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Abstract

latrogenic recurrent laryngeal nerve (RLN) injury is a morbid complication of anterior neck
surgical procedures. Existing treatments are predominantly symptomatic, ranging from behavioral
therapy to a variety of surgical approaches. Though laryngeal reinnervation strategies often
provide muscle tone to the paralyzed vocal fold (VF), which may improve outcomes, there is no
clinical intervention that reliably restores true physiologic VF movement. Moreover, existing
interventions neglect the full cascade of molecular events that affect the entire neuromuscular
pathway after RLN injury, including the intrinsic laryngeal muscles, synaptic connections within
the central nervous system, and laryngeal nerve anastomoses. Systematic investigations of this
pathway are essential to develop better RLN regenerative strategies. Our aim was to develop a
translational mouse model for this purpose, which will permit longitudinal investigations of the
pathophysiology of iatrogenic RLN injury and potential therapeutic interventions. C57BL/6J mice
were divided into four surgical transection groups (unilateral RLN, /7= 10; bilateral RLN, 7= 2;
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unilateral SLN, 7= 10; bilateral SLN, 7= 10) and a sham surgical group (n = 10). Miniaturized
transoral laryngoscopy was used to assess VF mobility over time, and swallowing was assessed
using serial videofluoroscopy. Histological assays were conducted 3 months post-surgery for
anatomical investigation of the larynx and laryngeal nerves. Eight additional mice underwent
unilateral RLN crush injury, half of which received intraoperative vagal nerve stimulation (iVNS).
These 8 mice underwent weekly transoral laryngoscopy to investigate VVF recovery patterns.
Unilateral RLN injury resulted in chronic VF immobility but only acute dysphagia. Bilateral RLN
injury caused intraoperative asphyxiation and death. VF mobility was unaffected by SLN
transection (unilateral or bilateral), and dysphagia (transient) was evident only after bilateral SLN
transection. The sham surgery group retained normal VVF mobility and swallow function. Mice that
underwent RLN crush injury and iVNS treatment demonstrated accelerated and improved VF
recovery. We successfully developed a mouse model of iatrogenic RLN injury with impaired VF
mobility and swallowing function that can serve as a clinically relevant platform to develop
translational neuroregenerative strategies for RLN injury.
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Introduction

latrogenic recurrent laryngeal nerve (RLN) injury, a complication of anterior neck surgical
procedures, results in ipsilateral vocal fold (VF) immobility and associated dysphagia,
dysphonia, and dyspnea [1-3]. Although the RLN may spontaneously regenerate after
injury, recovery may take several months to years, and full return of normal function rarely
occurs [2, 4, 5]. Poor outcomes are largely attributed to pathological reinnervation of the
intrinsic laryngeal muscles, either by preferential reinnervation of laryngeal adductors by
regenerating RLN fibers or by collateral reinnervation by the superior laryngeal nerve (SLN)
[2, 6, 7]. While pathological reinnervation may mitigate laryngeal muscle atrophy, VF
movement typically remains ineffective and unsynchronized [6, 8, 9]. Older individuals are
particularly at risk for worse outcomes, as aged peripheral nerves have reduced regenerative
capacity [10-12]. This biological deficiency is especially concerning for the increasingly
aging population undergoing anterior neck procedures [13, 14].

Existing treatments for RLN injury are predominantly symptomatic, ranging from
behavioral therapy to a variety of surgical approaches. Though laryngeal reinnervation
strategies often provide muscle tone to the paralyzed VF, which may improve functional
outcomes, there is no clinical intervention that reliably restores true physiologic VF
movement [15-19]. Moreover, existing interventions neglect the full cascade of molecular
events that affect the entire neuromuscular pathway after RLN injury, including the intrinsic
laryngeal muscles, synaptic connections within the central nervous system, and laryngeal
nerve anastomoses. Systematic investigations of this pathway are essential to develop better
RLN regenerative strategies. Animal models such as pigs [20-25], dogs [26], cats [27], rats
[28, 29], and rabbits [15] provide suitable platforms for this purpose. Rats, in particular, are
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at the forefront of an emerging treatment for nerve regeneration—electrical stimulation
applied proximal to the nerve injury site. This approach has shown promising effects after
facial nerve [30, 31] and RLN [29] injury. However, these studies have predominantly
focused on infant or young adult rats whose developing nervous systems bear little
resemblance to mature humans. Moreover, no animal study of RLN injury has integrated
basic science techniques with the clinical gold standard combination of endoscopy and
videofluoroscopy for clinicopathological investigation of the aerodigestive tract.

The goal of this study was to develop a mouse surgical model of iatrogenic RLN injury to
accelerate scientific discovery. We chose the C57BL/6J mouse because it is an established
translational model for investigations of swallowing [32] and laryngeal biology [33]. The
short life-span of the mouse permits high-throughput, longitudinal investigations in aged
populations more representative of anterior neck surgical patients. However, its small size
(Fig. 1) has been prohibitive to the development of directly translatable functional outcome
measures for correlation with histological findings [34]. Here, we have overcome this
challenge by using our “miniaturized” endoscopic [35] and fluoroscopic [32, 36] imaging
methodology to develop a translational mouse model of iatrogenic RLN injury.

Our first endeavor was to ensure the fidelity of the laryngeal innervation pattern and
functional outcomes between humans and mice. We focused on transection (neurotmesis)
injuries because they are most experimentally replicable [5], and included the RLN and SLN
because of the growing evidence of dual innervation of the intrinsic laryngeal muscles [37,
38]. We hypothesized that like humans, RLN transection in mice would cause chronic
impairment of VF mobility and dysphagia, whereas SLN transection would result in subtle,
transient changes in VF mobility and swallowing function. Furthermore, we expected more
severe symptoms after bilateral injury. Finally, we adapted our model to include a more
prevalent crush (axonotmesis) injury [5], and conducted a feasibility study of intraoperative
vagal nerve stimulation (iVNS) as a novel RLN regenerative strategy. In doing so, we
expanded upon a recent study in young adult rats in which RLN stimulation accelerated the
recovery of VF mobility after RLN crush injury [29]. However, rather than stimulating the
RLN, we chose the cervical vagus nerve as a more clinically relevant treatment site to
simultaneously target all potentially injured RLN branches and promote widespread
regeneration. Moreover, we tested this strategy in aged mice to better correspond to the
average age of anterior neck surgical patients, thus highlighting our translational intent.

Materials and Methods

Animals

Fifty adult C57BL/6 (also known as B6) mice of either sex were included in this study,
which was approved by our Institutional Animal Care and Use Committee. The majority of
these mice (7= 42) were used to develop our surgical model of iatrogenic laryngeal nerve
injury (i.e., transection), and the remaining (n7= 8) were allowed to age for further model
refinement (i.e., RLN crush injury and exploratory regenerative treatment). All mice were
offspring from our C57BL/6 J colony established by mating sibling pairs purchased at 6
weeks of age from The Jackson Laboratory (Bar Harbor, ME). Over a 2-year period,
offspring between 3 and 12 months of age were randomly assigned to several surgical
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cohorts, with transection injury groups completed before beginning the crush injury
component of this investigation.

