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Abstract—Injury to the recurrent laryngeal nerve (RLN)
leads to the loss of ipsilateral laryngeal fold movement, with
dysphonia, and occasionally dysphagia. Functional move-
ment of the vocal folds is never restored due to misrouting
of regenerating axons to agonist and antagonist laryngeal
muscles. Changes of neurotrophic factor expression within
denervated muscles occur after nerve injury and may influ-
ence nerve regeneration, axon guidance and muscle rein-
nervation. This study investigates the expression of
certain neurotrophic factors in the laryngeal muscles during
the course of axonal regeneration using RT-PCR. The timing
of neurotrophic factor expression was correlated to the rein-
nervation of the laryngeal muscles by motor axons. Nerve
Growth Factor (NGF), Brain-Derived Neurotrophic Factor
(BDNF) and Netrin-1 (NTN-1) increased their expression
levels in laryngeal muscles after nerve section and during
regeneration of RLN. The upregulation of trophic factors
returned to control levels following regeneration of RLN.
The expression levels of the neurotrophic factors were cor-
related with the innervation of regenerating axons into the
denervated muscles. The results suggest that certain neu-
rotrophic factor expression is strongly correlated to the
reinnervation pattern of the regenerating RLN. These factors
may be involved in guidance and neuromuscular junction
formation during nerve regeneration. In the future, their
manipulation may enhance the selective reinnervation of
the larynx. ! 2016 IBRO. Published by Elsevier Ltd. All
rights reserved.
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INTRODUCTION

Following injury or transection of a peripheral nerve,
robust axonal regeneration occurs. However, functional
recovery is usually impaired due to inappropriate target
selection by regenerating axons (Sunderland, 1978). This
problem is rather significant in regeneration of the recur-
rent laryngeal nerve (RLN). As a result, vocal fold function
is never restored (Crumley, 2000; Tessema et al., 2008,
2009; Pitman et al., 2011; Hernandez-Morato et al.,
2013, 2014a).

RLN is a branch of the vagus nerve that innervates the
intrinsic laryngeal muscles. In the rat, the laryngeal
muscles are the posterior cricoarytenoid muscle (PCA),
which is the unique abductor muscle of the larynx; the
lateral (LTA) and the medial thyroarytenoid muscles
(MTA), which are the two main adductor muscles
(Fig. 1). Axonal regeneration and reinnervation of the
denervated muscles is mediated by neurotrophic factors
(Terenghi, 1999; Pitts et al., 2006; Gordon, 2009; Sun
et al., 2011). These factors activate signaling in the axon
growth cone that stimulates the axonal elongation and the
synapse formation (Wheeler and Bothwell, 1992; Wang
et al., 1995; Ip et al., 2001; Tomàs et al., 2011; Je
et al., 2012; Harrington and Ginty, 2013).

The main group of neurotrophic factors are the
neurotrophins. Those members present in mammalian
muscles are Nerve Growth Factor (NGF), Brain-Derived
Neurotrophic Factor (BDNF), Neurotrophin-3 (NT-3),
and Neurotrophin-4 (NT-4) (Gotz et al., 1994;
Dethleffsen et al., 2003; Omura et al., 2005; Pitts et al.,
2006; Allen et al., 2013). Their expression promotes neu-
rite outgrowth and synaptogenesis during development
(Lindsay, 1988; Wheeler and Bothwell, 1992; Hory-Lee
et al., 1993; Koliatsos et al., 1994; Wang et al., 1995;
Liou and Fu, 1997; Garcia et al., 2010b). Neurotrophins
are also involved in neuromuscular junction maturation
and their maintenance (Heumann et al., 1984; Wheeler
and Bothwell, 1992; Funakoshi et al., 1995; Wang et al.,
1995; Belluardo et al., 2001; Saka et al., 2007; Garcia
et al., 2010a, 2010c, 2010d; Tomàs et al., 2011). The role
of NT-3 has been implicated in the proprioceptive innerva-
tion of skeletal muscles (Ernfors et al., 1995; Wright et al.,
1997; Xie et al., 1997). Neurotrophins also modulate the
balance of slow and fast muscle fiber composition
(Belluardo et al., 2001; Carrasco and English, 2003;
Mousavi et al., 2004; Saka et al., 2007; Ogborn and
Gardiner, 2010).

