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Objective: After recurrent laryngeal nerve injury (RLN), spontaneous reinnervation of the larynx occurs with input from
multiple sources. The purpose of this study was to determine the timing and efficiency of reinnervation across a resected
RLN segment in a rat model of RLN injury.

Study Design: Animal study.
Methods: Twelve male 60-day-old Sprague Dawley rats underwent resection of a 5-mm segment of the right RLN. Rats

were sacrificed at 1, 2, 4, and 12 weeks after nerve injury to harvest the larynx and trachea for immunohistologic analysis.
The distal RLN segment was stained with neurofilament, and axons were counted and compared to the nonoperated side.
Thyroarytenoid (TA) muscles were stained with alpha-bungarotoxin, synaptophysin, and neurofilament to identify intact neu-
romuscular junctions (NMJ). The number of intact NMJs from the denervated side was compared to the nonoperated side.

Results: Nerve fibers regenerated across the resected RLN gap into the distal recurrent laryngeal nerve to innervate the
TA muscle. The number of nerve fibers in the distal nerve segment increased over time and reached the normal number by
12 weeks postdenervation. Axons formed intact neuromuscular junctions in the TA, with 48.8% 6 16.7% of the normal num-
ber of intact NMJs at 4 weeks and 88.3% 6 30.1% of the normal number by 12 weeks.

Conclusion: Following resection of an RLN segment in a rat model, nerve fibers spontaneously regenerate through the
distal segment of the transected nerve and form intact NMJs in order to reinnervate the TA muscle.
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INTRODUCTION
Laryngeal paralysis secondary to recurrent laryn-

geal nerve injury remains a significant cause of morbid-
ity by impairing voice, airway, and swallowing function.
Historically, although laryngeal paralysis was primarily
related to extralaryngeal malignancies and thyroid sur-
gery, the etiology of laryngeal paralysis has been chang-
ing in recent decades, with an increase in recurrent
laryngeal nerve (RLN) injury during anterior cervical
spine surgery, carotid endarterectomy, and thoracic sur-
gery.1–5 Unfortunately, despite being an area of active
research, there is no way to reliably restore physiological
movement to the paralyzed vocal fold. The available

treatment options for vocal fold paralysis consist of static
geometric solutions that provide more favorable glottic
closure and reinnervation procedures that provide tone
to vocal fold musculature.6

Unlike most peripheral nerve injuries, clinical or
experimental injury to the RLN does not typically
result in progressive atrophy or fibrosis of the laryn-
geal musculature. This phenomenon can be attributed
to a propensity of the larynx to undergo spontaneous
reinnervation after RLN injury, which has been demon-
strated by multiple authors.7–12 Unfortunately, aberrant
reinnervation can lead to synkinesis rather than physi-
ologic motion.7 Understanding spontaneous reinnerva-
tion and the sources of reinnervation has been the
subject of multiple studies.13–18

Spontaneous laryngeal reinnervation was studied in
previously published work using the current rat model
of RLN injury. Multiple experimental conditions were
employed to explore and delineate various possible rein-
nervation sources at 3 months postresection of an RLN
segment. It was evident through retrograde brainstem
neuronal labeling, electromyography, and laryngoscopy
that the superior laryngeal nerve (SLN) is a major
source of spontaneous reinnervation, and that the RLN
contributes as well—although the RLN contribution was
less and appeared variable.18 There was also evidence
for central nervous system plasticity. Remarkably, with
respect to the RLN specifically in that study, there was
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histologic evidence of axons in a distal nerve segment
across a gap at 3 months postinjury in 87% of animals.
It was unclear, however, whether the histologic staining
of neurofilament in the distal RLN segment truly repre-
sented regenerated axons or was residual from native
nerve. It was also unclear whether these axons contrib-
uted to functional neuromuscular junctions (NMJ).

We hypothesize that the RLN contributes to sponta-
neous laryngeal reinnervation by regenerating across a
resected gap, and that regeneration of nerve fibers will
occur in a time-dependent fashion that correlates with
establishment of intact NMJs. The purpose of this study
was to evaluate this hypothesis.