Mice were group housed (2—4 animals per cage, based on sex and litter) in a standard 12:12
light/dark cycle facility with controlled temperature and humidity conditions. Free access to
water and standard rodent food pellets was provided, except during the experimental
procedures described below. An enhanced enrichment protocol (e.g., running wheel and
chewable treats) was used for all cages to minimize aggression and the need for single
housing in our aging B6 colony. Daily monitoring by veterinary and research staff ensured
that all mice remained healthy throughout the study.

Surgical Procedures

General Surgical Approach—All 50 mice underwent microsurgery using a midline
ventral neck approach, closely following our previously established methods [39]. After a 4—
6-h food restriction, mice were anesthetized with a single subcutaneous injection of
ketamine-xylazine (90/11.25 mg/kg), followed by scheduled maintenance doses of ketamine
(half the original dose) every 10-20 min as needed to maintain a surgical plane of anesthesia
(i.e., absence of pedal withdrawal and eye blink reflexes). Eyes were lubricated (Lacrilube®,
Allergan, Inc.; Irvine, CA) to prevent drying. The ventral neck was shaved and prepared
aseptically for surgery. Next, the head was stabilized in ear bars, with the mouse positioned
in dorsal recumbency on a custom surgical platform beneath a surgical microscope (M125;
Leica Microsystems, Inc., Buffalo Grove, IL). Core body temperature was maintained at 37
+ 0.2 °C using a homeothermic heating system (DC Temperature Controller; FHC,
Bowdoin, ME). Mice spontaneously breathed room air during the entire surgical procedure,
except during iVNS treatment, when supplemental oxygen was provided (described below).

Immediately prior to the surgical neck incision, laryngoscopy (described below) was
performed according to our published protocol [35] to establish baseline VVF function. Next,
an approximate 2-cm midline skin incision was made from the suprasternal notch to the
intersection of the anterior digastric muscles near the mandibular symphysis, using a micro-
scalpel and micro-scissors. The large salivary glands were gently retracted from midline
with micro-forceps and secured with a pediatric ophthalmic retractor for unobstructed
visualization of the surgical field (Fig. 2a). The target laryngeal nerve was visualized within
the fascia along the lateral aspect of the larynx (SLN) or trachea (RLN). After careful
isolation using micro-forceps, laryngeal nerve injury was performed according to
experimental group assignment (transection versus crush injury, described below).

Immediately following surgical manipulation, laryngoscopy was repeated to assess the effect
on VF mobility (described below). Next, soft tissue structures were approximated medially,
and the neck incision was closed with 6-0 monocryl suture material (Ethicon™, Johnson &
Johnson Company; New Brunswick, NJ) and surgical glue (Tissumend Il, Veterinary
Products Laboratories; Phoenix, AZ). Post-surgical analgesics (buprenorphine, 0.05 mg/kg;
banamine, 2.2 mg/kg) and saline (0.2 mL) were administered subcutaneously prior to
transferring mice to a recovery cage warmed to 37 °C on a water-circulating heating pad
(Model #TP700, Stryker Medical, Portage, MI). Mice were returned to their home cage
when fully ambulatory, typically within 1 h after surgery. For 72 h post-surgery, pain
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management (buprenorphine, 0.05 mg/kg) was provided every 8-12 h, and the home cage
was kept warm by placing it half way on a 37 °C water-circulating heating pad (Stryker) to
prevent anesthesia-related hypothermia. Post-operative monitoring was conducted daily by
research staff for 1 week, and then daily health monitoring by animal care staff continued
throughout the remainder of the study.

Laryngeal Nerve Transection Injury—Mice (7= 42) were randomly allocated to one of
five surgical groups: unilateral RLN transection (7= 10), bilateral RLN transection (7= 2,
due to anticipated mortality from mechanical asphyxiation), unilateral SLN transection (/7=
10), bilateral SLN transection (s7= 10), and sham surgery (n = 10). For RLN transection, the
strap muscles overlying the trachea were retracted from midline between the 4th and 6th
tracheal rings to visualize the RLN running alongside the inferior thyroid artery (Fig. 2b).
For SLN transection, the SLN was readily identified within the superficial fascia on the
lateral aspect of the larynx, traveling alongside the superior laryngeal artery (Fig. 2¢). For
the unilateral nerve injury groups, only the right side was included because it was the most
ergonomic for our custom surgical set-up and workflow. The target laryngeal nerve (either
SLN or RLN, unilateral or bilateral) was gently isolated from the surrounding fascia and
blood vessels with micro-forceps. The nerve was then transected with micro-scissors and a
1-2-mm section was removed to prevent spontaneous re-attachment of the proximal and
distal nerve stumps during recovery. The transection location was always proximal (i.e.,
closer to the central nervous system) to any visible branches from the main nerve trunk.
Sham surgery mice underwent all aspects of the surgical procedure, except the laryngeal
nerves were visualized within the fascia and isolated, but not transected. For all surgical
groups, laryngoscopy was repeated at the end of the procedure to assess the effect of surgical
manipulation on VF mobility.

Immediately prior to transection of the SLN, a confirmatory step of brief electrical
stimulation (described below) was added to assure that we had indeed identified the correct
nerve. Previous work in our lab [39] and others [40] has shown that 40 Hz stimulation of the
SLN (main trunk) in mice reliably evokes swallowing. In contrast, RLN stimulation
parameters to evoke swallowing in mice have not yet been established, and our preliminary
work (unpublished) has shown that 40 Hz stimulation of the RLN in mice does not reliably
evoke swallowing. Therefore, correct targeting of the RLN was confirmed by endoscopic
visualization of ipsilateral VF immobility immediately after surgical transection.

For SLN stimulation, we used custom, bipolar hook electrodes (FHC, Bowdoin, ME) made
of platinum iridium, with a 300 um tip diameter, spaced 800 um apart. The electrodes were
positioned near the SLN using a manual micromanipulator (model U-30CF; Narishige, Co,
LPD, Setagaya-Ku, Tokyo, Japan), and the SLN was gently draped over the electrodes using
micro-hooks. Electrical stimulation was delivered continuously for a single 20-s train using
our previously published parameters for evoking SLN-stimulated swallowing in mice: 40
Hz, biphasic 0.5 ms square wave pulses, with a 0.1-ms interphase delay, delivered at 800 pA
[39]. Stimulation was delivered using a constant current stimulus isolator (model 1101;
ADlInstruments, Colorado Springs, CO) coupled to an A/D converter (PowerLab 8/30,
ADlInstruments), with both devices controlled by LabChart software (ADInstruments).
Current flow was directed fowardthe brain by positioning the anode electrode distal to the

Dysphagia. Author manuscript; available in PMC 2021 August 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mok et al.