Netrin-1 (NTN-1) is another neurotrophic factor that
mediates axonal guidance (Colamarino and Tessier-
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Lavigne, 1995; Mitchell et al., 1996; Lauderdale et al.,
1997; Varela-Echavarrı́a et al., 1997; Sun et al., 2011).
Its depletion also affects the formation of neuromuscular
synapses (Mitchell et al., 1996; Burgess, 2006).

Toll-Like Receptor 4 (TLR-4) is involved in pathogen
recognition. Although not a neurotrophic factor, TLR-4
has been implicated in the maintenance of motor
innervation (Radin et al., 2007; Reyna et al., 2008; Welc
et al., 2013; Wu et al., 2013). Therefore, it was considered
as an additional element for investigation.

The aims of this study were to evaluate the expression
of NGF, BDNF, NT-3, NT-4, NTN-1 and TLR-4 in the
abductor and adductor muscles following RLN
transection and anastomosis in adult rats and to
correlate this expression with the reinnervation of the
laryngeal muscles.

EXPERIMENTAL PROCEDURES

Animals

114 adult female Sprague Dawley rats (250 g) were used
in the present study. The rats were cared for in
accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. The
Institutional Animal Care and Use Committee of New
York Medical College approved the animal use protocol.

Surgery-RLN section and repair

The animals were divided into three groups (Table 1). Rats
were deeply anesthetized with an intraperitoneal injection
of 70 mg/kg of ketamine and 7 mg/kg of xylazine. The
right RLN was exposed at the seventh tracheal ring and a
piece of gelfoam was gently placed beneath the nerve. It
was then transected with an iridectomy scissor. The ends
were separated to confirm full transection. They were
then reapproximated on the original piece of gelfoam. A
second piece of gelfoam was placed over the
anastomosis to create a firm connection.

In order to avoid ipsilateral collateral innervation from
the superior laryngeal nerve (SLN) to the denervated
intrinsic laryngeal muscles (Hydman and Mattsson,
2008), the right SLN was identified and two vascular clips
were placed using a Ligaclip endoscopic clip applier
(Ethicon). The nerve was transected between the clips.

Functional evaluation

While animals were still under anesthesia, a 0! 4 mm
endoscope (Stoerz, Germany) was inserted transorally
to evaluate vocal fold motion in normal control animals
and after RLN injury. Once the nerve was transected,
right vocal fold paralysis was confirmed. Food and water
were provided ‘‘ad libitum”. At the end of each time
period (Table 1), the animals were anesthetized once
more as described above. Table 1 Vocal fold motion
was evaluated and recorded. Two glottal frames were
selected as was described in earlier studies
(Hernandez-Morato et al., 2013). One represented maxi-
mal adduction of vocal folds while the other a maximal
abduction (Fig. 2). The angles between both vocal folds
were measured using Image J software (Public Domain,
created by Wayne Rasband). This procedure was
repeated three times per animal. The means of maximal
abduction and maximal adduction angles were calculated.
Position of the paralyzed vocal fold was labeled median
when the angle between both folds in maximal adduction
measured less than 15!, paramedian when the angle was
between 15! and 25! and lateral when the angle was
greater than 25!.

Real-time quantitative RT-PCR

Animals from Group 1 (Table 1) were euthanized with
isoflurane inhalation. Right PCA, LTA and MTA muscles
were isolated and dissected out and were frozen in
liquid nitrogen and kept at !80 !C. Total RNA was
isolated from each muscle using the TRIzol method
according to the manufactures instructions (Life

Fig. 1. Representation of transversal section of the rat larynx. The
recurrent laryngeal nerve innervates the ipsilateral larynx. Its
branches innervate the abductor posterior cricoarytenoid muscle first
(1), followed by the adductors lateral thyroarytenoid muscle (2) and
median thyroarytenoid muscle (3).