MATERIALS AND METHODS

Animals and Procedures
The study was performed with the approval of the Univer-

sity of Michigan Committee on Use and Care of Animals.
Twelve male Sprague-Dawley rats, age 60 days, underwent
RLN resection using procedures previously described in a rat
model of chronic RLN injury.19 Briefly, intraperitoneal ketamine
(50 mg/kg) and xylazine (5 mg/kg) with inhaled 1.8% isofluor-
ane were used to induce anesthesia with spontaneous respira-
tion for microlaryngoscopy to document vocal fold mobility. The
larynx, trachea, and right RLN were then exposed under an
operating microscope through a midline cervical incision, and 5
mm of the right RLN at the level of the cervical trachea was
resected. The wound was closed, and microlaryngoscopy was

Fig. 1. Immunohistochemical analysis of intact neuromuscular junctions. Neurofilament (red) demonstrates nerve fibers, synaptophysin
(green) demonstrates presynaptic terminals, and a-bungarotoxin (blue) demonstrates motor end plates. The three images are merged to
assess contact.

Fig. 2. Immunohistologic analysis with neurofilament stain of the recurrent laryngeal nerve (RLN) across a resected segment. (A) Intact RLN;
(B) Neurofilament within RLN location 1 week following resection, (C) 2 weeks following resection, (D) 4 weeks following resection, and (E)
12 weeks following resection.
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again performed to confirm right vocal fold paralysis. The rats

were then divided into four groups of three rats each and har-

vested at different time points following RLN denervation. Rats

were sacrificed at 1 week, 2 weeks, 4 weeks, and 12 weeks.

Harvest and Tissue Processing
Rats were euthanized, followed by intracardiac perfusion

of 4% paraformaldehyde. The larynx and trachea with associ-

ated RLNs were harvested and sectioned at 20 lm. Immunohis-

tochemistry was then performed. Sections through the trachea

and RLNs were processed with anti-neurofilament antibodies

(Millipore, Billerica, Massachusetts) to visualize axons within

the RLN distal to the resected segment of the nerve. Sections

through the resected gap were also examined to confirm that

the axons were regenerating across the gap from the proximal

nerve segment. A Nikon Microphot FXA microscope (Nikon,

Inc., Minato, Tokyo, Japan) was used with a Spot RT slider
CCD 3 MP camera and a 403 objective (Diagnostic Instru-
ments, Inc., Sterling Heights, Michigan), providing a total of
4003 magnification. Images were acquired using Spot Basic
version 4.6.3.10 (Diagnostic Instruments). Images imported into
MetaMorph version 7.7.1 (Molecular Devices Corp., Sunnyvale,
California), and axons were counted. Four sections were ana-
lyzed for each animal. The results from the injured side were
compared to the nonoperative side, which served as an internal
control. Results were reported as a ratio of the transected side
over the normal nonoperative side.

Sections through the thyroarytenoid (TA) muscle were proc-
essed with anti-neurofilament antibodies, anti-synaptophysin
antibodies (Sigma, St. Louis, Missouri), and a-bungarotoxin (Invi-
trogen, Carlsbad, California) to visualize the axons, presynaptic
terminals, and acetylcholine receptors, respectively, for identifi-
cation of intact NMJ. A neuromuscular junction was counted if
there was triple staining with neurofilament, synaptophysin, and
a-bungarotoxin (Fig. 1). Images were captured at 2003 power
using an Olympus FluoView FV500 scanning laser microscope
(Olympus Corp., Shinyuku, Tokyo, Japan). The results from the
injured side were compared to the nonoperative side, which
served as an internal control. Results were reported as a ratio of
the transected side over the normal nonoperative side. The
researchers analyzing the sections were unblinded.

RESULTS

Animal Procedures
All 12 animals underwent the designated proce-

dures, were confirmed to have right vocal fold paralysis
following denervation, survived to the chosen endpoint,
and were successfully harvested.