Page 6

cathode electrode on each nerve, with directionality verified using a current probe (model
P6042; Tektronic, Beaverton, OR) and voltage meter (True RMS MultiMeter; Extech
Intruments, Waltham, MA). The stimulus shape and intensity were continually verified using
a digital oscilloscope (model TDS 2024B; Tektronix) connected to the stimulus isolator.
Swallowing events were identified by endoscopic visualization of tongue base retraction in
conjunction with observable laryngeal elevation within the surgical site; both events were
simultaneously video recorded at 30 frames per second (fps) via the endoscope camera and
surgical microscope camera. If no swallowing events were observed, visible exudate around
the SLN was absorbed using paper points (#501; Henry Schein, Inc., Melville, NY), the
nerve was repositioned on the bipolar electrode to prevent any contact with the surrounding
tissues, and then a 2nd 20-s stimulus train was delivered. For the bilateral SLN transection
group, this stimulation approach was performed separately for each side.

RLN Crush Injury and iVNS Treatment—~For this feasibility study, we included 8 aged
mice (over 12 months old) from our B6 colony to expand the utility and translatability of our
surgical model. Rather than a transection (neurotmesis) injury, all 8 mice underwent a right-
sided RLN crush (axonotmesis) injury. To do this, the RLN was carefully isolated from the
fascia and inferior thyroid artery between the 4th and 6th tracheal rings using micro-forceps.
Next, a micro-hook was used to place the RLN perpendicularly across smooth jaw
hemostatic forceps (1 mm tip diameter, 13007-12; FST, Foster City, CA), which were then
closed to the second locking position for 30 s [41].

Laryngoscopy was repeated after RLN crush injury to assess the immediate effect on VF
mobility. Mice were then randomly allocated to iVNS treatment (/7= 4) or control (7= 4)
groups. For the iVNS treatment group, the right cervical vagus nerve was isolated from the
carotid sheath and placed on our previously described hook electrodes for continuous
electrical stimulation at 20 Hz, as has been used for previous cranial nerve regeneration
studies in rats [29-31, 42]. For the control group, the vagus nerve was neither isolated nor
placed on electrodes after the RLN crush injury.

During iVNS treatment, current flow was directed foward'the brain by positioning the anode
electrode distal to the cathode electrode on the vagus nerve, with directionality verified as
described above. This approach ensured that iVNS-evoked action potentials traveled toward
the central nervous system to stimulate the cell bodies of the injured axons, which is
essential for triggering upregulation of neurotrophic factors, their receptors, and growth
associated proteins that accelerate regeneration at the distal nerve injury site [43, 44]. We
used our standard stimulus waveform parameters (biphasic 0.5 ms square wave pulses, with
a 0.1-ms interphase delay) to deliver 20-s stimulus trains continuously for up to 60 min,
depending on respiratory tolerance (described below). Stimulus intensity was increased from
0.2 t0 0.8 mA in 0.1 mA steps to quickly (within 1-2 min) identify the highest subthreshold
intensity level that did not evoke swallowing or cause agonal/labored breathing. This
subthreshold stimulus level was then used for iVNS treatment, with the waveform
morphology (shape and intensity) continually verified via oscilloscope, as described above.

During the additional surgical time required for the iVNS-treated mice, supplemental
oxygen was provided via a nose cone at 1 L/min, and respiratory rate was monitored every
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10 min throughout the treatment duration. If agonal/labored breathing developed during
iVNS treatment, the stimulus intensity level was lowered in 0.1 mA steps to quickly (within
1-2 min) identify the level at which breathing stabilized; this new subthreshold level was
used for the remainder of the iVNS treatment. If respiratory status was not stabilized by
lowering the stimulus intensity, iVNS treatment was immediately stopped to prevent ensuing
morbidity or mortality.

Functional Measures

Laryngoscopy and VFSS were conducted at baseline (pre-surgery) and several post-surgical
time points to assess VF mobility and swallowing function, respectively, during a 3-month
recovery period, as described below. Post-surgical VFSS was always conducted 3-5 days
before laryngoscopy to avoid confounding effects of anesthesia (required for laryngoscopy)
on VFSS outcomes.

VF Mobility—To assess VF mobility, laryngoscopy was performed according to our
established protocol [35], with mice under surgical plane of anesthesia while spontaneously
breathing room air (Fig. 3). Laryngoscopy was performed twice during the surgical
procedure—immediately before surgical incision (to record baseline bilateral VF movement
during spontaneous breathing) and again following surgical manipulation (to determine the
immediate effect on VVF mobility). Additionally, laryngoscopy was performed at multiple
post-surgical time points with mice under brief (< 15 min), surgical-level sedation. Mice
allocated to the transection protocol underwent post-operative laryngoscopy at 1 week and 3
months post-surgery to assess acute versus chronic effects, respectively, on VF mobility.
Mice allocated to the RLN crush/iVNS protocol underwent laryngoscopy more frequently
(i.e., weekly) to better characterize the pattern of spontaneous functional recovery versus
treatment efficacy.

Our laryngoscopy protocol entailed securing anesthetized mice in ear bars in dorsal
recumbency on our custom surgical platform. Next, a sialendoscope (R11573A; Karl Storz)
with a custom laryngoscope was inserted transorally and advanced via a custom
micromanipulator to visualize the larynx on a Storz Tele Pack X monitor (Karl Storz
Endoskope, Tuttlingen, Germany). The endoscope was slowly advanced until the bilateral
VFs filled the entire field of view, and VF movement was video recorded at 30 fps for
approximately 1 min during spontaneous breathing. Videos (MP4 files) were viewed frame-
by-frame by two independent reviewers (authors TEL and BZ or MMH) using video editing
software (Pinnacle Studio 14, Pinnacle Systems, Inc., Mountain View, CA), and VF mobility
was scored using a subjective rating scale: 2 = normal movement, 1 = reduced movement,
and 0 = no movement [28, 45]. Reviewer discrepancies were resolved by group consensus
with the principal investigator (TEL).

Swallow Function—Mice allocated to the transection protocol underwent VFSS testing
according to our standard, freely behaving (unanesthetized) protocol [32, 36] (Fig. 4) at 3

time points: baseline (i.e., approximately 1 week prior to surgery) as well as 1 week and 3
months post-surgery to assess acute versus chronic effects, respectively. Mice allocated to
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the RLN crush/iVNS treatment protocol were not subjected to VFSS testing in order to
minimize resources used for this feasibility study.