Table 1. Number of animals used in this study

Groups Time periods (DPI – Days Post Injury)

Control 1 DPI 3 DPI 7 DPI 14 DPI 21 DPI 28 DPI 56 DPI 84 DPI 112 DPI

qRT-PCR (n= 72) 18 6 6 6 6 6 6 6 6 6

WBlot (n= 18) 6 6 6

IHC (n= 24) 4 4 4 4 4 4
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Technologies, CA). cDNA was generated from 500 ng of
total RNA in a thermo cycler PCR System 2400 (Perkin
Elmer) using Trinscriptor High Fidelity cDNA Synthesis
Kit (Roche Applied Science).

cDNA amplification was performed on an ABI PRISM
7000 Sequence Detection System (Applied Biosystem).
The relative expression of the internal control gene
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
and the studied genes NGF, BDNF, NT-3, NT-4, NTN-1
and TLR-4 were measured using FastStart Universal
SYBR Green Master (ROX) (Roche Applied Science). In
the first step of the RT-PCR the cycle was 50 !C for
30 min, 85 !C for 5 min and then the samples were kept
at 4 !C, and stored at !20 !C. In the second step the
cycling conditions and cycle threshold values were
determined by the supplied ABI software. The annealing
temperature used according to SYBR protocol was
60 !C. The sequences of the primers are summarized in
Table 2. The relative quantification of gene expression
was calculated using the comparative Ct method [2DCt ,
where DCt represents the differences between the
studied genes (NGF, BDNF, NT-3, NT-4, NTN-1, TLR-
4) and the internal control gene (GAPDH)].

Western blot

Ipsilateral PCA, LTA and,MTAmuscles of 12 animals were
dissected out at 3 and 7 days following right RLN injury. In 6
control animals the right laryngeal muscles were isolated
and dissected out to establish basal levels of protein
expression. They were homogenized with ice-cold lysis
buffer (1 M Tris–HCl, pH 7.4, 3% (v/v) Glycerol, and 3%

sodium dodecyl sulfate (SDS)). Following the debris
removal, samples containing proteins were mixed 1:1
with Laemmli sample buffer and boiled for 5 min at
100 !C. The samples were then loaded onto 15% sodium
dodecyl sulfate polyacrylamide (SDS–PAGE) gels and
electrophoresed at 100 V for 60 min. Gels were
electroblotted onto polyvinylidene difluoride (PVDF)
membrane at 100 V for 45 min. The membranes were
then blocked with 5% (w/v) non-fat dry milk in TBS/T
(20 mM Tris pH 7.5, 500 mM NaCl, 01% (v/v) Tween-20)
for 2 h and then incubated at 4 !C overnight in rabbit
antibodies against NGF (1:300), BDNF (1:300), and
Netrin-1 (1:300) (Santa Cruz Biotechnologies, CA) in
0.1% non-fat dry milk in TBS/T. After the washes, the
membranes were incubated for 2 h at room temperature
with donkey anti-rabbit IgG peroxidase conjugate
(Jackson ImmunoResearch, 1:10,000). Membranes were
treated with ECL chemiluminescent substrate (GE
Healthcare Life Sciences) for 1 min and then exposed to
autoradiography film (Denville Scientific).

Immunohistochemistry

The animals from the third group (Table 1) were
overdosed with isoflurane inhalation and transcardially
perfused with 200 ml of Saline Phosphate Buffer (PBS)
followed by fixation in 4% paraformaldehyde in PBS
(250 ml). After perfusion, the larynges were dissected
out, postfixed for 2 h in the same fixative solution, and
were cryoprotected in 30% sucrose in PBS before
sectioning in a Leica cryostat.

In order to identify the presence of axons and motor
endplates in the laryngeal muscles after nerve injury, 14-
lm serial sections of PCA, LTA and MTA were incubated
with rabbit antibody against b-tubulin III polyclonnal
antibody (1:1000, Covence) in TBS plus 0.8% BSA for
48 h at 4 !C. After a TBS wash, the sections were
incubated in anti-rabbit Immunoglobulin G (IgG) Cy3
conjugated (1:400, Jackson ImmunoResearch, PA) for
1 h at 4 !C. The sections were then incubated in Alexa
Fluor 488 conjugated a-bungarotoxin (1:500) for 2 h at
room temperature.

Sections were mounted with glycerin PBS 1:1
solution, coverslipped and stored at 4 !C and were
visualized using a Zeiss Axoskop epi-fluorescence
microscope.

Statistical analysis

All results are expressed as mean ± SEM. Statistical
significance was determined by paired or unpaired
Student’s t test where appropriate. For comparison
among experimental groups, one-way ANOVA tests
were used to determine statistical significance. The level
of significance was set at p< 0.05.