Axon Regeneration Across Resected Segment
There was immunohistochemical evidence of axon

regeneration into the distal RLN to innervate the TA mus-
cle (Fig. 2). Neurofilament was present as early as 1 week,
and the number of nerve fibers in the distal nerve seg-
ment increased over time. At 1 week, 38.2% 6 8.5% of the
intact nerve fibers were histologically present across the
cut nerve gap. This increased to 64.3% 6 17.9% by 2
weeks and to 88.4% 6 2.8% at 4 weeks, and normalized to
109.4% 6 16.7% by 12 weeks postdenervation (Fig. 3).

Neuromuscular Junction Analysis From the
Thyroarytenoid Muscle

Immunohistochemical analysis of NMJs within the
TA muscles demonstrated time-dependent increase in
the number of intact NMJs following RLN resection.
Early in the time course, very few intact neuromuscular
junctions were noted on the injured side compared to
the normal nonoperated side (2.8% 6 4.9% at week 1
and 4.9% 6 3.5% at week 2). By week 4, the number of
intact NMJs increased dramatically to 48.8% 6 10.8%
and nearly normalized by 12 weeks (88.3% 6 32.8%)
(Fig. 4). Morphologically, the shape of the neurofilament-
stained fibers had a more normal appearance as time
progressed, and synaptophysin-stained presynaptic ter-
minal increased with time (Fig. 5). Interestingly, the
number of a-bungarotoxin-stained motor endplates did
not differ between the different time points, but these

Fig. 3. Axonal counts from the resected section of the recurrent
laryngeal nerve over time following nerve injury. Axon counts are
shown as a ratio of the injured to uninjured side. Error bars repre-
sent standard deviation.

Fig. 4. The number of intact neuromuscular junctions present in
the thyroarytenoid muscle were compared over time following
recurrent laryngeal nerve injury. The number of intact neuromuscu-
lar junctions are shown as a ratio of the injured to the uninjured
side. Error bars represent standard deviation.
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endplates were not contacted by neurofilament-stained
axonal fibers or synaptophysin-stained presynaptic ter-
minals in the earlier time points (Fig. 5B and 5C).

DISCUSSION
As shown in previous studies, there is spontaneous

reinnervation of the larynx after RLN injury.7–12 The cur-
rent study supports the conclusion that the RLN itself
contributes to spontaneous reinnervation. All 12 animals
demonstrated regeneration of axons into the distal RLN
segment across the resected gap. Interestingly, when the
axons regenerated, they were able to identify the distal
nerve stump across the unreconstructed nerve gap to
reach the larynx. Axon counts in the distal nerve just
beyond the injury demonstrated that efficient neural
regeneration as axonal density reached near normal num-
bers by week 4 and had normalized by week 12. The previ-
ously published study with this model had demonstrated
that 87% of animals had neurofilament staining in the
distal nerve segment; however, it was unclear whether
the staining was of residual native tissue or was in fact
staining regenerated axons. Observing the change in
axon count over time in the current study answers this
question and is definitive evidence of RLN degeneration
and regeneration in the distal nerve segment.

This finding is supported by previous findings. Chen
et al. evaluated 29 patients with unilateral vocal fold

paralysis after thyroid surgery and explored the recurrent
laryngeal nerve. In their study, five patients had intact
recurrent laryngeal nerves, whereas 24 had transected
nerves. In patients with nerve transection, proliferative
connective tissue was seen connecting the proximal and
distal ends of the transected nerve. It was postulated that
this may indicate spontaneous regeneration of the recur-
rent laryngeal nerve despite the lack of functional vocal
fold movement.20 Spontaneous axonal regeneration is
critical in maintaining tone to the laryngeal musculature
after denervation. This has been termed “subclinical rein-
nervation.”21 The origin of the axons innervating the lar-
ynx is often aberrant; however, the current study, along
with the findings from Chen et al. and our previous work,
suggest that at least some axons originate within the
injured recurrent laryngeal nerve.18,20,21