Beginning 2 weeks prior to baseline VFSS testing, mice underwent a behavioral
conditioning program to assure familiarity and acceptance of the contrast solution and test
environment. At each VFSS time point, mice were fluid restricted overnight for 14-16 h and
provided additional chewable enrichment (e.g., nut and seed mix) to motivate voluntary
drinking during VVFSS testing the following morning. During testing, mice were individually
enclosed in a custom VFSS test chamber secured to a custom, remote-controlled lift table
within our miniaturized fluoroscope (Glenbrook Technologies, Randolph, NJ). Each mouse
was then exposed to approximately 2—3 min of low-dose radiation (~ 30 kV and 0.2 mA) for
fluoroscopic examination of swallowing in the lateral plane while freely drinking a species-
specific oral contrast agent recipe: Omnipaque (350 mg iodine per mL; GE Healthcare, Inc.,
Princeton, NJ) diluted to a 25% solution with deionized water and 3% chocolate syrup. The
contrast solution was administered through a custom delivery system into a custom bowl
positioned immediately above the test chamber floor. To minimize radiation exposure, the
fluoroscope was activated only when mice were drinking from the bowl, which was
identified by real-time viewing via a webcam (C920 HD Pro Webcam; Logitech
International S.A., Lausanne, Switzerland) positioned above the VFSS test chamber. The
oropharyngeal stage of swallowing was visualized first (Fig. 4c), followed by remote-
controlled repositioning of the chamber to visualize the entire esophageal stage of
swallowing in a single field of view (Fig. 4d). Fluoroscopic videos were captured at 30 fps
during real-time viewing via computer monitor.

Videos (AVI files) were subsequently analyzed frame-by-frame by two independent
reviewers (authors AM, VC, BB, DO, or ID) using video editing software (Pinnacle Studio
14) to quantify 6 swallow metrics established by our prior work [32, 36], as described in
Table 1. We also quantified airway protection using the standardized 8-point Penetration-
Aspiration Scale (PAS) that ranges from 1 (no penetration or aspiration) to 8 (silent
aspiration) [46]. Reviewer discrepancies were resolved by group consensus with the
principal investigator (TEL).

Histological Investigation

At the study end point (3 months post-surgery), mice were euthanized by transcardial
perfusion with saline followed by 4% paraformaldehyde, and relevant tissues were collected
for a variety of post-mortem assays. For gross anatomical mapping of the laryngeal nerves, a
subset of samples (7= 10) were collected as whole head and thorax specimens for laryngeal
nerve mapping using a modified Sihler staining protocol [47-50]. This lengthy (~ 6 months)
8-step technique, summarized in Table 2, rendered the entire specimen transparent while
staining myelinated nerves a dark purple color. Stained specimens were examined under a
dissection microscope (LM8O0; Leica) and carefully trimmed to remove soft tissue overlying
the laryngeal nerves for improved visualization. Specimens were then placed on an X-ray
light box beneath our surgical microscope (M125; Leica) for trans-illumination and digital
imaging (Pixelink E421CU camera, Ottawa, Canada).
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Another subset of samples (/7= 10) was subjected to post-mortem dissection of the laryngeal
nerves using our surgical (M125; Leica) and dissection (LM80; Leica) microscopes. A
separate subset of samples (7= 4) underwent paraffin processing and embedding, sectioning
by microtome (10 um serial transverse sections), hematoxylin and eosin (H&E) staining, and
light microscopy (DM4000, Leica), according to our standard protocols [39, 51]. Color
processing of digital images via Photoshop CS5 (Adobe Systems, San Jose, CA) was used to
enhance visualization of the anatomical regions of interest. For the remaining samples, the
larynx and brain were collected to establish histological methods for subsequent use in a
larger RLN crush injury/iVNS study.

Basic summary statistics were calculated for each outcome measure of interest for each
component of this investigation: laryngeal nerve transection injury (i.e., model development)
and RLN crush/iVNS treatment (i.e., model refinement and therapeutic investigation). For
the transection component, analysis was focused on three clinically relevant time points: (1)
baseline (1 week prior to surgery), (2) 1 week post-surgery to capture acute functional
changes in VF mobility and swallowing, and (3) at the end of the surgical recovery period
(i.e., 3 months post-surgery; chronic recovery stage) to capture any functional improvement
or progression of the surgical injury. One-way repeated measures ANOVAs and one-way
ANOVASs were used to demonstrate differences in outcome measures across time and
between surgical groups. Two-sample #tests were used to assess mean differences between a
treated group and control. Some analyses used change scores rather than the original data
values; change scores were calculated using the difference from each measure at each time
point (acute or chronic recovery surgery), compared to baseline. If warranted, post hoc
testing was performed using Tukey HSD. For the RLN crush/iVNS component, the small
sample size (n= 3 per group) precluded rigorous statistical analyses. All statistics were
calculated using SPSS v24 with a two-sided alpha of 0.05 to determine statistical
significance.

Six of the 50 mice (12%) included in this study died during the surgical procedure. Four of
the 6 mice died unexpectedly from intraoperative respiratory distress: unilateral SLN
transection (7= 1), unilateral RLN transection (7= 1), and RLN crush/iVNS (7= 1 in the
60-min treatment group, and /7= 1 in the no treatment group). As expected, the 2 mice in the
bilateral RLN transection group died from mechanical asphyxiation (i.e., VFs fixed in the
median position) immediately after the 2nd RLN was transected. These 6 mice were
excluded from statistical analysis, as no post-operative data were collected. Below, the
results for the surviving 44 mice are summarized separately for the model development (i.e.,
transection injury, 7= 38) and model refinement (i.e., RLN crush injury and iVNS
treatment, 7= 6) aims of this study.
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Model Development: Laryngeal Nerve Transection Injury

Descriptive statistics for the 4 surgical groups are shown in Table 3. All 38 mice underwent
functional testing of VF mobility (i.e., laryngoscopy) and swallowing (i.e., VFSS) as
planned at each time point, with results described below.

VF Mobility—A total of 152 laryngoscopy videos (38 mice x 4 time points) were manually
analyzed using a 3-point rating scale. Only RLN transection injury had an effect on VF
mobility. Specifically, unilateral RLN transection resulted in immediate, ipsilateral VF
immobility (i.e., fixation in the paramedian position; score = 0, Fig. 5) that persisted at the
acute (1 week) and chronic (3 month) post-surgical time points. In contrast, SLN transection
(unilateral or bilateral) had no effect on VF mobility, as the score remained unchanged (i.e.,
2 = normal) across time points. Similarly, the sham surgery itself did not impair VF mobility.
Change scores in VF mobility at the acute (1 week) versus chronic (3 month) post-surgical
time points (compared to baseline function) are shown in Table 4. However, statistical
analysis could not be performed because there was no variability in the data within treatment
groups (i.e., standard deviation = 0).

Swallow Function—A total of 114 VFSS videos (38 mice x 3 time points) were manually
analyzed to calculate 6 VFSS metrics as well as to assign a penetration-aspiration score for
each mouse at each time point. Descriptive statistics are provided in Table 5. We first
assessed the effect of the surgical injury itself (i.e., without laryngeal nerve transection)
using a one-way repeated measures ANOVA. Results revealed that the mean value for each
variable was not statistically different between time points, thus validating that the surgical
procedure does not cause dysphagia.