RESULTS

Functional evaluation of the vocal folds

After RLN section, anastomosis and reinnervation,
movement of the right vocal fold was not observed at
any time points studied. Twenty percent of the animals

Fig. 2. Images of two glottal frames at maximal abduction (A) and
maximal adduction (B) taken from a paralyzed right vocal fold of the
rat.
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had a paralyzed vocal fold in the median position
(9.24!± 1.23). The remaining 80% of the animals had
the paralyzed vocal fold in paramedian position
(18.3!± 0.49). No difference regarding the paralyzed
vocal fold position was observed among experimental
groups from day 1 to 112 days post injury.

Immunohistochemistry of laryngeal muscles

a-Bungarotoxin labeled muscles showed motor endplate
labeling in the middle of the muscle belly of PCA, LTA
and MTA in experimental and control animals. Location
of motor end plates of the normal and denervated
muscles remained same as compared to the
unoperated contralateral side of the same animal
(Fig. 3). At 1-day post injury, labeled motor axons were
observed in the ipsilateral PCA, LTA and MTA.

However, in the PCA the immunoreactivity was less
intense near the motor endplates when compared to the
contralateral control side suggesting the presence of still
intact but degenerating axons. At day 3 labeled axons
were not observed in any of the ipsilateral laryngeal
muscles (Fig. 3B). At 7 days post injury (DPI), a few
labeled axons were observed in the PCA but not in LTA
or MTA. Axons in the right PCA were randomly
arranged in the muscle when compared to the control
side. From 14 DPI onward, there was a progressive
reorganization of axons in the PCA. At day 21 the
arrangement was similar to that in the contralateral
control PCA (Fig. 3D). At 14 DPI a few labeled axons
were observed in the LTA and a very few axons in the
MTA. Labeled axons in ipsilateral LTA and MTA at 21
and 28 days respectively, were similar to that of controls
(Fig. 3H and L).

Table 2. Sequences of primers used in qRT-PCR

Gene Primer sequences

Forward Backward

GAPDH TGGACCACCCAGCCCAGCAAG GGCCCCTCCTGTTGTTATGGGGT

NGF TGACTCCAAGCACTGGAACTCAT GTTTGTCGTCTGTTGTCAACGC

BDNF CGACGTCCCTGGGCTGACACTTTT AGTAAGGGCCCGAACATACGATTGG

NT-3 ACATCACCTTGTTCACCTCTA AGTCCACCTTTCTCTTCATGTC

NT-4 CCCCTGCGTCAGTACTTCTGAGAC CTGGACGTCAGGCACGGCTGTTC

NTN-1 CTTCATGTTCATCTTCAGTTTTCCT CTTGCATTAAGATTCCTGTAGCG

TLR-4 CCATGCCTTGTCTTCAATTGTC AACCTAGATCTGAGCTTCAACC

Fig. 3. Double labeling of the motor end plates (green fluorescence) and the axons (red fluorescence) in PCA (A–D), LTA (E–H), and MTA (I, J) by
IHC. PCA (A), LTA (D), and MTA (I) of the left side show positive axonal staining in the motor end plates (merge in yellow). At 3 DPI of RLN in PCA
(B), LTA (E), and MTA (J) motor end plates were labeled but no axonal labeling was detected. Motor axons in neuromuscular synapses were again
observed in the three muscles at 28 DPI (D, H, L). The arrows point to the motor endplates and the arrowheads point to the motor axons. All
photographs at each stage were taken at the same magnification. The bar at the bottom of the figure represents 100 lm. All images are presented at
the same magnification. dpi, days post injury; ro, rostral; r, right; d, dorsal. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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mRNA expression of NGF, BDNF and NTN-1 after RLN
injury

The levels of NGF, BDNF and NTN-1 mRNA in laryngeal
muscles showed a significant increase post injury when
compared to controls. mRNA level of NGF increased
4.2-fold at 1 DPI in PCA. This level began to decrease
by three DPI and from 14 DPI onward the level of NGF
further declined and stayed at this lower level
throughout the experimental period. NGF expression in
LTA also changed at day 3 and continued to increase
up to five fold at day 14. Subsequently the mRNA
expression of NGF decreased. In the MTA there was an
initial increase of NGF followed by a decrease of the
expression level from day 28 DPI onward (Fig. 4A).