The current study also demonstrates the time-
dependent formation of intact NMJs in the TA muscle.
By 12 weeks, the number of intact NMJs was almost
equal to that of the uninjured side. Although the NMJs
were very disorganized at early time points, they had a
more normal morphological appearance by 12 weeks.
These data alone add useful information to the collective
knowledge base regarding the phenomenon of spontane-
ous laryngeal reinnervation, particularly with respect to
the possible directed reinnervation paradigms discussed
below. In our study, the number of motor endplates did

Fig. 5. Immunohistologic analysis of NMJ within the TA muscle. Images are merged to show nerve fibers (red neurofilament stain), presynaptic
terminals (green synaptophysin stain), and motor end plates (blue a-bungarotoxin stain). (A) TA muscle with intact NMJ. (B) TA muscle 1 week
following nerve injury and (C) 2 weeks following nerve injury, showing normal number of motor end plates but no intact NMJ. (D) TA muscle 4
weeks following nerve injury. (E) TA muscle 12 weeks following nerve injury, showing intact NMJ with altered nerve fiber morphology.
NMJ 5 neuromuscular junctions; TA 5 thyroarytenoid.
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not change with acute denervation. This is in concor-
dance with the understanding of acute muscle denerva-
tion. In the early stage of denervation, the muscle
creates a microenvironment that is conducive for rein-
nervation.22 This includes upregulation of muscle regu-
lation factors, increase in nicotinic acetylcholine
receptors, and Schwann cell proliferation.22–27 As in our
study, the motor end plates remain present, are often
upregulated in the acute postdenervation phase, and are
a key contributor to successful reinnervation.

The timing of intact NMJ formation had a logical
temporal relationship to axonal regrowth in the distal
RLN, which further supports the conclusion that the
regenerated RLN contributes to the functional regener-
ated NMJs. This answers a second important question
remaining after the previously published study regard-
ing the functional significance of regenerated RLN
axons. We do acknowledge that the current experimental
paradigm does not allow for delineation of what percent-
age of the functional NMJs are innervated by RLN ver-
sus SLN or other neural sources, but the temporal
relationship described above supports an RLN contribu-
tion. Consideration was given to resecting the SLN on
the experimental side in the current study in order to
eliminate this neural regeneration source; however, it
was felt that this would significantly alter the denerva-
tion/reinnervation milieu and would make the study
nonrepresentative of the common clinical situation of
isolated RLN injury.

Although this study confirms and further character-
izes a source of laryngeal reinnervation, the fundamen-
tal issue remains that spontaneous reinnervation is not
physiologic and often leads to synkinesis. As such, there
is much interest in both improving regenerative effi-
ciency and in guiding axonal growth to prevent synkine-
sis. The concept of correct nerves reaching correct
muscles is the most important goal in laryngeal reinner-
vation research.

Efforts to improve neural regeneration in general
after a recognized nerve injury include primary coapta-
tion, autologous nerve grafting, nerve conduits using an
extracellular matrix, bone marrow-derived cells to
improve vascularity, supportive cells, gene therapy with
growth factors, and even 3D printed scaffolds.28–34

Although some of these techniques hold promise in
terms of promoting axonal growth, they do not address
the problem of synkinesis. Selectively promoting desired
reinnervation sources and targets and/or preventing
undesired ones using growth factors or neurotoxins is an
important current arena of investigation, and elegant
work is being done in the laboratories of Halum, Pan-
iello, Pitman, and others. 35–37 A thorough characteriza-
tion of spontaneous reinnervation sources and
mechanisms is a necessary prerequisite to achieving the
goals of physiologic reinnervation and improved out-
comes for patients with laryngeal paralysis.

CONCLUSION
This study demonstrates that axons are able to

spontaneously regenerate across a 5-mm gap in a rat

model of RLN injury. These axons reach the larynx and
contribute to intact neuromuscular junctions. The num-
bers of regenerated axons and neuromuscular junctions
increase in a time-dependent manner and nearly nor-
malize by 12 weeks postinjury.
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