Three VFSS metrics (swallow rate, lick—swallow ratio, and inter-swallow interval) were
problematic for hypothesis testing because mean values for both SLN transection groups
were statistically different from the RLN transection and sham surgical groups at baseline,
but not at post-surgical time points. Therefore, we conducted separate one-way ANOVAS at
each time point (rather than using change scores which utilizes baseline values) at the 1-
week and 3-month post-surgery time points to facilitate model development. No statistically
significant differences were identified between surgical groups for each of these 3 VFSS
metrics, which suggests these metrics may not be useful for detecting post-surgical
dysphagia in this model.

In contrast, the group means for lick rate (i.e., tongue motility), pharyngeal transit time, and
esophageal transit time were similar at baseline but different at the post-surgical time points,
as shown in Fig. 6. ANOVAs bhased on change scores revealed statistically significant (p <
0.05) differences in lick rate and pharyngeal transit time, but not esophageal transit time,
(F334 =4.470, p=0.009; F3 34 = 3.956, p= 0.016, respectively) at the acute recovery time
point (Table 6). No significant differences in swallow function were evident at the chronic
recovery time point (Table 7), indicating that acute changes in swallow function had returned
to normal by 3 months post-surgery. Post hoc t tests were conducted only for the two
significant acute recovery ANOVA change scores (i.e., lick rate and pharyngeal transit time).
Results revealed that lick rate was significantly slower after unilateral RLN transection
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compared to unilateral SLN transection (diffayri N-aAusLN = — 0.522; p=0.035), bilateral
SLN transection (diffa,r N-absLN = — 0.992; p=0.011), and sham surgery
(diffayrLN-Asham = — 0.835; p=0.047), whereas pharyngeal transit time was significantly
longer after bilateral SLN transection compared to unilateral SLN transection

(diffapst N-ausLN = 0.003; p=0.009). All other group comparisons for these two VFSS
metrics were not statistically different (o> 0.05). Although not statistically different,
esophageal transit time was noticeably longer for the unilateral RLN and bilateral SLN
transection groups at the 1-week post-surgery time point (Table 8).

The final VFSS metric under investigation was PAS. At each time point, all mice in each of
the four surgical groups had a score of 1 (i.e., no evidence of penetration or aspiration).
Therefore, statistical analysis was not performed for this metric because there was no
variability in the data (i.e., standard deviation = 0).

Model Refinement and Therapeutic Investigation: RLN Crush Injury and iVNS Treatment

Descriptive statistics for the two experimental groups (RLN crush without iVNS, and RLN
crush with iVNS) are shown in Table 7. Initially, the four iVNS-treated mice were evenly
split into 60-min (7= 2) versus 30-min (7= 2) treatment groups. However, the first mouse in
the 60-min treatment group died intraoperatively due to respiratory distress, and the second
mouse developed irregular breathing that was not resolved by lowering the stimulus
intensity; therefore, treatment was prematurely ended at 50 min for this mouse. In contrast,
the 30-min iVNS treatment duration was well tolerated by the other 2 mice, without adverse
events. The 3 surviving iVNS-treated mice (one 50-min treatment and two 30-min
treatment) were combined into a single iVNS treatment group for comparison with the
control group (7= 3, RLN crush without iVNS treatment).

Post-surgery, all 6 mice underwent functional testing of VF mobility (i.e., laryngoscopy)
once a week as planned until the study end point (3 months post-surgery). VFSS was not
performed on these mice because results from the more severe RLN injury group (i.e.,
transection) revealed only a transient tongue motility deficit; no other significant swallow-
related impairments were identified after RLN injury. Thus, we elected to defer this
extremely labor intensive assay for a subsequent larger RLN crush/iVNS treatment study
that will benefit from our VFSS analysis software that is currently under development.

VF Mobility—A total of 84 laryngoscopy videos (6 mice x 14 time points) were manually
analyzed using a 3-point rating scale. As shown in Fig. 7, RLN crush injury caused
immediate, ipsilateral VF immobility (i.e., VF mobility score = 0) in all 6 mice. Beginning
at 2 weeks post-injury, iVNS-treated mice demonstrated markedly improved recovery of VF
mobility compared to untreated mice. Although the small sample size precluded rigorous
statistical analyses, an independent samples ¢test performed at only the final time point (12
weeks post-crush) revealed that treatment recovery after iVNS (mean = 1.67 £ 0.58, median
=2.00, n= 3) was significantly different compared to controls (mean = 0.34 + 0.58, median
=0.00, n= 3), suggesting a beneficial treatment effect (p = 0.047).
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Histological Results

Using our Sihler whole mount staining protocol, we were able to grossly map the laryngeal
nerves (RLN and SLN) in this small mammal and show that the anatomic pattern is
remarkably similar to humans (Fig. 8). This staining method also provided confirmatory
evidence that the target laryngeal nerve was completely transected, without re-attachment
throughout the post-surgical recovery period. Trans-illumination of Sihler stained specimens
under our surgical microscope permitted identification of tiny RLN branches that were not
visible during the surgical procedure. RLN branching was also apparent during post-mortem
dissections, but only with extreme lateral retraction (Fig. 9). As lateral retraction of the RLN
was avoided in our surgical approach, we expect that any existing RLN branches were likely
included with the RLN trunk when it was isolated and transected. However, this hypothesis
requires histological confirmation in our future studies.

Of the 20 combined specimens subjected to either Sihler staining or post-mortem dissection,
most (80%) had 1-2 visible branches emanating from the main RLN trunk bilaterally (but
not in a symmetrical pattern), in the vicinity of the 4th to 8th tracheal rings. A few
specimens had RLN branching only on the right (7= 2) or left (n= 1) side, and one
specimen did not have any visible RLN branches on either side. All branches disappeared as
they approached the larynx, where they became too tiny to visualize using standard light
microscopy methods.

A representative H&E stained transverse section of the murine larynx is shown in Fig. 10,
which highlights important differences in VF structure and function between the mouse and
human. However, striking cross-species similarity of the cartilaginous and muscular
framework of the larynx is indeed apparent. For example, like humans, the murine
thyroarytenoid muscle consists of medial and lateral bellies, as well as a more ventrally
located oblique belly that has only recently been identified in humans [52].