BDNF level in all three muscles increased four fold up
to day 7 and thereafter it decreased. The BDNF
expression decreased to control level in PCA at 14 DPI
and remained at that level in other time points. In the
LTA and MTA, the expression of BDNF increased and
remained elevated until day 21 and after thereafter it
decreased to control level (Fig. 4B). mRNA expression
of NTN-1 slowly increased and reach the peak 14 DPI
in PCA and subsequently decreased at a slow rate
remaining higher than control levels until 56 DPI. In
MTA, NTN-1 expression decreased slightly at day 1 and
remained at that low level throughout the experimental
period. In LTA, NTN-1 level slightly decreased at day 1,
and then increased 0.7-fold until day 28. After 28 DPI it
decreased to the control levels (Fig. 4C).

The mRNA expression of NT-3, NT-4 and TLR-4
compared to other trophic factors was minimal in all
muscles and these values were statistically non
significant. They were excluded from further analyses
(Fig. 5).

Western blot analyses

In order to confirm the changes of mRNA expression of
NGF, BDNF and NTN-1 during laryngeal muscle
reinnervation by regenerating RLN, the protein levels of
these trophic factors were studied by Western blot
analyses.

The level of NGF protein in PCA increased 1.7-fold at
three DPI. It increased 2.6-fold by day 7. In the LTA, it
increased 1.5-fold by three DPI and its level decreased
by seven DPI. In the MTA very little increase was
observed at three DPI. By seven DPI it decreased to
the control values (Fig. 6A). In all three muscles, protein
levels of BDNF increased by twofold at three DPI and
remained elevated at seven DPI (Fig. 6B). NTN-1
protein level increased 2.5-fold by three DPI in PCA and
remained elevated at seven DPI. In LTA it increased
1.5-fold and was very low at seven DPI. In MTA, NTN-1
protein level decreased by 50% at day 3 and return to
control level by seven DPI (Fig. 6C).

DISCUSSION

The present results showed differential increases in
expression of mRNA of several trophic factors. In
general, expression of NGF, BDNF and NTN-1 sharply

increased and returned to control levels at 21 DPI
onward. Specifically, NGF and BDNF mRNA increased.
It is increased in the PCA before it is increased in LTA
and MTA (see Fig. 4A and B). NTN-1 mRNA expression
was significantly increased only in PCA, whereas, in the
LTA and MTA its level increased slightly and remained
near control levels (Fig. 4C). The timing of these
changes and the return to baseline levels correlated
with the timing of denervation and axonal reinnervation.
Regarding NT-3, NT-4 and TLR-4, they displayed

Fig. 4. mRNA expression of NGF (A), BDNF (B) and NTN-1 (C)
within PCA, LTA, and MTA muscle fibers during RLN regeneration at
different time points. Data are expressed as a percentage of mRNA
expression (mean ± SEM) relative to control. The time course
reveals differences of mRNA expression among NGF, BDNF and
NTN-1 in the three laryngeal muscles. Asterisk (*) indicates results
are statistically significant different (* means p< 0.05; ** means
0.001 < p< 0.01; and *** means p< 0.001).
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minimal mRNA overexpression and these values were not
statistically significant (Fig. 5).

We have previously shown that following RLN
transection regenerating axons innervate PCA first
followed by LTA and MTA (Hernandez-Morato et al.,
2014b). PCA is the nearest first muscle along the path
of regenerating RLN axons (Fig. 1). Regenerating axons
at entered the PCA at seven DPI. LTA and MTA are more
distal muscles (Fig. 1). Their regenerating axons entered
LTA at 14 DPI and MTA at 21 DPI. The pattern of mRNA
expression of the present study chronologically correlates
with the nerve reinnervation pattern following nerve injury
as it has been observed during the larynx innervation dur-
ing development (Pitman et al., 2013; Hernandez-Morato
et al., 2014b) (Figs. 1 and 3).

In evaluating the changes in neurotrophic factors
noted in this study, it is important to consider some of
the major and unique properties of the laryngeal
muscles. The differences between slow and fast sub-
types in skeletal muscles are well delineated (Schiaffino

and Reggiani, 1996). Slow and type IIA fast muscle have
high levels of oxidative enzyme, whereas type IIB fibers
have increased glycolytic activity. However, there are also
several other myosin heavy chain proteins present in the
larynx that have not been found in the limb muscles.
DelGaudio and Sciote (1997) showed that the LTA and
MTA express a protein found in extraocular muscles that
might be responsible for fast contraction time of the laryn-
geal muscles. In addition, there are elevated levels of
hybrid muscle fibers in laryngeal muscles as denoted by
fibers having two or more myosin heavy chain proteins
(Wu et al., 2000). It has been proposed that such hybrid
fibers are responsible for multiple functions in muscles,
adding a level of complexity to the laryngeal muscle
action. Shiotani et al. documented significant changes in
these characteristics of laryngeal muscles after RLN tran-
section in rats (Shiotani and Flint, 1998). Transition in fast
subtype proteins in the laryngeal muscle was well docu-
mented. They also showed that myosin heavy chain
would either decrease or increase in rat laryngeal mus-

