibitor attenuated the expression of
phosphorylated mTOR while miR-222 mimic
enhanced its expression in PC12 cells. These
results suggest that miR-222 is required in neu-
ron for the regulation of mTOR. In addition,
LBD-BDNF increased the levels of neurite out-
growth, proliferation and migration in PC12
cells as previously mentioned, while the effects
of which was canceled by miR-222 inhibitor. In
addition, rapamycin, an inhibitor of mTOR,
reversed the effects of miR-222 inhibitor on
LBD-BDNF induced cells. The above findings
imply that the regulation of miR-222 and mTOR
takes part in the protective effects of LBD-
BDNF on injured neuron.

In conclusion, the present study revealed that
LBD-BDNF promote the recurrent laryngeal
nerve regeneration in laryngeal nerve injured
rabbits. The underlying mechanism was closely
related to activation of p-mTOR by miR-222.
The present findings offer a theoretical basis
for better application of LBD-BDNF to recurrent
laryngeal nerve regeneration and recovery of
damaged peripheral nerve.
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