Discussion

We successfully developed a mouse model of iatrogenic RLN injury with impaired VF
mobility and swallowing function to serve as a translational platform for investigations of
the pathological mechanisms contributing to poor functional outcomes and the development
of novel regenerative treatment strategies. We used our “miniaturized” endoscopic [35] and
fluoroscopic [32, 36] imaging assays to characterize VVF mobility and swallow function,
respectively, after transection injury. We included the SLN in our model development
because of its hypothesized collateral innervation of intrinsic laryngeal muscles after RLN
injury, which presumably contributes to VF synkinesis and resultant poor functional
outcomes [2, 6, 7]. Thus, we investigated the effect of four distinct laryngeal nerve injury
patterns: RLN transection (unilateral versus bilateral) and SLN transection (unilateral versus
bilateral). We examined four clinically relevant time points for longitudinal assessment of
functional outcomes: baseline (1 week prior to surgery), during surgery (immediately post-
transection), an acute recovery stage (1 week post-surgery), and a chronic recovery stage (3
months post-surgery). A sham surgical group was included as a negative control.
Additionally, we studied a potential therapeutic intervention (iVNS) in aged mice to better
correspond to the average age of anterior neck surgical patients. Moreover, the recovery
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period in our study roughly corresponds to over a decade in human years [53], thus
providing additional translational perspective for human surgical patients with chronic
adverse outcomes after iatrogenic RLN injury.

As hypothesized, unilateral RLN transection resulted in immediate, ipsilateral VF paralysis
(i.e., immobilization in the paramedian position), suggesting the RLN motor innervation
pattern of intrinsic laryngeal muscles in mice is similar to humans. As expected, bilateral
RLN transection caused complete airway obstruction from the medialized, immobile vocal
folds, resulting in intraoperative mortality. In contrast, SLN transection (unilateral or
bilateral) had no visible effects on VF mobility. Importantly, our sham surgery group did not
develop impaired VF mobility, thus validating the surgical technique itself had no
confounding effects on functional outcomes.

Whereas unilateral RLN transection in mice resulted in chronic impairment of VF mobility,
dysphagia was transient and limited to the oral stage of swallowing, specifically affecting
lick rate (i.e., tongue motility). This finding is in alignment with a recent report of
significant oral stage alterations (e.g., tongue shape and bolus formation) in infant pigs after
unilateral RLN transection [54]; however, a related study showed no alteration in piglet
suckling rate [20]. We suspect this difference may be because licking (drinking) behavior in
adult mice requires marked tongue protrusion that visibly elevates the hyoid bone (and hence
larynx), whereas suckling in piglets requires comparatively little movement of the tongue
and hyoid. As the tongue is anatomically coupled to the larynx via the hyoid [55], the
resultant VF immobility after unilateral RLN transection in mice may be causing an
anchoring effect that hinders normal tongue protrusion during drinking. Alternatively, RLN
injury in infant pigs was shown to affect EMG swallowing activity in muscles that are not
directly innervated by the RLN, particularly the tongue [56]. In this case, muscle activity
was decreased in lesioned animals prior to swallow initiation and during bolus transit,
resulting in marked differences in tongue shape, movement, and timing, as well as
corresponding differences in the size and shape of the bolus. These findings provide
rationale for inclusion of EMG and other kinematic assessments of tongue function to
further explore the link between RLN injury and altered lick rate in our model.

Moreover, these findings suggest that an RLN lesion may impact upstream neural
connections between the numerous brainstem nuclei and/or cortical regions involved in
swallowing [56]. In our study, we suspect the 4-day post-surgical VFSS time point provided
an ample window for Wallerian degeneration, a stereotypical process that initiates
degeneration of the myelin sheath and axons within 24-36 after nerve injury, paving the way
for nerve regeneration [57]. Moreover, the act of surgically creating the nerve injury
generates an immediate burst of action potentials that travel centrally along the injured axons
to reach the neuronal cell bodies and their synaptic connections. This nerve injury signal
triggers the necessary metabolic processes within the cell bodies to promote nerve
regeneration and promote neural plasticity [58]. In the case of the RLN, the “injury signal”
travels along the vagus nerve to stimulate the vagal ganglia (i.e., afferent/sensory neurons of
the RLN) and the nucleus ambiguus in the brainstem medulla (i.e., efferent/motor neurons of
the RLN), and their synaptic connections with the numerous brainstem and cortical regions
involved in swallowing. Thus, our mouse model of RLN injury with resultant tongue
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motility deficit at the 4-day post-surgical time point provides a suitable platform for
systematic investigations of the peripheral and central effects of RLN injury and for
exploring novel mechanisms to enhance neural plasticity and optimize functional outcomes.

Interestingly, esophageal transit time was noticeably (but not significantly) longer after RLN
transection, resembling findings with infant pigs [20]. Given that esophageal dysphagia is a
common report in humans after anterior neck surgical procedures [59, 60], we are currently
strategizing alternative esophageal outcome measures via VFSS that may be more robust
indicators of RLN injury for use in future experiments with this model. We also are
exploring the possibility of performing EMG and manometry in this small animal for better
detection and objective quantification of esophageal impairment.

In contrast to humans and other larger animal models of RLN injury, VVF paralysis in mice
does not result in aspiration during swallowing. As the sensory receptors of the RLN are
located below the VVFs and there is no aspirated fluid stimulating this region (based on our
VFESS findings), the sensory component of the RLN is unlikely to contribute to the overall
swallow pathology and recovery in our model. Instead, we suspect the dichotomy in
recovery between VF mobility and swallowing function after RLN injury may be due to the
mice adopting compensatory behavioral strategies during feeding to maintain adequate
nutrition and hydration, as previously described for people [61-63].

This recovery dichotomy may also be due to technological limitations of our fluoroscope as
well as species-related differences in the swallowing mechanism. For example, we have
previously shown the pharyngeal stage of swallowing in mice is approximately ten times
faster than humans [32, 36] Therefore, the 30 fps limitation of our fluoroscopy camera
prevents sufficient temporal resolution to reliably quantify the numerous rapid events
occurring during swallowing. Further, our low energy X-ray system prevents visualization of
soft tissue and cartilaginous structures of the larynx and pharynx; therefore, quantification of
swallowing function was largely limited to bolus flow dynamics. At no time was there
evidence of laryngeal penetration or aspiration of the oral contrast agent, likely because mice
are preferential nasal breathers whose larynx resides in the nasopharynx, inherently
protected from the path of the bolus during swallowing [32, 36]. However, impaired VF
mobility is a significant risk factor for penetration/aspiration in humans, thus highlighting
the translational applicability of our mouse model.