Fig. 5. mRNA expression of NT-3 (A), NT-4 (B) and TLR-4 (C) within PCA, LTA, and MTA muscle fibers during RLN regeneration at different time
points. Data are expressed as a percentage of mRNA expression (mean ± SEM) relative to control. Non significant differences of mRNA
expression were observed among NT-3, NT-4 and TLR-4 in the three laryngeal muscles.

Fig. 6. Western blot analyses showing changes in NGF (A), BDNF (B) and Netrin-1 (C) protein expression at three and seven DPI of the RLN within
PCA, LTA and MTA. Bars are determined by densitometry and expressed as percentage of nondenervated controls (mean ± SEM). Asterisk (*)
indicates results are significantly different (* means p< 0.05; ** means 0.001 < p< 0.01; and *** means p< 0.001).
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cles during RLN regeneration. Considering these unique
laryngeal muscle properties and that subsequent changes
in laryngeal muscle following RLN transection may be
influenced by neurotrophic factor expression, it is impor-
tant to study the role of trophic factor during regeneration.

Because of the unique properties of laryngeal muscle
as compared to other striated muscles of the body, our
discussion will be limited to comparing the changes in
neurotrophic factors found in the present study to those
found in others studies specific to laryngeal muscle.
Kingham et al. (2005) reported changes in pig laryngeal
muscle with a fivefold increase in NT-3 protein in PCA
and a two fold increase in NT-3 in TA muscles, using
Western blot. Some changes were seen in NT-4 levels
as well. These changes were reported in muscle that
had been denervated for 2 months. The results of our
study in rats may not be comparable to pig as transected
rat RLN regenerates within 7–21 days and increases in
the level of trophic factor protein may be species specific.

A recent study on the rat laryngeal muscle following 5-
mm transection of the RLN without reanastomosis
showed that the BDNF mRNA expression in TA
decreased slowly over time. At three weeks BDNF
expression decreased significantly. These authors
further showed that BDNF expression increased at
6 weeks in PCA (Wang et al., 2015). In our present study,
the nerve was transected and anastomosed, and axons
began to innervate the muscles by day 7. The higher level
of BDNF expression at 7 DPI could be due to this early
innervation pattern. It is possible that due to the 5 mm
resection in the Wang study, reinnervation occurred but
was delayed, hence the increase in BDNF was delayed
as well.

NGF and BDNF have been shown in postnatal
animals to maintain the neuromuscular connections
established during development (Wheeler and Bothwell,
1992; Wang et al., 1995; Ip et al., 2001; Je et al., 2012).
Retrograde transport of NGF and BDNF to the neuron cell
body has been reported (Heumann et al., 1984; McKay
et al., 1996; Curtis et al., 1998; Kishino and Nakayama,
2003). In the present study, the increase of mRNA levels
of NGF and BDNF occurred within a day following RLN
injury in laryngeal muscles (Fig. 4A) may have been due
to the accumulation of trophic factors because of the inter-
ruption of retrograde transport due to the transection of
the nerve (Xie and Barrett, 1991; Ahmed et al., 2001).
Increase in expression of trophic factors continued until
7 DPI and decreased thereafter. Timing of neurotrophic
factors expression is correlated to the neuromuscular
junction formation in the PCA at 14 days. Similarly, the
downregulation of NGF occured when motor-axons
established neuromuscular junctions in LTA at 21 DPI.

In the present study, BDNF mRNA upregulation
occurred in MTA (Fig. 4B). There was no increase in
the level of NGF in MTA except at day 14 (Fig. 4A). We
are unable to provide a rational for this occurence. In
other studies, peripheral nerve injury led to an increase
of NGF and BDNF expression in the denervated muscle
(Funakoshi et al., 1993; Sakuma et al., 2001; Michalski
et al., 2008; Vega-Cordova et al., 2010). NGF involve-
ment in axon outgrowth and less so in neuron survival

has been reported (Barde et al., 1982; Henderson et al.,
1993; Hory-Lee et al., 1993). NGF role in neuromuscular
junction maintenance has been proposed (Heumann
et al., 1984; Curtis et al., 1998). NGF is particularly
involved in muscle regeneration and myoprotection
(Menetrey et al., 2000; Wu et al., 2009; Ettinger et al.,
2012). These studies suggest that NGF plays a critical
role in the maintenance of the neuromuscular junction
and myoprotection, but is less integral to the establish-
ment of neuromuscular connections. In contrast, the
formation and maturation of neuromuscular junction is
mediated by BDNF (Wang et al., 1995). BDNF also
enhances axonal outgrowth and the reinnervation of the
motor end plates following sciatic nerve injury (Zhang
et al., 2000; Boyd and Gordon, 2002). In the present
experiment, the peak of BDNF mRNA expression chrono-
logically corresponded to the arrival of regenerating axons
into the denervated laryngeal muscles. Our results are in
concordance with these studies.

NTN-1 plays several roles during development. In the
axonal pathfinding of the cranial nerves, NTN-1 repulses
the axonal extension in the floor plate of the brainstem
during development (Varela-Echavarrı́a et al., 1997).
However, the expression of NTN-1 works also as an
attractant to the axons during development (Colamarino
and Tessier-Lavigne, 1995; Guthrie and Pini, 1995). In
the periphery, a depletion of NTN-1 during development
leads to the failure of axons to reach the muscles
(Burgess, 2006). In the present study the peak of NTN-
1 mRNA overexpression occurred in the PCA at 14 DPI.
These results suggest that NTN-1 increases its expres-
sion after regenerated axons have established the
synapses. Considering NTN-1’s known repellent action
(Varela-Echavarrı́a et al., 1997; Murray et al., 2010), the
increase in NTN-1 may have steered later arriving regen-
erating axons away from PCA toward the LTA whereas
GDNF was overexpressed (Hernandez-Morato et al.,
2014b). In LTA, supernumerary axons were less in num-
ber compared to PCA which is the first muscle where
motor axons establish synapses. Finally, MTA is the last
muscle to be reinnervated and relatively few axons reach
this muscle. As a result, NTN-1 expression in MTA did not
change.

Although numerous studies have shown the role of
NT-3, NT-4 and TLR-4 following nerve injury, NT-3, NT-
4 and TLR-4 expression in the present study did not
change significantly in muscles after nerve transection
and regeneration (Copray and Brouwer, 1997; Taylor
et al., 2001, 2005). It is conceivable that the lack of such
upregulation is due to the mixed and unique nature of
laryngeal muscle protein in normal and RLN regenerating
muscles. Further studies in laryngeal muscle of other spe-
cies are needed to clarify the differences.

Regenerating axons, regardless of their origin,
encounter the closest muscle first, that is PCA, and
innervate it. Later arriving axons innervate LTA
(Hernandez-Morato et al., 2013, 2014a, 2014b). This
innervation pattern, based on axon speed, may be on rea-
son for the inappropriate synkinetic reinnervation that
leads to a paralyzed vocal fold. To influence reinnervation
so that axons will reinnervate the proper laryngeal

50 I. Hernandez-Morato et al. / Neuroscience 333 (2016) 44–53



muscles resulting in return of normal function, we must
further investigate the role of neurotrophic factors in the
guidance of these axons, as well as the establishment
and maintenance of neuromuscular junctions. BDNF,
NGF and NTN-1 appear to be most relevant for further
study compared to NT-3, NT-4 and TLR-4. NTN-1 is par-
ticularly intriguing due to the significant difference in
expression of NTN-1 in the PCA compared to the MTA
and LTA. Further experiments, either blocking or enhanc-
ing the neurotrophic factor expression, may help to further
delineate the role of these factors in axon guidance and
the formation of specific neuromuscular junctions.
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(2010d) Localization of brain-derived neurotrophic factor,
neurotrophin-4, tropomyosin-related kinase b receptor, and
p75NTR receptor by high-resolution immunohistochemistry on the
adultmouse neuromuscular junction. JPeripherNervSyst 15:40–49.

Gordon T (2009) The role of neurotrophic factors in nerve
regeneration. Neurosurg Focus 26:E3.
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