Results for the SLN transection groups further support model development. We expected
SLN transection would result in subtle, transient changes in VF mobility and swallowing
function, which would be more pronounced after bilateral transection. However, VF
mobility was unaffected by SLN transection, and dysphagia was evident only after bilateral
SLN transection, which resolved by the 3-month post-surgery time point. Only the
pharyngeal stage of swallowing was significantly affected by bilateral SLN transection, as
evidenced by longer pharyngeal transit times. This finding is congruent with studies of
infant pigs, in which SLN transection resulted in increased pharyngeal transit time, as well
as increased bolus area and aspiration incidence [21, 22], with more severe outcomes for
bilateral injuries [23].
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Importantly, we refined our RLN transection (neurotmesis) model to include a more
prevalent axonotmesis surgical injury type. We chose a crush injury because it is easier to
standardize than experimental traction or thermal approaches. Additionally, because crush
injury shows spontaneous recovery over time, treatments targeting accelerated recovery can
be assessed. We tested this hypothesis by conducting a feasibility study of intraoperative
vagal nerve stimulation (iVNS) as a novel regenerative strategy. In doing so, we expanded
upon a recent study in young adult rats, whereby intraoperative RLN stimulation accelerated
the recovery of VF mobility after RLN crush injury [29]. However, rather than stimulating
the RLN, we chose the cervical vagus nerve as a more clinically relevant treatment site. Our
rationale was based on the highly variable and extensive branching pattern of the RLN
which renders it quite challenging, if not impossible, for surgeons to pinpoint the exact
site(s) of injury [2, 64, 65]. Thus, iVNS may circumvent this problem by simultaneously
targeting all RLN branches to promote widespread regeneration.

Although our study provides encouraging preliminary data that iVNS may improve recovery
after RLN axonotmesis, larger studies must be conducted to establish optimal iVNS
treatment parameters (e.g., stimulus frequency and intensity, treatment duration) and to
characterize voice, respiratory, and swallowing outcomes in parallel with VF mobility.
Furthermore, effects on RLN fiber types (motor, sensory, and autonomic/parasympathetic)
must be considered, as each may require different stimulation parameters for optimal
regeneration [43, 44, 66]. Nevertheless, the high clinical-translational potential of our
proposed iVNS treatment strategy is supported by existing FDA-approved vagal nerve
stimulation technology, for example continuous intraoperative nerve monitoring (CIONM)
[67-69]. CIONM enables EMG monitoring of the VVFs to detect RLN injury by providing
periodic, low-level neuro-stimulation throughout the surgery via an electrode secured around
the vagus nerve. Thus, if iVNS proves to be effective in promoting RLN regeneration, we
propose the CIONM software could be modified to include settings appropriate for iVNS
treatment, thereby expanding this technology from purely an RLN monitoring device into a
robust therapeutic nerve regeneration strategy.

Additionally, we successfully performed laryngeal nerve mapping using post-mortem
dissections and a Sihler whole mount staining technique. Results revealed multiple RLN
branches terminating along the esophagus and larynx, similar to the variable innervation
pattern described for the human RLN [70-73]. For this reason, our future studies will
include histological confirmation in each mouse that all RLN branches at the injury site are
effectively targeted, thus providing a methodological control to improve scientific rigor. We
also performed basic histologic evaluation of the larynx using H&E staining of transverse
sections, which confirmed the previously published, detailed description of the mouse larynx
[33]. However, our ability to perform in vivo endoscopic assessment of the larynx for
comparison with post-mortem histological assays provides a novel perspective of the
similarities and differences between the mouse and human larynx. Given the extremely
small size of mice, more in depth microscopic investigations (e.g., immunohistochemistry
and transmission electron microscopy) will be essential for detailed laryngeal nerve
mapping, as well as objective quantification of normal and pathological neuromuscular
innervation and remodeling after laryngeal nerve injury and subsequent treatment
interventions such as iVNS.
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Other limitations of our study were that we did not investigate simultaneous injury of the
RLN and SLN, we included a small sample size in our RLN crush/iVNS feasibility study,
we did not include EMG recordings of the laryngeal muscles, nor did we include
vocalization and respiratory assays for added translational impact. In addition, sex
differences have not yet been explored in this model. Larger studies are underway to address
each of these limitations.

A final notable limitation of our study involves interpretation of our endoscopic and
fluoroscopic videos. For endoscopy, we used a qualitative Likert scoring system that
introduces subjectivity, whereas, for fluoroscopy, we used a frame-by-frame manual analysis
approach that is highly objective, but extremely labor intensive and therefore significantly
slows the scientific discovery process. To overcome these limitations, we have developed
custom software for semi-automated analysis of endoscopic [74] and fluoroscopic videos;
validation studies are currently underway. We expect automation will permit high-
throughput, objective quantification of the fast-paced breathing [35] and drinking [32, 36]
behaviors observed in mice. Further, subtle changes in VF motion and swallowing function
in mice that are difficult to detect with the human eye may be clinically relevant, as small
changes in this small animal may in fact be large changes in humans. In addition, in human
medicine, subjectivity is a known limitation of the “gold standard” endoscopic and
fluoroscopic swallow tests, which results in poor inter- and intra-rater reliability [75-80].
Thus, we are in the process of adapting our software for validation with endoscopic and
fluoroscopic videos obtained from humans, to further facilitate our translational research
agenda.

In summary, we successfully developed a translational mouse model of iatrogenic RLN
injury that demonstrates laryngeal (chronic) and swallowing (acute) dysfunction. We
developed this model using our established endoscopic and fluoroscopic assays that permit
longitudinal assessment in mice. We anticipate this new model will serve as a clinically
relevant platform to (1) develop intraoperative strategies for RLN injury prevention, (2)
elucidate the functional roles of the RLN versus SLN under normal versus lesioned
conditions, (3) hasten our understanding of the molecular mechanisms contributing to poor
functional outcomes after RLN injury, and (4) develop innovative regenerative treatment
strategies to significantly accelerate and improve functional recovery of swallowing, voice,
and breathing, which are all negatively impacted by RLN injury.
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Fig. 1.
Size comparison between a human and mouse larynx. A photograph of side-by-side

specimens of a human and mouse larynx next to a US penny (approximately 1.9 cm
diameter), overlaid on a proportionately scaled schematic of a human head and neck. The
cartilaginous/bony framework is drawn on both specimens for anatomical clarity. A 2-cm
scale bar is shown for added size perspective
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Fig. 2.

Microsurgical approach. a Our microsurgical approach in mice to access the laryngeal
nerves via a midline ventral neck incision is typically a bloodless procedure. Micro-
retractors (white asterisks) are used to maintain the large salivary glands out of the surgical
field. The strap muscles obscure the RLN (b) and SLN (c), which are shown at higher
magnification in images b and c, respectively. b To access the RLN, the strap muscles are
carefully divided along the midline fascia and gently retracted with micro-forceps to expose
the tracheal rings (numbered) and RLN (yellow arrows). The inset image shows a close-up
of the target tracheal ring region, with the RLN (yellow arrows) isolated from the inferior
thyroid artery (black asterisks) with a micro-hook in preparation for surgical transection. ¢
To access the SLN, the strap muscles covering the lateral aspect of the larynx are gently
elevated with micro-forceps to expose the SLN (yellow arrows) traveling alongside the
superior laryngeal artery (black arrows) near the bifurcation of the common carotid artery
(black asterisk). The inset image shows a close-up of the SLN (yellow arrow) isolated from
the fascia with micro-forceps
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Fig. 3.
Laryngoscopy assay. a Lateral view of our custom endoscopy suite for mice, with labeled

components. b An anesthetized mouse in dorsal recumbency undergoing laryngoscopy, with
the head gently secured in ear bars. The micromanipulator in image a is used to precisely
guide oral insertion, gentle advancement, and precise positioning of the sialendoscope (fitted
with a custom laryngoscope) to visualize the larynx. c Representative endoscopic image of
the murine larynx at maximum VF abduction during spontaneous breathing, taken from a 30
fps video at baseline (i.e., before surgery). Visible laryngeal structures of interest include the
bilateral VFs (black asterisks), epiglottis, aryepiglottic folds (AEF), and pyriform sinuses
(PS). In contrast to the human larynx, the VFs of mice retain midline proximity at the dorsal
commissure (yellow asterisk), and the ventral commissure is consistently obscured by the
epiglottis
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Fig. 4.
Videofluoroscopic swallow study (VFSS) assay. a A custom VFSS test chamber (black

asterisk) is positioned in lateral view between the X-ray source (white asterisk) and image
intensifier (yellow arrow) of our custom, miniaturized c-arm fluoroscope. The X-ray beam is
turned on only when mice are actively drinking, identified via a webcam positioned above
the test chamber. A remote-controlled positioning lift is used to readily maintain the mouse’s
aerodigestive tract within the fluoroscopy field of view. b Close-up of the VFSS test
chamber in image a, designed to promote voluntary drinking of liquid contrast agent by
mice with minimal behavioral distractions. Note the bow! within the test chamber is filled
using a syringe delivery system that is manually controlled a few feet away from the
fluoroscope. ¢, d Representative X-ray images from a 30 fps video of a mouse drinking in
lateral view. Image ¢ shows the oropharyngeal stage of swallowing, immediately prior to
triggering of the swallow reflex. Note the liquid contrast agent accumulating in the vallecula
within the pharynx, which is the stereotypical swallow trigger point in mice. Image d shows
the esophageal stage of swallowing. Note the swallowed bolus traversing the distal
esophagus into the stomach, while liquid contrast continues to accumulate in the vallecula
prior to triggering a subsequent swallow
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Fig. 5.

VIg immobility after RLN transection. Endoscopic images showing the bilateral VFs of an
anesthetized mouse during spontaneous breathing of room air after transection of the right
RLN. 70p Maximal VF abduction during inspiration. Bottom Maximal VF adduction during
expiration. Note the paralyzed (immobile) right VF during the inspiratory and expiratory
phases of the respiratory cycle
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Fig. 6.

Efgfect of laryngeal nerve transection injury on swallow function. Of the four surgical groups
investigated, only unilateral RLN transection and bilateral SLN transection had a statistically
significant effect on swallow function. At the acute (1-week post-surgery) time point, lick
rate (i.e., tongue motility) was significantly slower after unilateral RLN transection (red line,
Oral Stage—Ileft panel), and pharyngeal transit time was significantly longer after bilateral
SLN transection (purple line, Pharyngeal Stage—middle panel). In addition, esophageal
transit time was longer for the unilateral RLN and bilateral SLN transection groups (red and
purple lines, respectively, Esophageal Stage—right panel); however, results did not reach
statistical significance. At the chronic (3-month post-surgery) time point, swallow function
was not significantly different from baseline function. Asterisk denotes statistical
significance (p < 0.05) based on change scores; error bars = + 1 SEM
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Fig. 7.
Effect

of iVNS on VF mobility after RLN crush injury in aged mice. VF mobility improved

in a stair step pattern after RLN crush injury in iVNS-treated mice > 1 year of age.
Untreated age-matched mice fluctuated in VVF mobility, with minimal improvement after a
12-week post-surgical recovery period. VF mobility was scored using a 3-point Likert scale.
Error bars =+ 1 SEM; n= 3 mice per group. Time points with collapsed error bars indicate
no within group variation of VF mobility scores. Asterisk = p=0.047, based on a single #

test at

the final time point
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Fig. 8.
Sihler staining for laryngeal nerve mapping. A representative Sihler stained sample from a

mouse in the bilateral SLN transection group demonstrates that the murine laryngeal
framework and laryngeal nerve branching pattern are remarkably similar to humans. Red X
indicates the location of SLN transection. Black arrows show the origin of nerve branches
from the RLN trunk bilaterally. CA X Cranial nerve 10 (i.e., vagus nerve), RLN recurrent
laryngeal nerve, SLN superior laryngeal nerve
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Fig. 9.
Post-mortem dissection demonstrating RLN branching. The left side shows that with

minimal retraction of the soft tissues, as is used in our surgical approach, RLN branching is
not visible. Instead, only the RLN trunk (gray arrow) can be seen running between the
inferior thyroid artery (gray asterisk) and trachea. As shown on the right side, RLN
branching is visible only during extreme lateral retraction of the midline strap muscles and
fascia. In this specimen, the right RLN trunk (black arrow) has been pulled away from the
inferior thyroid artery (black asterisk) to expose a single RLN branch (between the green
arrows) near the 6th tracheal ring
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Fig. 10.
Murine laryngeal framework. a Hematoxylin and eosin (H&E) stained transverse Sect. (10

um) of a mouse larynx at the level of the VFs, with labeled structures. b Endoscopic image
of the murine VFs, with corresponding labeled structures from image a. In contrast to the
human larynx, mice have proportionately larger arytenoid cartilages (black asterisks) and a
proportionately smaller mucosal region extending beyond the vocal processes (VP) to the
ventral commissure (red asterisk). In the mouse, the ventral commissure (which is obscured
during laryngoscopy) is framed by a U-shaped alar cartilage (AC) that does not exist in
humans. During spontaneous breathing in the mouse, the most dorsal portion of the
arytenoids (yellow asterisk; dorsal commissure) remains relatively fixed near midline,
serving as a pivot point for VF abduction and adduction. As a result, VF movement in the
mouse is more readily apparent at the ventral (yellow bidirectional arrow in image b rather
than the dorsal (posterior) region as in humans. 7C thyroid cartilage, AC alar cartilage, VP
vocal process, 7A thyroarytenoid muscle (M medial belly, L lateral belly, O oblique belly), S
strap muscles; blue asterisk: glottis; black asterisk: arytenoid cartilage; yellow asterisk:
dorsal commissure; red asterisk: ventral commissure. Scale bar 500 pm
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Table 8

Sample size and age range for experimental groups

Experimental group Samplesize Age (months)
Group  Sex
M F
RLN crush without iVNS (control; no treatment) 3 1 2 147x23
RLN crush with iVNS (treatment) 3 1 2 133%23

Age is expressed as mean + standard deviation at the time of surgery M male, ~female, /VNS intraoperative vagal nerve stimulation
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